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The a/b–hydrolase domain 6 inhibitor WWL70
decreases endotoxin-induced lung inflammation in
mice, potential contribution of 2-arachidonoylglycerol,
and lysoglycerophospholipids
Pauline Bottemanne, Adrien Paquot, Hafsa Ameraoui, Mireille Alhouayek, and Giulio G. Muccioli1

Bioanalysis and Pharmacology of Bioactive Lipids Research Group, Louvain Drug Research Institute, Université Catholique de Louvain
(UCLouvain), Brussels, Belgium

ABSTRACT: Lung inflammation plays a crucial role in the pathogenesis ofmany respiratory diseases that are in need of
new therapeutic strategies. Previously, we showed that inhibition of a/b–hydrolase domain 6 (ABHD6) decreased
macrophage activation and exerted anti-inflammatory effects. Therefore, we thought to assess the effects of ABHD6
inhibition in amousemodel of acute lung injury (ALI) inducedby intratracheal administration of lipopolysaccharides.
ABHD6inhibitionwithN-methyl-N-{[3-(4-pyridinyl)phenyl]methyl}-carbamicacid49-(aminocarbonyl)(1,19-biphenyl)-
4-yl ester (WWL70) decreases most of the hallmarks of ALI, including neutrophil infiltration, cytokine secretion, and
protein extravasation. mRNA expression of proinflammatory markers in the cells recovered in the bronchoalveolar
lavagewasalsodecreased. Interestingly,ABHD6inhibitionwasmoreefficient thanmonoacylglycerol lipase inhibition
by 4-nitrophenyl-4-[dibenzo(d)(14)dioxol-5-yl(hydroxy)methyl]piperidine-1-carboxylate. We also studied ABHD6 in-
hibition on primary alveolar macrophages and neutrophils to explore their potential implication in the effects of
ABHD6 inhibition in vivo. Moreover, we quantified by high-performance liquid chromatography–mass spectrometry
the levels of reported substrates of ABHD6 [i.e., 2-arachidonoylglycerol (2-AG) and lysophospholipids]. The potential
implicationof these lipidmediators in theeffectsofWWL70wasfurther investigatedonprimaryalveolarmacrophages.
Taken together, these data support ABHD6 inhibition as an interesting anti-inflammatory strategy in acute lung
inflammation and assess the possible contribution of 2-AG and lysophospholipids in the observed effects.—
Bottemanne, P., Paquot, A., Ameraoui, H., Alhouayek, M., Muccioli, G. G. The a/b–hydrolase domain 6 inhibitor
WWL70decreasesendotoxin-inducedlunginflammation inmice,potential contributionof2-arachidonoylglycerol, and
lysoglycerophospholipids. FASEB J. 33, 7635–7646 (2019). www.fasebj.org
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Acute lung injury (ALI) and its more severe manifestation,
acute respiratory distress syndrome, are often seen as part
of a systemic inflammatory process. The inflammatory re-
sponse occurring in the lung is characterized, among others,
by an increase in endothelial and epithelial permeability
leading to extravasation of protein-rich fluid and intersti-
tial edema with bilateral pulmonary infiltrates containing
neutrophils and an array of pro- and anti-inflammatory

cytokines (1). Over the years, the mortality rates associated
with ALI have decreased; however, ALI still affects long-
termqualityof life ofpatients (2, 3).Moreover,dependingon
the underlying disorder, mortality remains high in some
cases, such as sepsis and multiorgan failure (30–40%) (4).
Currently, very few pharmacological treatments are avail-
able for ALI. Several strategies have been investigated, such
as targeting individual proinflammatory cytokines or the
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NF-ĸB pathway among others. However, only corticoste-
roids and statins have shown some beneficial effects in ALI
treatment (5). Therefore, there is a clear need for therapeutic
strategies for ALI.

A common experimental model of ALI is the airway in-
stillation of endotoxins, typically bacterial LPS, inmice (1, 6).
In this model, as in ALI patients, macrophages are key reg-
ulators of lung inflammation (1). At steady state, alveolar
macrophages are important for maintaining homeostasis
and tolerance toward nonharmful antigens penetrating the
lungs (7–9). Upon activation, they will orchestrate the im-
mune response allowing to clear the antigens and to restore
homeostasis via the control of the resolution process (7).
Failure in these events can lead to unbalanced or chronic
inflammation (10). Along with alveolar macrophages, neu-
trophils are thought to play amajor role in the early event of
the development of ALI, and decreasing their recruitment is
therefore crucial (4). Indeed,neutrophils are the first immune
cells recruited to the site of injury (11). They have an im-
portantantimicrobial role,butanuncontrolledactivationcan
induce tissue damages. Controlling their recruitment, their
activation, or the release of their antimicrobial molecules
could therefore have beneficial effects on the pathology.

Modulating bioactive lipid levels is emerging as an in-
teresting strategy to tackle inflammation. In this context, the
endocannabinoid 2-arachidonoylglycerol (2-AG) is clearly a
prime example (12). Indeed, this endocannabinoid is in-
volved in the regulation of several physiologic or patho-
physiologic processes, including inflammation, through the
activation of the cannabinoid receptors. 2-AG is synthetized
from membrane phospholipids and inactivated by serine
hydrolases with a predominant role for monoacylglycerol
lipase (MAGL) (12, 13).Although little isknownontheeffect
of 2-AG in the lungs, a report described that MAGL in-
hibition reduces lung inflammation in a model of ALI
obtained by intranasal administration of LPS (14). Besides
MAGL, we and others have shown that 2-AG levels can be
modulated in cells (and notably macrophages) and tissues
by the serine hydrolase a/b–hydrolase domain 6 (ABHD6)
(15–18). We have also shown that inhibition of ABHD6 re-
sults in decreased LPS-induced macrophage activation
and inflammation (18). Interestingly, evidence supports the
ability of ABHD6 to hydrolyze, besides monoacylglycerols,
several lysoglycerophospholipid families (19, 20).

