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A B S T R A C T

Lysophosphatidylinositols (LPI) are bioactive lipids that are implicated in several pathophysiological processes
such as cell proliferation, migration and tumorigenesis and were shown to play a role in obesity and metabolic
disorders. Often, these effects of LPI were due to activation of the G protein-coupled receptor GPR55. However,
the role of LPI and GPR55 in inflammation and macrophage activation remains unclear. Therefore, we thought
to study the effect of macrophage activation and inflammation on LPI levels and metabolism. To do so, we used
J774 and BV2 cells in culture activated with lipopolysaccharides (LPS, 100 ng/mL) as well as primary mouse
alveolar and peritoneal macrophages. We also quantified LPI levels in the cerebellum, lung, liver, spleen and
colon of mice with a systemic inflammation induced by LPS (300 μg/kg) and in the colon of mice with acute
colitis induced by dextran sulfate sodium (DSS) or trinitrobenzene sulfonic acid (TNBS) and chronic DSS-induced
colitis.

Our data show that LPS-induced macrophage activation leads to altered LPI levels in both the cells and culture
medium. We also show that cytosolic phospholipase A2α (cPLA2α) and α/β‑hydrolase domain 6 (ABHD6) are
among the enzymes implicated in LPI metabolism in J774 macrophages. Indeed, ABHD6 and cPLA2α inhibition
increased 20:4-LPI levels in LPS-activated macrophages. Furthermore, incubation of LPS-activated cells with LPI
decreased J774 activation in a GPR55-dependent manner. In vivo, LPI levels were altered by inflammation in the
liver, spleen and colon. These alterations are tissue dependent and could highlight a potential role for LPI in
inflammatory processes.

1. Introduction

Lysophospholipids are glycerophospholipids in which the glycerol
moiety is substituted by a single acyl chain. They are constituted of a
constant “polar” moiety linked to the glycerol backbone (defining the
family) and, within each family, of a variable acyl chain, on the sn2 or
sn1 position of the glycerol. These lipids, once considered as simple
intermediates in the metabolism of phospholipids, are now recognized
as bioactive lipids. The most studied lysophospholipid is certainly ly-
sophosphatidic acid (LPA) which has been implicated in cell pro-
liferation and survival, cancer, inflammation, pain, and metabolic
syndrome [1,2]. Lysophosphatidylcholines (LPC), the most abundant
lysophospholipids, seem to play a role both in the initiation and

resolution of inflammation, possibly through a G protein-coupled re-
ceptor (GPCR), GPR132 [2,3]. Lysophosphatidylserine (LysoPS) pro-
duction by activated and apoptotic neutrophils is a signal leading to
their phagocytosis by macrophages, thus triggering resolution of in-
flammation [4]. However, much less is known on the properties of
other lysophospholipids such as the lysophosphatidylinositols (LPI)
which remain to date the less studied lysophospholipids. Early studies
reported their effects on insulin secretion and on the cell cycle [5–8].
More recently, the GPCR GPR55 was put forth as an important mole-
cular target mediating LPI's effects [9–11]. The molecular LPI species
were shown to have different agonist potencies towards GPR55 [9].
Indeed, 2‑arachidonoyl LPI is the most potent agonist of GPR55, while
1‑palmitoyl LPI is a weak partial agonist. Linoleoyl, oleoyl and stearoyl
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LPI were less potent agonists than arachidonoyl LPI [9]. Since then, LPI
and GPR55 have been associated with several pathophysiological pro-
cesses [12]. For instance LPI and GPR55 have been implicated in cell
proliferation, migration and tumorigenesis [13]. Moreover, the LPI-
GPR55 axis clearly plays a role in obesity and metabolic disorders [14].
However, the role of LPI and GPR55 in inflammation and immune cell
activation remains unclear.

Complicating the study of the effects of LPI is the intricacy of their
metabolic pathway. Phosphatidylinositols (PI) are the key precursors of
LPI. Upon hydrolysis by a phospholipase A1 (PLA1) or a phospholipase
A2 (PLA2), PI will generate 2-acyl LPI and 1-acyl LPI, respectively
(Suppl. Fig. S1). Among the PLA1 enzymes, DDHD1 (also known as PA-
PLA1) was described for its ability to produce 2-arachidonoyl LPI in
vitro and in vivo [15]. PLA2 enzymes are expected to generate LPI,
however PLA2 isoforms have been mostly studied in regards to ara-
chidonic acid and eicosanoid synthesis. Among these, cPLA2α, which
has a preference for releasing arachidonic acid from the sn-2 position of
phospholipids, is implicated in the biosynthesis of LPI [16–18]. How-
ever, while activation of cPLA2α and the release of arachidonic acid
from membrane phospholipids constitute key features of inflammation,
little is known on the effect of inflammation on the cell and tissue levels
of LPI.

Following their synthesis, LPI can be reacylated to PI by acyl-
transferases [19,20] or deacylated by lysophospholipases. LPI-specific
PLA and PLC activities have been reported although the molecular
characterization of these specific lysoPLA and lysoPLC enzymes is still
lacking [19]. Of note, cPLA2α has been reported as capable of deacy-
lating LPI into glycerophosphoinositol [21], therefore it could be im-
plicated both in the synthesis and catabolism of LPI. More recently, α/β
hydrolase domain 6 (ABHD6), a monoacylglycerol hydrolase, was also
implicated in lysophospholipid hydrolysis, although this was not di-
rectly shown for LPI [22]. Finally, autotaxin, a lysoPLD responsible for
LPA biosynthesis from LPC, is also able to convert LPI to LPA although
less efficiently than LPC [23].

Considering (i) the complexity of the metabolic pathways of LPI, (ii)
the fact that several enzymatic activities of the pathway have not been
characterized and (iii) that inflammation could affect several enzymes
of these pathways, we decided to study the interplay between LPI and
inflammation. Thus, we used an in vitro approach to study the con-
sequences of macrophage activation on LPI and other lysophospholipid
levels. We then show, in vivo, that inflammation alters the levels of LPI
in numerous tissues. As LPI levels are altered upon inflammation and
LPS-induced macrophage activation, we also wondered whether LPI
could modulate J774 cell activation. Thus, this report points to LPI as
interesting bioactive lipids in the context of inflammation.

