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A B S T R A C T

Acute lung injury (ALI) and acute respiratory distress syndrome are life-threatening conditions that still have no
definite pharmacotherapy. Hence, we investigate the potential effectiveness and underlying mechanism of CT-
133, a newly developed selective antagonist of prostaglandin D2 receptor 2 (DP2) or of chemoattractant receptor
homologous molecule expressed on Th2 cells (CRTH2), against lipopolysaccharide (LPS)-induced ALI. CT-133
(10 or 30mg/kg) or dexamethasone (1mg/kg, positive control) were intragastrically administered 1 h before
and 12 h after intratracheal LPS instillation, and primary neutrophils and macrophages and RAW264.7 mac-
rophages were used to investigate the role of CT-133 in regulation of their functions. LPS induced a significant
secretion of PGD2 from primary macrophages, however, CT-133 dose-dependently and markedly decreased the
infiltration of neutrophils and macrophages into lungs, reduced the IL-1β, TNF-α, IL-6, and KC levels in broncho-
alveolar lavage (BAL) fluids, decreased the wet weight and myeloperoxidase activity of lungs, reduced Evans
blue and albumin exudation into lungs, and improved the lung histopathological changes and hypoxemia.
Moreover, CT-133 significantly suppressed the primary neutrophil migration toward the PGD2 and robustly
inhibited the mRNA and protein expression of IL-1β, TNF-α, IL-6, and KC in primary and RAW264.7 macro-
phages in response to either LPS- or PGD2 stimulation. Finally, CT-133 significantly blocked the LPS-induced P65
activation in both RAW264.7 macrophages and mouse lungs. Thus, This is the first report that a CRTH2 an-
tagonist, CT-133, is capable of significantly alleviating LPS-induced lung injury by probably down-regulating the
NF-κB signalling.

1. Introduction

Acute lung injury (ALI) and acute respiratory distress syndrome
(ARDS), a more severe form of ALI, are devastating clinical syndromes
characterised by alveolar-capillary membrane hyper-permeability, oe-
dema, infiltration of neutrophils into interstitial spaces, neutrophil-de-
rived inflammation, and dysfunction of surfactant and involved cells,
including endothelial cells, epithelial cells and macrophages (Wheeler
and Bernard, 2007). A recent global observational study revealed in-
creased mortality in patients with ALI/ARDS (Bellani et al., 2016),
while surviving patients are at high risk of depression, cognitive de-
cline, persistent skeletal-muscle weakness and post-traumatic stress
disorder (Herridge et al., 2016). Despite decades of widespread

research, no distinct pharmacological agent is presently available to
manage ALI (Hussain et al., 2018). Therefore, novel pharmacological
approaches are urgently needed.

ALI can be induced experimentally by lipopolysaccharide (LPS), a
ligand of Toll-like receptor 4 (TLR4) and the primary stimulus of
macrophage activation. LPS treatment immediately activates the TLR4-
linked nuclear factor kappa-B (NF-κB) signalling pathway (Yang et al.,
2017). Generally, NF-κB, a heterodimer composed primarily of P65 and
P50, stays in the cytoplasm as an inactive form due to the action of an
inhibitory protein IκB, especially IκBα (Karin, 1999; Karin and Ben-
Neriah, 2000). Upon inflammatory stimuli such as LPS, IκB is phos-
phorylated by IκB kinase (IKK) and degraded, thereby releasing NF-κB
to translocate into the nucleus, where NF-κB induces the transcription
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of several pro-inflammatory cytokines, such as tumour necrosis factor-α
(TNF-α), interleukin-1β (IL-1β), IL-6, IL-8, and other inflammatory
mediators, such as prostaglandin (PG) D2/E2 and nitric oxide (NO)
(Bhatia and Moochhala, 2004; Matthay et al., 2012). LPS also stimu-
lates macrophage migration via the chemoattractants PGD2 and PGE2
(Tajima et al., 2008) that orchestrate neutrophilic infiltration into the
lung (Dhaliwal et al., 2012). The activated neutrophils provoke further
lung inflammation (Li et al., 2016; Zhou et al., 2011). Accumulated
evidence now indicates that targeting of NF-κB not only alleviates the
pro-inflammatory cytokine production but also suppresses the pul-
monary oedema and influx of neutrophils, which are key characteristics
of ALI (Everhart et al., 2006; Yang et al., 2012). Therefore, LPS-induced
ALI mouse models are appropriate for the evaluation of pharmacolo-
gical effects of therapeutic compounds, because the lung injury symp-
toms observed in LPS-induced ALI mice overall are consistent with
those observed in patients with ARDS.

Emerging evidence reveals that PGD2, which is mainly produced
from allergen-stimulated mast cells and Th2 lymphocytes, has a crucial
role in mediating airway inflammation. PGD2 has diverse functions,
including activation of the D-type prostanoid receptors (DPs) DP1 and
DP2, DP2 is also known as chemoattractant receptor-homologous mo-
lecules expressed on Th2 (CRTH2) cells. Activation of PGD2/CRTH2
receptors on macrophages promotes neutrophil migration and their
survival in the lung, as well as augmenting the disease severity through
excessive production of pro-inflammatory cytokines and subsequent
neutrophil activation. Consequently, antagonism of CRTH2 ameliorates
the alveolar influx of neutrophils, thereby lessening the disease severity
(Jandl et al., 2016). Furthermore, CRTH2-knockout mice have shown
an increased survival rate and decreased levels of pro-inflammatory
cytokines and total protein in the lungs in response to LPS injection
when compared to control mice (Suzuki et al., 2016). CRTH2 antago-
nists have been effective in treating eosinophilic esophagitis
(Straumann et al., 2013), allergic rhinitis (Krug et al., 2014) and asthma
(Gonem et al., 2016; Singh et al., 2013).

These evidence prompted us to investigate the effectiveness of CT-
133, a newly discovered, well-tolerated, selective and potent CRTH2
antagonist, as a treatment of ALI. CT-133 has shown a potential re-
sponse in treating chronic obstructive pulmonary disease (COPD), al-
lergic rhinitis and asthma (Guo, 2015), but it has not been evaluated in
LPS-induced ALI models. The present study was designed to explore the
protective role of CT-133 in an LPS-induced mouse ALI model and
demonstrated that CT-133, a CRTH2 antagonist, suppresses NF-κB sig-
nalling to relieve LPS-induced ALI.

