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All-trans retinoic acid promotes macrophage
phagocytosis and decreases inflammation via
inhibiting CD14/TLR4 in acute lung injury
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Abstract. Acute lung injury (ALI) is a common clinical
emergency and all-trans retinoic acid (ATRA) can alleviate
organ injury. Therefore, the present study investigated the role
of ATRA in ALI. Lipopolysaccharide (LPS)-induced ALI
rats were treated with ATRA and the arterial partial pres-
sure of oxygen (Pa0,), lung wet/dry weight (W/D) ratio and
protein content in the bronchial alveolar lavage fluid (BALF)
were measured to evaluate the effect of ATRA on ALI rats.
Alveolar macrophages were isolated from the BALF. The
phagocytic function of macrophages was detected using the
chicken erythrocyte phagocytosis method and flow cytometry.
The viability of macrophages was measured using a Cell
Counting Kit-8 assay, and apoptosis was analyzed using a
TUNEL assay and flow cytometry. The expression levels
of Toll-like receptor 4 (TLR4) and cluster of differentiation
(CD)14 on the macrophage membrane were detected by
immunofluorescence staining. The protein levels of TLR4,
CD14, phosphorylated (p)-65, p65, p-IkBa and IkxBa were
analyzed using western blotting. The concentrations of IL-6,
IL-1p and macrophage inflammatory protein-2 in the plasma
of rats were detected by ELISA. Macrophages were treated
with TAXO-102 (TLR4 inhibitor) to verify the involve-
ment of CD14/TLR4 in the effect of ATRA on ALI. ATRA
provided protection against LPS-induced ALI, as evidenced
by the increased PaO, and reduced lung W/D ratio and protein
content in the BALF. ATRA enhanced macrophage phagocy-
tosis and viability and reduced apoptosis and inflammation
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in ALI rats. Mechanically, ATRA inhibited CD14 and TLR4
expression and NF-kB pathway activation. ATRA enhanced
macrophage phagocytosis and reduced inflammation by
inhibiting the CD14/TLR4-NF-kB pathway in LPS-induced
ALI In summary, ATRA inactivated the NF-xB pathway
by inhibiting the expression of CD14/TLR4 receptor in the
alveolar macrophages of rats, thus enhancing the phagocytic
function of macrophages in ALI rats, improving the activity
of macrophages, inhibiting apoptosis, reducing the levels of
inflammatory factors, and consequently playing a protective
role in ALI model rats. This study may offer novel insights for
the clinical management of ALI.

Introduction

Acute lung injury (ALI), a severe heterogeneous clinical
syndrome of lung injury, is mainly responsible for most acute
respiratory symptoms (1). Pathologically, it is often characterized
by diffuse alveolar injury and regional alveolar hypoxia (1,2).
Acute inflammation is closely implicated in the pathogenesis of
ALI (3). The diagnosis of ALI is usually based on clinical and
imaging criteria with great diagnostic uncertainty (1). Currently,
standard therapies for ALI, such as prone position and neuro-
muscular blockade, are mainly focused on lung protection, but
with limited efficacy (4,5). Therefore, novel diagnostic markers
and effective treatments for ALI at the molecular level are
required to be explored from a pathophysiological perspective.

Vitamin A and its metabolites such as retinoic acid (RA)
and all-trans RA (ATRA) serve a vital role in maintaining the
balance of immune responses and regulating developmental
abnormalities, such as respiratory system defects and lung
agenesis (6,7). As an endocrine hormone, ATRA can trigger
genomic effects (8). Compelling evidence reveals that ATRA
can effectively alleviate organ injury, including kidney and
liver injury (9,10). In addition, ATRA can relieve chronic
inflammation-induced emphysema characterized by alveolar
wall destruction (11). However, the effect of ATRA on ALI
remains to be elucidated.