2. Materials and methods

2.1. Materials

Bovine liver LPI (major specie 18:0 LPI), bovine brain LysoPS (major
specie 18:0 LysoPS), egg LPE (major specie 18:0 LPE), egg LPC (major
species 16:0 and 18:0 LPC), 18:0 LPG and 18:0 LPA as well as internal
standards were purchased from Avanti polar lipids. WWL70 was pur-
chased from Cayman Chemicals. HEPES, sucrose, EGTA, glycerol, CaCl2,
PI from bovine liver, dipalmitoylglycerol (DAG), arachidonoyltri-
fluoromethylketone (ATFMK), bromoenol lactone (E‑6‑(Bromoethylene)
tetrahydro‑3‑(1‑naphthyl)‑2H‑pyran‑2‑one, BEL) and CID16020046
(4‑[4,6‑Dihydro‑4‑(3‑hydroxyphenyl)‑3‑(4‑methylphenyl)‑6‑oxopyrrolo
[3,4‑c]pyrazol‑5(1H)‑yl]‑benzoic acid) were all bought from Sigma
Aldrich. Lipopolysaccharides (LPS) from E. coli (O55:B5) and fetal bovine
serum were also purchased from Sigma Aldrich. Dextran sulfate sodium
(DSS) was purchased from TdB Consultancy. pDream2.1 vector con-
taining the human GPR55 coding sequence was obtained from GenScript

corporation. Lipofectamine LTX plus was purchased from Life
Technologies. Cell culture media, trypsin and penicillin-streptomycin
were purchased from Gibco.

2.2. Animal models

C57BL/6 J mice (8–10weeks of age) were purchased from Charles
River Laboratories (Brussels, Belgium) and were housed under standard
conditions (12 hours light/dark cycle, and controlled 22 °C tempera-
ture) and supplied with water and food ad libitum. All animal care and
experimental procedures were conducted in accordance with the
guidelines of the local ethics committee and in accordance with
European directive 2010/63/EU, which was transformed into the
Belgian Law of May 29, 2013 regarding the protection of laboratory
animals. All experimental protocols were approved by the Université
catholique de Louvain animal ethics committee (study agreement
2014/UCL/MD/001, laboratory agreement LA1230314).

For LPS-induced inflammation in mice, LPS (300 μg/kg, in saline
containing 0.1% Tween 80) or vehicle were administered i.p and mice
(7 mice/group) were sacrificed by cervical dislocation 4 or 8 h later
[24,25].

Three models of colitis were used.
TNBS-induced colitis: Mice (10 mice/group) were food-deprived for

24 h before administration of trinitrobenzene sulfonic acid (TNBS).
Mice were anesthetized by intraperitoneal (i.p.) injection of a combi-
nation of ketamine (100mg/kg) and xylazine (10mg/kg). TNBS
(100mg/kg, in 50 μL 0.9% NaCl-ethanol, 50:50, v/v) was administered
intrarectally into the colon (4 cm from the anus) using a cannula.
Control mice received 50 μL of a 0.9% NaCl-ethanol (50:50, v/v) so-
lution. To ensure a homogeneous distribution and retention of TNBS (or
vehicle) within the colon, mice were held by the tail, in a vertical po-
sition, for 60 s after administration [26].

DSS-induced colitis:
Acute colitis: Colitis was induced by adding dextran sulfate sodium

(DSS, 5%) to the drinking water of mice for 5 days. Mice (8 per group)
were sacrificed once the colitis was well established i.e. at day 7
[26,27].

Chronic colitis: Chronic colitis was induced by following 3 cycles
consisting in 7 days of DSS (2.5%) in the drinking water followed by
3weeks of normal drinking water [28]. Mice (8 per group) were sa-
crificed during the recovery phase after the third cycle of DSS.

For all models, body weight and food and water intake were mon-
itored daily for the duration of the study. Following sacrifice of the
mice, colons were quickly recovered and snap-frozen in liquid nitrogen
before storage at −80 °C until their analysis.

2.3. Cell culture

The murine macrophage cell line J774 (a generous gift from M.-P.
Mingeot-Leclercq, LDRI, UCL, Belgium and from J. Leclercq, LDRI, UCL,
Belgium) was cultured under standard conditions (37 °C in a humidified
5% CO2 incubator) in RPMI 1640 medium containing 10% fetal bovine
serum (FBS) and antibiotics. BV2 microglial-like cells (a generous gift
from E. Hermans, IONS, UCL, Belgium) were grown in high-glucose
DMEM medium with 10% FBS and antibiotics.

Cells were seeded overnight into 24-well plates (2.5× 105 cells per
well) for qRT-PCR experiments, and into 35mm dishes (10×106 cells
per dish) for lipid quantification, and the experiments performed the
next morning. Cells were then incubated with fresh culture medium
containing 100 ng/mL of LPS for 8 h (based on previous experiments
[24,28]). For all experiments, a control condition was performed,
where cells were seeded concomitantly but were only incubated with
vehicle (DMSO, 0.05%) in the absence of LPS. When the cells were
treated, the compounds of interest were added 1 h prior to LPS.
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2.4. Primary macrophage isolation

2.4.1. Murine peritoneal macrophages were obtained by eliciting an
acute peripheral inflammatory reaction with an i.p. injection of thio-
glycolate as previously described [24]. Briefly, adult NMRI female mice
were given an i.p. injection of an aged 4% thioglycolate solution. Three
days later, peritoneal cells were recovered in 5mL PBS, pelleted and
resuspended in culture medium (RPMI supplemented with 10% FBS and
antibiotics).

2.4.2. Murine alveolar macrophages were recovered from bronch-
oalveolar lavage as described by Zhang et al. with slight modifications
[29,30]. Briefly, 7 to 8weeks old mice were anesthetized and then sa-
crificed by cervical dislocation. After a surgical incision, the trachea was
exposed and a cannula fixed in it. Five consecutive lung lavages were
performed through this cannula with 1ml phosphate buffered saline (PBS)
solution containing 0.5mM of EDTA. Alveolar cells recovered in PBS were
pelleted by centrifugation at 250×g for 5min at 4 °C and resuspended in
culture medium (RPMI supplemented with 10% FBS and antibiotics).