2. Materials and methods

2.1. Chemicals and solutions

CT-133 (C20H19FN3NaO4S), a potent CRTH2 receptor antagonist,
with 99.6% purity was obtained from CSPC Pharmaceutical Group
(Shijiazhuang City, China) (Hussain et al., 2019). The pharmacological
features of CT-133 have been previously reported (Guo, 2015; Hussain
et al., 2019). Briefly, CT-133 showed potent human CRTH2 inhibition
with inhibitory constant (Ki) of 2.2 nM whereas the inhibitory constant
(Ki) for Human DP1 was>3800 nM. All chemicals were of research
grade. Lipopolysaccharide (LPS; Escherichia coli O127: B8), dex-
amethasone (Dex), phosphate buffered saline (PBS), penicillin, fetal
bovine serum (FBS) and Evans blue dye (EBD) were purchased from
Sigma Chemical Co. (St. Louis, MO, USA). TNF-α, IL-1β, IL-6 and ker-
atinocyte chemoattractant (KC) ELISA kits were obtained from Multi-
sciences Biotech Ltd. (Hangzhou, China). Albumin and MPO determi-
nation kits were bought from Jiancheng Bioengineering Institute of
Nanjing (Nanjing, China). TNF-α, IL-1β, IL-6, KC and β-actin PCR pri-
mers were purchased from Shanghai Bioengineering Ltd. (Shanghai,
China). Roswell Park Memorial Institute (RPMI) 1640 medium and high
glucose of Dulbecco's modification of Eagle's (DMEM) medium were

obtained from GE Healthcare Life Sciences (Pittsburgh, PA). Pros-
taglandin D2 (PGD2) and PGD2 ELISA kit were purchased from Cayman
chemical (Ann Arbor, MI). RNAiso plus was obtained from Takara Bio
Inc. (Otsu, Shiga, Japan). HiScript 5×Q RT Super Mix, including
buffer, dNTP, HiScript Reverse Transcriptase, RNase inhibitor, and
Random primers/Oligo dT primer mix, and SYBR Green Master Mix
were obtained from Vazyme Biotech, Ltd. (Nanjing, China). Mouse or
rabbit antibodies specific to IκBα, phospho-IκBα, P65, phospho-P65
were purchased from Cell Signalling Technology (Danvers, MA) while
β-actin was Santa Cruz Biotechnology (Santa Cruz, CA). Secondary
antibodies IRDye 680 and 800 were purchased from LI-COR Biosciences
(Lincoln, Nebraska). CT-133 solutions at 10 and 30mg/kg and Dex
suspension at 1mg/kg were prepared by dissolving an appropriate
amount of respective drug in 0.9% normal saline, and all prepared
solutions were kept in a dark place at 4 °C for no more than one week.
The administration volume for each mouse was 10ml/kg body weight.

2.2. Mice handling, preparation of LPS-induced ALI models, and
measurement of oxygen saturation

Specific pathogen-free (SPF) Balb/c mice (♂/♀, 8 weeks old,
20–26 g) were purchased from Shanghai SIPPR-BK Laboratory Animals
Co. Ltd. Shanghai, China (certificate No. SCK (hu) 2013–0016 and
2008001648391). Mice were housed under controlled environmental
conditions (24 ± 2 °C; 50 ± 10% humidity) with 12 h/12 h dark-light
cycle and had free access to distilled water and regular rodent chow.
Institutional Animal Care and Use Committee of Zhejiang University
accomplished all animal care and handling procedures. LPS-induced
ALI models were prepared as previously described with slight mod-
ification (Zhang et al., 2017). In brief, mice were randomly divided into
control group (12 mice) and LPS group (48 mice) while LPS group was
further divided into four subgroups (each group contained 12 mice).
For acute lung injury, unanesthetized mice of LPS group received in-
tragastric administration of normal saline (NS), CT-133 at 10 or 30mg/
kg and Dex at 1mg/kg, respectively. One hour later, mice were an-
esthetized with sodium pentobarbital (intraperitoneal injection at
40mg/kg) and then subjected to intratracheal instillation of NS to
control group and LPS (4mg/kg) to all LPS subgroups. Twelve hours
after LPS instillation, unanesthetized mice of LPS group were in-
tragastrically administrated with NS, CT-133 at 10 or 30mg/kg and
Dex at 1mg/kg, respectively (Fig. 1). Both normal saline and LPS were
administered at 10 μl/10 g of body weight. Twenty-four hours after LPS
challenge, the oxygen saturation (SO2) of all mice was measured by
using the moor VMS-OXY™ monitor (Moor Instruments, Devon, UK)
which measures SO2 (%) in the microcirculation at the wavelength
range of 500–650 nm. SO2 represents the percentage of oxygenated
hemoglobin in the blood to total hemoglobin. After measurement of
SO2, BAL fluid from each mouse was collected for inflammatory cell
counting and classification and for determination of albumin con-
centration and pro-inflammatory cytokines/chemokine levels, whereas
lung was subjected for determination of weight coefficient and of MPO
activity as well as histological examination.

2.3. Cells counting and lung weight coefficient

Mice were killed to surgically expose the trachea, and then right
lungs were lavaged with 0.4 ml/time of sterilized NS containing 1%
bovine serum albumin (BSA) and 5000 IU/L heparin three times to
collect the BAL fluid via tracheal tube. After counting the total in-
flammatory cells in BAL fluid with a hemocytometer, remainder BAL
fluid was centrifuged immediately at 1000×g at 4 °C for 10min. The
supernatant was aliquoted and stored at −80 °C until measurement of
pro-inflammatory cytokines or albumin concentration. Obtained cell
pellets were smeared on slides. Afterward, Wright-Giemsa staining of
prepared smears was performed to count 200 cells under a light mi-
croscope according to the morphological criteria of neutrophils,
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macrophage, and lymphocyte. Removed lung tissues were weighted
after aspirating the surface blood and then lung weight coefficient, an
indicator of pulmonary oedema, was measured by dividing the in-
dividual lung weight of each mouse by its total body weight.

