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Abstract: Lysophosphatidic acid (LPA), an intercellular lipid mediator, is increased in the bron-
choalveolar fluids of patients with asthma after allergen exposure. LPA administration exaggerates
allergic responses, and the type 2 LPA receptor (LPA2) has been reported as a therapeutic target for
asthma. However, results with LPA2 agonist and antagonist along with LPA2 gene deficient mice
have been controversial and contradictory. We compared the effects of LPA2 antagonist (H2L5186303)
and agonist (GRI977143) in a single experimental protocol of ovalbumin (OVA)-induced allergic
asthma by treating drugs before antigen sensitization or challenge. H2L5186303 showed strong
suppressive efficacy when administered before OVA sensitization and challenge, such as suppression
of airway hyper responsiveness, inflammatory cytokine levels, mucin production, and eosinophil
numbers. However, GRI977143 showed significant suppression when administered before an OVA
challenge. Increases in eosinophil and lymphocyte counts in the bronchoalveolar lavage fluid, Th2
cytokine levels, inflammatory scores, and mucin production were differentially ameliorated by the
two drugs. The results demonstrate the multiple roles of LPA2 in asthmatic responses. We suggest
that the development of LPA2 antagonists would achieve better therapeutic efficacy against asthma
than agonists.

Keywords: asthma; allergy; H2L5186303; GRI977143; LPA2; lysophosphatidic acid

1. Introduction

Asthma is a chronic inflammatory condition characterized by swollen and narrow
airways [1]. Affected patients generally experience shortness of breath, chest tightness,
coughing, and wheezing [1]. Pathological observations include eosinophil infiltration, mu-
cus hyperproduction, and bronchial mucosal thickening and wall remodeling [1]. Asthmatic
symptoms are usually controlled by corticosteroids, leukotriene D4 antagonists, and long-
acting β2 adrenoceptor agonists [2]. However, drug-resistant asthma and steroid-induced
side effects require novel approaches to overcome the limitations of such therapies [2].

Lysophosphatidic acid (LPA) is a simple lipid mediator with variable acyl chain
lengths. Studies suggest that LPA levels (22:5 and 22:6) are significantly increased in
the bronchoalveolar lavage fluid (BALF) of asthmatic patients and mice challenged with
segmental allergen and house dust mite (HDM), respectively [3–5]. Additionally, LPA in-
halation induces histamine release and enhances eosinophil and neutrophil infiltration into
the lung alveolar spaces in guinea pigs [6,7]. Pro-inflammatory functions of LPA in immune
cells have also been reported. According to a study, LPA induces calcium mobilization,
actin reorganization, and chemotaxis in human eosinophils [8]. It also induces histamine
release [9] and chemokine generation via IL-4 in human mast cells [10]. Moreover, it also
enhances IL-13 gene expression in Th2 cells in vitro [11,12]. In contrast, LPA attenuates cy-
tokine secretion in human and murine dendritic cells [13,14]. LPA stimulates the expression
of thymic stromal lymphopoietin and CCL20 [15], and IL-8 production in primary cultured
human bronchial epithelial cells by activating p38 MAP kinase and JNK [15,16]. In addition,
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the expression of LPA2 was higher than LPA1 in naïve T cells [5], and in mouse tracheal
epithelial cells LPA2 mRNA showed the highest expression among LPA1–4 [17]. Moreover,
LPA2 deficiency protects against bleomycin-induced lung injury and fibrosis [18].

The involvement of LPA in allergic asthma and LPA2 expression in epithelial and
immune cells led to the investigation of the functional roles of LPA2 in allergic asthma.
Zhao et al. used a murine model of Schistosoma mansoni egg sensitization and challenged
heterozygous LPA2 gene deficient mice (LPA2

+/−). Results demonstrated a reduced influx
of eosinophils and periodic acid-Schiff (PAS)-positive cells in LPA2

+/− compared to wild-
type mice, suggesting a pro-inflammatory role of LPA2 in allergic asthma development [17].
However, Emo et al. reported that OVA-sensitized and challenged homozygous LPA2
gene-deficient mice (LPA2

−/−) showed more severe lung inflammation than wild-type
mice, implying a negative regulation by LPA2 signaling [19]. In contrast, attenuation of
allergic lung inflammation and Th2 cytokines was observed in LPA2

−/− mice challenged
with three allergen (HDM, ragweed, and Aspergillus sp.) [4]. Previous studies suggest that
LPA2 antagonist H2L5186303 ((Z,Z)-4,4′-[1,3-phenylenebis(oxy-4,1-phenyleneimino)] bis
[4-oxo-2-butenoic acid]) suppress allergic airway inflammation [5,20]. However, the LPA2
agonist DBIBB (2-[4-(1,3-dioxo-1H,3H-benzoisoquinolin-2-yl)butylsulfamoyl] benzoic acid)
also suppresses allergic eosinophilic bronchial inflammation [21]. Nevertheless, differences
in asthma-inducing antigens, experimental protocols, and mouse genetic strains may lead
to contradictory and controversial results. Therefore, we compared the effects of an LPA2
antagonist (H2L5186303) and an LPA2 agonist (GRI977143) on OVA-induced allergic asthma
by providing drug treatment before antigen sensitization or challenge.