For both primary peritoneal and alveolar macrophages, 3 h after the
initial plating, cells were washed with PBS to remove non-adherent
cells, growth medium was replenished and cells (0.5× 106 cells/well)
were incubated overnight. The next day, cells were incubated with fresh
culture medium containing 100 ng/mL of LPS for 8 h before lipid ex-
traction and quantification.

2.5. Real-time quantitative PCR

For real-time quantitative PCR (RT-qPCR) experiments on cells,
media was removed and TriPure reagent (Roche) was added to each
well of the tissue culture plates, the plates were then stored at −80 °C
for later assessment. For in vivo experiments, tissues were snap frozen
in liquid nitrogen at the time of sacrifice and stored at −80 °C for later
assessment. TriPure reagent was added on the day RNA extraction was
performed.

In both cases, the same procedure was performed. Total RNA was
extracted using the TriPure reagent according to the manufacturer's
instructions. cDNA was synthesized using a reverse transcription kit
(Promega corporation) from 1 μg of total RNA. qPCR was performed
with a STEP one PLUS instrument and software (Applied Biosystems) as
previously described [31]. Products were analyzed by performing a
melting curve at the end of the PCR reaction. Data are normalized to the
60S ribosomal protein L19 (RPL19) mRNA expression. Primer se-
quences are given in Table 1.

2.6. Transfection of J774 cells with hGPR55

J774 cells were seeded overnight in 24-well plates (1.5× 105 cells
per well) and stable transfection performed the following day using

lipofectamine LTX plus and 0.5 μg of pDream2.1 plasmid containing the
coding sequence for human GPR55. Transfected cells were selected by
addition of G418 to the culture medium, then a clonal selection was
performed by serial dilution of the initial cell population.

2.7. Lysophospholipid quantification

Cell were recovered by scraping using 7mL of PBS, and transferred
to a vial containing the internal standards (17:1 LPI; 17:1 LysoPS; 17:0
LPC; 17:0 LPE; 17:1 LPG; 17:0 FA), chloroform (14ml) and methanol
(7 mL). The mixture was acidified using HCl 2 N (300 μL). Lipids in the
media (7mL) were extracted using a similar procedure but with 14mL
of chloroform and 7mL of methanol. Following vigorous mixing and
sonication, the samples were centrifuged and the organic layer was
recovered and then dried under a stream of N2. The lipid fraction was
pre-purified by solid-phase extraction (SPE) over silica using methanol
as the eluting solvent [32]. The resulting lipid fractions were analyzed
by HPLC-MS using a LTQ Orbitrap mass spectrometer (ThermoFisher
Scientific) coupled to an Accela HPLC system (ThermoFisher Scientific)
equipped with an electrospray ionization (ESI) source and operated
using the Xcalibur software (Thermo Fisher Scientific). Chromato-
graphic separations were performed using a C18 column (Kinetex,
150mm×4,6mm, 5 μm, from Phenomenex). The gradient elution
(400 μL/min) consisted of solvent A (methanol-water-ammonium hy-
droxide (50:50:0,1 v/v/v)) and solvent B (methanol-ammonium hy-
droxide (100:0,1 v/v)), starting at 100% A and reaching linearly 100%
B in 30min, this was followed by 15min at 100% B before reequili-
brating at 100% A [32]. The ESI spray voltage was set at 5000 V and the
capillary temperature at 270 °C. The sheath gas flow was at 40 arbitrary
units. In the orbitrap, lysophospholipids (except LPC) and PI were de-
tected as [M-H]− ions whereas LPC were detected as acetate adducts.
The area under the curve (AUC) for each lipid of interest was normal-
ized using the AUC obtained for the relevant internal standard. Abso-
lute quantification of LPI species was obtained using a validated HPLC-
MS method previously reported [33].

2.8. cPLA2 activity

The procedure was based on a protocol described by Leslie and Gelb
[34]. Briefly, cells were homogenized in an HEPES buffer (10mM,
pH 7.4) containing sucrose (0.34M), glycerol (10%, v/v), EGTA (1mM)
and a phosphatase inhibitors cocktail (524629, Sigma) before ultra-
centrifugation (100,000×g, 60min, 4 °C). Dithiothreitol (1%, v/v) and
a protease inhibitors cocktail (P8340, Sigma) were then added to the
resulting cytosolic fraction. The substrate preparation was obtained by
vigorous mixing, followed by ultrasound application, of a 100 μL sus-
pension containing 75 nmol of PI and 22.5 nmol of DAG in HEPES
buffer (50mM, pH 7.4). cPLA2 activity was assessed by incubating

Table 1
Primer sequences.

Product Forward primer (5′ to 3′) Reverse primer (5′ to 3′)

RPL19 GAAGGTCAAAGGGAATGTGTTCA CCTTGTCTGCCTTCAGCTTGT
IL-1β TCGCTCAGGGTCACAAGAAA CATCAGAGGCAAGGAGGAAAAC
COX-2 TGACCCCCAAGGCTCAAATAT TGAACCCAGGTCCTCGCTTA
TNFα AGCCCCCAGTCTGTATCCTT GGTCACTGTCCCAGCATCTT
IL-6 ACAAGTCGGAGGCTTAATTACACAT TTGCCATTGCACAACTCTTTTC
MCP-1 GCAGTTAACGCCCCACTCA CCCAGCCTACTCATTGGGATCA
ABHD6 CTGTCCATAGTGGGGCAAGT TCAGATGGGTAGTAAGCGGC
Autotaxin AGCACCTGACCAACTGTGT TGCATCATATTTCGCTTCTGGG
PA-PLA1 TAACATTGGCAAAGCAAGCA TGATGCTGAAGAACGTCCAA
cPLA2α GTGAGGGGCTTTATTCCACA ACAGTGCCTTCATCACACCA
mGPR55a CATCATGGGCTTCTGTTCCT TCCAGATGCAGGCTCTCTTT
hGPR55b TCTACATGATCAACCTGGCAGTCT CTGGGACAGGACCATCTTGAA

a Murine GPR55.
b Human GPR55.
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(20min, 37 °C, final volume 50 μL) the cytosolic fraction (40 μg of
proteins) with the substrate preparation (7.5 nmol of PI and 2.25 nmol
of DAG) in HEPES buffer containing BSA (50 μg), NaCl (7.5 μmol) and
CaCl2 (0.25 μmol). At the end of the incubation, tubes were placed on
ice and chloroform (2mL), methanol (1 mL) and 0.5mL of water (pH 3)
were subsequently added. Following mixing and centrifugation, the
organic layer containing the products of the reaction was recovered and
dried under a nitrogen stream. The resulting residue was dissolved in
methanol and analyzed by HPLC-MS as described above. Calcium
content, protein amount and incubation time were optimized before
assessing the effect of LPS incubation on cPLA2 activity (data not
shown).