Alveolar macrophages, a type of tissue-resident macro-
phage, can regulate pathogen-induced immune responses and



2 LI et al: ATRA AND CD14/TLR4-NF-xB IN ALI

contribute to maintaining the homeostasis of the lung (12).
Alveolar macrophages possess powerful phagocytosis that can
keep the airway free of bacteria and foreign particles, thereby
protecting against lung injury (13). In addition, alveolar macro-
phages are intimately associated with lung inflammation (14).
Mechanically, the role of macrophages is mediated by a series
of receptors on their surface, of which toll-like receptor 4
(TLR4) and cluster of differentiation (CD) 14 are the two most
important (15).

Therefore, it is reasonable to hypothesize that ATRA serves
a vital role in lipopolysaccharide (LPS)-induced ALI with the
involvement of CD14 and TLR4 in macrophages. Consequently,
the present study sought to identify the role of ATRA in ALI
and to explore the related regulatory mechanism, which may
provide novel insights into the therapies for ALI.

Materials and methods

Ethics statement. All animal procedures were performed
in accordance with the guidelines of the Animal Ethics
Committee of Shanxi Provincial People's Hospital and ethics
approval was received (approval no. 2019-56). Significant
efforts were made to minimize animal numbers and their
suffering.

Bioinformatics analysis. Signaling pathway enrichment anal-
ysis was performed using the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database (https://www.kegg.jp).

Establishment of the ALI rat model and rat grouping. A
total of 30 adult male Sprague-Dawley (SD) rats (8-10 weeks;
220-270 g) were provided by Shanghai SLAC Laboratory
Animal Co., Ltd. [SYXK (Shanghai) 2018-0038]. Rats were
placed in a clean environment (20°C; 50-60% humidity)
and raised under a 12-h light/dark cycle. All animals were
euthanized by an intraperitoneal injection of pentobarbital
sodium (=100 mg/kg).

SD rats were randomly allocated to the ALI, ATRA and
control groups, with 10 rats in each group. LPS solution
(10 mg/ml; Sigma-Aldrich; Merck KGaA) was prepared
with normal saline. Rats in the ALI and ATRA groups were
injected with 5 mg/kg LPS solution via the caudal vein. In
addition, 5 days before LPS injection, rats in the ALI group
were administered olive oil (0.5 ml/kg/time) by gavage
once a day and then intraperitoneally injected with 1 ml/kg
olive oil after LPS injection. Meanwhile, 5 days before LPS
injection, rats in the ATRA group were administered olive
oil containing 30 mg/kg ATRA (0.5 ml/kg/time) by gavage
once a day and then intraperitoneally injected with 1 ml/kg
olive oil containing 5 mg/kg ATRA. Rats in the control group
were administered equal amount of normal saline for 7 days.
On day 7, 24 h after an intraperitoneal injection of ATRA, rats
in each group were euthanized and sampled (16).

Detection of arterial partial pressure of oxygen (Pa0,). The
rats were anesthetized by intraperitoneal injection of 50 mg/kg
pentobarbital sodium (17). Then, 2 ml blood was collected from
the external carotid artery using a blood gas needle. Blood gas
was analyzed using an ABL 700 Radiometer (Radiometer
Trading) blood gas analyzer.

Detection of lung wet/dry weight (W/D) ratio. After the rats
were euthanized, the lung tissues were removed, and water and
blood were removed from the surface of the lung tissues. The
lung tissues were weighed using an electronic balance (wet
weight), wrapped in tin foil paper, dried in an oven at 70°C
for 72 h and weighed (dry weight). The W/D ratio of the lung
tissues was calculated.

Detection of the protein content in the bronchial alveolar
lavage fluid (BALF). After the rats were euthanized, the lung
tissues of rats in each group were removed and subjected to
lavage three times repeatedly with phosphate-buffered saline
at 4°C and 5 ml each time with a total perfusion amount of
15 ml/rat and then BALF was harvested. Following centrifu-
gation (4°C; 2,500 x g; 10 min), the supernatant was collected
for the determination of the total protein level using the bicin-
choninic acid (BCA) kit (Thermo Fisher Scientific, Inc.) (18).

