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A dual role of lysophosphatidic acid type 2 receptor (LPAR2)
in nonsteroidal anti-inflammatory drug-induced mouse
enteropathy
Barbara Hutka1,2, Anett Várallyay1, Szilvia B. László1, András S. Tóth1, Bálint Scheich3, Sándor Paku3, Imre Vörös1,4,5,6, Zoltán Pós7,
Zoltán V. Varga1,4,5, Derek D. Norman8, Andrea Balogh9, Zoltán Benyó9,10, Gábor Tigyi8,9, Klára Gyires1 and Zoltán S. Zádori1✉

Lysophosphatidic acid (LPA) is a bioactive phospholipid mediator that has been found to ameliorate nonsteroidal anti-inflammatory
drug (NSAID)-induced gastric injury by acting on lysophosphatidic acid type 2 receptor (LPAR2). In this study, we investigated
whether LPAR2 signaling was implicated in the development of NSAID-induced small intestinal injury (enteropathy), another major
complication of NSAID use. Wild-type (WT) and Lpar2 deficient (Lpar2−/−) mice were treated with a single, large dose (20 or 30 mg/
kg, i.g.) of indomethacin (IND). The mice were euthanized at 6 or 24 h after IND treatment. We showed that IND-induced mucosal
enteropathy and neutrophil recruitment occurred much earlier (at 6 h after IND treatment) in Lpar2−/− mice compared to WT mice,
but the tissue levels of inflammatory mediators (IL-1β, TNF-α, inducible COX-2, CAMP) remained at much lower levels.
Administration of a selective LPAR2 agonist DBIBB (1, 10 mg/kg, i.g., twice at 24 h and 30min before IND treatment) dose-
dependently reduced mucosal injury and neutrophil activation in enteropathy, but it also enhanced IND-induced elevation of
several proinflammatory chemokines and cytokines. By assessing caspase-3 activation, we found significantly increased intestinal
apoptosis in IND-treated Lpar2−/− mice, but it was attenuated after DBIBB administration, especially in non-obese diabetic/severe
combined immunodeficiency (NOD/SCID) mice. Finally, we showed that IND treatment reduced the plasma activity and expression
of autotaxin (ATX), the main LPA-producing enzyme, and also reduced the intestinal expression of Lpar2mRNA, which preceded the
development of mucosal damage. We conclude that LPAR2 has a dual role in NSAID enteropathy, as it contributes to the
maintenance of mucosal integrity after NSAID exposure, but also orchestrates the inflammatory responses associated with
ulceration. Our study suggests that IND-induced inhibition of the ATX-LPAR2 axis is an early event in the pathogenesis of
enteropathy.
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INTRODUCTION
Non-steroidal anti-inflammatory drugs (NSAIDs) belong to the
most frequently used prescription and over-the-counter medica-
tions, being used by more than 30 million people on a daily basis
[1]. The analgesic, anti-inflammatory and fever-reducing effects of
NSAIDs rely on the ability of these drugs to inhibit the activity of
cyclooxygenase (COX), and consequently, the production of
inflammatory mediator prostaglandins. The chronic use of NSAIDs,
however, is associated with several undesired effects, including
damage to the gastrointestinal (GI) tract. NSAID-induced mucosal
injury with inflammation and ulceration can occur in both the
stomach and proximal duodenum (gastropathy), and in more
distal parts of the small bowel (enteropathy), and is caused by the
complex interplay of multiple factors [2–5].

NSAID-induced GI injury is likely to be initiated by the topical
irritant effects of these drugs, including disruption of the
membrane bilayer, epithelial mitochondrial dysfunction, leading
to apoptosis [6, 7]. The reduced synthesis of prostaglandins, which
otherwise play a key role in mucosal defence, aggravates the
initial damage, and contributes to the disruption of mucosal
barrier function [8, 9]. Increased mucosal permeability then allows
the entry of luminal factors into the mucosa, which activate the
innate arm of the immune system and recruit neutrophils to the
mucosa. There is compelling evidence that activation of neutro-
phils, the release of reactive oxygen species, and proteolytic
enzymes play a central role in NSAID-induced GI damage [10–13].
Although there is considerable overlap between the pathogen-

esis of NSAID-induced gastro- and enteropathy, there are also
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important differences. For example, the main luminal aggressors
in gastropathy are gastric acid and pepsin, whereas in entero-
pathy, these are intestinal bacteria and bile. Consequently, NSAID
enteropathy does not respond adequately to antisecretory drugs,
which are the mainstay of NSAID gastropathy [14]. In fact, these
drugs may even worsen NSAID-induced intestinal damage by
changing the composition of gut microbiota [15]. Another
approach to treat NSAID enteropathy is the use of mucoprotective
agents, such as misoprostol, however, the high incidence of side
effects may limit the use of this drug [16]. Therefore, there is a
great need to find new therapeutic options for NSAID enteropathy
that are both effective and have a favorable side-effect profile.
Lysophosphatidic acid (LPA) is a lipid mediator that regulates a

wide variety of physiological and pathophysiological processes
[17, 18]. It is produced from membrane phospholipids through
two major metabolic pathways, either involving the hydrolysis of
lysophospholipids by autotaxin (ATX) or the deacylation of
phosphatidic acid [19]. LPA is present in all eukaryotic tissues
examined, including the GI tract, where it can also originate from
certain types of food, such as soy and cabbage [20].
LPA exerts its effects predominantly through six G protein-

coupled receptors (LPAR1-6) [18]. All of them are expressed in the
mouse small and large intestine [21, 22], with LPAR1 and LPAR5
displaying the highest levels [21]. Although the expression of LPAR2
is considerably lower, at least in the healthy gut, currently, much
more information is available on the GI effects of LPAR2 than on
those of other LPARs. For example, several studies have shown that
LPAR2 activates prosurvival signaling pathways in intestinal
epithelial cells and inhibits multiple steps of the apoptotic pathways,
including the activation of caspase-3, which protects against
irradiation-induced GI injury in mice [23–26]. In addition, LPAR2
activation mitigated irradiation-induced colonic mucosal barrier
dysfunction [27], and also aspirin-induced gastric mucosal damage
in mice [28]. The latter effect is presumably due to enhancing the
production of mucoprotective prostaglandins [29, 30].
LPAR2 activation, on the other hand, may also contribute to

pathological conditions, such as inflammation and tumorigenesis.
LPAR2 expression is upregulated in gastric and colon cancers
[31, 32], and also in dextrane sulfate sodium (DSS)-induced murine
colitis [22, 33], and inhibition of LPAR2 attenuates both colitis and
tumor formation [22, 34]. Hence, LPAR2 may have both protective
and detrimental effects in the GI tract, depending on the applied
model and disease context.
Since NSAID enteropathy is initiated by epithelial injury and loss

of mucosal barrier function, which were effectively inhibited by
LPAR2 activation in other disease models, and LPAR2 activation
also mitigated NSAID gastropathy, we hypothesized that LPAR2
may be a promising target for the treatment of NSAID-induced
intestinal damage. To test this hypothesis, we assessed the effects
of LPAR2 deletion and activation on the development of
indomethacin-induced small bowel injury in mice.