2. Results
2.1. GRI977143 and H2L5186303 Suppressed Degranulation of Mast Cells

Antigen-induced cross-linking of the IgE-FcεRI complex activates mast cells and in-
duces mast cell degranulation, which is the initial step in eliciting asthmatic response via
release of histamine, leukotrienes, and neutral proteases. We measured the degranulation
response in RBL-2H3 rat basophilic leukemia cells by assessing β-hexosaminidase activ-
ity after exposure to human serum albumin (antigen) (Figure 1A). Results revealed that
H2L5186303 treatment inhibited β-hexosaminidase release in a concentration-dependent
manner (Figure 1A), implying that LPA functions as a mast cell activator via LPA2. On
the contrary, GRI977143 also inhibited inhibition of β-hexosaminidase release at 100 µM
concentration, which was ten-fold higher than the effective concentration of H2L5186303
(10 µM) (Figure 2A). This may imply a non-specific off-target effect of the LPA2 agonist,
GRI977143 (Figure 2A).
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Figure 1. H2L5186303 inhibits antigen-induced degranulation in RBL-2H3 mast cells. After sensitiza-
tion with anti- dinitrophenyl immunoglobulin E (DNP-IgE) for 18 h, RBL-2H3 cells were challenged
with dinitrophenyl-human serum albumin (DNP-HSA). H2L5186303 (A) and GRI977143 (B) treatment
was performed at the indicated concentrations 30 min before antigen challenge. Basal degranulation
shows samples without IgE and HSA, and the positive control shows samples with IgE and HSA.
The results are presented as the mean ± standard error (SE) of three independent experiments.
*** p < 0.001 vs. the HSA-untreated group. ### p < 0.001 vs. the HSA-treated group.
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Figure 2. H2L5186303 and GRI977143 inhibit ovalbumin-induced immune cell accumulation in BALF.
(A) Mice were sensitized with ovalbumin (OVA) twice via intraperitoneal injection on days 0 (D0)
and 14 (D14) and challenged on D28, D29, and D30 with nebulized OVA. H2L5186303 or GRI977143
was administered intraperitoneally at a dose of 1 mg/kg 30 min before OVA sensitization or chal-
lenge. BALF cells were stained with May–Grünwald stain and counted. (B) Total cell, macrophage,
and eosinophil counts in BALF. (C) Lymphocyte counts in BALF. The results are presented as
mean ± standard error (SE) of the cell count values (n = 5). *** p < 0.001 vs. the phosphate buffered
saline-treated group, # p < 0.05, ## p < 0.01 vs. the OVA-treated group.

2.2. GRI977143 and H2L5186303 Suppressed the Elivated Eosinophil and Lymphocyte Levels

In an OVA-induced mouse model of asthma, GRI977143 and H2L5186303 were in-
traperitoneally injected 30 min before OVA sensitization or challenge. As a result, an
elevated total cell count in BALF was suppressed (Figure 2A). The total cell count in BALF
increased to 368.5% in the OVA-induced asthma compared to the PBS-treated control group
(Figure 2B); however, GRI977143 treatment before antigen challenge significantly sup-
pressed the OVA-induced increase in total cell count by 75.5% (Figure 2B). In addition, the
immune cell population distribution was also assessed. Specifically, GRI977143 treatment
before challenge significantly decreased the OVA-induced increase in eosinophil counts
by 72.5% (Figure 2B). Furthermore, H2L5186303 treatment before antigen sensitization
and challenge significantly suppressed the OVA-induced increase in eosinophil counts by
60.9% and 63.7%, respectively. Moreover, an elevated lymphocyte count in response to
OVA treatment was significantly decreased by 73.4% and 70.7% by GRI977143 treatment
before challenge and H2L5186303 treatment before sensitization, respectively (Figure 2C).
However, macrophage count was not significantly increased by OVA treatment.

2.3. GRI977143 and H2L5186303 Suppressed AHR

The effects of GRI977143 and H2L5186303 on AHR were measured. Results showed
that the Penh value of the OVA-challenged mice was higher than the control group. A
significantly reduced AHR was observed in OVA-challenged mice treated with GRI977143
before OVA challenge but not sensitization (Figure 3). Moreover, H2L5186303 treatment
before OVA sensitization and challenge significantly reduced AHR in OVA-challenged
mice (Figure 3).
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Figure 3. H2L5186303 and GRI977143 suppressed OVA-induced airway hyper responsiveness.
The effects of H2L5186303 and GRI977143 on AHR were measured using noninvasive whole-body
plethysmography. Values are presented as the mean± SEM of three independent experiments.
# p < 0.05, ## p < 0.01 vs. control group; * p < 0.05, ** p < 0.01 vs. OVA group.