Hematoxylin and eosin (H&E) staining. The right lungs of
rats were immersed in formalin at 25°C for 24 h, embedded
in paraffin and sliced into 4-um-thick sections. The sections
were then dewaxed in xylene at 25°C and rehydrated with
gradient ethanol. The sections were subsequently stained with
100 g1 hematoxylin solution (cat. no. PT001; Shanghai Bogoo
Biological Technology Co., Ltd.) for 10 min and eosin solution
(cat. no. G1424; Beijing Solarbio Science & Technology Co.,
Ltd.) for 3 min, both at 25°C. The sections were observed and
photographed under a light microscope (magnification, x200).
The lung injury score was assessed according to the American
Thoracic Society ALI pathological score system (19). Lung
injury included the following categories: Alveolar congestion,
bleeding, infiltration or aggregation of interstitial neutrophils
or neutrophils in the vessel wall, alveolar septum thickening,
or hyaline membrane formation. It was classified into four
grades: 0, no or very slight injury; 1, mild injury; 2, moderate
injury; 3, severe injury; and 4, very severe injury. The total
score of cumulative lesions was used as the pathological score
for ALI. A high score indicated serious injury (19).

Preparation and grouping of the macrophages. A total
of three rats were randomly selected from each group. The
BALF was collected and centrifuged (20°C; 2,000 x g;
30 min) and the precipitate harvested. The cells were resus-
pended in RMPI-1640 medium (Thermo Fisher Scientific,
Inc.) containing 10% fetal bovine serum (Sangon Biotech
Co., Ltd.). The cell suspension was placed in a glass culture
dish and incubated for 2 h (37°C; 5% CO,; 95% humidity).
The cell suspension was removed and the culture dish was
repeatedly washed with normal saline. The washing solution
containing adherent cells was collected and centrifuged at 4°C
and 250 x g for 10 min to obtain alveolar macrophages. The
cell concentration was adjusted to 1x10° cells/ml using PBS for
subsequent experiments (20).

The macrophages extracted from normal, ALI and
ATRA-treated ALI rats were grouped into control, ALI and
ATRA groups, respectively. The TLR4 inhibitor IAXO0-102
(10 uM) (MedChemExpress) was added to the ALI and ATRA
groups for interference, with the addition of PBS as control,
which were recorded as ALI + PBS, ALI + IAXO-102, ATRA
+ PBS and ATRA + IAXO-102 groups, respectively.
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Detection of myeloperoxidase (MPO) activity. Macrophages
were re-suspended in a 4-fold volume of MPO buffer and
then centrifuged (4°C; 13,000 g; 10 min). The supernatant
was collected, transferred to a clean tube and placed on ice.
MPO activity was determined using the MPO activity assay
kit (cat. no. abl05136, Abcam). The optical density (OD)
at 460 nm was determined using a microplate reader (Bio-Rad
Laboratories, Inc.).

Detection of the phagocytic function of the macrophages. The
chicken erythrocyte phagocytosis method was used. Briefly,
the prepared macrophages were suspended in culture medium
and mixed well. Following the addition of Hanks solution, the
macrophages were evenly mixed with an appropriate amount
of chicken erythrocytes (Thermo Fisher Scientific, Inc.). The
ratio of macrophages to chicken erythrocytes was adjusted
to approximately 1:600. The mixture was incubated at 37°C
for 0.5 h after being agitated and mixed every 10 min and
then centrifuged (25°C; 1,000 x g; 10 min). Afterwards, the
cell suspension was dropped onto a slide for a cell suspen-
sion smear preparation. The slides were fixed using acetone
and methanol (1:1) at room temperature for 10 min and then
Giemsa staining solution was added for an 8-min incubation at
room temperature. The number of macrophages phagocytizing
chicken erythrocytes in 100 macrophages was observed under
a light microscope (magnification, x400). The phagocytic
rate=the number of macrophages phagocytizing chicken
erythrocytes in 100 macrophages/100 and the phagocytic
index=the total number of chicken erythrocytes phagocytized
by 100 macrophages/100.