2.4. In vivo pro-inflammatory cytokines and chemokine assessment via
ELISA

Expression levels of pro-inflammatory cytokines (IL-β, TNF-α, IL-6)
and chemokine (KC; mouse homologue of IL-8) in the BAL fluid were
assessed by using respective ELISA determination kits according to the
manufacturer's instructions. After measurements of the optical density
at 450 nm, expression of contents was calculated via standard curves.

2.5. Histological examination

For histological examination, lower lobe of the left lung of each
mouse was inflated with neutral buffered 10% formalin instilled at
room temperature under constant pressure of 22–25 cm H2O for 48 h.
Inflated lobes were embedded in paraffin and then sectioned (4 μm) to
expose the maximum longitudinal view of the main intrapulmonary
bronchus. Afterward, hematoxylin-eosin (H&E) staining was accom-
plished to evaluate the lung oedema and infiltration of neutrophils and
inflammatory cells under the light microscopy. The severity of lung
injury was measured by slightly modifying the previously described
scoring system (Matute-Bello et al., 2011; Mrozek et al., 1997). Briefly,
lung oedema, haemorrhage, alveolar wall thickening and infiltration of
neutrophils and inflammatory cells were counted and scored by two
blinded pathologists with expertise in lung pathology. The scoring
system was, 0=normal; 1= very mild; 2=mild; 3=moderate;
4=marked; 5= severe inflammation. The total lung injury score was

expressed as the sum of the four criteria. Mean scores were derived
from 12 animals.

2.6. In vivo pulmonary vascular permeability assessment

Evans blue is a dye that binds rapidly to albumin and remains re-
stricted within blood vessels because endothelium is impermeable to
albumin under normal physiological conditions (Radu and Chernoff,
2013). Pulmonary microvascular permeability was assessed by mea-
suring the extravasation of Evans blue dye in the lungs as previously
described (Yao et al., 2011). Briefly, mice were randomly divided into
control group (12 mice) and LPS group (48 mice) while LPS group mice
were further divided into four subgroups. For pulmonary microvascular
permeability assessment, unanesthetized mice of LPS group received
intragastric instillation of NS, CT-133 at 10 or 30mg/kg and Dex at
1mg/kg respectively. After 1 h, anesthetized mice were subjected to
intratracheal instillation of NS to control group and LPS to all LPS
subgroups at 10 μl/10 g of body weight. Twenty-four hours after LPS
challenge, Evans blue dye (50mg/kg) was injected into the caudal vein
of all mice 1 h before euthanasia. After killing the mice, NS was gently
injected into the right ventricle in order to drain the blood from pul-
monary vessels. Right lungs were carefully removed, sliced and placed
in formamide (3 ml/100mg) at room temperature. After 24 h of in-
cubation, samples were centrifuged at 500×g for 10min (4 °C), and
then the absorbance of Evans blue dye extracted in the supernatant was
determined against formamide blank at 620 nm via standard curve
method and expressed as microgram dye per 100mg of wet lung
weight. Additionally, albumin determination kits were used to measure
the albumin concentration in BAL fluid with a spectrophotometer at
628 nm. Albumin concentrations ratio assessed from BAL fluid re-
present not only the effused albumin level but also the pulmonary

Fig. 1. A schematic sketch showing the procedure for preparing the LPS-induced ALI mouse model. CT-133 (10 and 30mg/kg) or Dex (positive control; 1 mg/
kg) were intragastrically administered 1 h before and 12 h after intratracheal LPS instillation. Twenty-four hours after the LPS challenge, Mice were sacrificed for
preparation of BAL fluids and lung tissue samples.
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microvascular permeability (Xu et al., 2008).

2.7. Determination of MPO activity

The previously described procedure was slightly modified and fol-
lowed for the determination of MPO activity (Lei et al., 2018). Strips of
left lung tissue were accurately weight and homogenized with prepared
homogenate medium (sample and homogenate medium at a ratio of
1:19) to obtain 5% homogenate. Then 5% homogenate (0.9 ml) and
reaction buffer (0.1 ml) at the ratio of 9:1 were sufficiently mixed (if
there is not enough homogenate, then volumes of 5% tissue homo-
genate and reaction buffer can be decreased accordingly at the ratio of
9:1), and incubated at 37 °C for 15min. Afterward, MPO activity was
determined via standard curves by measuring the changes in absor-
bance at 460 nm with a spectrophotometer.

2.8. Isolation of neutrophils and evaluation of PGD2-induced in vitro
neutrophils migration

Isolation of neutrophils and the effect of CT-133 on neutrophils
migration was evaluated by following the previously described proce-
dure (Zhang et al., 2017). Briefly, neutrophils were isolated from
peritoneal lavage of anesthetized mice 4 h after intraperitoneal injec-
tion of 1.5% glycogen (20ml/kg of body weight). Migration of neu-
trophils was evaluated by using Boyden chamber assay kit (3 μm pore
size; Billerica, MA). PGD2 was used as a chemoattractant because ac-
tivated PGD2/CRTH2 receptors promote neutrophil migration (Ishii
et al., 2012; Jandl et al., 2016). Initially, isolated neutrophils at
4× 105 cell/ml were seeded in the upper side of well of Boyden
chamber, while lower chamber contained different concentrations of
PGD2 (0.1, 1 and 10 μM), and neutrophils were allowed to migrate
toward PGD2 for 4 h at 37 °C in order to find out the suitable PGD2

concentration. After evaluation of the suitable PGD2 concentration,
migration of neutrophils pretreated with CT-133 (1 and 10 μM) and
OC459 (10 μM), another potent CRTH2 inhibitor, toward PGD2 (1 μM)
was accessed with 4 h.