MATERIALS AND METHODS
Animals
Eight to ten-week-old male C57BL/6 mice (Charles River Labora-
tories, Isaszeg, Hungary) were used as wild-type (WT) animals.
Mice deficient in the LPAR2 (Lpar2−/−) were generated and kindly
provided by Dr. Jerold Chun (Sanford Burnham Prebys Medical
Discovery Institute, USA) [35] and have been maintained with
constant backcrossing to C57BL/6 since 2008. Eight to ten-week-
old male NOD/SCID (non-obese diabetic/severe combined immu-
nodeficiency) mice were obtained from the animal facility of the
Department of Pathology and Experimental Cancer Research of
Semmelweis University.
Animals were housed in a temperature (22 ± 2 °C)- and

humidity-controlled room at a 12-h light/dark cycle with food
and water available ad libitum. All procedures conformed to the
Directive 2010/63/EU on European Convention for the protection
of animals used for scientific purposes. The experiments were
approved by the National Scientific Ethical Committee on Animal
Experimentation and permitted by the government (Food Chain
Safety and Animal Health Directorate of the Government Office for
Pest County (PE/EA/1118-6/2020)).

Study design and induction of enteropathy
To explore the effects of LPAR2 activation or deletion on NSAID
enteropathy, we used a well-established model [13, 36, 37], in
which a single, large dose (20 or 30 mg/kg) of indomethacin (IND),
a non-selective COX inhibitor (Sigma, St. Louis, MO, USA) was
given to mice via gastric gavage.
In the first experiment, 24 WT and 19 Lpar2−/− mice were

randomly divided into three groups, with 6–8 animals in each
group. The first group of WT and Lpar2−/− mice received the
vehicle (VEH) of IND via gastric gavage (VEH, 1% hydroxyethylcel-
lulose; Sigma, St. Louis, MO, USA) and was euthanized 24 h later.
The second and third groups were treated with 20 mg/kg IND and
euthanized at 6 and 24 h postexposure (Fig. 1a).
In the second experiment, 35 WT animals were divided into five

groups. The first group (“Control”) received only drug solvents. The
second group (“DBIBB 10”) was treated with 10 mg/kg of DBIBB (2-
[[[4-(1,3-dioxo-1H-benz[de]isoquinolin-2(3H)-yl)butyl]amino]sulfo-
nyl]-benzoic acid) (Cayman Chemical, Ann Arbor, MI, USA), a
selective agonist of LPAR2 [25], and then with the solvent of IND.
The third group (“IND 20”) received the solvent of DBIBB (4%
ethanol/14% propandiol in phosphate buffered saline), and then
IND (20 mg/kg). The fourth and fifth groups were treated with
both IND (20 mg/kg) and DBIBB (1 or 10 mg/kg) (“IND
20+ DBIBB 1” and “IND 20+ DBIBB 10”). DBIBB and its solvent
were given via gastric gavage twice, 24 h and 30 min before the
administration of IND or its VEH. The applied doses of DBIBB and
the protocol of repeated daily administration were based on
literature data [25, 38]. All groups were euthanized 24 h after the
IND challenge (Fig. 1b).

Fig. 1 Experimental protocols. a Wild-type C57BL/6 (WT) and Lpar2−/− mice were treated with IND (20mg/kg) or its VEH (1%
hydroxyethylcellulose) and euthanized after either 6 or 24 h. bWTmice were treated with IND (20 mg/kg) or its VEH and euthanized after 24 h.
DBIBB (selective agonist of LPAR2, 1 or 10mg/kg) or its VEH were given via gavage twice, 24 h and 30min before the administration of IND.
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In the third experiment, 32 NOD/SCID mice were used with the
same protocol as in the second one (with 6–7 mice in each group)
(Fig. 1b), except that IND was given at the dose of 30 mg/kg,
because in our preliminary studies, these mice developed milder
enteropathy than C57BL/6 mice.
At the time of sacrifice, plasma samples were collected and

small intestines were excised. The length of the whole small
intestine was measured, as one parameter to assess intestinal
inflammation. Then, full-thickness pieces of the distal small
intestine were snap-frozen in liquid nitrogen and stored at
−80 °C for further analyses. A further distal segment was fixed
in 10% formalin for evaluation of microscopic damage.

Western blot analysis
Distal jejunal tissues were homogenized with a TissueLyser
(Qiagen, Venlo, Netherlands) in lysis buffer supplemented with a
protease inhibitor cocktail (cOmplete ULTRA Tablets, Roche, Basel,
Switzerland) and PMSF (Sigma, St. Louis, MO, USA). The homo-
genates were centrifuged twice at 1500 × g and 4 °C for 15 min
and the supernatants were collected, their protein concentration
was measured by the bicinchoninic acid assay (BCA, Thermo
Fisher Scientific, Waltham, MA, USA). Equal amount of protein
(20 µg) was mixed with Pierce Lane Marker reducing sample buffer
(Thermo Fisher Scientific, Waltham, MA, USA), and loaded and
separated in a 4%–20% precast Tris-glycine SDS polyacrilamide gel
(BioRad, Hercules, CA, USA). Proteins were transferred electro-
phoretically onto a polyvinylidene difluoride membrane (BioRad,
Hercules, CA, USA) at 200mA overnight. Membranes were blocked
with 5% nonfat dry milk (BioRad, Hercules, CA, USA) in Tris-
buffered saline containing 0.05% Tween-20 (0.05% TBS-T; Sigma,
St. Louis, MO, USA) at room temperature for 2 h. Membranes were
incubated with primary antibodies against COX-2 (#12282, 1:500),
COX-1 (#4841, 1:500), cleaved caspase-3 (#9664, 1:1000), caspase-3
(#9662, 1:1000) (all from Cell Signaling Technology, Danvers, MA,
USA), interleukin-1β (IL-1β, ab9722, 1:1000), pentraxin-3 (PTX3,
ab125007, 1:1000), tumor necrosis factor-α (TNF-α, ab66579,
1:1000) (Abcam, Cambridge, UK), myeloperoxidase (MPO,
AF3667, 1:1000, R&D Systems, Minneapolis, MN, USA) and
cathelicidin antimicrobial peptide (CAMP, PAC419Ra01, 1:1000,
Cloud-Clone, Katy, TX, USA) overnight at 4 °C, followed by 2 h
incubation at room temperature with an appropriate HRP-linked
secondary antibody. GAPDH (D16H11, 1:1000, Cell Signaling
Technology, Danvers, MA, USA) was used to control for sample
loading and protein transfer and to normalize the content of
target protein. Membranes were trimmed before the antibody
treatment if the bands of interest were far apart. At least two
repetitions were performed for each experiment. Signals were
detected with a chemiluminescence kit (BioRad, Hercules, CA,
USA) by Chemidoc XRS+ (BioRad, Hercules, CA, USA).
The protein amount of ATX (anti-ATX, 10005375, 1:250, Cayman

Chemical, Ann Arbor, MI, USA) was measured from the plasma.
The analysis was performed as described above, except that 40 µg
of plasma protein was loaded in the wells of the gel and albumin
was used as loading control (sc-271605, 1:5000, Santa Cruz
Biotechnology, Santa Cruz, CA, USA).