Because macrophages are key players in acute lung
inflammation, and because we previously showed that
ABHD6 inhibition decreases macrophage activation, we
thought to investigate the effect of ABHD6 inhibition on
LPS-induced lung inflammation. To gain some mecha-
nistic insights, our results prompted us to assess, using
primary alveolar macrophages, how the substrates of
ABHD6 would affect LPS-induced macrophage activa-
tion. We also studied a potential involvement of neutro-
phils in the effects of the ABHD6 inhibitor.

MATERIALS AND METHODS

Animals

Male CD1 mice (Janvier Labs, Le Genest-Saint-Isle, France)
7–8 wk old, were used in all experiments. They were housed in

filter-top cages under conditions of controlled temperature
(20–22°C) and artificial light (12-h light/dark) and suppliedwith
drinking water and food ad libitum. All animal procedures were
performed under ketamine and xylazine anesthesia, and all ef-
forts were made to minimize suffering. All animal experiments
were performed 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
May29, 2013, regarding theprotectionof laboratoryanimals.The
local ethics committee of the Université Catholique de Louvain
reviewedandapproved the experimental protocols (2017/UCL/
MD/024, laboratory agreement LA1230635).

Drugs

LPS (Escherichia coli, O55:B5), hexadecyltrimethylamm-
onium bromide (HTAB), o-dianisidine, and theABHD6 inhibitor
4-[39-(hydroxymethyl)(1,19-biphenyl)-4-yl]-1H-1,2,3-triazol-
1-yl(2-phenyl-1-piperidinyl)-methanone (KT182) were obtained
from MilliporeSigma (Merck, Darmstadt, Germany). The
ABHD6 inhibitor N-methyl-N-{[3-(4-pyridinyl)phenyl]methyl}-
carbamicacid49-(aminocarbonyl)(1,19-biphenyl)-4-ylester (WWL70),
the MAGL inhibitor 4-nitrophenyl-4-[dibenzo(d)(14)dioxol-
5-yl(hydroxy)methyl]piperidine-1-carboxylate (JZL184), 2-
AG, and deuterated 2-AG (d5-2AG) were from Cayman
Chemicals (Ann Arbor, MI, USA) and purchased from Sanbio
(Uden, The Netherlands). Lysophospholipids [lysophosphatidy-
lethanolamine (lysoPE), lysophosphatidylglycerol (lysoPG),
lysophosphatidylinositol (lysoPI), lysophosphatidylserine
(lysoPS), and lysophosphatidylcholine (lysoPC)] were purchased
fromAvanti Polar Lipids (Alabaster, AL, USA). Lipoteichoic acid
(LTA) was from InvivoGen (San Diego, CA, USA).

ALI model

The mice were anesthetized with an intraperitoneal injection of
ketamine (100 mg/kg) and xylazine (10 mg/kg) before intra-
tracheal instillation (30 ml/mouse) of LPS or vehicle (sterile 0.9%
saline) followedby0.1mlof air.WeusedLPSata concentrationof
200mg/ml (21, 22). After intratracheal treatment, micewere kept
in an upright position for 5 min to allow sufficient spreading of
the fluid throughout the lungs. After LPS exposure (24 h), mice
were anesthetized and euthanized by cervical dislocation. The
bronchoalveolar lavage (BAL) fluidand the lungswererecovered
for further analyses.

Fordrugtreatment, theMAGLinhibitor JZL184 (16mg/kg)and
the ABHD6 inhibitor WWL70 (20 mg/kg) were administered in-
traperitoneally 1 h before LPS instillation. Control mice and
untreated mice receiving LPS received an intraperitoneal in-
jection of the vehicle [saline, ethanol, andTween 80 (18:1:1, v/v/
v)]. For the therapeutic intervention study,WWL70 (20 mg/kg)
was administered 1 h after the induction of lung inflammation.
Thedosesand the treatmentwerebasedonpreviouslypublished
studies (14, 18, and 23).

BAL

BAL was performed after euthanizing the mice by cervical dislo-
cation under anesthesia. PBS (1 ml) supplemented with EDTA
(0.5 mM) and protease inhibitors were injected into the trachea
through a cannula. All the BAL fluidwas removed from the lungs
afterwards.Thevolumeof recoveredBALfluidwas recorded.Five
lavageswere performed in total. The samples from the first lavage
were centrifuged at 250 g for 5 min. The supernatants were col-
lected and stored at280°C to measure protein concentration and
cytokine secretion. The cell pellets from all 5 lavages were
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resuspended inPBS-EDTAbuffer.Analiquot of the cell suspension
was used for differential cell counts and the remaining was centri-
fuged at 250 g for 5min. The resulting cell pelletwas snap frozen in
liquidnitrogen for furtherassessment.After theBALprocedure, the
lungs were resected and snap frozen in liquid nitrogen.

Total and differential leukocyte counts

Total leukocytes were counted using a cell suspension in Turk’s
solution. The differential cell counts were obtained by cytocen-
trifugation and coloration with Diff-Quik (Medion Diagnostics,
Miami, FL, USA). Following slide digitalization, macrophages,
neutrophils, and lymphocytes were counted based on cell mor-
phology, at a340 magnification, by counting 300 cells per slide
and recording cell numbers of each type in a blind fashion. The
percentages of each cell type were then calculated. The numbers
of cell components were determined bymultiplying the total cell
number with the percentages of each cell type.

Protein quantification in the BAL

Totalprotein concentrationwasdeterminedusingtheDCProtein
Assay (Bio-Rad, Hercules, CA, USA) following the manufac-
turer’s instructions and using 5 ml of BAL fluid supernatant.
Absorbance was read at 750 nm, and a calibration curve made
with bovine serum albumin was used.

Cytokine quantification by ELISA

Levels of proinflammatory cytokines (IL-6 and TNF-a) in the
BAL fluid supernatant were determined by a sandwich-type
ELISA technique using the Ready-Set-Go! Kit (Thermo Fisher
Scientific, Waltham, MA, USA) following the manufacturer’s
instructions (24).