2.9. Isolation of peritoneal macrophages and measurement of PGD2

secretion from LPS-treated peritoneal macrophages

The previously described procedure was slightly modified and
adopted to isolate the peritoneal macrophages from mice (Davies and
Gordon, 2005). Briefly, 4% thioglycollate (20ml/kg of body weight)
was intraperitoneally injected to mice for three consecutive days. Forty-
eight hours after last thioglycollate injection (on the 5th day), perito-
neal macrophages were isolated from the peritoneal cavity of eu-
thanized mice, added to12-well plates (4× 105/well) and allowed to
culture at 37 °C. Non-adherent cells are removed by gently washing
three times with warm PBS. At this time, more than 90% are macro-
phage and allowed to the culture at 37 °C in DMEM/high glucose
containing 10% FBS in the presence of penicillin (100U/ml) and
streptomycin (100 μg/ml). After acclimation, serum-free DMEM/high
glucose was added to 12-well plates for 10–12 h and then treated with
different concentrations of LPS (0.01, 0.1, 1 and 10 μM) for next 24 h.
Afterward, the supernatants of the treated peritoneal macrophages
were harvested to measure the level of PGD2 using ELISA kit according
to the manufacturer's instructions.

2.10. Cell culture and cell viability assay

RAW264.7 macrophage, mouse leukemic monocyte macrophage,
cell line was purchased from ATCC (Manassas, VA), and cultured in
RPMI-1640 medium containing 10% fetal bovine serum supplemented
with 100 μg/ml streptomycin and 100 U/ml penicillin. RAW264.7
macrophage is an excellent model for screening the anti-inflammatory
drugs and evaluating the inhibitors of pathways that stimulate the

production of pro-inflammatory cytokines and enzymes. The cytotoxi-
city of CT-133 alone as well as in the combination of LPS and PGD2 on
RAW264.7 macrophages and isolated peritoneal macrophages was as-
sessed using a methylthiazol-tetrazolium (MTT) assay according to the
manufacturer's protocol. Briefly, macrophages were plated at a con-
centration of 4× 105 cells/ml in 96-well plates for 12 h and subse-
quently exposed to CT-133 at the dose range of 0–200 μM for 1 h at
37 °C. Next, macrophages were further exposed to LPS (100 ng/ml) and
PGD2 (10 μM) for 24 h, followed by treatment with MTT (5mg/ml) for
an additional 4 h at 37 °C. Then, the supernatant of each well was re-
placed with DMSO (200 μl/well) and absorbance was measured at
570 nm.

2.11. In vitro ELISA assay and real-time polymerase chain reaction (RT-
PCR) analysis

For ELISA and RT-PCR, RAW264.7 macrophages were acclimated to
two 12-well plates at 70–80% confluence. After that, the culture
medium of 12-well plates was replaced with a serum-free RPMI-1640
medium for 10–12 h and then exposed to CT-133 (10 and 100 μM) for
1 h. One hour later, one 12-well plate was treated with LPS (100 ng/ml)
and other one with PGD2 (10 μM) for 24 h. After treatment, the su-
pernatants of the cells with different treatments were harvested to
measure the protein levels of IL-1β, TNF-α, IL-6, and KC using ELISA
kits according to the manufacturer's instructions. Subsequently, Total
RNA from each treated plates were extracted and reversely transcripted
into cDNA with HiScript 5×Q RT SuperMix, and then subjected to RT-
PCR using BioRad CFX96 Touch™ Real-Time PCR Detection System
(San Diego, CA). Similarly, Total RNAs extracted from treated isolated
peritoneal macrophages were subjected to analyse the mRNA levels of
IL-1β, TNF-α, IL-6, and KC. The primers used for RT-PCR reaction are
depicted in Table 1. The housekeeping gene, β-actin, was used as an
internal control. RT-PCR reactions were triplicated and the relative
expression of the target mRNA was normalized by the respective β-
actin.

2.12. Western blot assays

Total protein extraction and Western blot assays were performed
according to the previously described method (Xu et al., 2018). Briefly,
lung tissues were homogenized in RIPA buffer (0.5M Tris-HCl, pH 7.4,
1.5M NaCl, 2.5% deoxycholic acid, 10% NP-40, 10mM EDTA) con-
taining proteinase and phosphatase inhibitors (Sigma-Aldrich, St. Louis,
MO). RAW264.7 macrophages were seeded to two 6-well plates at
70–80% confluence. After overnight starvation with a serum-free RPMI-
1640 medium, RAW264.7 macrophages were pretreated with CT-133
(0.5, 1, 10 and 100 μM) for 1 h. Soon after, one 6-well plate was treated
with LPS (100 ng/ml) and other one with PGD2 (10 μM) for 1 h. After
washing three times with PBS, cells were directly lysed by RIPA buffer
containing proteinase and phosphatase inhibitors for 30min at the ice
with occasional shaking. Afterward, the lysate was centrifuged at

Table 1
Primers used for RT-PCR.

Genes Primer sequences (5' – 3′) Product
Length (bp)

IL-6 F: TGCCTTCTTGGGACTGAT 183
R: TTGCCATTGCACAACTCTTT

TNF-α F: CCAGACCCTCACACTCAGAT 187
R: GACAAGGTACAACCCATCG

IL-1β F: GTTCCCATTAGACAACTGC 199
R: GATTCTTTCCTTTGAGGC

KC F:CAATGAGCTGCGCTGTCAGTG R:
CTTGGGGACACCTTTTAGCATC

203

β-actin F: CACGATGGAGGGGCCGGACTCATC 214
R: TAAAGACCTCTATGCCAACACAGT
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12,300×g for 15min at 4 °C and the supernatant was collected. Brad-
ford protein assay (BCA) was performed to measure protein con-
centrations. Equal amounts of protein (30 μg) were resolved on 12%
SDS-PAGE and transferred to 0.45 μm polyvinylidene fluoride (PVDF)
membranes (Millipore, Bedford, MA). The membranes were blocked
with 5% (wt/vol) non-fat dried milk for 1–2 h at room temperature to
reduce nonspecific binding. The membranes were then incubated with
primary antibodies specific to IκBα (1:1000), phospho-Iκ Bα (1:1000),
NF-κB P65 (1:1000), phospho- NF-κB P65 (1:1000) at 4 °C overnight
and secondary antibodies IRDye 680 and 800 at room temperature for
1 h, followed by washing with TBST three times. The immunoreactive
signals were visualized with Odyssey Infrared Imaging System (LI-COR
Biosciences Lincoln, NE). Western blot assays were triplicated and β-
actin was used as an internal standard. The same procedure was per-
formed for the lungs after homogenization.