2.4. GRI977143 and H2L5186303 Suppressed Mucin Secretion and Lung Inflammation

Histological studies using H&E and PAS staining of lung samples showed an increased
inflammation and mucin secretion. Eosinophils were observed as small, dark blue dots
in H&E staining of the lung sections (Figure 4A). There were few eosinophils in the
PBS control compared with those observed around the bronchioles in the OVA group
(Figure 4A). GRI977143 before OVA challenge and H2L5186303 before OVA sensitization or
challenge inhibited OVA-induced elevated eosinophil counts (Figure 4A). Semi-quantitative
evaluation of lung inflammation (using a scale of 0–3) indicated an average inflammation
score of 2.168 in the OVA-treated group, which was significantly reduced after GRI977143
and H2L5186303 treatments before the challenge (Figure 4C).
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treated OVA groups (before sensitization or challenge). Small dark blue dots around the bronchioles
indicate eosinophils, which were scarce in the PBS but densely accumulated around the bronchioles
in the OVA group. However, eosinophil accumulation was less obvious in the OVA + H2L5186303
and GRI977143 groups than in the OVA group. (B) Panels show PAS/hematoxylin-stained sections of
lung tissues from the PBS, OVA, H2L5186303-treated OVA (before sensitization or challenge), and
GRI977143-treated OVA groups (before sensitization or challenge). PAS staining showed that mucin
was stained purple. A darker and denser purple color surrounding the bronchioles was observed in
the OVA group but not in the PBS group. (C) Lung inflammation was semi-quantitatively evaluated,
and histological findings were scored as described in the Materials and Methods section. (D) Mucous
production was measured by counting the number of PAS-positive cells per millimeter of bronchiole
(n = 5 per group). Values represent mean± standard error (SE) (n = 5). *** p < 0.001 vs. the PBS-treated
group, # p < 0.05, ## p < 0.01, ### p < 0.001 vs. the OVA-treated group.

Mucin and mucous glycoproteins produced by goblet cells were visualized by PAS
staining of the lung sections. Mucin-secreting cells were observed as dark violet spots
surrounding bronchioles in the OVA group (Figure 4B). PAS staining was inhibited after
GRI977143 treatment before the OVA challenge and H2L5186303 treatment before OVA
sensitization or challenge (Figure 4B). Furthermore, mucin production was estimated by
counting the number of PAS-positive cells in the bronchioles (Figure 4D). Results demon-
strated that stained cells were scarce in the PBS-treated group; however, approximately 100
PAS-positive cells/mm were detected in the OVA-treated group, which were significantly
reduced after GRI977143 and H2L5186303 treatments before the OVA challenge (Figure 4D).

2.5. GRI977143 and H2L5186303 Suppressed the Production of Th2 and Th1 Cytokines in the
BALF and Lungs

Th2 cells contribute to the pathogenesis of allergic asthma by producing Th2 cytokines,
such as IL-4, IL-5, and IL-13, leading to eosinophil accumulation in the airway wall, mucus
overproduction, and IgE synthesis. In addition, Th1 and Th17 cytokines are involved
in late-stage pathogenesis of asthma. Therefore, changes in the mRNA levels of the Th2
cytokines IL-4 and IL-13, and Th1 cytokine IFN-γwere measured by qPCR in BALF cells.
As shown in Figure 4, the mRNA levels of all three cytokines were increased in the BALF
cells of the OVA group; however, H2L5186303 treatment before OVA sensitization or
challenge significantly suppressed the elevated IL-4 and IL-13 levels (Figure 5). In addition,
GRI977143 treatment before OVA sensitization or challenge suppressed the cytokine levels
but to a non-significant level (Figure 5). This was consistent with the findings of mild
suppression of BALF total cell count, lung inflammation, and mucin production after
GRI977143 and H2L5186303 treatments before OVA sensitization or challenge.
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Figure 5. H2L5186303 and GRI977143 inhibit the mRNA expression of cytokines in the BALF cells.
Analysis of mRNA expression of the Th2 cytokines IL-4 and IL-13 and the Th1 cytokine IFN-γ in BALF
cells. (A) IL-4, (B) IL-13, and (C) IFN-γ levels. The relative mRNA levels of cytokines were quantified
with respect to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the housekeeping gene.
Values are presented as the mean ± standard error (SE) (n = 5). *** p < 0.001 vs. the PBS-treated group,
# p < 0.05, ## p < 0.01 vs. the OVA-treated group.
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Furthermore, changes in the mRNA levels of Th2 and Th1 cytokines in the lungs
were measured using qPCR. As shown in Figure 6, the mRNA levels of the five cytokines
increased in the lungs of the OVA group, and GRI977143 treatment before OVA challenge
significantly suppressed the elevated IL-4, IL-5, and IL-33 levels (Figure 6). However,
H2L5186303 treatment before OVA sensitization did not significantly suppress the OVA-
induced increase (Figure 6).

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW  6  of  11 
 

 

cells. As shown in Figure 4, the mRNA levels of all three cytokines were increased in the 

BALF cells of the OVA group; however, H2L5186303 treatment before OVA sensitization 

or challenge significantly suppressed the elevated IL‐4 and IL‐13 levels (Figure 5). In ad‐

dition, GRI977143 treatment before OVA sensitization or challenge suppressed the cyto‐

kine levels but to a non‐significant level (Figure 5). This was consistent with the findings 

of mild suppression of BALF total cell count, lung inflammation, and mucin production 

after GRI977143 and H2L5186303 treatments before OVA sensitization or challenge. 
Furthermore, changes in the mRNA levels of Th2 and Th1 cytokines in the lungs were 

measured using qPCR. As shown in Figure 6, the mRNA levels of the five cytokines in‐

creased in the lungs of the OVA group, and GRI977143 treatment before OVA challenge 

significantly  suppressed  the  elevated  IL‐4,  IL‐5, and  IL‐33  levels  (Figure  6). However, 

H2L5186303 treatment before OVA sensitization did not significantly suppress the OVA‐

induced increase (Figure 6). 

 

Figure 5. H2L5186303 and GRI977143 inhibit the mRNA expression of cytokines in the BALF cells. 