Myeloperoxidase assay

Thetissue-associatedmyeloperoxidase (MPO)assaywasperformed
as previously described by Alhouayek et al. (25) to quantify the
degree of neutrophil infiltration in the lungs, which correlates with
the severity of lung injury (11). In brief, the left lungwas snap frozen
in liquid nitrogen at the time of killing and stored for later assess-
ment. For determination ofMPO activity, tissue was homogenized
inHTABbuffer [0.5%HTAB in 50mMpotassiumphosphate buffer
(pH 6)]. The volume of buffer was corrected to lung weight. The
homogenate was centrifuged at 20,000 g for 20 min at 4°C and the
supernatantwas recovered. The supernatant (8ml) was then added
to96-well plates togetherwith200ml of a solutionof 0.167mg/mlo-
dianisidine and 5 parts per million hydrogen peroxide in 50 mM
potassium phosphate buffer at pH 6. Samples were analyzed in
duplicate.MPOactivity in the supernatantwasmeasuredat 460nm
and normalized for protein concentration.

RNA extraction and real-time quantitative PCR

TotalRNAwasextractedusing theTriPure reagent (Roche, Basel,
Switzerland) according to themanufacturer’s instructions. cDNA
was synthesized using a Reverse Transcription Kit (RT GoScript
mix; Promega, Madison, WI, USA). Quantitative PCR (qPCR)
was performed with a StepOnePlus instrument and software
(Thermo Fisher Scientific). Products were analyzed by perform-
ing a melting curve at the end of the PCR (26). Data are normal-
ized to the 60S ribosomal protein L19 (RPL19)mRNAexpression.
Primer sequences forquantitativePCRare listed inTable1, along T
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with the amplicon size. We report in Supplemental Table S1 the
basal expression of the measured genes.

Primary alveolar macrophages isolation and assay

Murine alveolar macrophages were recovered from the BAL as
described by Zhang et al. (27) with slight modifications. Briefly,
7–8-wk-oldCD1micewere anesthetized and then euthanized by
cervical dislocation. After a surgical incision, the trachea was
exposed, and a cannula was fixed in it. Five consecutive lung
lavages were performed through this cannula with 1 ml of PBS-
EDTA (0.5 mM). The alveolar cells recovered were pelleted by
centrifugation at 250 g for 5 min at 4°C, resuspended in culture
medium [Roswell ParkMemorial Institute (RPMI) 1640medium
supplementedwith 10% fetal bovine serumand antibiotics], and
counted in Turk’s solution (23 105 cells per well for the mRNA
and ELISA; 106 cells per condition for lipid quantification). Three
hours after the initial plating, the medium was renewed to
remove nonadherent cells. The remaining cells were seeded
overnight, and the experimentswere performed the next day.As
previously described (18, 24), cells were incubated with fresh
culture medium containing the compounds of interest for 1 h,
and then LPS or LTA was added for a final concentration of
100 ng/ml and 10 mg/ml, respectively, and incubated as speci-
fied in the figure legends. During each experiment, a control
condition was performed corresponding to cells only incubated
with vehicle (DMSO, 0.1%) in the absence of LPS.

Neutrophil enrichment and assay

Murine neutrophils were isolated from bone marrow and BAL
using a discontinuous density gradient as previously described
by Swamydas et al. (28). Briefly, 7–8-wk-old CD1 mice were
anesthetized and then euthanized by cervical dislocation. For
bone marrow neutrophil recovery, cells were isolated from fe-
murs and tibias. For bronchoalveolar neutrophil recovery, a lung
lavagewas performed on themice, as previously described, 24 h
after intratracheal administration of LPS (30 ml/mouse at a con-
centration of 200 mg/ml).

The cell suspensions obtained were centrifuged at 300 g for
5 min, and red blood cells were removed by hypotonic lysis.
Next, resuspended cells were carefully loaded on a Percoll gra-
dient composed of 2 solutions of differential density (1.119 and
1.077) and centrifuged at 700 g for 30minwithout using a brake.
Neutrophilswere collected on the interface layer, resuspended in
RPMI 1640 medium supplemented with bovine serum alumin
(0.025%), and counted with Turk’s solution (106 cells per well).
Cellswere incubatedwithmediumcontaining the compoundsof
interest and LPS at a final concentration of 100 ng/ml for 4 h.
During each experiment, a control condition was performed,
corresponding to cells only incubatedwithvehicle (DMSO,0.1%)
in the absence of LPS.

2-AG and lysophospholipid quantification

Wequantified2-AGandlysophospholipidsbyhighperformance
liquid chromatography coupled to mass spectrometry (HPLC-
MS) using a Linear Trap Quadrupole (LTQ)-Orbitrap Mass
Spectrometer (Thermo Fisher Scientific). For quantification in
lungs, the inferior lobe of the right lungwas weighed and stored
at280°Cdirectlyafter euthanasia. Foralveolarmacrophages (106

cells per condition), following incubation, medium was re-
moved, andcellswererecoveredbyscrapingusingPBS.Lungsor
cells were homogenized in a glass vial containing dichloro-
methane (8 ml). Following internal standard addition (d5-2AG
for 2-AG and 17:1 lysoPI, 17:1 lysoPS, 17:0 lysoPC, 17:0 lysoPE,

and 17:1 lysoPG for the lysophospholipids), lipid extraction was
achieved by adding methanol (4 ml), water (2 ml), and HCl 2N
(300 ml). For the BAL samples, we used the same procedure, but
used16 and8ml of dichloromethane andmethanol, respectively.
To avoid autoxidation, butylated hydroxytoluene (10 mg) and
EDTA (20 ng)were added to themixture. Vialswere then shaken
vigorously andsonicated.After centrifugation, the organic phase
was recovered and evaporatedunder a nitrogen stream. Samples
were prepurified by solid-phase extraction using unbounded
silica as the stationary phase. Following a washing step, 2-AG
was recovered with hexane-isopropanol (7:3; v/v), whereas
lysophospholipids were subsequently eluted using methanol.