2.13. Statistics

Numerical data were expressed as means ± S.E.M., and statistical
calculations were performed using SPSS (SPSS Inc., Chicago, IL). One-
way ANOVA was applied to compare the F values, if p > 0.05, Dunnett
multiple comparisons tests were used for calculating the difference of
parametric data; if P < 0.05, Mann-Whitney U non-parametric test was
used to compare the difference. P < 0.05 and P < 0.01 were con-
sidered to be statistically significant.

3. Results

3.1. CT-133 alleviated LPS-induced lung injury

Twenty-four hours after the LPS challenge, BAL fluids were col-
lected to analyse the effect of CT-133 on the cell infiltration via
Wright–Giemsa staining method. The LPS challenge enhanced the in-
filtration of total cells, neutrophils and macrophages when compared
with the NS challenge (P < 0.01). However, CT-133 at 10 and 30mg/
kg significantly and dose-dependently attenuated the LPS-induced in-
creases in total cells, neutrophils, and macrophages but not lympho-
cytes in the BAL fluid when compared with the vehicle-treated control
group (P < 0.01), and CT-133 at 30mg/kg behaved essentially the
same as Dex at 1mg/kg (Fig. 2A). Assessment of LPS-induced hypox-
emia and pulmonary oedema by measuring the SO2 and lung wet
weight coefficient, respectively, revealed a lower SO2 and a higher lung
wet weight coefficient in the LPS-treated group than in the control
group (P < 0.01), and treatment with CT-133 at 10 and 30mg/kg
significantly elevated the SO2 (P < 0.01) and notably decreased the
lung wet weight coefficient (P < 0.01) in a dose-dependent manner
(Fig. 2 B and C). CT-133 at 10 or 30mg/kg was as potent as Dex at
1mg/kg to enhance the SO2 and decrease the lung wet weight coeffi-
cient, respectively, indicating that CRTH2 antagonism via CT-133 could
considerably ameliorate the pulmonary inflammation, hypoxemia and
pulmonary oedema induced by LPS in ALI models.

3.2. CT-133 ameliorated the LPS-induced production of pro-inflammatory
cytokines and chemokines in BAL fluid

The effect of CT-133 on the production of pro-inflammatory cyto-
kines and chemokines was determined by measuring the expression
levels of IL-β, TNF-α, IL-6, and KC in collected BAL fluids by using the
respective ELISA kits. LPS challenge remarkably augmented the ex-
pression of IL-β, TNF-α, IL-6, and KC in comparison with vehicle
challenge (P < 0.01), in contrast, CT-133 at 10 and 30mg/kg and Dex
at 1mg/kg effectively reduced the production of IL-β, TNF-α, IL-6, and
KC in a dose-dependent manner (P < 0.05 or P < 0.01) (Fig. 3A–D).
These data imply that antagonism of CRTH2 by CT-133 protects the
LPS-induced ALI mice from further pulmonary inflammation caused by
proinflammatory cytokines and neutrophil chemokine production.

3.3. CT-133 abated LPS-mediated lung histopathologic changes

The protective effect of CT-133 against LPS-induced lung histo-
pathologic alterations was examined in H&E stained and paraffin-em-
bedded lung sections. LPS-challenged mice showed significant histo-
pathologic changes when compared to the control mice (Fig. 4A). By
contrast, LPS-challenged mice treated with CT-133 at 10 and 30mg/kg
or Dex at 1mg/kg showed significant abatement of these histopatho-
logic changes, and the amelioration in histopathological changes by CT-
133 showed a dose dependence (Fig. 4A). The mean pathological
scores, in terms of haemorrhage and infiltration of inflammatory cells
and neutrophils into peribronchiolar and perivascular tissues, were
significantly increased after LPS challenge when compared with vehicle
challenge (P < 0.01), while CT-133 at 10 (P < 0.05) and 30mg/kg
(P < 0.01) or Dex at 1mg/kg (P < 0.01) considerably reduced the
pathological scores, with the CT-133 response again showing a dose
dependence (Fig. 4B). Therefore, blockage of the CRTH2 receptor by
CT-133 noticeably reduced the severity of LPS-induced lung injuries
and reversed the impairments of lung tissues.

3.4. CT-133 minimised pulmonary vascular permeability

The protective effect of CT-133 on LPS-induced pulmonary vascular
permeability was measured by determining the BAL fluid albumin
contents and extraversion of Evans blue dye in the lungs. The BAL fluid
albumin contents were substantially increased in the LPS-treated group
compared to the control group (P < 0.01), however, CT-133 at 10
(P < 0.05) and 30mg/kg (P < 0.01) or Dex at 1mg/kg (P < 0.01)
markedly reduced the BALfluid albumin contents (Fig. 5A). The pul-
monary vascular leakage and quantitative extravasation of Evans blue
dye were significantly higher in the LPS-challenged group than in the
control group (P < 0.01), administration of CT-133 at 10 (P < 0.05)
and 30mg/kg (P < 0.01) or Dex at 1mg/kg (P < 0.01) significantly
decreased both the LPS-induced pulmonary vascular leakage and the
extravasations of Evans Blue (Fig. 5B). Thus, these results suggested
that CRTH2 antagonism effectively ameliorated pulmonary vascular
permeability in LPS-induced ALI mice.

3.5. CT-133 decreased LPS-induced MPO activity in the lungs

MPO is produced by activated neutrophils and is an important
marker of neutrophil infiltration and lung tissue damage (Moraes et al.,
2006). Increases in MPO activity reflect the increased accumulation of
activated neutrophils in the lung. MPO activity was significantly higher
in the lung tissues from the LPS-treated mice than from the control
group (P < 0.01). CT-133 at 10 and 30mg/kg (both P < 0.01) or Dex
at 1mg/kg (P < 0.01) treatment markedly attenuated the MPO ac-
tivity, with CT-133 again showing a dose dependence (Fig. 6A). CRTH2
receptor blockade with CT-133 therefore inhibited the infiltration of
neutrophils into the alveolar and interstitial spaces.