Analysis of mRNA expression of the Th2 cytokines IL‐4 and IL‐13 and the Th1 cytokine IFN‐γ in 

BALF cells. (A) IL‐4, (B) IL‐13, and (C) IFN‐γ levels. The relative mRNA levels of cytokines were 

quantified with respect to glyceraldehyde‐3‐phosphate dehydrogenase (GAPDH) as the housekeep‐

ing gene. Values are presented as the mean ± standard error (SE) (n = 5). *** p < 0.001 vs. the PBS‐

treated group, # p < 0.05, ## p < 0.01 vs. the OVA‐treated group. 

 

Figure 6. H2L5186303 and GRI977143 inhibit the mRNA expression of cytokines in the lungs. Anal‐

ysis of mRNA expression of the Th2 cytokines IL‐4, IL‐5, IL‐13, Th1 cytokine IL‐33, and IFN‐γ in 

lung  tissues.  (A)  IL‐4,  (B)  IL‐5,  (C)  IL‐13,  (D)  IL‐33, and  (E)  IFN‐γ. The relative mRNA  levels of 

cytokines were quantified with respect to glyceraldehyde‐3‐phosphate dehydrogenase (GAPDH) as 

the housekeeping gene. Values are presented as the mean ± standard error (SE) (n = 5). * p < 0.05, ** 

p < 0.01, *** p < 0.001 vs. the PBS‐treated group, # p < 0.05 vs. the OVA‐treated group. 

Figure 6. H2L5186303 and GRI977143 inhibit the mRNA expression of cytokines in the lungs.
Analysis of mRNA expression of the Th2 cytokines IL-4, IL-5, IL-13, Th1 cytokine IL-33, and IFN-γ
in lung tissues. (A) IL-4, (B) IL-5, (C) IL-13, (D) IL-33, and (E) IFN-γ. The relative mRNA levels of
cytokines were quantified with respect to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as
the housekeeping gene. Values are presented as the mean ± standard error (SE) (n = 5). * p < 0.05,
** p < 0.01, *** p < 0.001 vs. the PBS-treated group, # p < 0.05 vs. the OVA-treated group.

2.6. GRI977143 and H2L5186303 Treatments Suppressed OVA-Induced Elevated IL-13 Levels in
BALF Unlike Serum IgE Levels

Th2 cytokines, such as IL-13 play a major role in the progression of allergic asthma.
Th2 cytokines induce eosinophil recruitment and activation, mucus hypersecretion in ep-
ithelial cells, metaplasia of goblet cells, and the proliferation of smooth muscle cells. Protein
levels of the Th2 cytokine IL-13 in the BALF were measured by ELISA, and results showed
elevated IL-13 levels in the OVA-induced compared with those in the PBS-treated control
group. Moreover, the elevated IL-13 levels were suppressed by GRI977143 and H2L5186303
treatments (Figure 7A). Furthermore, serum IgE levels were assessed to confirm the im-
munological effects induced by OVA, GRI977143, and H2L5186303 treatments. Results
revealed that IgE levels were increased in the sera of OVA-treated mice (Figure 7B); how-
ever, these elevated levels were not suppressed by GRI977143 or H2L5186303 treatments
before antigen sensitization and challenge.
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3. Discussion

Previous findings have suggested various pro-allergic and pro-inflammatory responses
of LPA as follows: (1) LPA inhalation induces histamine release and enhances eosinophil
infiltration into alveolar spaces in guinea pigs [6,7]; (2) LPA not only induces chemotaxis
of human eosinophils and chemokine generation through IL-4 in human mast cells but
also enhances IL-13 gene expression in Th2 cells in vitro [8,10–12]; (3) LPA stimulated the
expression of thymic stromal lymphopoietin and CCL20 in bronchial epithelial cells [15];
and (4) The LPA levels of C22:5 and C22:6 increased in the BALF of asthmatic patients
and mice after allergen challenge [3–5]. Additionally, the pro-allergic roles of LPA were
experimentally linked to LPA2 by three studies. Two studies showed a reduction in
eosinophil influx and attenuation of Th2 cytokines in LPA2 gene-deficient mice (LPA2

+/−

and LPA2
−/−) [4,17], whereas a third study showed that H2L5186303 suppresses allergic

airway inflammation [5]. Our results with the LPA2 antagonist H2L5186303 also support the
pro-allergic responses of LPA and the role of LPA2. Kondo et al. showed that H2L5186303
improved AHR and reduced eosinophil infiltration and PAS-positive cell counts, suggesting
that LPA2-mediated increase in CCL2 leads to macrophage activation and IL-33 production
in allergic responses in the lung [5]. In the present study, we reproduced the previous
findings of AHR improvement, eosinophil infiltration reduction, and suppression of mucin
secretion. In addition, we reported two novel findings: (1) H2L5186303 suppressed mast
cell degranulation, and (2) H2L5186303 was effective not only when delivered before
antigen challenge but also before sensitization.