Figure 1. Effect of the ABHD6 inhibitor WWL70 and the MAGL
inhibitor JZL184 on leukocyte recruitment in the lungs. ALI was
induced by intratracheal instillation of LPS (6 mg/mouse). The
MAGL inhibitor JZL184 (JZL, 16 mg/kg), the ABHD6 inhibitor
WWL70 (WWL, 20 mg/kg), or vehicle (Veh.) was administered
intraperitoneally 1 h prior to LPS. Inflammatory parameters were
evaluated 24 h after LPS administration. A) Cellular parameters
were assessed by morphologic counting after cytospin and a Diff-
Quik coloration. Total and differential (macrophages, neutro-
phils, and lymphocytes) cell counts were performed on BAL fluid
24 h after LPS instillation. B) MPO activity was measured to assess
tissue infiltration by neutrophils. Results are expressed as the
percentage of the control (CTL) condition (Veh.). C) The total
protein concentrations were measured in the BAL to evaluate
the capillary leakage. Data are means 6 SEM; n = 8 mice/group.
*P , 0.05, **P , 0.01, ***P , 0.001 vs. the LPS-veh group.
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After evaporation under a nitrogen stream, all the samples were
reconstituted with methanol for injection of 25 ml on the HPLC-
MS system. The levels of lysophosphatidic acids were not
quantifiable in our settings.

We analyzed the 2-AG containing fractions in positive mode
as previously reported by Mutemberezi et al. (29). We analyzed
the lysophospholipid fraction with the same mass spectrometer
butused innegative ionizationmodewith an electrospray source
(20). The data analysis was performed using Xcalibur software
from Thermo Fisher Scientific. For each lipid, the signal (area
under the curve) was normalized using the signal obtained for
the corresponding internal standard and, for the lungs, based on
the tissue weight.

Prostaglandin quantification

We quantified prostaglandin E2 (PGE2) and prostaglandin D2
(PGD2) using aultra-performance liquid chromatography (UPLC)
system coupled to a Xevo-TQ-S Mass Spectrometer (Waters, Mil-
ford, MA, USA). The inferior lobe of the right lung was weighed
and stored at 280°C directly after euthanasia. For prostaglandin
extraction, the tissue was homogenized in chloroform (8 ml),
and the internal standard deuterated PGE2 (d5-PGE2) was sub-
sequently added. Then, methanol containing butylated hydroxy-
toluene (4 ml) and water containing EDTA (2 ml) were added to
the vials before shaking and incubating them in an ice-cold ultra-
sonic water bath. After centrifugation, the organic layer was re-
covered and evaporated to dryness under nitrogen. Sampleswere
reconstituted and loaded on a silica column for solid-phase ex-
traction. Followingawashingstep, theprostaglandinswere eluted

using CHCl3 and methanol (8:2, v/v), and the resulting fraction
wasbrought todrynessunderanitrogen stream.Theresiduewas
reconstituted in acetonitrile-water prior to its analysis as pre-
viously described in Alhouayek et al. (30). For data acquisition
and processing, the MassLynx software (Waters) was used. For
each prostaglandin, the signal (area under the curve) was nor-
malized using the signal obtained for d4-PGE2 and based on the
tissue weight.

Statistical analysis

Prismv.5.0 (GraphPadSoftware, La Jolla,CA,USA)wasused for
statistical analysis. Results are expressed as means 6 SEM. Dif-
ferences between groups were assessed by 1-way ANOVA fol-
lowed by a Dunnett’s post hoc test or an unpaired Student’s t test
as parametric test, and a Kruskal-Wallis test followed by the
Dunn’s post hoc test with the untreated LPS (LPS-veh) group as
the control or Mann-Whitney as nonparametric test. Statistical
significance was taken when P, 0.05.

RESULTS

The ABHD6 inhibitor WWL70, but not the
MAGL inhibitor JZL184, decreases leukocyte
recruitment in the lungs

To investigate the effect of MAGL and ABHD6 inhibition
on lung inflammation, we used a model of ALI induced
by intratracheal instillation of LPS. This model induces a

Figure 2. Effect of the ABHD6 inhibitor WWL70 and the MAGL inhibitor JZL184 on the proinflammatory markers of lung
inflammation. ALI was induced by intratracheal instillation of LPS (6 mg/mouse) for 24 h. The MAGL inhibitor JZL184 (JZL,
16 mg/kg), the ABHD6 inhibitor WWL70 (WWL, 20 mg/kg), or vehicle (Veh.) was administered intraperitoneally 1 h prior to
LPS. A) mRNA expression of proinflammatory cytokines (TNF-a and IL-6) and chemokines (MIP2a and KC) was measured by
qRT-PCR using RPL19 as reference gene in the lungs. B) Proinflammatory cytokine expression was measured in the cells
recovered from the BAL fluid by qPCR using RPL19 as reference gene. The results are relative to the control (CTL) group (Veh.)
set at 100%. C) Proinflammatory cytokine production was measured in the BAL fluid by ELISA. Results are expressed in pg/mL.
Data are means 6 SEM; n = 8 mice/group. *P , 0.05, **P , 0.01, ***P , 0.001 vs. the LPS-veh group.
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recruitment of leukocytes in the lungs. Following LPS
administration, the total number of inflammatory cells in
the BAL fluid was increased for mice receiving LPS com-
pared with control mice. This was mainly due to an in-
crease in the number of neutrophils (Fig. 1A), although the
number of lymphocytes was also significantly increased
(Fig. 1A). In this model, intratracheal instillation of LPS
induced a decrease of ABHD6 mRNA expression in the
lungs, whereas MAGL expression remained unchanged
(Supplemental Fig. S1A). Prostaglandins are important
players in lung inflammation. Here, we found that LPS
induces an increase of microsomal prostaglandin E syn-
thase 1 (mPGES1) mRNA expression, whereas hemato-
poietic prostaglandin D synthase (HPGDS) expression
was unaffected (Supplemental Fig. S1A).

TheABHD6 inhibitor,WWL70 (20mg/kg, i.p.) (18, 31),
and theMAGLinhibitor, JZL184 (16mg/kg, i.p.) (32),were
administered tomice 1 h before LPS instillation. Treatment
withWWL70 significantly decreased the total cell number
present in the BAL fluid as well as the number of neutro-
phils and lymphocytes comparedwith the LPS-veh group
(Fig. 1A). Contrary to WWL70, JZL184 had no effect on
leukocyte, macrophage, and neutrophil recruitment in the
BAL fluid. However, the number of lymphocytes was
decreased with the MAGL inhibitor (Fig. 1A).