3.6. CT-133 attenuated the in vitro PGD2-induced neutrophil migration

The direct effect of CT-133 on the migration of neutrophils was
evaluated using transwell assays because the primary cause of ALI
symptoms is the deleterious inflammatory mediators released by neu-
trophils. The characteristics of isolated neutrophils were evaluated by
Wright-Giemsa staining and cell viability determinations were per-
formed (data not shown). Activated PGD2/CRTH2 receptors promote
neutrophil migration and its functioning (Ishii et al., 2012; Jandl et al.,
2016), therefore, we used PGD2 as a chemoattractant. After 4 h of in-
cubation, a significant neutrophil migration towards PGD2 ranging from
1 to 10 μM (P < 0.05 or P < 0.01) was noticed (Fig. 6B). Pretreatment
of neutrophils with CT-133 at 1 and 10 μM (both P < 0.01) or OC459
at 10 μM (P < 0.01) substantially attenuated 1 μM of PGD2-induced
neutrophil migration (Fig. 6C). Collectively, these data indicated that
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CRTH2 antagonists significantly attenuated the neutrophil migration
toward PGD2.

3.7. LPS promoted PGD2 secretion from isolated peritoneal macrophages

Isolated peritoneal macrophages were treated with different con-
centrations of LPS to evaluate the amounts of extracellularly secreted
PGD2 protein using a PGD2 ELISA kit. LPS ranging from 0.01 to 10 μM
(all P < 0.01) treatment significantly promoted the secretion of PGD2

when compared to the vehicle treatment (Fig. 6D).

3.8. CT-133 reduced LPS- and PGD2-induced secretion of pro-inflammatory
cytokines and chemokines from RAW264.7 macrophages and isolated
peritoneal macrophages

Activation of PGD2/CRTH2 receptors on macrophages strikingly
worsens the disease condition by over-expression of pro-inflammatory
cytokines that serve as key factors in the pathogenesis of ALI (Jandl
et al., 2016). Therefore, the effect of CT-133 treatment on either LPS- or
PGD2-induced production of pro-inflammatory factors was also ex-
amined in macrophages. The MTT assay indicated that supplying LPS at

100 ng/ml plus CT-133 at dosages up to100 μM or PGD2 at 10 μM plus
CT-133 at dosages up to100 μM were not toxic to RAW264.7 macro-
phages or isolated peritoneal macrophages (data not shown). The ef-
fects of CT-133 on the expression of pro-inflammatory cytokines and a
chemokines were measured by ELISA. CT-133 at 10 and 100 μM dose-
dependently inhibited the protein expression of IL-1β, TNF-α, IL-6, and
KC (all P < 0.05 or P < 0.01) in response to LPS (Fig. 7A–D) or PGD2

(Fig. 7E–H) stimulation. Quantitative RT-PCR demonstrated that CT-
133 at 10 and 100 μM dose-dependently reduced the mRNA expression
of IL-1β, TNF-α, IL-6, and KC (all P < 0.05 or P < 0.01) in either LPS-
or PGD2-stimulated RAW264.7 macrophages (Fig. 8A–H) and in iso-
lated peritoneal macrophages (Fig. 9A–H). Thus, these in vitro results
were in agreement with the in vivo results shown in Fig. 4 and implied
that CRTH2 antagonism with CT-133 effectively ameliorated the pro-
duction of pro-inflammatory cytokines and chemokines from either
LPS- or PGD2-activated RAW264.7 macrophages and isolated peritoneal
macrophages as well.

3.9. CT-133 inhibited P65 activation in vitro and in vivo

The underlying mechanism by which CT-133 significantly inhibits

Fig. 2. Effect of CT-133 on BAL fluid inflammatory cell counting and classification, oxygen saturation (SO2) and lung weight coefficient. For acute pul-
monary injury, (A) CT-133 (10 and 30mg/kg) or Dex (1mg/kg) were intragastrically administered 1 h before and 12 h after intratracheal LPS instillation. BAL fluid
was collected 24 h after the LPS challenge to calculate the total number of cells, and the numbers of neutrophils, macrophages and lymphocytes. (B) Twenty-4 h after
LPS challenge, oxygen saturation (SO2) was measured in all mice with a Moor VMS-OXY™ monitor. (C) Twenty-4 h after LPS challenge, lung weight coefficient was
measured by dividing the individual lung weight of each mouse by its body weight. ##P < 0.01 versus NS + vehicle group; *P < 0.05, **P < 0.01 versus
LPS + vehicle group. Values are expressed as mean ± S.E.M., n = 12 for each group.
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the LPS-induced ALI was explored by Western blot assays. This in-
vestigation focused on the effects of CT-133 on LPS-induced NF-κB
pathway activation, because NF-κB is required for the activation of pro-
inflammatory mediators, infiltration of neutrophils and increases in
pulmonary vascular permeability (Bhatia and Moochhala, 2004;
Everhart et al., 2006; Matthay et al., 2012; Yang et al., 2012). Treat-
ment of RAW264.7 macrophages and lung tissues with LPS robustly
induced the phosphorylation and degradation of IκBα, thereby in-
creasing or decreasing the phosphorylated P65 or P65 levels, respec-
tively, when compared with the treatment with vehicle (Fig. 10A and
B). Treatment with CT-133 at 0.5, 1.0, 10, and 100 μM in RAW264.7
macrophages or at 10, and 30mg/kg in ALI mice dose-dependently
reduced the LPS-induced not only IκBα but also P65 activation and
robustly reversed LPS-induced IκBα as well as P65 degradation
(Fig. 10A and B). Thus, the CRTH2 receptor antagonist CT-133 pro-
tected the mice from LPS-induced ALI by most probably suppressing the
NF-κB signalling.