Histological analysis
Samples taken from the distal part of the small intestine were
fixed in 10% formalin, embedded in paraffin, sectioned (4 µm),
and stained with hematoxylin and eosin. The severity of epithelial
damage, mucosal and submucosal edema, and neutrophil
infiltration was assessed by a histopathologist blinded to the
interventions by using a scoring system described previously [39],
with some modifications. Each parameter was scored from 0 (no
alterations) to 3 (presence of ulcers, widely spaced crypts with
numerous red blood cell-containing vessels in lamina propria, and
numerous neutrophils in the lamina propria), and the total
histological score was calculated based on the sum of partial

scores. Representative images were captured with a Leica LMD6
microscope (Leica, Wetzlar, Germany).

Immunohistochemistry
Small intestinal tissues were fixed in 10% neutral buffered formalin
and embedded in paraffin. Approximately 2.5 µm thick serial
sections were cut and processed for immunohistochemistry. For
antigen retrieval, sections were heated for 20 min in Tris-EDTA
buffer pH 9.0 (0.1 M Tris base and 0.01 M EDTA) followed by a
20min cooling. Endogenous peroxidases were blocked using 3%
H2O2 in methanol, while non-specific proteins were blocked with
3% bovine serum albumin (BSA, #82-100-6, Millipore, Kankakee, IL,
USA) diluted in 0.1 M Tris-buffered saline (TBS, pH 7.4) containing
0.01% sodium-azide, both for 15 min. The sections were incubated
with MPO primary antibody (AF3667, 1:900, R&D Systems,
Minneapolis, MN, USA) diluted in 1% BSA/TBS+ TWEEN (TBST,
pH 7.4) overnight (16 h) in a humidified chamber. Peroxidase
conjugated donkey anti-goat IgG (ab214881, Abcam, Cambridge,
UK) was used for 40 min incubation and the enzyme activity was
revealed by 3,3′-diaminobenzidine (DAB) chromogen/hydrogen
peroxide kit (DAB Quanto, #TA-060-QHDX, Thermo, WA, USA)
under microscopic control. All incubations were done at room
temperature, with samples washed between incubations in TBST
buffer for 5 min twice. Digitalization of slides was done using
modules of the QuantCenter image analysis software tool pack
(3DHISTECH, Budapest, Hungary). The number of MPO-positive
cells was counted in at least 20 randomly selected villi from a
single Swiss-roll section of each animal.

qRT-PCR measurements
Total RNA was obtained from 10 to 30mg of small intestine tissue
using the QIAzol extraction method (Qiagen, Hilden, Germany).
RNA concentration was measured with a Nanophotometer
(Implen GmbH, Munich, Germany). Reverse transcription was
performed from 1 μg of total RNA with a Sensifast cDNA synthesis
kit (Bioline, London, UK) according to the manufacturer’s protocol.
Target genes were amplified using a LightCycler® 480 II instrument
(Roche, Germany) using the SensiFAST SYBR Green master mix
(Bioline, UK). Expression levels were calculated with the 2–ΔΔCT

evaluation method and Rpl13a or Rplp0 was used as reference
genes. The sequences of primers used for determination are listed
in Table 1.

Intestinal cytokine/chemokine analysis
The cytokine and chemokine profile of small intestinal samples
was determined by a Proteome Profiler Mouse Cytokine Array Kit
Panel A (ARY006, R&D Systems, Minneapolis, MN, USA) according
to the manufacturer’s instructions. Bound antibodies were

Table 1. List of primer sequences.

Gene Primer sequence (5′-3′) Accession number

Enpp2 forward ATGTGCGATCTCCTAGGCTTG NM_001411653.1

reverse ACCTTATCATCACAGGTGCAG

Lpar2 forward ATGTGCGTAGACGGGTGGAAC NM_020028.3

reverse TGAGTGTGGTCTCTCGGTAGC

Rpl13a forward GGATCCCTCCACCCTATGACA NM_173340.2

reverse CTGGTACTTCCACCCGACCTC

Ptx3 forward CTGCCCGCAGGTTGTGAAA NM_008987.3

reverse ACAGGATGCACGCTTCCAAA

Tnf-α forward TAGCCCACGTCGTAGCAAAC NM_013693.3

reverse ACAAGGTACAACCCATCGGC

Rplp0 forward CTCTCGCTTTCTGGAGGGTG NM_007475.5

reverse ACGCGCTTGTACCCATTGAT
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quantified using chemiluminescence (Chemidoc XRS+, BioRad,
Hercules, CA, USA). The intensity of the emitted light at each spot
was analyzed by densitometry (Image Lab Software, Bio-Rad,
Hercules, CA, USA) and normalized to the pixel density of
reference spots (10,000) [40].

RNAscope in situ hybridization
RNAscope in situ hybridization assay was performed on small
intestine tissue slides using RNAscope Multiplex Fluorescent Kit v2
according to the manufacturer’s instructions (Advanced Cell
Diagnostics, Newark, CA, USA). Briefly, 4 µm formalin-fixed
paraffin-embedded tissue sections were pretreated with heat
and protease prior to hybridization with the following target oligo
probes: 3plex-Positive Control Probe-Mm (catalog number:
320881), 3plex-Negative Control Probe (catalog number: 320871)
and Mm-Lpar2 (catalog number: 442691, accession number:
NM_020028.3). Preamplifier, amplifier, and AMP-labeled oligo
probes were then hybridized sequentially, followed by signal
development with TSA fluorophores (TSA-Cy3, Akoya Biosciences,
Marlborough, MA, USA). Each sample was quality controlled for
RNA integrity with a positive control probe specific to house-
keeping genes and with a negative control probe set. The
pretreatment conditions were optimized to establish the max-
imum signal-to-noise ratio. Specific RNA staining signal was
identified as red punctate dots. Nuclei were stained with 4′,6-
diamidino-2-phenylindole (DAPI). Imaging was performed with
Leica DMI8 Confocal microscope.
Lpar2 signal was quantified by using the subcellular spot

detection command of QuPath (open-source software, available at
https://qupath.github.io/) [41] and was expressed as dots/
1000 μm2.

Measurement of plasma ATX activity
Heparin-anticoagulated plasma (10 μL) of VEH- and IND-treated
mice was incubated with 2 μM FS-3 ATX substrate (Echelon
Biosciences, Salt Lake City, USA) and 10 μM BSA in a total 60 μL of
assay buffer consisting of 50 mM TRIS, 140 mM NaCl, 5 mM KCl,
1 mM CaCl2, and 1mM MgCl2 (pH 8.0) for 4 h at 37 °C. The
fluorescence (λexcitation= 494 nm and λemission= 520 nm) was
recorded every 2 min by a Varioskan™ LUX Multimode Microplate
Reader for 240 min (Thermo Fisher Scientific, Waltham, MA, USA).
Linear reaction rates were reported as ATX activity in terms of
relative fluorescence units (RFU) / min.
In order to assess the direct effect of IND on plasma ATX activity

the same protocol was used as above, but only the plasma from
VEH-treated mice was used and spiked with IND (30–300 μM) or its
VEH. This concentration range was chosen based on previous
pharmacokinetic studies showing that the peak plasma concen-
tration (Cmax) of IND is 76 μg/mL (212 μM) after a single, 20 mg/kg
oral dose in mice [42], and its half-life is around 10 h [36].