We also measured the MPO activity, a marker for
neutrophil recruitment, in the lung to assess the degree
of neutrophil infiltration in the tissue itself. Twenty-
four hours post-LPS instillation, MPO activity was
increased when compared with control mice. Inter-
estingly, both the ABHD6 inhibitor and the MAGL
inhibitor decreased MPO activity compared with the

LPS-veh group (Fig. 1B). This decrease ofMPO activity
with JZL184 could reflect a decrease of neutrophil
presence in the lung tissue itself, although the MAGL
inhibitor did not decrease neutrophil numbers in the
BAL fluid.

To evaluate the extent of capillary leakage resulting
from the inflammatory reaction, the concentration of total
proteins was measured in the BAL fluid. We observed an
increase in protein concentration for the LPS-veh group
compared with control mice that was decreased by the
administration of WWL70, but not by JZL184 (Fig. 1C).

Both the ABHD6 inhibitor and the MAGL
inhibitor decreased proinflammatory
markers in the lungs

To evaluate the inflammatory reaction triggered in this
ALI model, we analyzed the expression of inflammatory
markersusingqPCR in the lung tissue24hpost-LPS. In the
LPS-veh group, mRNA expression of proinflammatory
cytokines suchasTNF-a and IL-6, andof chemokines such
as macrophage inflammatory protein 2a (MIP2a) and
keratinocyte chemokine (KC), was increased compared
with controlmice (Fig. 2A). The administration ofWWL70
reduced the mRNA expression of these cytokines and
chemokines (Fig. 2A). However, for the mice receiving
JZL184, there were no statistically significant variations
except for IL-6 expression (Fig. 2A).

Next,wemeasuredmRNAexpressionof IL-6 andTNF-
a in the cells recovered from the BAL. As seen in the tissue
itself, there was an increase in the mRNA expression of
these cytokines in the LPS-veh group compared with

Figure 3. Effect of ABHD6 and
MAGL inhibition on LPS-in-
duced activation of primary
alveolar macrophages. Cells
were preincubated with vehicle
(Veh., DMSO 0.1%) or the
enzyme inhibitors for 1 h be-
fore stimulation with LPS
(100 ng/ml) for 8 h. A) mRNA
expression of proinflammatory
cytokines (TNF-a and IL-6)
and chemokines (MIP2a and
MCP1) was measured by qRT-
PCR with RPL19 as reference
gene. B) TNF-a production was
measured in the cell culture
medium by ELISA. C) Two dif-
ferent ABHD6 inhibitors, WWL70
and KT182, dose-dependently de-
crease LPS-induced IL-6 mRNA
expression measured by qPCR
with RPL19 as reference gene.
D) 2-AG levels in primary alveolar
macrophages incubated with ve-
hicle or WWL70 (WWL, 10 mM)
for 6 h. For A, C, and D, results
are expressed as a percentage of
the respective vehicle (Veh.) set at
a 100%. For ELISA, results are
expressed in pg/mL. Data represent means 6 SEM from 3 separate experiments in triplicate. **P , 0.01, ***P , 0.001 vs. the LPS-veh
group; ###P , 0.001 vs. control (CTL) condition.
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control mice that was decreased by the ABHD6 inhibitor.
The administration of JZL184 was able to reduce IL-6
mRNA expression but had no effect on TNF-a (Fig. 2B).

The levels of proinflammatory cytokines were also
measured by ELISA in the BAL fluid. The secretion of IL-6
and TNF-a in the alveolar spacewas increased in the LPS-
veh group compared with control mice. A decrease in the
production of these 2 cytokines was observed in mice re-
ceiving WWL70 as well as JZL184 (Fig. 2C).

Effects of ABHD6 and MAGL inhibition on
LPS-activated primary alveolar macrophages
and neutrophils

As mentioned, alveolar macrophages are key regulators of
lung inflammation because they serve as the first line of
cellular defense against pathogens. Decreasing their activa-
tion could therefore limit ALI. We thus wanted to investi-
gate, in vitro, the consequences of ABHD6 and MAGL
inhibition on LPS-induced macrophage activation. There-
fore, we recovered primary alveolar macrophages from the
BAL of naive mice and incubated them with LPS for 8 h.
LPS-activated macrophages had an increase in mRNA ex-
pression of proinflammatory markers such as TNF-a, IL-6,
MIP2a, and monocyte chemoattractant protein 1 (MCP1)
compared with control alveolar macrophages (Supple-
mental Fig. S1B, C). The mRNA expression of MAGL and
HPGDS was decreased in activated cells, whereas it was
increased for ABHD6 and mPGES1 (Supplemental Fig.
S1D). Inhibiting ABHD6 with WWL70 in LPS-activated al-
veolar macrophages lowered cell activation by decreasing
expression of these proinflammatory cytokines (IL-6 and
TNF-a) and chemokines (MIP2a and MCP1) (Fig. 3A–C)
and, as expected, it increased 2-AG levels (Fig. 3D).

Although JZL184 decreased TNF-a andMCP1mRNA,
it had no effect on LPS-induced IL-6 and MIP2a mRNA
expression (Fig. 3A). To further support ABHD6 involve-
ment, we treated alveolar macrophages with increasing
concentrations ofWWL70 and a secondABHD6 inhibitor,
KT182 (33). As shown in Fig. 3C, both ABHD6 inhibitors
dose-dependently decreased LPS-induced IL-6 mRNA
expression in alveolar macrophages. In this setting, the
obtained half-maximal inhibitory concentration values
were 1.1 and 2 mM for WWL70 and KT182, respectively.