2.9. Statistical analysis

Results are expressed as mean ± SEM. Significance between two
distinct groups was determined by unpaired Student t-test and com-
parisons between various groups were assessed by one-way anova fol-
lowed by a Dunnett post-test for comparisons against a “control” con-
dition or by a Bonferroni post-test for comparisons between different

conditions. Data were analyzed using GraphPad Prism 7.0 for Windows
(GraphPad Software Inc., San Diego, CA, USA).

3. Results

3.1. Macrophage activation for 8 h alters LPI and PI levels

To study the effect of macrophage activation on LPI levels, we used
the J774 murine macrophage cell line. We started by quantifying the
major LPI species in these cells and found 18:1 LPI to be the most
abundant LPI in these cells (Fig. 1A). Upon incubation with lipopoly-
saccharides (LPS, 100 ng/mL) for 8 h, J774 cells are activated and ex-
press pro-inflammatory markers such as interleukin (IL)-6, IL-1β and
tumor necrosis factor α (Suppl. Fig. S2A) [24,30]. We used this model
to investigate the effect of LPS-induced J774 macrophage activation on
lysophospholipid levels. Among the lysophospholipids investigated
here, we found that the levels of LPI were significantly altered, while
LPE, LPG, LysoPS and LPC levels were not affected (Fig. 1B). Interest-
ingly, J774 cell activation has a different effect depending on the LPI
species, as 20:4 LPI levels were decreased whereas 16:0, 18:0, 18:1 and

Fig. 1. Effect of 8 h activation of J774 macrophages on lysophospholipid, phosphatidylinositol and fatty acid levels.
(A) Lysophosphatidylinositol (LPI) levels measured by HPLC-MS in J774 control cells in pmol/106 cells. (B, C) Lysophospholipid levels in (B) the cells and (C) the
culture medium were measured by HPLC-MS following activation of J774 cells with 100 ng/mL of lipopolysaccharides (LPS) for 8 h. (D) Fatty acid (FA) and (E)
phosphatidylinositol (PI) levels in the cells were measured by HPLC-MS following activation of J774 cells with 100 ng/mL of LPS for 8 h. (F) Lysophospholipid levels
were measured by HPLC-MS following activation of primary alveolar macrophages with 100 ng/mL of LPS. LysoPS were below detection limit in alveolar macro-
phages. (G) LPI levels were measured by HPLC-MS in primary peritoneal macrophages activated with 100 ng/mL of LPS for 8 h. The acyl chain and the degree of
unsaturation of the individual species are shown on the x axis. Data are expressed for each individual species in percentage of the control condition (cells not
incubated with LPS, dotted line). Values are mean ± SEM from three separate experiments (measurements in quadruplicates). *P < 0.05 **P < 0.01
***P < 0.001 for LPS activation vs. control cells.
LPE: lysophosphatidylethanolamine, LPG: lysophosphatidylglycerol, LysoPS: lysophosphatidylserine, LPC: lysophosphatidylcholine.
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18:2 LPI levels were increased. 20:4 LPI levels could be decreased due
to secretion of LPI into the culture medium, therefore we also measured
LPI levels in the medium of J774 cells and found decreased levels of
20:4 LPI, while 16:0 LPI was increased, similarly to what we observed
in the cells (Fig. 1C). Because LPI levels were altered upon TLR4 acti-
vation, we also assessed the effect of J774 cells activation on fatty acid
and PI levels. While fatty acid levels were not affected by LPS-induced
activation (Fig. 1D), PI levels were altered. Interestingly, several PI
species that could lead to the production of 20:4 LPI, including 38:4 PI
which is the most abundant PI, were decreased by macrophage acti-
vation (e.g. 36:4 PI, 36:5 PI, 38:5 PI, 38:6 PI) while other PI species
were increased (Fig. 1E).

To see whether the observed alteration of LPI levels was cell-line-
dependent, we used, in addition to J774 cells, the microglial BV2 cell
line. Similarly to J774, LPS incubation induces a strong increase in IL-
1β and IL-6 mRNA expression in BV2 cells (Suppl. Fig. S2B) as well as
changes in LPI levels similar to those observed in J774 cells, with a
decrease in 20:4 LPI and increased levels of 16:0, 18:0 and 18:1 LPI
(Suppl. Fig. S2D).

Both BV2 cells and J774 cells are immortalized cell lines in culture.
To determine whether alteration of LPI levels could be considered as a
common trait of macrophage activation, we also used primary murine
peritoneal and alveolar macrophages. LPS-induced activation of these
primary macrophages led to a general increase in LPI levels (Fig. 1F–G).
In the alveolar macrophages, 16:0, 18:0 and 20:4 LPI levels were in-
creased while the levels of the other lysophospholipids were not altered
(Fig. 1F). In primary peritoneal macrophages, the levels of 16:0 and
18:1 LPI were significantly increased (Fig. 1G).

3.2. Macrophage activation alters LPI metabolism

In order to generate hypotheses on the mechanisms responsible for
the changes in LPI levels, we determined the effect of LPS activation on
mRNA expression of the enzymes involved in LPI metabolism. These
enzymes include cPLA2α, PA-PLA1, ABHD6 and Autotaxin [15,16,22].
Activation of J774 cells with LPS results in decreased cPLA2α and PA-
PLA1 mRNA expression, with no variation in the expression of ABHD6
while Autotaxin was not expressed by J774 cells (Fig. 2A). Conversely,
in BV2 cells, LPS incubation increased the expression of the two
phospholipases as well as the expression of Autotaxin, which was not
expressed in the control condition (Suppl. Fig. S2E).