Measurement of human recombinant ATX activity
First, we used the same FS-3 assay as described above, but instead
of plasma 10 μL of human recombinant ATX (3, 10 and 30 nM)
(Daresbury Proteins Ltd, Warrington, UK) was incubated with FS-3
substrate ± IND (30–300 μM).
In addition, the effect of IND on human recombinant ATX-

induced hydrolysis of LPC 18:1 was assessed with the Amplex Red
choline release assay. ATX was generated in-house, as described
before [43]. Triplicate wells were loaded with 60 μL of reaction
cocktail in ATX assay buffer (50 mM TRIS, 150mM NaCl, 5 mM
CaCl2, 30 μM BSA, pH 7.4), with of 10 μM Amplex Red, 1 U/mL
horeseradish peroxidase (both from Thermo Fisher Scientific,
Waltham, MA, USA) and 0.1 U/mL choline oxidase (MP Biomedi-
cals, Irvine, CA, USA), resulting in an overall concentration of
100 μM LPC 18:1 (Avanti Polar Lipids, Alabaster, AL, USA) with
10 nM ATX ± IND (30–300 μM). The fluorescence (λexcitation= 560

nm and λemission= 590 nm) was recorded every 2 min by a
FlexStation 3 Multi-Mode Microplate Reader for 240 min (Mole-
cular Devices, San Jose, CA, USA).

Statistical analysis
Statistical analysis of the data was performed with Student t test,
one-way ANOVA or two-way ANOVA, followed by Fisher’s LSD post
hoc test, or in case of nonparametric values Kruskal–Wallis test
followed by uncorrected Dunn’s post hoc test. Correlations
between the expression of cleaved caspase-3 and histological
scores were calculated by Spearman test. Outliers detected by
Grubb’s test were excluded from the analyses. A probability of
P < 0.05 was considered statistically significant.

RESULTS
IND-induced intestinal damage and inflammation shows an early
onset in Lpar2−/− mice
In the present study, a 20 mg/kg dose of IND induced mild
enteropathy within 24 h in WT mice. Although there were no
visible signs of mucosal damage in any of the mice, the length of
small intestine decreased after 24 h, indicative of inflammation
(Fig. 2a). Histological examination revealed the presence of
erosions, mild edema and infiltration of neutrophils, resulting in
higher overall histology score in IND-treated than in VEH-treated
mice (Fig. 2b, c). Neither shortening of the intestine nor
histological changes were observed 6 h after IND treatment in
WT animals.
In comparison, in Lpar2−/− mice shortening of the intestine,

development of mucosal erosions and tissue infiltration of
neutrophils started earlier, as early as 6 h after the administration
of IND, suggesting that deletion of Lpar2 promoted the
development of enteropathy. After 24 h there were no significant
differences in terms of intestine shortening and histological
damage between WT and Lpar2−/− mice.

Earlier neutrophil activation is accompanied by lower levels of
other inflammatory mediators in enteropathy of Lpar2−/− mice
than in WT mice
Next, we aimed to characterize the inflammation in intestinal
samples. We focused on inflammatory markers produced mainly
by epithelial cells, macrophages, and neutrophils, because based
on previous studies the adaptive immune system does not play a
critical role in the development of NSAID enteropathy [12, 44].
First, we assessed the tissue level of the neutrophil marker MPO

by Western blotting and immunohistochemistry (Fig. 3). We found
that both MPO protein expression and the mucosal count of MPO
positive cells increased 6 h after IND treatment in Lpar2−/− mice,
but not in WT mice, supported by the results of histological
analysis. On the other hand, after 24 h MPO levels were similarly
high in both cohorts.
It is well-established that mucosal recruitment of neutrophils in

NSAID enteropathy is preceded by the release of proinflammatory
cytokines, such as IL-1β, from the small intestinal epithelial cells
and macrophages [11, 45]. Here, we found that IL-1β expression
was slightly higher in Lpar2−/− than in WT mice at 6 h but ~8-
times lower at 24 h (Fig. 4a). The expression of IL-1β at this time
point was comparable to those of VEH-treated mice. We assessed
the protein and mRNA levels of TNF-α, another key cytokine in
enteropathy-associated inflammation [11, 45, 46]. We found low
levels of this cytokine in Lpar2−/− mice 24 h after IND treatment
(Fig. 4b, c), despite that histological signs of mild injury and
neutrophil activation were present.
The upregulation of the inducible COX-2 enzyme in response to

various proinflammatory stimuli, including the cytokines IL-1β and
TNF-α [47], is a hallmark of NSAID-induced GI injury. COX-2-
derived prostaglandins amplify the inflammatory response,

Dual role of LPAR2 in NSAID-induced enteropathy
B Hutka et al.

342

Acta Pharmacologica Sinica (2024) 45:339 – 353

https://qupath.github.io/


however, they also contribute to the maintenance of mucosal
integrity [48, 49]. We found low levels of COX-2 in VEH-treated WT
mice, and even slightly lower levels in Lpar2−/− mice. IND
treatment resulted in a 3-fold elevation of COX-2 expression after
24 h, but this effect was reduced in Lpar2−/− mice (Fig. 4d). The
measurement of pentraxin-3, another contributor of innate
immunity [50], yielded similar results (Fig. 4e, f).
Finally, we assessed the expression of the cathelicidin

antimicrobial host defence peptide (CAMP), which is known to
be upregulated during inflammation and wound healing [51].
Although the intestinal level of CAMP increased in both WT and
Lpar2−/− mice after IND treatment, it had a different time course
in the two strains. Namely, it increased gradually in WT mice,
whereas showed more rapid elevation in Lpar2−/− mice but
returned to normal levels after 24 h (Fig. 4g).
Taken together, tissue inflammation associated with entero-

pathy developed more rapidly in the absence of LPAR2, in
particular, due to earlier recruitment and activation of neutrophils.
The lower levels of most inflammatory mediators measured,
however, indicate that deletion of Lpar2 interfered with several
components of the inflammatory response.

LPAR2 stimulation reduces IND-induced mucosal damage, but
aggravates inflammation
In the next step, we aimed to determine the effect of DBIBB, a
selective LPAR2 agonist [25], on IND-induced small intestinal
damage. Since the lack of LPAR2 promoted the development of
enteropathy, DBIBB was expected to induce mucosal protection,
and the severity of IND-induced damage was assessed only at a
later time point, 24 h post-dose.

As in the first experiment, IND did not cause visible damage to
the small intestinal mucosa, but induced shortening of the bowel
and various histological alterations characteristic for enteropathy,
such as focal ulcerations, edema, and neutrophil infiltration (Fig. 5).
DBIBB alone (10 mg/kg) did not cause any macroscopic or
histological changes. When combined with IND, DBIBB at lower
dose (1 mg/kg) tended to increase IND-induced bowel shortening
(P= 0.07), whereas at higher dose (10 mg/kg) increased it,
suggesting that inflammation was more pronounced after
LPAR2 stimulation (Fig. 5a). Interestingly, histological analysis
revealed less epithelial damage and reduced neutrophil infiltration
in IND+ DBIBB-treated mice, resulting in reduced composite
histological scores compared to the animals treated only with IND
(Fig. 5b, c).
Western blot analysis of innate immunity-related inflammatory

markers (Fig. 6) showed that DBIBB treatment alone had no effect on
the expression of any of them, but it potentiated the elevation of IL-
1β and PTX3 in animals with enteropathy. DBIBB also increased the
IND-induced elevation of COX-2 expression in a dose-dependent
manner. Of note, expression of the constitutive COX-1 enzyme
remained unaltered in all treatment groups (data not shown). We
also assessed the expression of MPO, which rather decreased due to
DBIBB treatment in enteropathy, confirming the histological finding
of reduced neutrophil infiltration in these groups.
Collectively, these results indicate that pharmacological stimu-

lation of the LPAR2 reduced the severity of IND-induced intestinal
damage, but at the same time, it also promoted the development
of tissue inflammation. The lower neutrophil scores and MPO
levels, however, suggest that the increased inflammatory reaction
in DBIBB-treated mice was not driven primarily by neutrophils.