4. Discussion

The experimental outcomes presented here are the first to reveal the

significant effect of a CRTH2 antagonist on LPS-induced lung injury.
CRTH2 antagonism with CT-133 strikingly reduced many of the LPS-
induced cardinal features in the mouse ALI model, including neutrophil
and macrophage accumulation and pro-inflammatory cytokines and
albumin production in BAL fluid, hypoxemia, lung weight coefficient
increases, Evans blue exudation into the lungs, lung MPO activity and
lung histopathological changes. CT-133 treatment also significantly
minimised the in vitro PGD2-induced neutrophil migration and LPS/
PGD2-stimulated overexpression of pro-inflammatory cytokines and a
chemokine in RAW264.7 macrophages. CT-133 treatment also mark-
edly inhibited the LPS-induced activation of NF-κB at both the in vitro
and in vivo levels.

Excessive infiltration and accumulation of inflammatory cells, par-
ticularly neutrophils, in both alveolar and interstitial spaces is one of
the pivotal pathological hallmarks of lung injury (Li et al., 2016; Zhou
et al., 2011). A rapid and appropriate neutrophil influx is crucial for
clearance of alveolar pathogens and debris; however, neutrophilia may
contribute to extensive lung inflammation and substantially increased
alveolar-capillary membrane permeability due to the release of several
toxic mediators from the neutrophils (Bhattacharya and Matthay, 2013;
Chignard and Balloy, 2000). Notably, the finding of increased numbers

Fig. 3. Effect of CT-133 on pro-inflammatory cytokines (TNF-α, IL-β, IL-6) and a chemokine (KC) production in BAL fluids of LPS-induced ALI mice. BAL
fluid was collected and analysed for TNF-α (A), IL-β (B), IL-6 (C) and KC (D) levels using their respective ELISA kits. ##P < 0.01 versus vehicle + vehicle group;
*P < 0.05, **P < 0.01 versus LPS + vehicle group. Values are expressed as mean ± S.E.M., n = 12 for each group.
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Fig. 4. Effect of CT-133 on histopathological changes in the lungs of LPS-induced ALI mice. Paraffin-embedded lung sections from each experimental group
were stained with hematoxylin-eosin (H&E) for histopathological evaluation. (A) Representative images of lung tissues stained with H&E show oedema and in-
filtration of neutrophils and inflammatory cells. (B) Quantitative analysis of lung injury scored by two blinded pathologists with expertise in lung pathology.
##P < 0.01 versus vehicle + vehicle group; *P < 0.05, **P < 0.01 versus LPS + vehicle group. Values are expressed as mean ± S.E.M., n = 12 for each group.

Fig. 5. Effect of CT-133 on LPS-induced pul-
monary vascular permeability. Twenty-four
hours after LPS challenge, (A) albumin con-
centration in BAL fluid was measured using al-
bumin determination kits. (B) Evans blue dye
(50mg/kg) was injected into the caudal vein of
all mice 1 h before euthanasia. Pulmonary vas-
cular permeability was assessed by determining
the accumulation of Evans blue dye in the lung
tissue. ##P < 0.01 versus vehicle + vehicle
group; *P < 0.05, **P < 0.01 versus
LPS + vehicle group. Values are expressed as
mean ± S.E.M., n = 12 for each group. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the Web
version of this article.)
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of neutrophils in BAL fluid is closely related to the severity of lung
injury (Abraham, 2003; Grommes and Soehnlein, 2011), while the se-
verity of LPS-induced lung injury has been reduced by neutrophil de-
pletion in mice (Chignard and Balloy, 2000; Li et al., 2016).

In LPS-induced murine models, PGD2 is a critical mediator of
macrophage migration (Tajima et al., 2008), and activated PGD2/
CRTH2 receptors on macrophages orchestrate neutrophil recruitment
into the lung, augmenting the disease severity (Jandl et al., 2016).
CRTH2 acts as a critical regulator of neutrophil migration (Ishii et al.,
2012), because CRTH2 agonists trigger neutrophil migration (Shichijo
et al., 2003), while selective CRTH2 antagonists inhibit neutrophil
trafficking into the lung (Stebbins et al., 2010). Similarly, genetic ab-
lation of CRTH2 suppresses neutrophil migration in sepsis models (Ishii
et al., 2012) and increases the survival rate in ALI models (Suzuki et al.,
2016). In the present study, we find that intratracheal instillation of LPS
strikingly increases inflammatory cell counts, neutrophil infiltration
and MPO activity in the lungs, whereas CT-133 treatment markedly
ameliorates the LPS-induced increases in inflammatory cell and neu-
trophil numbers, reduced the MPO activity and lessened the lung

hypoxemia. These outcomes suggest that the protective effects of CT-
133 might be due to an inhibition of neutrophil migration and a re-
duction in pulmonary vascular permeability, via a CRTH2 receptor
blockade. Our further investigation confirms that CT-133 blocks PGD2-
induced neutrophil migration in vitro, and minimises the LPS-induced
accumulation of albumin in BAL fluid, Evans blue accumulation in
lungs and pulmonary oedema. Lung histological examinations and lung
injury scores also show that CT-133 attenuates the LPS-induced alveolar
wall damage, neutrophil infiltration and lung tissue injury.

Apart from neutrophil-mediated inflammation, the production of
pro-inflammatory cytokines and chemokines from PGD2/CRTH2 acti-
vated macrophages could further aggravate LPS-induced lung injury
(Eguchi et al., 2011; Jandl et al., 2016). Interestingly, genetic ablation
of CRTH2 diminishes the TNF-α production in sepsis, a common cause
of ALI (Ishii et al., 2012). However, the macrophage-derived IL-1β and
TNF-α, as early response cytokines following LPS-induced lung injury,
elicit an inflammatory cascade through direct damage to the vascular
endothelial and alveolar epithelial cells. This results in the secretion of
another pro-inflammatory cytokine, such as IL-6 (Mukhopadhyay et al.,