Asmentioned previously, neutrophils are implicated in
the severity of ALI. To explore the potential implication of
neutrophils in the effects of ABHD6 inhibition, we in-
cubated, in vitro, the cells with LPS to induce their activa-
tionand thus theproductionofproinflammatorycytokines
(Supplemental Fig. S1E,F).Using thisprotocol,we showed
that inhibiting ABHD6 with WWL70 slightly decreased
TNF-a and IL-6 production in LPS-activated neutrophils
isolated from the alveolar space of inflamedmice (Fig. 4A).
When using a neutrophil-enriched cell population re-
covered from the bone marrow, WWL70 treatment re-
duced only TNF-a (Fig. 4B). Interestingly, inhibiting
MAGL with JZL184 in the same LPS-activated neutrophil
populations had no effect on cytokine levels when cells
were recovered from the BAL. Nevertheless, in LPS-
activated neutrophils derived from bone marrow, JZL184
increased TNF-a and lowered IL-6 production (Fig. 4).

Effect of WWL70 on the substrates of ABHD6
in lungs and alveolar macrophages

We showed that ABHD6 inhibition byWWL70 decreases
LPS-induced lung inflammationandalveolarmacrophage
activation. In order to generate some hypotheses on the
mechanism of action, we quantified by HPLC-MS the
levels of the substrates of ABHD6 (i.e., 2-AG and lyso-
phospholipids) (15, 19, 20) in the lung, the BAL fluid, and
alveolar macrophages.

ABHD6 and MAGL inhibition in the ALI model in-
creased the levels of 2-AG in the BAL fluid 25 h after
drug administration compared with the LPS-veh
group (Fig. 5A), whereas in the lung tissue, neither
JZL184 nor WWL70 increased 2-AG levels (Fig. 5B).
To confirm that ABHD6 inhibition could increase
2-AG levels in the lung tissue, wemeasured the levels
at an earlier time point (i.e., 6 h) and found increased
2-AG levels following ABHD6 and MAGL inhibition
(Supplemental Fig. S1G, H). When looking at the
oleoyl-containing lysophospholipids, [i.e., the lyso-
phospholipids biochemically characterized as ABHD6
substrates by Thomas et al. (19)], we found signifi-
cantly increased levels of 18:1 lysoPG and 18:1 lysoPE
in the lungs 25 h (but not 6 h, Supplemental Table S2)

Figure 4. Effect of ABHD6 and MAGL inhibition on LPS-
induced activation of a neutrophil-enriched cell population
recovered from bone marrow or BAL. Neutrophils from BAL
(A) and bone marrow (B) were coincubated with vehicle
(Veh., DMSO 0.1%) and LPS (100 ng/ml), or LPS and the
enzyme inhibitors (10 mM) for 4 h. Production of proin-
flammatory cytokines (TNF-a and IL-6) was measured in the
cell culture medium by ELISA. Results are expressed as a
percentage of the effect of LPS set at a 100%. Data represent
means 6 SEM. ***P , 0.001 vs. the LPS-veh group.
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post-WWL70 administration (Fig. 5B). The levels of 18:1
lysoPI, 18:1 lysoPS, and 18:1 lysoPC remained un-
altered (Fig. 5B). In the BAL fluid, no variation was
observed for the 18:1 lysophospholipids (Fig. 5A). The
situation is more complex, however, when looking,
beyond the 18:1 lysophospholipids, at all the lyso-
phospholipids detected by our method because the
majority of lysophospholipids were not increased in
our experimental settings in the lungs (Supplemental
Table S2) and in the alveolar space (Supplemental Table
S3) when mice received WWL70.

In the alveolar macrophages, incubation with WWL70
for 6 h did not result in increased lysophospholipid levels
in control conditions or in the presence of LPS, except for
22:5 lysoPG, 22:6 lysoPG, and 20:4 lysoPC (Supplemental
Table S4).

Besides the substrates of ABHD6, we thought to
quantify PGE2 in the lungs of mice treatedwithWWL70.
Indeed, a recent study suggested ABHD6-independent
effects for WWL70 via the inhibition of mPGES 1
and 2 (mPGES1/2) and thus decreased production of
PGE2 (34). Because in the LPS-treated animal the anti-
inflammatory effects of WWL70 would have masked a
potential direct effect of WWL70 on mPGES1/2, we
decided to assess whether administration of WWL70
(20 mg/kg, i.p.) could inhibit PGE2 production in lungs
fromcontrolmice. Surprisingly,we observed an increase
in PGE2 levels in the WWL70 group 6 h after injection,
compared with the control group, which strongly sug-
gested that, in our conditions, the effects ofWWL70were
independent of mPGES1/2 inhibition (Supplemental
Fig. S1I). Of note, the levels of prostaglandin D2, mea-
sured in the same settings, were not altered by WWL70
treatment (Supplemental Fig. S1I).

2-AG and some lysophospholipid species
decrease LPS-induced activation of primary
alveolar macrophages

We have shown that ABHD6 inhibition decreases alveolar
macrophage activation. Therefore, we decided to in-
vestigate whether the suggested substrates of ABHD6
would decrease LPS-induced alveolar macrophage acti-
vation. Primary alveolar macrophages from CD1 mice
were therefore incubated in the presence of LPS and 2-AG,
lysoPC, lysoPG, lysoPE, lysoPI, or lysoPS for 8 h.We found
that 2-AG decreases the LPS-induced increase in mRNA
expression of proinflammatory cytokines (IL-6, IL-1b, and
TNF-a) but failed to decrease MIP2a expression (Fig. 6).

Concerning the lysophospholipids, we observed dif-
ferences in the effects depending on the lysophospholipid
family tested. LysoPI had no significant effects on IL-1b,
TNF-a, andMIP2a, butdecreased IL-6 expression. LysoPS
decreased IL-1b and TNF-a, but not IL-6 or MIP2a.
LysoPC and lysoPE had the same effect on the markers
studied because they only decreased IL-1b, whereas
lysoPG had no effect on IL-1b, TNF-a, and MIP2a, but
increased IL-6 mRNA expression (Fig. 6).