Fig. 2 Lpar2−/− mice are more susceptible to IND-induced enteropathy than wild-type mice. IND (20mg/kg) or its VEH were administered
by gavage to wild-type (WT) and Lpar2−/− mice, and enteropathy-induced shortening of the small intestine (a) and histological injury (b, c)
were assessed after 6 and 24 h. a, b: Circles represent the data of each mouse, bars indicate the mean+ SEM. c Representative histological
images (haematoxylin and eosin staining, low magnification scale bar: 1000 μm, high magnification scale bar: 200 μm) of the small intestines
of IND-treated WT and Lpar2−/− mice, arrows mark mucosal lesions, characterized by epithelial loss and inflammatory infiltration. For statistical
analysis two-way ANOVA (a) and Kruskal–Wallis test (b) were used, followed by Fisher’s LSD and uncorrected Dunn’s tests, respectively.
n= 6–8/group, *P < 0.05, ***P < 0.001 compared to the respective VEH-treated group.
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DBIBB increases the levels of numerous chemokines and cytokines
in the inflamed intestinal tissue, including those released by T cells
We aimed to characterize the inflammatory reaction in more detail
by using a mouse cytokine/chemokine array kit. Because DBIBB
alone had no effect on any of the previously measured
parameters, proteome analysis in this group was not performed.
As Fig. 7 demonstrates, IND treatment increased the levels of
numerous cytokines and chemokines, mainly originating from
epithelial cells, mast cells, macrophages, dendritic cells and/or
neutrophils during an acute inflammatory state, including CCL2,
CCL3, CCL12, CXCL1, CXCL2, TIMP-1, TREM-1, IL-1β, IL-6, TNF-α, and
GM-CSF. Of note, cytokines secreted predominantly by lympho-
cytes were not increased by IND treatment.
The lower dose of DBIBB tended to reduce the levels of some

inflammatory proteins compared to the IND-treated group,
although only the reduction of CCL2 was statistically significant.
In contrast, the higher dose of DBIBB increased the tissue levels of
many chemokines and cytokines. Specifically, it raised the tissue
concentrations of CCL1, CCL4, CCL11, CCL17, CXCL11, CXCL12, and
CXCL13, that are chemokines secreted by multiple cell types,
including macrophages, dendritic cells, endothelial and epithelial
cells.
In addition, there was a remarkable elevation in the levels of

several cytokines derived from T cells. There was no clear
difference with regard to the type of secreting T cells, as both
Th1- (IFN-γ, IL-2), Th2- (IL-4, IL-5, IL-10, IL-13), and Th17-associated
cytokines (IL-17) were increased.
Taken together, these results confirm the proinflammatory

effect of DBIBB in IND-induced enteropathy and suggest that

cytokines and chemokines were released by multiple immune
cells, including T cells.

Lack of LPAR2 promotes caspase-3 activation in IND-induced
enteropathy, whereas DBIBB treatment reduces it in NOD/SCID
mice
LPAR2 activation inhibits various steps of the apoptotic pathway,
including the activation of caspase-3 [24–26], whereas the
absence of this receptor promotes intestinal apoptosis [24, 52].
It has also been shown that increased caspase-3 activation and
apoptosis contribute to IND-induced gastric and small intestinal
injury [53, 54]. Hence, next, we determined the level of cleaved
caspase-3 in the small intestine of WT and Lpar2−/− mice. In WT
mice IND had no effect on caspase-3 activation 6 h post-dose,
whereas it induced modest, non-significant elevation of cleaved
caspase-3 after 24 h (Fig. 8a). The absence of LPAR2 had no effect
on caspase-3 activation in VEH-treated animals, however, it
potentiated the proapoptotic effect of IND. Namely, the level of
cleaved caspase-3 started to rise already at 6 h in IND-treated
Lpar2−/− mice and increased further after 24 h. These levels
reflected to some extent the histological damage scores, and
showed a weak but significant correlation with them (R2= 0.25,
P= 0.02) (Fig. 8b).
DBIBB treatment, on the other hand, had no major impact on

caspase-3 activation in WT animals, although there was a trend
toward reduction of cleaved caspase-3 in DBIBB-treated mice
(Fig. 8c).
It is well-established that certain proinflammatory cytokines can

promote intestinal epithelial apoptosis [55], and apoptosis is

Fig. 3 Neutrophil recruitment into the mucosa starts earlier in Lpar2−/− mice compared to wild-type mice. The effect of IND (20 mg/kg)
or its VEH on the tissue level of MPO protein (a), and on the number of MPO+ cells in the small intestinal villi (b, c) of wild-type (WT) and
Lpar2−/− mice. a, b Circles represent the data of each mouse, bars indicate the mean+ SEM. c Representative images of MPO staining (low
magnification: scale bar 200 μm, high magnification: scale bar 50 μm). For statistical analysis two-way ANOVA was used, followed by Fisher’s
LSD test. n= 4–7/group, *P < 0.05, **P < 0.01, ***P < 0.001 compared to the respective VEH-treated group, ##P < 0.01 compared to the
respective WT group.
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Fig. 5 The selective LPAR2 agonist DBIBB increases the shortening of small intestine but reduces the severity of mucosal damage in IND-treated
mice.DBIBB (1 and 10mg/kg) or its VEHwere administered by gavage twice, 24 h and 30min before the administration of IND (20mg/kg). The length
of small intestines (a) and histological injury (b, c) were assessed 24 h after IND treatment. a, b Circles represent the data of each mouse, bars indicate
the mean+ SEM. c Representative histological images (haematoxylin and eosin staining, low magnification scale bar: 1500 μm, high magnification
scale bar: 250 μm) of the small intestines, white and black arrows denote ulcer and superficial epithelial damage, respectively, whereas asterisks
denote mucosal edema. For statistical analysis one-way ANOVA (a) and Kruskal–Wallis test (b) were used, followed by Fisher’s LSD and uncorrected
Dunn’s tests, respectively. n= 7/group, **P< 0.01, ***P< 0.001 compared to control (only VEH-treated) group, #P< 0.05 compared to “IND 20” group.