In contrast, several findings indicated LPA-mediated anti-allergic responses as follows:
(1) LPA induced IL-13Rα2 (IL-13 decoy receptor) expression and release, and attenuated
IL-13-induced phosphorylation of STAT6 in human bronchial epithelial cells [22]; (2) LPA
attenuated cytokine secretion in human and murine dendritic cells [13,14]; (3) LPA2 gene-
deficient mice (LPA2

−/−) showed more lung inflammation than wild-type mice [19]; and
(4) LPA2 agonist DBIBB suppressed allergic bronchial inflammation [21]. Emo et al. ob-
served more severe allergen-driven lung inflammation in LPA2

−/− than in wild-type mice
in allergic asthma models of both systemic and mucosal sensitization, in contrast to the
above-mentioned experiments using LPA2

−/− mice [4,17,19]. Such discrepancies may
result from difference in the origin of LPA2

−/− mice, i.e., Dr Chun’s lab vs. Deltagen, and
their different adaptations to LPA2 gene deficiency. In addition, the experimental protocol
used by Emo et al. was also different, where allergen-pulsed LPA2

−/− dendritic cells were
adoptively transferred to wild-type mice owing to their hyperactivity in vitro [19]. This
observation is consistent with the finding that LPA attenuates cytokine secretion in human
and murine dendritic cells [13,14]. Consequently, LPA2 deficiency leads to cytokine hyper
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secretion due to a lack of LPA2 negative regulation. In this context, the results obtained
with the LPA2 agonist DBIBB were consistent [21] in which HDM extract was delivered
intranasally for 10 consecutive days and DBIBB was administered intraperitoneally [21].
Therefore, DBIBB was delivered during the antigen sensitization period, which suppressed
the activation of dendritic cells. However, negative regulation via LPA2 was partly seen
in our results with GRI977143. We observed significant AHR improvement, reduced
eosinophils infiltration, and suppressed mucin secretion only with GRI977143 treatment
before antigen challenge but not before sensitization, which is in contrast to previous
observations of LPA2 negative regulation of dendritic cell activation. One intriguing point
is that DBIBB can inhibit autotaxin activity, which produces LPA from lysophosphatidyl-
choline, implying that DBIBB not only activates LPA2 but also inhibits LPA production in
the lung [21]. This may compound the results, as inhibition of LPA production could result
in similar results as LPA2 antagonism. It seems that the LPA2 antagonist H2L5186303 did
not inhibit autotaxin activity, as LPA levels in BALF were not affected by H2L5186303 [5].

Contradictory and contrasting results on LPA2 functions in allergic asthma models
have been observed. We compared the results with the LPA2 agonist and antagonist in a
single experimental protocol to gain a clear conclusion. Our findings revealed that the LPA2
antagonist H2L5186303 effectively suppresses the symptoms and immunologic responses
in treatments before antigen sensitization and challenge. This supports the pro-allergic
roles of LPA2 in allergic inflammation [4,5,17]. We also observed that the LPA2 agonist
GRI977143 was effective in suppressing allergic responses only in treatment before antigen
challenge, unlike the previously known negative regulation of dendritic cell activation by
LPA2 [19,21]. The differences may result from the nature of allergens, such as HDM and
OVA, the methods of sensitization and challenge, such as mucosal and systemic, the genetic
backgrounds of the mice, such as C57BL/6 and BALB/c, and the timing of administration,
such as before sensitization and challenge. In addition to the above-mentioned immune
cells, bronchial epithelial cells and airway smooth muscle cells are also involved in allergic
asthma reactions [16,23–25], which makes the interpretation of the results at the level of
target cells and molecular mechanisms difficult. In addition, there are differences in LPA2
expression between mice and humans [16].

Conclusively, the present results demonstrate multiple roles of LPA2 in asthmatic
responses and suggest that the development of LPA2 antagonists would achieve better
therapeutic efficacy against asthma than agonists, although it would be a challenge to
develop a therapeutic targeting LPA2. However, local delivery might be an option to reduce
systemic side effects.

4. Materials and Methods
4.1. Materials

H2L5186303, GRI977143, OVA, and alum were procured from Sigma-Aldrich (St.
Louis, MO, USA).

4.2. Cell Culture

Rat RBL-2H3 mast cells were obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA) and cultured in Dulbecco’s modified Eagle medium (DMEM)-
high glucose containing 10% (v/v) heat-inactivated fetal bovine serum along with 2 mM
glutamine, 100 U/mL penicillin, 1 mM sodium pyruvate, and 50 µg/mL streptomycin at
37 ◦C in a 5% CO2-humidified incubator.

4.3. Animals

Five-week-old female BALB/c mice were purchased from Daehan Biolink (Seoul,
Korea) and maintained in the laboratory animal facility at Kyung Hee University by
providing water and food ad libitum. The Institutional Animal Care Committee of the
university reviewed and approved the study protocol, considering the ethical principles and
the care and use of animals for scientific purposes (Approval Number, KHSASP-21-352).
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4.4. Assessment of Degranulation

Degranulation of RBL-2H3 cells was assessed by measuring β-hexosaminidase activity
in the medium. Mouse monoclonal anti-dinitrophenyl immunoglobulin E (DNP-IgE) and
human DNP albumin were used to induce degranulation [26].

4.5. Asthma Induction in Mice and Administration of H2L5186303 and GRI977143

Following a simple randomization procedure, six-week-old female BALB/c mice (ap-
proximately 22 g) were randomly assigned to six treatment groups (n = 5): PBS-injected
control group, OVA-injected asthma group, GRI977143 (1 mg/kg) treatment before sensiti-
zation plus OVA-injected group, GRI977143 treatment before challenge plus OVA-injected
group, H2L5186303 (1 mg/kg) treatment before sensitization plus OVA-injected group, and
H2L5186303 treatment before challenge plus OVA-injected group. Asthma was induced by
intraperitoneal injection of 50 µg OVA and 1 mg aluminum hydroxide on days 0 (D0) and
14 (D14; sensitization). The mice were challenged with nebulized OVA on D28, D29, and
D30 (challenge). GRI977143 or H2L5186303 was administered via intraperitoneal injection
30 min before OVA sensitization or challenge. BALF was collected from the lung tissues on
D32 followed by staining for cell population analysis [27].