In macrophages, changes in cPLA2α activity are generally the
consequence of its Ca2+-dependent recruitment to membranes and
post-translational modifications such as phosphorylation [18]. There-
fore, we developed a method to assess cPLA2α activity in cells by
measuring the production of LPI from PI. Following incubation of cy-
tosolic fractions of J774 cells with the PI substrate for 20min, we ex-
tracted the lipid fractions and quantified LPI levels by HPLC-MS. By
doing so, we measured an increase in the production of 16:0 LPI, 18:0
LPI and 18:1 LPI, but not 20:4 LPI (Suppl. Fig. 3) which suggests a
cPLA2α activity. The measured PLA2 activity was sensitive to inhibi-
tion by arachidonoyltrifluoromethylketone (ATFMK, 10 μM), which
inhibits both cPLA2α and iPLA2, but not to inhibition by the iPLA2
inhibitor bromoenolactone (BEL, 600 nM) (Suppl. Fig. 3). Having
characterized this enzymatic activity, we performed similar experi-
ments on homogenates from control J774 cells and J774 cells activated
with 100 ng/mL of LPS for 2 h or 8 h and found LPI production to be

Fig. 2. Effect of lipopolysaccharide-induced activation of J774 macrophages on the metabolic pathways of lysophosphatidylinositols.
(A) mRNA expression of PA-PLA1, cPLA2α and ABHD6 was measured by RT-qPCR in J774 cells activated by incubation with 100 ng/mL of lipopolysaccharides (LPS)
for 8 h. RPL19 was used as reference gene. (B) cPLA2 activity was measured in J774 cells incubated with 100 ng/mL of LPS for 2 h or 8 h. (C, D) Effect of cPLA2
inhibition with ATFMK (10 μM) on LPI levels in the (C) cells and (D) media of J774 cells activated with LPS (100 ng/mL). (E, F) Effect of ABHD6 inhibition with
WWL70 (10 μM) on LPI levels in (E) control J774 cells and (F) J774 cells activated with LPS (100 ng/mL). (A–E) Data are expressed in percentage of the control
condition. (F) Data are expressed in percentage of the LPS condition. Values are mean ± SEM from three separate experiments (measurements in quadruplicates).
*P < 0.05, **P < 0.01 for LPS activation vs. control cells. τP < 0.05, ττP < 0.01 for ABHD6 inhibition vs. control cells. #P < 0.05 for ABHD6 inhibition vs LPS-
activated cells.
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increased only following 8 h of LPS (Fig. 2B). The same was observed in
BV2 cells activated with 100 ng/mL of LPS for 8 h (Suppl. Fig. S2F). In
order to ascertain further the involvement of cPLA2α in the alteration
of LPI levels, we incubated LPS-activated J774 cells with ATFMK for 8 h
and quantified LPI levels in the cells and media. In both the cells and
the media, we found again that LPS increased LPI levels, except for 20:4
LPI that is decreased (Fig. 2C). Interestingly we found different effects
of ATFMK on LPI levels in the cells and the media. Indeed, in the cells,
ATFMK did not affect the LPS-induced alteration in LPI levels, except in
the case of 18:2 LPI that was decreased and 18:0 LPI that was further
increased with ATFMK incubation (Fig. 2C). Conversely, in the media,
ATFMK further increased the levels of 16:0, 18:0 and 18:1 LPI (Fig. 2D).
The biggest change however was in LPI 20:4 levels which were de-
creased by LPS and increased> 5 fold by ATFMK (Fig. 2D).

As mentioned, ABHD6 has been put forth as a lysophospholipase
[22], therefore we wanted to study whether it was implicated in LPI
metabolism in J774 cells both in control and activated conditions. In-
terestingly, the effect of ABHD6 inhibition on LPI levels was different
between control cells and cells stimulated with LPS. Indeed, in control
cells, incubation with the ABHD6 inhibitor WWL-70 (10 μM) for 6 h
[35] led to a small, albeit significant, increase of the levels of all the LPI
measured (Fig. 2E). However, in cells stimulated with LPS, WWL-70
only increased the levels of 20:4 LPI (Fig. 2F). This could implicate
ABHD6 in the decreased levels of 20:4 LPI in activated J774 macro-
phages.

3.3. Macrophage activation for 24 h alters lysophospholipid and PI levels

LPI levels were altered following activation of macrophages for 8 h
with LPS. However, the levels of the other lysophospholipids measured

were not altered. We wondered whether longer activation times would
have different effects on lysophospholipid levels and whether the al-
teration of LPI levels would be sustained. Therefore, to see the impact of
a longer macrophage activation time, we incubated J774 macrophages
with 100 ng/mL of LPS for 24 h and measured lysophospholipid, fatty
acid and PI levels. At this time point, pro-inflammatory cytokine ex-
pression is decreased compared to the earlier time points (Suppl. Fig.
S2A). Here again, we observed variations in LPI levels with 16:0 LPI
still increased at 24 h and 20:4 LPI further decreased by macrophage
activation (Fig. 3A). The other LPI that were increased at 8 h were ei-
ther unchanged or even decreased at 24 h of activation (Fig. 3A). LPE
and LPG levels that were not affected by macrophage activation at 8 h
were altered at 24 h. Indeed LPE and LPG with 16:0, 18:0 and 20:4 acyl
chains were increased (Fig. 3A). Concerning LPC, we observed an in-
crease in the levels of 18:0 LPC and a decrease in 18:1 and 20:4 LPC
(Fig. 3A). On the other hand, LysoPS (Fig. 3A) and fatty acid (Fig. 3B)
levels were still not significantly altered at 24 h. Finally, we measured
PI levels and found that most PI that were altered at 8 h were still al-
tered at 24 h (Fig. 3C).