Fig. 4 The tissue levels of inflammatory mediators are lower in Lpar2−/− mice compared to wild-type mice at 24 h after IND treatment.
The effect of IND (20 mg/kg) or its VEH on the tissue levels of different inflammatory mediators. Circles represent the data of each mouse, bars
indicate the mean+ SEM. For statistical analysis, two-way ANOVA was used, followed by Fisher’s LSD test. n= 3–7/group, *P < 0.05, **P < 0.01,
***P < 0.001 compared to the respective VEH-treated group, ##P < 0.01, ###P < 0.001 compared to the respective WT group.
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increased in inflammatory bowel disease [56]. Because the higher
dose of DBIBB increased the tissue level of several cytokines in
IND-treated WT mice, we hypothesized that the proinflammatory
effects of DBIBB may mask its potential antiapoptotic properties,
whereas suppression of the immune functions could reveal them.
Therefore, we have evaluated the effect of DBIBB in IND-treated
NOD/SCID mice, which lack functional T and B lymphocytes and
also have impaired macrophage, dendritic and NK cell functions,
whereas neutrophils and monocytes are functional [57].
In general, IND induced mild enteropathy in NOD/SCID mice.

IND treatment caused neither macroscopic damage to the small
intestinal mucosa nor shortening of the intestine length (Fig. 8d).
Histological analysis revealed the presence of some erosions in IND-
treated animals, and also mild mucosal edema with modest
neutrophil infiltration, although these two latter morphological
alterations were similarly observed in some of the control animals.
DBIBB treatment reduced the overall histological score of
indomethacin-treated animals (Fig. 8e), confirming the mucopro-
tective effect of LPAR2 stimulation. In addition, in immunodeficient
mice DBIBB also reduced the expression of cleaved caspase-3 in a
dose-dependent fashion (Fig. 8f).
These results suggest that the absence of LPAR2 accelerates the

development of IND-induced enteropathy in part by increasing
the rate of intestinal apoptosis. In contrast, DBIBB may reduce
intestinal apoptosis, but this effect may be attenuated by its
proinflammatory properties.

IND treatment reduces both plasma ATX activity and intestinal
Lpar2 mRNA expression
Finally, we explored the effects of IND treatment on the activity of
ATX, a main source of LPA in serum and plasma [19]. We found
that plasma ATX activity, measured by the hydrolysis of the

synthetic substrate FS-3, was lower in VEH-treated Lpar2−/− mice
than in WT mice and IND induced a time-dependent reduction in
plasma ATX activity in both groups (Fig. 9a). We wanted to
determine whether this is due to direct inhibition of ATX by IND or
to decreased ATX expression, therefore, we tested the effect of
IND on ATX activity at concentrations of 30–300 μM by using
different assays, however, these studies have yielded inconclusive
results. Namely, direct addition of IND decreased the hydrolysis of
FS-3 by human recombinant ATX (Fig. 9b), whereas increased the
ATX-mediated hydrolysis of LPC 18:1 assessed by the Amplex Red
choline release assay (Fig. 9c). When the plasma of VEH-treated
mice was spiked with IND, we found a concentration-dependent
increase in ATX-mediated FS-3 hydrolysis (Fig. 9d). These results
suggest that high concentrations of IND have variable interfering
effects on ATX activity depending on the assay used. Nevertheless,
it is unlikely that the decreased plasma ATX activity observed in
IND-treated mice is caused by direct inhibition of ATX, as IND
rather increased than decreased ATX activity at the concentrations
tested.
On the other hand, we found that the level of ATX protein in

plasma and the small intestinal expression of the Enpp2 gene,
encoding ATX, were both reduced in IND-treated mice (Fig. 9e, f),
suggesting that reduced plasma ATX activity in IND-treated mice
is mainly due to downregulation of ATX expression.
Similarly, IND decreased the intestinal level of Lpar2 mRNA in

WT mice (Fig. 10a). The finding that downregulation of ATX
activity and Lpar2 expression both started already 6 h after IND
treatment in WT mice suggests that suppression of the ATX-LPA-
LPAR2 axis precedes the development of mucosal damage and
inflammation. We also aimed to determine the localization of
LPAR2 in the small intestine. Because we did not find reliable
antibody against LPAR2, we performed RNA scope in situ

Fig. 6 The selective LPAR2 agonist DBIBB increases the IND-induced elevation of different inflammatory mediators, but not that of
myeloperoxidase. DBIBB (1 and 10mg/kg) or its VEH were administered by gavage twice, 24 h and 30min before the administration of IND
(20mg/kg), the protein expression of inflammatory mediators was assessed by Western blotting. Circles represent the data of each mouse,
bars indicate the mean+ SEM. For statistical analysis, one-way ANOVA was used, followed by Fisher’s LSD test. n= 6–7/group, **P < 0.01,
***P < 0.001 compared to control (only VEH-treated) group, #P < 0.05 compared to “IND 20” group.
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hybridization assay to visualize the mRNA of Lpar2, and we found
that it is located in both the epithelium and lamina propria of
control and IND-treated animals. Quantification of the Lpar2 signal
confirmed the qPCR result that Lpar2 gene expression is reduced
in the small intestine of IND-treated mice and extended it by
showing that this reduction occurs in both the epithelium and
lamina propria cells (Fig. 10b, c).

DISCUSSION
Our study provides the first demonstration that LPAR2 has a role
in maintaining intestinal mucosal integrity after NSAID exposure-
induced enteropathy and regulates the inflammatory response
associated with ulceration. Therefore, selective LPAR2 activation
has both mucoprotective and proinflammatory effects in the
context of NSAID enteropathy. We also showed that IND inhibits
plasma ATX activity and downregulates the small intestinal
expression of Lpar2, which precede and potentially lead to the
development of mucosal damage. Hence, inhibition of the ATX-
LPAR2 axis may be an early event in the pathogenesis of IND-
induced enteropathy.
There is compelling evidence that LPA, a growth factor-like lipid

mediator, plays a crucial role in the protection of GI mucosa from a
variety of noxious conditions [23, 24, 28, 58–61]. The development
and use of novel, highly selective LPAR ligands and targeted gene
knockout animal models have also allowed to identify LPAR2 as a
central regulator of protection against γ-irradiation-induced
intestinal injury [24, 25], NSAID-induced gastropathy [28] and
toxin-induced diarrheas [62]. Our results provide further evidence
for the mucosal protective property of LPAR2 and demonstrate for
the first time that selective activation of LPAR2 by DBIBB mitigates

NSAID-induced small intestinal injury, whereas lack of LPAR2
accelerates the development of enteropathy. The higher sensitiv-
ity of Lpar2−/− mice against IND suggests that LPAR2 may have a
role in maintaining the integrity of small intestinal mucosa
exposed to NSAIDs.
One of the earliest factors contributing to NSAID-induced GI

injury is the topical damaging effect of these drugs, which
involves epithelial apoptosis due to mitochondrial dysfunction
and endoplasmic reticulum stress [6, 7, 53, 63]. The importance of
increased epithelial apoptosis has also been demonstrated in the
pathogenesis of IND-induced small intestinal injury [54, 64]. By
measuring the tissue level of cleaved caspase-3, the main effector
caspase in the apoptotic pathway [65], we confirmed the
proapoptotic effect of IND in the small intestine, although the
rate of caspase-3 activation was only moderate, possibly due to
the mild to moderate severity of enteropathy induced by the
present experimental protocol. We also found that IND-induced
apoptosis was inversely modulated by LPAR2 activity, suggesting
that increased sensitivity and resistance to IND in Lpar2−/− and
DBIBB-treated mice, respectively, is in part caused by the well-
established antiapoptotic properties of this receptor [24–26]. The
inhibitory effect of DBIBB treatment on intestinal apoptosis,
however, was much less pronounced than in a previous study
using mice exposed to total- and partial-body irradiation [25].
Although this difference can certainly be caused by obvious
differences between the two models in terms of disease severity
and treatment duration, we hypothesized that it may also be
related to the different immune status of animals. Irradiation of
mice compromises severely their immune system [66], which may
mask the proinflammatory effects of DBIBB (as discussed below),
and the potential ability of certain proapoptotic cytokines, such as