4.6. BALF Cell Counting and Analysis

Immune cells in BALF were adhered to a glass slide using a Cellspin® centrifuge
(Hanil Electric, Seoul, Republic of Korea) and fixed in methanol for 30 s. Cells were stained
with May–Grünwald solution for 8 min, followed by Giemsa solution for 12 min.

4.7. Histological Examination of the Lung Tissues

Lung sections from mice in each group were prepared and examined. Briefly, left
lungs were fixed in 10% formalin and dehydrate 30% sucrose solution and embedded in
O.C.T. compound. Sections (7 µm) were stained with hematoxylin and eosin (H&E), and
periodic acid-Schiff (PAS; using Schiff’s reagent) stain to identify eosinophil infiltration
and mucus-secreting cells (goblet cells) in the airways, respectively. The right lung tissue
was crushed, put in 1 mL of trizol, stored, extracted and synthesized and then confirmed
by qPCR.

The degree of lung inflammation was estimated by a treatment-blinded observer using
a subjective scale of 0–3. PAS-stained mucin-secreting cells in the airways were counted
in two lung sections per mouse. Consequently, mucous production was expressed as the
number of PAS-positive cells per millimeter of bronchiole. Moreover, the length of the
bronchial basal lamina was measured using ImageJ software (National Institute of Health).

4.8. Measurement of Airway Hyperresponsiveness

Airway hyper-responsiveness (AHR) was detected using noninvasive whole-body
plethysmography (Model PLY-UNR-MS2; EMKA Technologies, Paris, France) 24 h after the
last OVA treatment.

4.9. Measurement of Total Serum IgE and IL-13 Level

Mouse serum IgE and IL-13 levels were determined using ELISA kits (eBioscience,
San Diego, CA, USA). IL-13 specific capture and biotinylated antibodies were obtained
from eBioscience (IL-4: Cat. No. 14-7041-68 and 33-7042-68C, IL-13: Cat no. 14-7043-68
and 33-7135-68B; San Diego, CA, USA). Avidin-horseradish peroxidase was used, and the
absorbance was measured at 450 nm.

4.10. Statistical Analysis

Statistical analysis was performed using GraphPad Prism software (GraphPad Soft-
ware, Inc., La Jolla, CA, USA). Data were expressed as mean ± standard error of the mean
(SEM). One-way analysis of variance (ANOVA) followed by Tukey’s multiple compari-
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son test was used to compare the differences among multiple groups. Differences were
considered statistically significant at p < 0.05.

Author Contributions: Y.-J.L. and D.-S.I.: Designed the experiments; Y.-J.L.: Conducted the experi-
ments and analyzed the data; D.-S.I.: Wrote the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported by the Basic Research Laboratory Program (BRL) and the Basic
Science Research Program of the Korean National Research Foundation funded by the Korean Min-
istry of Science, ICT, and Future Planning (NRF-2020R1A4A1016142 and NRF-2019R1A2C1005523).

Institutional Review Board Statement: The Institutional Animal Care Committee of the Kyung Hee
University reviewed and approved the study protocol, considering the ethical principles and the care
and use of animals for scientific purposes (Approval Number, KHSASP-21-352).

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare that there is no conflict of interest.

References
1. Bereda, G. Bronchial Asthma: Etiology, Pathophysiology, Diagnosis and Management. Austin J. Pulm. Respir. Med. 2022, 9, 1085.
2. Gauvreau, G.M.; Davis, B.E.; Scadding, G.; Boulet, L.-P.; Bjermer, L.; Chaker, A.; Cockcroft, D.W.; Dahlén, B.; Fokkens, W.;

Hellings, P. Allergen Provocation Tests in Respiratory Research: Building on 50 Years of Experience. Eur. Respir. J. 2022, 60,
2102782. [CrossRef]

3. Georas, S.; Berdyshev, E.; Hubbard, W.; Gorshkova, I.; Usatyuk, P.; Saatian, B.; Myers, A.; Williams, M.; Xiao, H.; Liu, M.
Lysophosphatidic acid is detectable in human bronchoalveolar lavage fluids at baseline and increased after segmental allergen
challenge. Clin. Exp. Allergy 2007, 37, 311–322. [CrossRef]

4. Park, G.Y.; Lee, Y.G.; Berdyshev, E.; Nyenhuis, S.; Du, J.; Fu, P.; Gorshkova, I.A.; Li, Y.; Chung, S.; Karpurapu, M. Autotaxin
production of lysophosphatidic acid mediates allergic asthmatic inflammation. Am. J. Respir. Crit. Care Med. 2013, 188, 928–940.
[CrossRef]

5. Kondo, M.; Tezuka, T.; Ogawa, H.; Koyama, K.; Bando, H.; Azuma, M.; Nishioka, Y. Lysophosphatidic acid regulates the
differentiation of Th2 cells and its antagonist suppresses allergic airway inflammation. Int. Arch. Allergy Immunol. 2021, 182, 1–13.
[CrossRef]