The ABHD6 inhibitor WWL70 has beneficial
effects when given as treatment

Because we had interesting results on alveolar macro-
phages and in our previous study when WWL70 was
administered 1 h before LPS instillation (and thus ALI
development), we decided to assess the effect of ABHD6
inhibitionwhen the inhibitor is given after the initiation of
inflammation. Therefore, we administered WWL70 1 h
after LPS administration, when inflammatory processes

Figure 5. Effect of ABHD6 in-
hibition by JZL184 and WWL70
on 2-AG and lysophospholipid
levels in the BAL fluid and in
the lungs. ALI was induced by
intratracheal instillation of LPS
(6 mg/mouse). The MAGL in-
hibitor JZL184 (JZL, 16 mg/kg),
the ABHD6 inhibitor WWL70
(WWL, 20 mg/kg), or vehicle
(Veh.) were administered intra-
peritoneally 1 h prior to LPS.
2-AG and lysophospholipid lev-
els were measured by HPLC-MS
in the BAL fluid (A) and in the
lungs (B) 24 h after LPS in-
stillation. The full set of data for
lysophospholipids is available in
Supplemental Tables S2 and S3.
Data are means 6 SEM and
expressed as a percentage of
the control condition (Veh.);
n = 8 mice/group. *P , 0.05,
**P , 0.01 vs. the LPS-veh
group. LysoPA was not detected
(ND).
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have started (21). As for the previous study, we evaluated
the inflammatory parameters 24 h after intratracheal in-
stillation of LPS.

As in the previous experiment, WWL70 decreased
leukocyte recruitment by half in the alveolar space. This is
mainlydue to a reduced traffickingof neutrophils and, to a
lesser extent, a reduction in the number of lymphocytes
(Fig. 7A). In this treatment scheme, WWL70 also reduced
MPO activity (Fig. 7B) as well as protein concentration in
the BAL fluid (Fig. 7C), which reflects a reduction of the
microvascular leakage induced by intratracheal adminis-
tration of LPS. Proinflammatory cytokine (IL-6 and TNF-
a) and chemokine (MIP2a and KC) mRNA expression
was decreased in the lung tissue itself following WWL70
administration (Fig. 8A). Moreover, inhibiting ABHD6
reduced theactivationof cellspresent in thealveolar space,
as illustratedbyadecrease in IL-6andTNF-a expression in
these cells (Fig. 8B), and lowered the levels of TNF-a and
IL-6 secreted in the BAL fluid (Fig. 8C).

Effects of ABHD6 inhibition on LTA-activated
primary alveolar macrophages

Because it was shown that, in humans, activation of
TLR2 or TLR4 results in differential pulmonary in-
flammation (35), we thought to assess the effect of

ABHD6 inhibition on primary alveolar macrophages
activated through the TLR2-signaling pathway. As
performed previously, cells were preincubated with
WWL70 for 1 h before stimulation with LTA. Inhibit-
ing ABHD6 with WWL70 decreased both TNF-a and
IL-6 mRNA expression induced by LTA (Fig. 9).

DISCUSSION

Inflammation is a key element of many pulmonary dis-
eases. Although many strategies have been explored,

Figure 6. Effect of 2-AG and lysophospholipids on LPS-induced
activation of primary alveolar macrophages. Cells were preincu-
bated with vehicle (Veh., DMSO 0,1%), 2-AG (10 mM), or different
lysophospholipids (10 mM) for 1 h before stimulation with
100 ng/ml of LPS for 8 h. mRNA expression of proinflam-
matory cytokines (TNF-a, IL-6, and IL-1b) and chemokine
(MIP2a) was measured by qPCR with RPL19 as reference
gene. Results are expressed as a percentage of the effect of
LPS set at a 100%. Data represent the mean 6 SEM from 3
separate experiments in triplicate. *P , 0.05, **P , 0.01,
***P , 0.001 vs. the LPS-veh group.

Figure 7. Therapeutic effect of the ABHD6 inhibitor WWL70 on
ALI induced by intratracheal instillation of LPS. ALI was induced
by intratracheal instillation of LPS (6 mg/mouse). The ABHD6
inhibitor WWL70 (WWL, 20 mg/kg) or vehicle (Veh.) was
administered intraperitoneally 1 h after LPS. Inflammatory
parameters were evaluated 24 h after LPS administration. A)
Total and differential (macrophages, neutrophils, and lympho-
cytes) cell counts were performed in BAL fluid by morphologic
counting after cytospin and a Diff-Quik coloration. B) MPO
activity was measured in lung tissue homogenates and expressed
as a percentage of the control (CTL) condition (Veh.). C) The
total protein concentration was measured in the BAL fluid to
evaluate the capillary leakage. Data are means6 SEM; n = 8 mice/
group. *P, 0.05, **P, 0.01, ***P, 0.001 vs. the LPS-veh group.
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tackling inflammation is still complex in lung pathologies.
The endocannabinoid system is described to be involved
in inflammatory processes; nevertheless, little is known
about the effects of 2-AG and the inhibition of ABHD6 in
lung inflammation (12).

In the present study, we provided evidence to
support the role of ABHD6 inhibition in counteracting
the inflammatory insult induced by intratracheal in-
stillation of LPS. Indeed, administration of the ABHD6
inhibitor WWL70 reduced leukocytes and, more pre-
cisely, neutrophil and lymphocyte recruitment in the
alveolar space, microvascular leakage, and neutrophil
migration in the tissue itself. Moreover, WWL70 also
reduced production of proinflammatory cytokines
and chemokines. Similar effects were observed when
WWL70 was given as treatment 1 h after induction of
inflammation. In our experimental settings, theMAGL
inhibitor JZL184 also had anti-inflammatory proper-
ties [as previously reported by Costola-de-Souza et al.
(14)] but was less efficient in protecting against pul-
monary inflammation because it decreased fewer
markers of ALI compared with WWL70.