3.4. LPI decrease LPS-induced macrophage activation

Bioactive lipids could serve as autocrine signaling molecules reg-
ulating macrophage activation [24,36,37]. It is thus possible for the
different lysophospholipids studied here to affect LPS-induced activa-
tion of J774 cells. Therefore, we incubated the cells with 10 μM of the
various lysophospholipids and activated them with 100 ng/mL of LPS
for 8 h. LPI consistently decreased several parameters of macrophage
activation, such as LPS-induced mRNA expression of IL-1β, IL-6 and
COX-2 (Fig. 4A). LPC decreased IL-1β and IL-6 expression, while LysoPS

Fig. 3. Effect of 24 h activation of J774 macrophages on lysophospholipid, phosphatidylinositol and fatty acid levels.
(A) Lysophospholipid, (B) fatty acid (FA) and (C) phosphatidylinositol (PI) levels in the cells were measured by HPLC-MS following activation of J774 cells with
100 ng/mL of lipopolysaccharides (LPS) for 24 h. The acyl chain and the degree of unsaturation of the individual species are shown on the x axis. Data are expressed
for each individual species in percentage of the control condition (cells not incubated with LPS, dotted line). Values are mean ± SEM from three separate ex-
periments (measurements in quadruplicates). *P < 0.05 **P < 0.01 ***P < 0.001 for LPS activation vs. control cells.
LPE: lysophosphatidylethanolamine, LPG: lysophosphatidylglycerol, LysoPS: lysophosphatidylserine, LPC: lysophosphatidylcholine.
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only decreased IL-6 expression (Fig. 4A). LPE and LPG had no effect on
LPS-induced activation of J774 cells (Fig. 4A). Of note, we have pre-
viously shown in these cells that mRNA expression of IL-6 and COX-2
are correlated with the production of IL-6 and prostaglandins, respec-
tively [30].

3.5. LPI actions on LPS-induced macrophage activation are mediated by
GPR55

LPI bind and activate GPR55 receptors. However, although some
reports show that GPR55 is involved in the effects of LPI on cancer cell
proliferation or osteoclast formation, little is known on the involvement
of GPR55 in the effects of LPI on macrophage activation [12]. Thus we
asked whether the effect of LPI on LPS-induced J774 activation was
mediated by this receptor. Interestingly, we serendipitously noted that
the magnitude of effect of LPI on J774 activation was positively cor-
related with the expression of GPR55 mRNA (Fig. 4B). Indeed, we had
J774 cells from different origins and we noticed that in the cells where
the ΔCt of GPR55 (threshold cycle of GPR55 compared to that of the
reference gene RPL19) was higher, i.e. where GPR55 expression was
lower, LPI had less effect on LPS-induced expression of IL-1β (Fig. 4B).
To confirm this observation and clearly establish the role of GPR55, we
selected J774 cells showing low GPR55 expression and little effect of
LPI in reducing LPS-induced macrophage activation (Fig. 4C, WT col-
umns). Using these cells we then generated, by stable transfection,

clones of J774 cells expressing human GPR55 (hGPR55) and tested the
effect of LPI on one of those clones (clone E1). hGPR55 mRNA was well
expressed in transfected J774 cells and at a more constant level com-
pared to murine GPR55 (Suppl Fig. S4). As illustrated in Fig. 4C, LPI
reduce LPS-induced IL-1β and IL-6 mRNA expression in J774-hGPR55
clone E1 but not in J774 WT cells. To ascertain further the involvement
of GPR55 in the effects of LPI, we co-incubated the hGPR55 clone E1
with LPI and the GPR55 antagonist CID16020046 (CID). CID blocked
the effects of LPI on IL-6 and IL-1β mRNA expression (Fig. 4D).

3.6. LPI tissue levels are altered by inflammation

In order to study further the metabolism and levels of LPI in in-
flammatory settings, we thought to quantify LPI levels in vivo during
inflammation. Thus, we used a model of LPS-induced inflammation in
mice obtained by i.p. injection of a low dose of LPS (300 μg/kg) for 4 or
8 h [24,25]. This dose of LPS induces a time-dependent increase in the
expression of inflammatory markers in many tissues. Indeed, IL-1β and
monocyte chemoattractant protein-1 (MCP-1) mRNA expression were
increased in the colon, liver, spleen, lung and cerebellum at 4 h and 8 h
post-LPS injection (Figs. 5–7). Of note, their expression was lower in the
8 h group compared to the 4 h group, although still higher than the
control group, in line with a progressive spontaneous resolution of in-
flammation.

In two tissues, the lung and the cerebellum, LPI levels were

Fig. 4. LPI decrease lipopolysaccharides-induced activation of J774 cells.
J774 cells were activated with 100 ng/mL of lipopolysaccharides (LPS) for 8 h. Lysophospholipids were added at 10 μM 1 h prior to incubation of cells with LPS.
mRNA expression of pro-inflammatory markers (IL-1β, IL-6, COX-2) was measured by RT-qPCR with RPL19 as reference gene. Data are expressed in percentage of the
LPS-induced mRNA expression of each marker (Veh.). (A) Effect of lysophospholipids on LPS-induced mRNA expression of pro-inflammatory markers. (B) Correlation
between the endogenous expression of GPR55 (ΔCt) in different clones of J774 cells and the effect of LPI on LPS-induced IL-1β expression. (C) Effect of LPI on LPS-
induced IL-1β and IL-6 mRNA expression in wild-type J774 cells with low GPR55 expression (WT) and the same clone transfected with human GPR55 (E1). (D) Effect
of LPI and the GPR55 antagonist CID16020046 (CID, 10 μM) on LPS-induced IL-1β and IL-6 mRNA expression in the E1 clone transfected with GPR55. Values are
mean ± SEM from three separate experiments (measurements in triplicates) except for B (seven different experiments in triplicates). For A and C: #P < 0.05,
##P < 0.01, ###P < 0.001 for lysophospholipid treatment vs. Veh. LPI: lysophosphatidylinositol, LPE: lysophosphatidylethanolamine, LPG: lysopho-
sphatidylglycerol, LysoPS: lysophosphatidylserine, LPC: lysophosphatidylcholine.
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generally not affected by inflammation either after 4 h or 8 h of LPS
administration (Fig. 5C–D), with the exception of 18:2 LPI which is
increased in the lung. Note that we did not detect 18:2 LPI in the brain
similarly to a previous report by Oka et al. [9]. Conversely, all the
measured LPI were strongly increased by inflammation in the liver and
spleen (Fig. 6C–D). However, this increase was only sustained at 8 h in
the liver (Fig. 6C) and proved transient in the spleen, with a return to
baseline at 8 h (Fig. 6D). The picture was different in the colon where
we found a significant decrease in 16:0, 18:0, 18:2 and 20:4 LPI levels
already 4 h post LPS injection, and this decrease was sustained at 8 h
(Fig. 7B).