Fig. 7 The selective LPAR2 agonist DBIBB increases the IND-induced elevation of several proinflammatory chemokines and cytokines.
DBIBB (1 and 10mg/kg) or its VEH were administered by gavage twice, 24 h and 30min before the administration of IND (20 mg/kg), the
protein expression of proinflammatory mediators was assessed by a cytokine/chemokine array kit. Bars indicate the mean+ SEM. For
statistical analysis, one-way ANOVA was used, followed by Fisher’s LSD test. n= 4–6/group, *P < 0.05, **P < 0.01, ***P < 0.001 compared to
control (only VEH-treated) group, #P < 0.05, ##P < 0.01, ###P < 0.001 compared to “IND 20” group.
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interferon-γ and TNF-α [55] to counterbalance the direct
antiapoptotic effect of LPAR2. Indeed, we found that the higher
dose of DBIBB inhibited IND-induced apoptosis to a much greater
extent in immunodeficient NOD/SCID mice than in normal mice,
suggesting that impaired immunity tipped the balance between
the direct antiapoptotic and indirect proapoptotic effects of DBIBB
in favor of the former. On the other hand, it is noteworthy that the
reduction in histological damage caused by DBIBB was compar-
able in normal and NOD/SCID mice, and the correlation between
apoptosis and histological damage was weak in WT and Lpar2−/−

mice, which indicate that inhibition of epithelial apoptosis is likely
to be one, but not the only factor that contributes to the
protective effect of LPAR2 against IND-induced enteropathy.
Previous studies have shown that LPA stimulates COX-2

expression and prostaglandin E2 production in a human gastric
cell line expressing LPAR2 [29, 30], whereas intestinal COX-2
expression is lower in Lpar2−/− mice than in WT mice in a colitis-
associated tumor model [34]. It is well-established that prosta-
glandins are key players in the maintenance of GI mucosal
integrity [8, 9], and prostaglandins derived from not only COX-1
but also COX-2 contribute to mucosal defence against NSAID-
induced GI injury [48, 49]. Although we did not assess directly the
tissue levels of prostaglandins, we measured the expression of
COX-2 as a marker of inflammation. We found that lack of LPAR2
resulted in lower intestinal COX-2 protein expression in both VEH-
and IND-treated animals. In addition, although DBIBB per se had
no effect on the expression of either COX-1 or COX-2 at the time
of evaluation (i.e., one day after the second administration of this
drug), it dose-dependently increased the enteropathy-induced
elevation of COX-2 expression. Thus, intact LPAR2 signaling may
contribute to maintenance of basal COX-2 expression in the

intestine of mice, as also suggested by Lin et al. [34], and increased
prostaglandin synthesis may be an additional mechanism that
contributes to the mucosal protective effect of LPAR2 in NSAID
enteropathy.
Although our results clearly demonstrate that LPAR2 contribute

to the maintenance of mucosal integrity in NSAID enteropathy,
they also provide evidence for the central role of LPAR2 in the
regulation of inflammation associated with tissue damage. IND-
induced intestinal injury triggered tissue inflammation within 24 h
in WT mice, which was mainly characterized by the elevation of
innate immunity-related inflammatory proteins and neutrophil
recruitment, in agreement with previous reports [12, 44]. In
Lpar2−/− mice, however, the tissue levels of most inflammatory
mediators measured at 24 h were much lower than in WT mice,
with some of them being actually comparable to those of control
(VEH-treated) animals, whereas activation of LPAR2 with DBIBB
potentiated the IND-induced elevation of several cytokines and
chemokines secreted by macrophages and other innate immune
cells. Interestingly, combined treatment with IND and DBIBB also
resulted in marked elevation of cytokines secreted mainly,
although not exclusively, by T cells including IFN-γ, IL-2, IL-4, IL-
5, IL-10, IL-13, and IL-17. Thus, LPAR2 does not only enhance
mucosal defence against NSAIDs, but is also required for the
development of a full-fledged inflammation in the NSAID-injured
tissue. These results resonate well with previous observations that
DSS-induced colitis is less severe in mice with deleted or silenced
Lpar2 gene [22, 34], LPAR2 receptor is expressed by and involved
in the activation of numerous immune cells, including macro-
phages [22] and T cells [67, 68], and the ATX-LPA axis promotes
the migration of macrophages [34] and CD3+ lymphocytes to the
inflamed colonic mucosa [69].

Fig. 8 The lack of LPAR2 increases, whereas activation of LPAR2 by DBIBB reduces caspase-3 activation. a Tissue expression of total (C3)
and cleaved caspase-3 (cC3) in wild-type (WT) and Lpar2−/− mice treated with IND or VEH. b Correlation between caspase-3 activation and the
severity of histological damage (R2= 0.25, P= 0.02). c Caspase-3 activation in WT mice treated with DBIBB. d–f The effects of DBIBB treatment
on small intestinal length, histological scores and caspase-3 activation in NOD/SCID mice. Circles represent the data of each mouse, bars
indicate the mean+ SEM. For statistical analysis two-way ANOVA (a), Spearman test (b), one-way ANOVA (c, d, f) and Kruskal–Wallis test (e)
were used. n= 6–7/group, *P < 0.05 compared to respective control (only VEH-treated) group, #P < 0.05 compared to “IND 30” group.
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In contrast to most inflammatory markers measured, MPO
reached high levels already 6 h after IND treatment in Lpar2−/−

mice, and remained high and comparable to that of WT mice after
24 h. This result was in line with the histological finding that
neutrophil accumulation started earlier in the mucosa of mice
lacking LPAR2. In contrast, the number of neutrophils and
expression of MPO were lower in mice treated with both DBIBB
and IND, compared to those treated only with IND. These findings
indicate that neutrophil activation closely paralleled the develop-
ment of mucosal injury and suggest that neither inhibition nor
activation of LPAR2 signaling had significant influence on the
natural course of enteropathy-induced neutrophil recruitment. It is
noteworthy that in previous studies LPAR1 rather than LPAR2 was
shown to promote neutrophil migration in pneumonia [70] and
production of the neutrophil chemoattractant IL-8 in human
bronchial epithelial cells [71]. More importantly, reduced macro-
phage infiltration but unchanged neutrophil activation was
reported in Lpar2−/− mice with DSS colitis [34]. Undisturbed
neutrophil recruitment in mice lacking LPAR2 may explain the
apparently contradictory results that the intestines of Lpar2−/−

mice were shortened and showed moderate inflammatory
alterations despite the low levels of most proinflammatory
proteins, whereas the intestines of DBIBB-treated mice showed
less histological damage, despite the higher levels of several
cytokines and chemokines. Reactive oxygen species and proteo-
lytic enzymes released by activated neutrophils have a pivotal role
in the pathogenesis of NSAID-induced GI injury [10, 12], therefore
maintained neutrophil recruitment in mice lacking LPAR2 could be
sufficient to drive inflammation and amplify tissue damage,
despite the lower activity of other immune cells.