Fig. 6. Effect of CT-133 on lung MPO activity and in vitro PGD2-induced neutrophil migration, and assessment of LPS-induced secretion of PGD2 from
primary macrophages. (A) MPO activity from lung homogenates was measured using MPO kits. ##P < 0.01 versus vehicle + vehicle group; **P < 0.01 versus
LPS + vehicle group. Values are expressed as mean ± S.E.M., n = 12 for each group. (B and C) PGD2-induced neutrophil migration was evaluated using Boyden
chamber assay kits (3 μm pore size) in the presence or absence of CT-133. ##P < 0.01 versus vehicle + vehicle group; *P < 0.05, **P < 0.01 versus vehicle group
or PGD2 + vehicle group. Values are expressed as mean ± S.E.M., n = 3 for each group. (D) Supernatants from isolated primary macrophages pretreated with
different concentrations of LPS (0.01, 0.1, 1 and 10 μM) for 24 h, were harvested to measure the protein levels of PGD2 using a PGD2 ELISA kit. ##P < 0.01 versus
vehicle group. Values are expressed as mean ± S.E.M., n= 3 for each group.
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2006) and neutrophil chemokines, such as IL-8 (Kim et al., 2010),
thereby further intensifying the inflammation process. Notably, pro-
inflammatory cytokines including IL-1β, TNF-α, and IL-6 (Strieter and
Kunkel, 1994) and a chemokine IL-8 (Hammond et al., 1995; Singer and
Sansonetti, 2004) trigger an intense migration of neutrophils across the
endothelial barrier. Elevated levels of pro-inflammatory cytokines and
chemokines have been identified in BAL fluid of patients with ALI/
ARDS (Goodman et al., 1996), while attenuation of pro-inflammatory
cytokines and chemokines levels in LPS-induced animal models leads to
the reduced lung injury (Li et al., 2016). Similarly, in our study, LPS
exposure increases the expression of IL-1β, TNF-α, IL-6 and KC (the
mouse homologue of IL-8) in the BAL fluid of the murine ALI model
mice, when compared with control mice. However, CT-133 treatment
markedly suppresses this overexpression by blocking CRTH2. Likewise,

the ELISA and RT-PCR results reveal that LPS and PGD2 treatments of
RAW264.7 macrophages cause an overproduction of IL-1β, TNF-α, IL-6
and KC that closely reflects the pathogenesis of ALI (Hou et al., 2018).
CT-133 pretreatment noticeably inhibits this LPS- and PGD2-induced
overexpression. We also find that macrophage number is much lower in
the CT-133-treated (30mg/kg) group than in the LPS treated group,
suggesting that CRTH2 antagonism alters the macrophage influx and
alleviates the damage due to the pro-inflammatory mediators in the
LPS-induced mouse ALI model.

NF-κB plays a pivotal role in the transcriptional regulation of var-
ious inflammation-related genes. Elevated NF-kB levels have been re-
ported in LPS-induced ALI murine models (Xu et al., 2011; Yu et al.,
2013), and pharmacological inhibition of the NF-kB pathway sig-
nificantly decreases airway inflammation by inhibiting the MPO

Fig. 7. Effect of CT-133 on pro-inflammatory cytokines (TNF-α, IL-β, IL-6) and a chemokine (KC) secreted from LPS- or PGD2-stimulated RAW264.7
macrophages. RAW264.7 macrophages were pretreated with CT-133 for 1 h and further treated with CT-133 and LPS/PGD2 for 24 h, and then the culture medium
was harvested to measure the levels of secreted IL-β (A and E), TNF-α (B and F), IL-6 (C and G) and KC (D and H) using respective ELISA kits. ##P < 0.01 versus
vehicle + vehicle group; *P < 0.05, **P < 0.01 versus LPS/PGD2 + vehicle group. Values are expressed as mean ± S.E.M., n = 3 for each group.
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section, pulmonary vascular permeability and pro-inflammatory med-
iator production (Feng et al., 2015; Nathens et al., 1997). Inhibition of
NF-κB activation also suppresses the pathological changes in murine
ALI models (Oishi et al., 2012). Accumulated evidence has revealed that
NF-κB activation is accompanied by phosphorylation and degradation
of IκBα, which ultimately promotes P65 phosphorylation and translo-
cation into the nucleus, where it drives expression of specific target
genes (Scott et al., 1993). In our study, we find that an LPS challenge
significantly increased IκBα and P65 phosphorylation in the lung tis-
sues and RAW264.7 macrophages, whereas CT-133 treatment dose-
dependently and markedly inhibits the activation of NF-κB signalling.
Taken together, these findings indicate that the inhibition of the NF-kB
pathway plays a role in the protection of CT-133 against LPS-induced
ALI.

5. Conclusion

Taken together, this study confirms that CRTH2 antagonism with
CT-133 has a potent protective effect against LPS-induced ALI. This
effect arises through attenuation of alveolar neutrophil and macro-
phage infiltration, reductions in pulmonary vascular permeability, and
amelioration of the production of pro-inflammatory cytokines and
chemokine production. The underlying mechanism is possibly related
to an inhibition of the NF-κB signalling pathway. Therefore, CRTH2
appears to be a novel and promising candidate target for the future
management of ALI.
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Fig. 9. Effect of CT-133 on mRNA expression of pro-inflammatory cytokines (TNF-α, IL-β, IL-6) and a chemokine (KC) in LPS- and PGD2-stimulated primary
macrophages. Primary macrophages were pretreated with CT-133 for 1 h and further treated with CT-133 and LPS/PGD2 for 24 h, and then total RNA was extracted
for analysis of expression of IL-β (A and E), TNF-α (B and F), IL-6 (C and G) and KC (D and H) using RT-PCR. ##P < 0.01 versus vehicle + vehicle group; *P < 0.05,
**P < 0.01 versus LPS/PGD2 + vehicle group. Values are expressed as mean ± S.E.M., n = 3 for each group.

Fig. 10. Effect of CT-133 on the activation of NF-
κB signalling pathway in response to LPS-stimu-
lation in RAW 264.7 macrophages or lungs. (A)
RAW264.7 macrophages were pretreated with CT-
133 (0.5, 1, 10 and 100 μM) for 1 h before LPS
(100 ng/ml) treatment for 1 h. (B) Preserved lung
tissues were homogenized in RIPA buffer to extract
the total protein. Total proteins were subjected to
Western blot analysis with the indicated antibodies.
β-actin was used as an internal control. All experi-
ments were repeated at least three times.
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