Alveolar macrophages are described to be key reg-
ulators of the initiation and resolution of lung in-
flammation. We previously showed that WWL70 and
2-AG decreased LPS-induced macrophage activation
on cell lines in culture and mouse peritoneal macro-
phages (18). Here, we extended these findings tomouse
primary alveolar macrophages obtained from BAL
fluid. Moreover, the effects ofWWL70were not limited
to TLR4 activation because the ABHD6 inhibitor also
reduced LTA-induced macrophage activation. Al-
though alveolar macrophages are key players in ALI,

other cell types are implicated in this inflammatory
process, such as neutrophils. Incubation of WWL70
with neutrophils decreased their LPS-induced activa-
tion. Although additional studiesmight be necessary to
further characterize the consequences of ABHD6 in-
hibition on neutrophil activation, recruitment, and de-
granulation, our data suggest that neutrophils are
implicated in the ability of WWL70 to decrease lung
inflammation in vivo.

When using enzyme inhibitors, a key question is what
substrate or product of the enzyme is responsible for the

Figure 8. Therapeutic effect of
the ABHD6 inhibitor WWL70
on proinflammatory markers of
lung inflammation. ALI was in-
duced by intratracheal instil-
lation of LPS (6 mg/mouse).
The ABHD6 inhibitor WWL70
(WWL, 20 mg/kg) or vehicle
(Veh.) was administered intra-
peritoneally 1 h after LPS. A)
mRNA expression in the lungs
of proinflammatory cytokines
(TNF-a and IL-6) and chemo-
kines (MIP2a and KC) was mea-
sured by qPCR with RPL19 as
reference gene. B) Proinflamma-
tory cytokine mRNA expression
was measured in the cells recov-
ered from the BAL fluid by qPCR
with RPL19 as reference gene.
Results are relative to the control
group (CTL) set at 100% (A, B).
C) Proinflammatory cytokine pro-
duction was measured in the BAL
fluid by ELISA and is expressed
in pg/mL. Data are means 6
SEM; n = 8 mice/group. *P ,
0.05, **P, 0.01, ***P, 0.001 vs.
the LPS-veh group.

Figure 9. Effect of ABHD6 inhibition on LTA-induced
activation of primary alveolar macrophages. Cells were
preincubated with vehicle (Veh., DMSO 0.1%) or the ABHD6
inhibitor WWL70 (WWL, 10 mM) for 1 h before stimulation
with LTA (10 mg/ml) for 8 h. mRNA expression of proin-
flammatory cytokines was measured by qPCR using RPL19 as
reference gene. Results are expressed as a percentage of the
effect of control (CTL) or LTA set at a 100%. ND, not detected.
Data represent the mean 6 SEM. **P , 0.01, ***P , 0.001 vs.
the LTA-activated untreated group.
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observed effect. Because recent studies proposed new
substrates such as lysophospholipids for ABHD6 (19), we
quantified by HPLC-MS the levels of these lipids in the
lung following ABHD6 inhibition. 2-AG levels were in-
creased in the lungs 6 h after WWL70 administration and
in the alveolar space after 24 h. This is consistent with the
increase in 2-AG levels 4 h after WWL70 injection as we
previously observed in the lungs in a model of systemic
inflammation induced by intraperitoneal administration
of LPS (18). 16:0 LysoPG and 18:1 lysoPG levels were in-
creased at 24 h but not at 6 h after treatment. This is in
accordance with recent findings that suggest a lower ve-
locity for lysoPG than formonoacylglycerol hydrolysis by
ABHD6 (36). Although MAGL has never been described
as a lysophospholipase, we also show variations in the
levels of some lysophospholipids in thealveolar space (but
not in the lungs) 24 h after JZL184 administration. Addi-
tional studies are required to determine whether these
observations are adirect or indirect consequenceofMAGL
inhibition.

The early increase in 2-AG levels following ABHD6
inhibition could explain the decrease of alveolar macro-
phage activation and thus lung inflammation. These re-
sults, however, do not exclude the potential implication of
lysophospholipids in the beneficial effects of WWL70 on
pulmonary insult, although we were not able to clearly
show an increase in their levels in our experimental set-
tings. Indeed, although the biologic effects of lysophos-
pholipids remain to be fully understood, these lipids are
described to be implicated in inflammatory processes (37,
38). Here, following ABHD6 inhibition, the levels of some
species of lysophospholipids were increased. This is con-
sistentwithwhatwas reported byThomas et al. (19) in vivo
andbyour group in J774 cells (20). LysoPGswere reported
to inhibit chemotactic migration and IL-1b production by
phagocytes (39).Orally administered lysoPEswere shown
to reduce proinflammatorymarkers in a model of murine
peritonitis (40).However, although someeffectshavebeen
described for lysophospholipids, we did not observe a
clear effect on LPS-induced primary alveolar macrophage
activation. Thus, our data suggest that in alveolar macro-
phages,most of the effects of ABHD6 inhibition are due to
2-AG. In vivo, it could be more complicated, because
lysophospholipids could act through another mechanism
or act in a synergistic way with 2-AG to decrease pulmo-
nary inflammation. For instance, lysoPI were previously
shown to modulate the effect of 2-AG on inflammation.
Indeed, lysoPI potentiated neutrophil migration toward
2-AG. This was accompanied by the inhibition of neutro-
phil degranulation and reactive oxygen species generation
(41). Further studies will be necessary to decipher their
potential implication in vivo in this ALI model.

Finally, we also investigated the effect of WWL70 on
PGE2 levels. Indeed, recent studies suggested that the anti-
inflammatory effects of WWL70 were partially due to an
inhibition of mPGES1 and thus an attenuation of PGE2
production (34). Surprisingly, in our hands, WWL70
administration increased PGE2 levels in the lungs.
Moreover, although PGE2 is commonly described as a
proinflammatorymediator, in the lung this prostaglandin
is described to have anti-inflammatory properties and to

be implicated in tissue repair (42). Therefore, although the
mechanism by which WWL70 increases PGE2 levels is
unclear, this could be part of its beneficial effects in lung
inflammation.

In summary, we put forth ABHD6 inhibition with
WWL70 as a potential therapeutic strategy in pulmonary
diseases. Our working hypothesis is that ABHD6 inhibi-
tion exerts beneficial effects through an increase in 2-AG
levels resulting in a decrease of macrophage and, poten-
tially, neutrophil activation, and thus a decrease of the in-
flammatory process. The implication of lysophospholipids
in this process remains to be fully investigated.
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