3.7. LPS-induced inflammation alters the expression of enzymes involved in
the metabolism of LPI

Because LPI levels were affected by inflammation in some tissues,
we assessed mRNA expression of several enzymes implicated in the
metabolism of lysophospholipids in general and LPI in particular.
Similarly to what was done for the cells, we studied cPLA2α, PA-PLA1,
ABHD6, and autotaxin. Changes in mRNA expression of these enzymes
in inflammatory settings were quite different depending on the tissue
considered. In the cerebellum where LPI levels were not affected, a
transient increase of cPLA2α at 4 h was observed (Fig. 5E). In the lung,
there were no significant differences in enzyme expression at 4 h, but all
the enzymes, except for autotaxin, were increased at 8 h (Fig. 5F). A
similar increase was observed for cPLA2α, PA-PLA1 and ABHD6 in the
colon at 8 h, while the expression of autotaxin was decreased at both
time points (Fig. 7C). In the liver, expression of PA-PLA1 and cPLA2α
exhibited a trend to increase, which only reached significance for
cPLA2α at 8 h. Conversely, mRNA expression of ABHD6 was decreased

in this tissue (Fig. 6E). In the spleen, PA-PLA1 mRNA expression was
increased at both time points (Fig. 6F).

3.8. Intestinal LPI levels are altered in mouse models of colitis

Because LPI levels were affected by LPS-induced inflammation and
were only decreased in the colon (Fig. 7B), we asked whether these
levels would be affected in a similar way in murine models more closely
mimicking inflammatory bowel diseases (IBD). Indeed, several bioac-
tive lipids, such as endocannabinoids and sphingolipids have been
implicated in the pathogenesis of IBD. Therefore we used three well
characterized models of IBD, the DSS-induced and TNBS-induced acute
models of colitis and the DSS-induced chronic model of colitis
(Fig. 7D–F), in order to determine the impact of colitis on LPI levels
[26,28,31]. Similarly to what we observed in the LPS model, we found
that LPI levels, with the exception of 18:0 LPI, were decreased in the
colon of mice with acute DSS-induced colitis (Fig. 7D). In the TNBS-
induced colitis model, only 16:0 and 18:1 LPI were decreased (Fig. 7E).
In the chronic DSS-induced colitis model, all LPI, except 20:4-LPI were
decreased (Fig. 7F).

4. Discussion

Among all lysophospholipids, LPI are certainly the less studied of
the lot. However, there has been a renewed interest in these bioactive
lipids mainly since GPR55 was identified as the receptor for LPI [9,38].
Since then, LPI and GPR55 have been implicated in several pathophy-
siological processes [12]. However, the role of LPI in inflammation
remains unclear. A study recently reported differential changes of LPI
levels in M1 and M2 RAW264 cells but did not investigate the enzymes

Fig. 5. Impact of lipopolysaccharide-induced inflammation on lysophosphatidylinositol levels and their metabolic pathway in the cerebellum and lung.
Systemic inflammation in mice was induced by intraperitoneal administration of 300 μg/kg of lipopolysaccharides (LPS) for 4 and 8 h. (A, B) mRNA expression of
pro-inflammatory markers IL-1β and MCP-1 measured by RT-qPCR in (A) the cerebellum and (B) the lung with RPL19 as reference gene. (C, D)
Lysophosphatidylinositol (LPI) levels measured by HPLC-MS in (C) the cerebellum and (D) the lung. (E, F) mRNA expression of cPLA2α, PA-PLA1, ABHD6 and
Autotaxin (ATX) were measured by RT-qPCR in (E) the cerebellum and (F) the lung with RPL19 as reference gene. Data are expressed in percentage of the control
condition (dotted line in C–F). Values are mean ± SEM with 7 mice per group. *P < 0.05, ***P < 0.001 for mice receiving LPS vs. control mice. $$P < 0.01, $$
$P < 0.001 for 8 h of LPS vs. 4 h of LPS.
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involved [39]. Another study showed a pro-inflammatory role of GPR55
in colitis and a decrease of macrophage activation with a GPR55 an-
tagonist but did not investigate the effect of inflammation on the levels
of GPR55's endogenous ligand [40]. On the other hand, LPI showed
neuroprotective effects in rat hippocampal slices [41]. Therefore, we
decided here to study the metabolism of LPI in inflammation. These
studies were conducted in vitro, on activated macrophages, and in vivo.

We started by evaluating the effect of macrophage activation on LPI
levels. To do so, we used LPS, a potent macrophage activator.
Interestingly, activation of the J774 murine macrophage cell line for 8 h
only led to variations in the levels of LPI, but not the other lysopho-
spholipids. However, activation of these cells for 24 h also led to var-
iations in the levels of other lysophospholipids. Actually, while the le-
vels of most of the detected LPI were increased following 8 h of J774
and BV2 activation, the levels of 20:4 LPI were decreased. Moreover,
20:4 LPI was further decreased following 24 h of J774 activation. This
could be expected as during inflammation or macrophage activation,
there is a release of arachidonic acid which could lead to a decrease in
20:4-containing lysophospholipids species. We could not evidence such
an increase in arachidonic acid in the cells. This is however not so
surprising as we have previously shown increased prostaglandin
synthesis in J774 cells activated with LPS [24]. Because an in-
flammatory response is often thoroughly regulated, mixing both signals
to initiate and terminate the process, we thought that LPI could play a
role in macrophage activation. Therefore, we incubated the LPS-acti-
vated J774 cells with various lysophospholipids and we show that in-
cubation with LPI decreases LPS-induced macrophage activation.