Flow cytometry was performed. Macrophages in each
group were seeded onto 12-well plates (5x10* cells/well) and
1 ul fluorescein isothiocyanate (FITC)-labeled fluorescent
microspheres (4.55x10” microspheres with a diameter of 1 ym)
was added to each well for 2-h at 37°C. Following removal
of the culture supernatant, macrophages were detached with
0.25% trypsin, washed three times with PBS and fixed with
4% paraformaldehyde at room temperature for 20 min. The
mean fluorescence intensity (MFI) of the macrophages and
the percentage of phagocytizing fluorescent microspheres
(phagocytic fluorescent microspheres) were measured using
a flow cytometer (MoFlo Astrios EQ; Beckman Coulter, Inc.).
Higher MFI values and percentages of phagocytic positive
cells indicated a stronger phagocytic ability.

Reverse transcription quantitative (RT-q) PCR. Total RNA
was extracted using TRIzol® reagent (Invitrogen; Thermo
Fisher Scientific, Inc.) and reverse transcribed into cDNA
using the PrimeScript RT kit (cat. no. RR037A, Takara Bio,
Inc.). The reaction volume was 10 pl. The reaction solution
was then subjected to fluorescence qPCR using the SYBR®
Premix ExTaq II kit (cat. no. RR820A, Takara Bio, Inc.) on a
fluorescent qPCR instrument (ABI 7500; Applied Biosystems;
Thermo Fisher Scientific, Inc.). The following thermocycling
conditions were used for the qPCR: Initial denaturation for
1 min at 95°C; followed by 40 cycles of 15 sec at 95°C, 30 sec
at 55°C, and 35 sec at 72°C; followed by a final extension for
30 sec at 95°C and 35 sec at 55°C (21). Relative expression of
genes was examined using the 2244 method (22), with GAPDH
as the internal reference. The experiments were repeated three

times. The experiment was repeated three times. The primers
(Table I) were synthesized by Sangon Biotech Co., Ltd.

Cell Counting Kit-8 (CCK-8) assay. Macrophage cells
(5,000 cells/well) in each group were seeded onto 96-well
plates. After 48 h of culture, cell viability was measured
according to the manufacturer's instructions of the CCK-8
detection kit (R&D Systems, Inc.). The OD value at 450 nm of
each well was detected.

TUNEL staining. The macrophages were rinsed with PBS for
5 min, fixed in 4% paraformaldehyde at room temperature for
30 min and washed with PBS three times (5 min/time). Next,
the macrophages were permeated with 0.1% Triton X-100 for
10 min, rinsed twice with PBS (5 min/time) and then added to
the TUNEL detection solution (Sigma-Aldrich; Merck KGaA)
for incubation (37°C; 60 min) in the dark. After being washed
with PBS for 5 min, the macrophages were stained with 5 mg/1
4',6-diamidino-2-phenylindole (DAPI) for 10 min at room
temperature and washed with PBS three times (5 min/time).
An anti-fade mounting medium was used for sealing. The
images were collected under a fluorescence inverted micro-
scope (Olympus Corporation). A total of five visual fields
(magnification, x200) were randomly selected. The images
were analyzed using Image-Pro Plus 6.0 (Media Cybernetics,
Inc.) and the apoptosis rate was calculated.

Detection of apoptosis using flow cytometry. Cell apoptosis
was analyzed using an Annexin-V-FITC cell apoptosis detec-
tion kit (BioVision Inc.), according to the manufacturer's
protocol. Annexin-V-FITC, propidium iodide (PI) and HEPES
buffer solution were prepared as the Annexin-V-FITC/PI
staining solution at the ratio of 1:2:50. Macrophages were
detached using trypsin, washed with PBS and stained with
Annexin-V-FITC/PI staining solution at room temperature for
15 min in the dark. The apoptosis rate was detected using a
flow cytometer (MoFlo Astrios EQ, Beckman Coulter, Inc.).
The lower left quadrant (Q4) on the scatter plot showed healthy
living cells; the upper left quadrant (Q1) showed mechanically
damaged cells; the lower right quadrant (Q3) showed early
apoptotic cells and the upper right quadrant (Q2) showed
necrotic and late apoptotic cells. The apoptotic rate=early
apoptosis percentage (Q3) + late apoptosis percentage (Q2).