6. Hashimoto, T.; Nakano, Y.; Yamashita, M.; Fang, Y.-I.; Ohata, H.; Momose, K. Role of Rho-associated protein kinase and histamine
in lysophosphatidic acid-induced airway hyperresponsiveness in guinea pigs. Jpn. J. Pharmacol. 2002, 88, 256–261. [CrossRef]

7. Hashimoto, T.; Yamashita, M.; Ohata, H.; Momose, K. Lysophosphatidic acid enhances in vivo infiltration and activation of
guinea pig eosinophils and neutrophils via a Rho/Rho-associated protein kinase-mediated pathway. J. Pharmacol. Sci. 2003, 91,
8–14. [CrossRef]

8. Idzko, M.; Laut, M.; Panther, E.; Sorichter, S.; Dürk, T.; Fluhr, J.W.; Herouy, Y.; Mockenhaupt, M.; Myrtek, D.; Elsner, P.
Lysophosphatidic acid induces chemotaxis, oxygen radical production, CD11b up-regulation, Ca2+ mobilization, and actin
reorganization in human eosinophils via pertussis toxin-sensitive G proteins. J. Immunol. 2004, 172, 4480–4485.

9. Hashimoto, T.; Ohata, H.; Momose, K.; Honda, K. Lysophosphatidic acid induces histamine release from mast cells and skin
fragments. Pharmacology 2005, 75, 13–20. [CrossRef]

10. Lin, D.A.; Boyce, J.A. IL-4 regulates MEK expression required for lysophosphatidic acid-mediated chemokine generation by
human mast cells. J. Immunol. 2005, 175, 5430–5438. [CrossRef]

11. Rubenfeld, J.; Guo, J.; Sookrung, N.; Chen, R.; Chaicumpa, W.; Casolaro, V.; Zhao, Y.; Natarajan, V.; Georas, S. Lysophosphatidic
acid enhances interleukin-13 gene expression and promoter activity in T cells. Am. J. Physiol.-Lung Cell. Mol. Physiol. 2006, 290,
L66–L74. [CrossRef] [PubMed]

12. Wang, L.; Knudsen, E.; Jin, Y.; Gessani, S.; Maghazachi, A.A. Lysophospholipids and chemokines activate distinct signal
transduction pathways in T helper 1 and T helper 2 cells. Cell. Signal. 2004, 16, 991–1000. [CrossRef]

13. Panther, E.; Idzko, M.; Corinti, S.; Ferrari, D.; Herouy, Y.; Mockenhaupt, M.; Dichmann, S.; Gebicke-Haerter, P.; Di Virgilio, F.;
Girolomoni, G. The influence of lysophosphatidic acid on the functions of human dendritic cells. J. Immunol. 2002, 169, 4129–4135.
[CrossRef]

14. Chan, L.C.; Peters, W.; Xu, Y.; Chun, J.; Farese Jr, R.V.; Cases, S. LPA3 receptor mediates chemotaxis of immature murine dendritic
cells to unsaturated lysophosphatidic acid (LPA). J. Leukoc. Biol. 2007, 82, 1193–1200. [CrossRef]

15. Medoff, B.D.; Landry, A.L.; Wittbold, K.A.; Sandall, B.P.; Derby, M.C.; Cao, Z.; Adams, J.C.; Xavier, R.J. CARMA3 mediates
lysophosphatidic acid–stimulated cytokine secretion by bronchial epithelial cells. Am. J. Respir. Cell Mol. Biol. 2009, 40, 286–294.
[CrossRef]

16. Saatian, B.; Zhao, Y.; He, D.; Georas, S.N.; Watkins, T.; Spannhake, E.W.; Natarajan, V. Transcriptional regulation of lysophospha-
tidic acid-induced interleukin-8 expression and secretion by p38 MAPK and JNK in human bronchial epithelial cells. Biochem. J.
2006, 393, 657–668. [CrossRef]

http://doi.org/10.1183/13993003.02782-2021
http://doi.org/10.1111/j.1365-2222.2006.02626.x
http://doi.org/10.1164/rccm.201306-1014OC
http://doi.org/10.1159/000509804
http://doi.org/10.1254/jjp.88.256
http://doi.org/10.1254/jphs.91.8
http://doi.org/10.1159/000085784
http://doi.org/10.4049/jimmunol.175.8.5430
http://doi.org/10.1152/ajplung.00473.2004
http://www.ncbi.nlm.nih.gov/pubmed/16199434
http://doi.org/10.1016/S0898-6568(04)00022-1
http://doi.org/10.4049/jimmunol.169.8.4129
http://doi.org/10.1189/jlb.0407221
http://doi.org/10.1165/rcmb.2008-0129OC
http://doi.org/10.1042/BJ20050791


Int. J. Mol. Sci. 2022, 23, 9745 11 of 11

17. Zhao, Y.; Tong, J.; He, D.; Pendyala, S.; Evgeny, B.; Chun, J.; Sperling, A.I.; Natarajan, V. Role of lysophosphatidic acid receptor
LPA 2 in the development of allergic airway inflammation in a murine model of asthma. Respir. Res. 2009, 10, 114. [CrossRef]