Considering that LPAR2 may have a role in maintaining mucosal
defence against NSAIDs, we also aimed to assess the intestinal
expression of LPAR2, as well as the plasma activity of ATX, a major
LPA-producer enzyme [19]. At present, little is known about the
effects of NSAIDs on ATX activity and LPAR signaling. Chronic
(one-month) treatment with low-dose aspirin was shown to
reduce plasma LPA levels in patients with cerebrovascular disease
[72], but acute ingestion of a higher dose of aspirin had no effect
on plasma LPA levels or ATX activity in healthy volunteers [73]. In a
further study, IND reduced ATX mRNA expression by 40% in
cultured fibroblast-like synoviocytes of patients with rheumatoid
arthritis, although the effect was not significant compared with
the control [74]. Here we show that both plasma ATX activity and
ATX protein expression were reduced by IND. In addition, IND
decreased the small intestinal expression of both Enpp2 and Lpar2
in a time-dependent fashion. RNAscope analysis of the latter effect
provided evidence for reduced Lpar2 expression in both the
epithelium and lamina propria, suggesting that IND-induced
downregulation of Lpar2 is a general effect and is not restricted
to certain cell types.
Moreover, both inhibition of ATX activity and LPAR2 expression

preceded the development of mucosal damage and inflammation,
implying that downregulation of the ATX-LPA-LPAR2 axis may be
an early event in the pathogenesis of IND-induced enteropathy.
Whether these changes are hallmarks of NSAID enteropathy or
only features of an early disease stage and/or mild intestinal
inflammation will have to be examined in future experiments. It is
plausible that more severe tissue inflammation at a later more
advanced disease stage of enteropathy might overcome the direct
effects of IND resulting in increased ATX and LPAR2 expression,

Fig. 9 Autotaxin activity and expression are both reduced in IND-treated mice. The effect of IND on autotaxin (ATX) activity and expression.
a Activity of ATX in the plasma of wild-type (WT) and Lpar2−/− mice treated with either VEH or IND (20mg/kg). b The effect of IND (30–300 μM)
on FS-3 hydrolysis caused by human recombinant ATX (3–30 nM). c The effect of IND on LPC 18:1 hydrolysis caused by human recombinant
ATX (10 nM). d FS-3 hydrolysis in plasma of VEH-treated mice spiked with IND. e, f Expression of ATX protein (plasma) and Enpp2 mRNA (small
intestine) in VEH- and IND-treated mice. Values indicate the mean+ SEM, circles on (e) and (f) represent the data of each mouse. For statistical
analysis two-way ANOVA (a), one-way ANOVA followed by Fisher’s LSD test (b–d, f), or Student t test (e) were used, n= 3–7/group,
**P < 0.01, ***P < 0.001 compared to VEH-treated group, ###P < 0.001 compared to the respective WT group.
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similarly to the changes reported in inflammatory bowel disease
and animal models of colitis [22, 33, 69, 75, 76].
The inhibitory effect of IND on ATX activity and LPAR2

expression also resonates with the current concept that increased
activity of the ATX-LPA-LPAR2 axis promotes tumorigenesis [77],
whereas NSAIDs, including IND, have chemopreventive properties
[78–80]. Hence, it is reasonable to assume that downregulation of
ATX and LPAR2 is an additional mechanism underlying the
anticancer effect of NSAIDs, at least in certain cancer types in
which LPAR2 is upregulated, such as colorectal cancer [31, 34].
A potential limitation of our study is that we used a single, large

dose of IND to induce enteropathy. Although this protocol is
widely used in animal studies [36, 37, 81, 82], it may not
adequately represent the enteropathy caused by long-term NSAID
use in humans. Nevertheless, the features of acute enteropathy
caused by a large dose of IND in rodents, including focal intestinal
ulcerations, increased tissue concentration of MPO, TNF-α, IL-1β
and TLR4, and expansion of Gram-negative bacteria and loss of
Gram-positives [37, 82, 83], are very similar to the changes caused
by chronic administration of other NSAIDs, such as diclofenac
[84, 85]. In addition, enteropathy caused by IND in rodents is
similar in many aspects to that in humans, including the
localization of ulcers, changes in intestinal permeability and
responses to some treatments [5]. However, there are clearly
differences between animal models and humans and our findings
will have to be confirmed in human studies as well.

Finally, it should be noted that although our study focused on
LPAR2, other types of LPARs may also have effect on NSAID
enteropathy. LPAR1, for example, regulates intestinal mucosal
repair [59] and epithelial barrier function in mice [86]. Likewise,
LPAR5 is essential for the regeneration of intestinal epithelium [87]
and is abundantly expressed by mouse small intestinal intrae-
pithelial CD8 T cells [88], on which it acts as an inhibitory receptor
[89]. Moreover, it has been shown recently that Lpar5 is
upregulated in enteroids isolated from Lpar2−/− mice, and LPAR5
compensates for the loss of LPAR2 to maintain normal GI
functions [90]. Further studies are needed to investigate the role
of other LPARs and their interaction in the context of NSAID
enteropathy.
In summary, our present study reveals the Janus face of

LPAR2 signaling in NSAID enteropathy, which may limit the
therapeutic applicability of LPAR2 ligands in this disease (Fig. 11).
Here we showed for the first time that LPAR2 has a pivotal role in
maintaining intestinal mucosal integrity against NSAIDs, because
the lack of LPAR2 accelerates the development of NSAID
enteropathy, whereas selective activation of LPAR2 reduces the
severity of intestinal mucosal injury. Our study, however, also
reveals the importance of LPAR2 in the development of tissue
inflammation associated with enteropathy. LPAR2 activation,
therefore, appears to be a double-edged sword in NSAID
enteropathy, which protects the mucosa but at the same time,
enhances the accompanying inflammatory reaction. This

Fig. 10 Intestinal expression of Lpar2 is reduced in IND-treated mice. The effect of IND (20 mg/kg) treatment on the small intestinal
expression of Lpar2 mRNA measured by qPCR (a) and RNAscope (b). Bars indicate the mean+ SEM, circles represent the data of each mouse.
For statistical analysis either one-way ANOVA followed by Fisher’s LSD test (a) or Student t test (b) was used, n= 3–7/group, ***P < 0.001
compared to VEH-treated group. c Representative confocal microscopy images of RNAscope-Lpar2 expression in the small intestine of VEH-
and IND-treated mice. Nuclei were stained with DAPI (blue). Cy3-labeled tyramide (red) was used to visualize Lpar2.
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inflammation involves the increased activation of several immune
cells, including T cells, but not that of neutrophils, whose numbers
and activity change in parallel with the severity of mucosal
damage. Our study also shows that IND can reduce the plasma
activity of ATX and the intestinal expression of Lpar2 mRNA earlier
than the enteropathy develops, indicating that suppression of the
ATX-LPA-LPAR2 axis may contribute to the initial topical damaging
effect of IND to the mucosa.
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