As macrophage activation affected LPI levels, we took a closer look
at its effects on the metabolic enzymes of LPI. Phosphatidic acid-pre-
ferring phospholipase A1, PA-PLA1, also known as DDHD1, is involved
in the hydrolysis of fatty acids at the sn-1 position of phospholipids, to
produce fatty acids and 2-acyl lysophospholipids [42]. Yamashita et al.

found that PA-PLA1 was implicated in the formation of 20:4 LPI in
particular. cPLA2α is implicated in the hydrolysis of sn-2 fatty acids
from phospholipids. Mariggiò et al. reported that cPLA2αmay be one of
the synthesizing enzymes of 1-stearoyl LPI [21]. These roles for PA-
PLA1 and cPLA2α are based on the fact that, among PI, 1‑stear-
oyl‑2‑arachidonoyl PI is the most abundant. However, cPLA2α is not
only responsible for LPI biosynthesis but can also hydrolyze LPI ester-
ified in the sn2 position, such as 20:4 LPI formed through PA-PLA1
activity. We thought of assessing the variations in mRNA enzyme ex-
pression and possibly link them with changes in LPI levels. Interest-
ingly, we found different trends for enzyme expression in the J774 and
BV2 cell lines, despite similar trends for LPI levels upon activation of
these two cell lines, suggesting different metabolic pathways in these
cells. In J774 cells, a decrease in mRNA levels of PA-PLA1 and the in-
crease in cPLA2α activity could explain the decrease of 20:4 LPI levels.
Supporting this hypothesis is the fact that inhibiting cPLA2α counter-
acted the LPS-induced decrease in 20:4 LPI levels and led to a drastic
increase of 20:4 LPI.

ABHD6 is another enzyme that has been implicated in lysopho-
spholipid catabolism with LPI levels increasing in the liver of ABHD6
knock-out mice [22]. This enzyme could be involved in the hydrolysis
of 20:4 LPI as ABHD6 inhibition in LPS-activated J774 cells led to an
increase in 20:4 LPI levels. However, the metabolic pathways of LPI are
quite complex (Suppl. Fig. S1), with possible reacylations and sub-
sequent deacylations. Therefore, it is difficult to link the levels of a
particular LPI with the expression or activity of a single enzyme. This
reinforces the notion that measuring bioactive lipid levels will offer a
global and terminal view of all the changes that might occur in a given
metabolic pathway.

This is also true in vivo, where we assessed the impact of a systemic
inflammation on LPI levels in the colon, liver, spleen, lung and cere-
bellum of mice receiving LPS (300 μg/kg) for 4 or 8 h. This dose of LPS

Fig. 6. Impact of lipopolysaccharide-induced inflammation on lysophosphatidylinositol levels and their metabolic pathway in the liver and spleen.
Systemic inflammation in mice was induced by intraperitoneal administration of 300 μg/kg of lipopolysaccharides (LPS) for 4 and 8 h. (A, B) mRNA expression of
pro-inflammatory markers IL-1β and MCP-1 measured by RT-qPCR in (A) the liver and (B) the spleen with RPL19 as reference gene. (C, D) Lysophosphatidylinositol
(LPI) levels measured by HPLC-MS in (C) the liver and (D) the spleen. (E, F) mRNA expression of cPLA2α, PA-PLA1, ABHD6 and Autotaxin (ATX) were measured by
RT-qPCR in (E) the liver and (F) the spleen with RPL19 as reference gene. Data are expressed in percentage of the control condition (dotted line in C–F). Values are
mean ± SEM with 7 mice per group. *P < 0.05, **P < 0.01, ***P < 0.001 for mice receiving LPS vs. control mice. $$$P < 0.001 for 8 h of LPS vs. 4 h of LPS.
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was chosen on the basis of previous studies performed in our laboratory
to mimic the LPS-induced inflammation present during inflammatory
pathologies such as colitis or the metabolic syndrome [24,25,31]. Al-
though we found clear changes in LPI levels induced by inflammation,
the changes were different depending on the tissue. Here also, as with
the macrophages, it is difficult to link LPI levels with mRNA expression
of the metabolic enzymes. Therefore, further studies will be needed to
pinpoint the changes in metabolic pathways leading to these changes.

Interestingly, in the colon of mice receiving LPS, LPI levels are de-
creased and we could observe a similar decrease in LPI levels in three
models of colon inflammation. These alterations in LPI levels could be a
mere consequence of inflammation or could be implicated in the in-
flammatory response as GPR55 was suggested to be involved in colitis
[40]. Further studies will help in understanding the role of LPI in colon
inflammation.

Finally, as we showed in this study that LPI could reduce macro-
phage activation, we wanted to study the implication of GPR55 in these
effects. Although GPR55 has been put forth as the receptor for LPI
[19,43], not much is known on its effects on inflammation or macro-
phage activation. A serendipitous observation led us to suspect that this
receptor could be involved in the effects of LPI on macrophage acti-
vation. Indeed in cells were GPR55 was well expressed, LPI decreased
macrophage activation, whereas in cells where GPR55 was less ex-
pressed, the effect of LPI was lost. To confirm our hypothesis, we
transfected J774 cells showing low expression of GPR55 and little effect
of LPI on macrophage activation with human GPR55 and were able to
rescue the effect of LPI on macrophage activation. Our results suggest
that LPI could have anti-inflammatory properties when GPR55 is highly
expressed. However, these results were obtained using a mix of LPI
from bovine liver, which contains several species of LPI including small
amounts of 20:4 LPI that is decreased following LPS-induced J774

macrophage activation. It is noteworthy that LPI were shown to have
different potencies on GPR55 depending on the acyl chain with 2-ara-
chidonoyl LPI showing the highest potency [9]. As acyl chain length
and insaturation can influence the biological activity of lysopho-
spholipids [44], and our data show an effect of LPI on macrophage
activation, it will be interesting to study the effect of individual LPI
species on macrophage activation and inflammation.

In conclusion, as LPI levels were altered by macrophage activation,
we hypothesized that they could be implicated in the control of mac-
rophage activation. We were able to show that this was indeed the case,
through a GPR55-dependent mechanism. Moreover, inflammation also
affects LPI levels in vivo. These alterations are tissue dependent and
could highlight a potential role for LPI in inflammatory processes.
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