18. Huang, L.S.; Fu, P.; Patel, P.; Harijith, A.; Sun, T.; Zhao, Y.; Garcia, J.G.; Chun, J.; Natarajan, V. Lysophosphatidic acid receptor–2
deficiency confers protection against bleomycin-induced lung injury and fibrosis in mice. Am. J. Respir. Cell Mol. Biol. 2013, 49,
912–922. [CrossRef]

19. Emo, J.; Meednu, N.; Chapman, T.J.; Rezaee, F.; Balys, M.; Randall, T.; Rangasamy, T.; Georas, S.N. Lpa2 is a negative regulator of
both dendritic cell activation and murine models of allergic lung inflammation. J. Immunol. 2012, 188, 3784–3790. [CrossRef]

20. Fells, J.I.; Tsukahara, R.; Fujiwara, Y.; Liu, J.; Perygin, D.H.; Osborne, D.A.; Tigyi, G.; Parrill, A.L. Identification of non-lipid LPA3
antagonists by virtual screening. Bioorg. Med. Chem. 2008, 16, 6207–6217. [CrossRef]

21. Knowlden, S.A.; Hillman, S.E.; Chapman, T.J.; Patil, R.; Miller, D.D.; Tigyi, G.; Georas, S.N. Novel inhibitory effect of a
lysophosphatidic acid 2 agonist on allergen-driven airway inflammation. Am. J. Respir. Cell Mol. Biol. 2016, 54, 402–409.
[CrossRef] [PubMed]

22. Zhao, Y.; He, D.; Zhao, J.; Wang, L.; Leff, A.R.; Spannhake, E.W.; Georas, S.; Natarajan, V. Lysophosphatidic acid induces
interleukin-13 (IL-13) receptor α2 expression and inhibits IL-13 signaling in primary human bronchial epithelial cells. J. Biol.
Chem. 2007, 282, 10172–10179. [CrossRef]

23. He, D.; Natarajan, V.; Stern, R.; Gorshkova, I.A.; Solway, J.; Spannhake, E.W.; Zhao, Y. Lysophosphatidic acid-induced transactiva-
tion of epidermal growth factor receptor regulates cyclo-oxygenase-2 expression and prostaglandin E2 release via C/EBPβ in
human bronchial epithelial cells. Biochem. J. 2008, 412, 153–162. [CrossRef] [PubMed]

24. Cerutis, D.R.; Nogami, M.; Anderson, J.L.; Churchill, J.D.; Romberger, D.J.; Rennard, S.I.; Toews, M.L. Lysophosphatidic acid and
EGF stimulate mitogenesis in human airway smooth muscle cells. Am. J. Physiol.-Lung Cell. Mol. Physiol. 1997, 273, L10–L15.
[CrossRef] [PubMed]

25. Toews, M.; Ustinova, E.; Schultz, H. Lysophosphatidic acid enhances contractility of isolated airway smooth muscle. J. Appl.
Physiol. 1997, 83, 1216–1222. [CrossRef] [PubMed]

26. Lee, J.E.; Im, D.S. Suppressive Effect of Carnosol on Ovalbumin-Induced Allergic Asthma. Biomol. Ther. 2021, 29, 58–63. [CrossRef]
[PubMed]

27. Lee, J.-H.; Im, D.-S. 4-CMTB Ameliorates Ovalbumin-Induced Allergic Asthma through FFA2 Activation in Mice. Biomol. Ther.
2021, 29, 427. [CrossRef]

http://doi.org/10.1186/1465-9921-10-114
http://doi.org/10.1165/rcmb.2013-0070OC
http://doi.org/10.4049/jimmunol.1102956
http://doi.org/10.1016/j.bmc.2008.04.035
http://doi.org/10.1165/rcmb.2015-0124OC
http://www.ncbi.nlm.nih.gov/pubmed/26248018
http://doi.org/10.1074/jbc.M611210200
http://doi.org/10.1042/BJ20071649
http://www.ncbi.nlm.nih.gov/pubmed/18294142
http://doi.org/10.1152/ajplung.1997.273.1.L10
http://www.ncbi.nlm.nih.gov/pubmed/9252534
http://doi.org/10.1152/jappl.1997.83.4.1216
http://www.ncbi.nlm.nih.gov/pubmed/9338431
http://doi.org/10.4062/biomolther.2020.050
http://www.ncbi.nlm.nih.gov/pubmed/32632049
http://doi.org/10.4062/biomolther.2020.176

	Introduction 
	Results 
	GRI977143 and H2L5186303 Suppressed Degranulation of Mast Cells 
	GRI977143 and H2L5186303 Suppressed the Elivated Eosinophil and Lymphocyte Levels 
	GRI977143 and H2L5186303 Suppressed AHR 
	GRI977143 and H2L5186303 Suppressed Mucin Secretion and Lung Inflammation 
	GRI977143 and H2L5186303 Suppressed the Production of Th2 and Th1 Cytokines in the BALF and Lungs 
	GRI977143 and H2L5186303 Treatments Suppressed OVA-Induced Elevated IL-13 Levels in BALF Unlike Serum IgE Levels 

	Discussion 
	Materials and Methods 
	Materials 
	Cell Culture 
	Animals 
	Assessment of Degranulation 
	Asthma Induction in Mice and Administration of H2L5186303 and GRI977143 
	BALF Cell Counting and Analysis 
	Histological Examination of the Lung Tissues 
	Measurement of Airway Hyperresponsiveness 
	Measurement of Total Serum IgE and IL-13 Level 
	Statistical Analysis 

	References