Enzyme-linked immunosorbent assay (ELISA). Carotid artery
blood was collected for the assessment of IL-6 (cat. no. DY406),
IL-1f (cat. no. MLBOOC) and macrophage inflammatory
protein-2 (MIP-2; cat. no. 1084-M2) in plasma using ELISA
kits (R&D Systems, Inc.). The OD value at 450 nm was
determined.

Immunofluorescence. The frozen tissues (-15°C) were sectioned
(10-pm thick) using a freezing microtome. The frozen sections
were washed with PBS and the membranes were permeated
with 0.3% Triton X-100 (50 ul) by gavage at room temperature
for 15 min. The antigen was extracted using sodium citrate solu-
tion and the sections were incubated with normal goat serum
(Sangon Biotech Co., Ltd.). The sections were cultured with
the antibodies against TLR4 (cat. no. ab13556, 1:500, Abcam)
and CD14 (cat. no. ab183322, 1:100, Abcam) at 4°C overnight.
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Table I. Primer sequences used for reverse transcription-
quantitative PCR.

Gene Primer sequence (5'—3")
Toll-like F: ACAAGGCATGGCATGGCTTACAC
receptor 4 R: TGTCTCCACAGCCACCAGATTCTC
CD14 F: ACTTCTCAGATCCGAAGCCAG

R: CCGCCGTACAATTCCACAT
IxB F: GCTGAAGAAGGAGCGGCTACT

R: TCGTACTCCTCGTCTTTCATGGA
P65 F: ACAACCCCTTCCAAGTTCCT

R: ATCTTGAGCTCGGCAGTGTT
GAPDH F: GGGTGATGCTGGTGCTGAGTATGT

R: AAGAATGGGAGTTGCTGTTGAAGT

F, forward; R, reverse.

After 1 h of incubation at room temperature, the sections were
cultured with goat anti-rabbit antibody immunoglobulin G
(IgG) (cat. no. ab205718, 1:2,000, Abcam) containing FITC for
1 h at room temperature. The nuclei were stained with DAPI
at room temperature for 5 min and the cells were observed
under a Biorevo BZ9000 fluorescence microscope (Keyence
Corporation; magnification, x200) in five randomly selected
fields of view.

Western blot (WB analysis). Total protein was extracted using
RIPA lysis buffer containing phenylmethanesulfonyl fluoride
(Beyotime Institute of Biotechnology). Protein concentra-
tion was determined using the BCA protein quantitative
kit (Wuhan Boster Biological Technology, Ltd.) and 50 ug
protein/lane was separated by 10% SDS-PAGE, transferred
to polyvinylidene fluoride membranes and blocked with 5%
bovine serum albumin (Sangon Biotech Co., Ltd.) at room
temperature for 2 h to block nonspecific binding. The diluted
primary antibodies rabbit anti-mouse TLR4 (cat. no. ab217274,
1:300, Abcam), CD14 (cat. no. ab221678, 1:1,000, Abcam), P65
(cat. no. ab16502, 1:1,000, Abcam), p-P65 (cat. no. ab194726,
1:500, Abcam), IkBa (cat. no. ab32518, 1:1,000, Abcam),
p-IxBa (cat. no. ab133462, 1:1,000, Abcam) and p-actin
(cat. no. ab8227, 1:2,000, Abcam) were added for overnight
incubation at 4°C. The membranes were washed and then
cultured with horseradish peroxidase-labeled goat anti-rabbit
IgG (cat. no. ab205718, 1:2,000, Abcam) for 1 h at room
temperature. An enhanced chemiluminescence working
solution (EMD Millipore) was used for membrane develop-
ment. Image-Pro Plus 6.0 (Media Cybernetics, Inc.) was used
to quantify the gray value of bands in WB images. 3-actin
served as the internal control.

Statistical analysis. All data were analyzed using SPSS v21.0
(IBM Corp.). First, the normality and homogeneity of vari-
ance tests verified that the data were normally distributed
and showed homogeneity of variance. The measurement data
were represented as mean + standard deviation. Comparison
between two groups was performed using an independent
sample t-test. Comparisons among groups were analyzed

using one-way or two-way analysis of variance followed by
Tukey's multiple comparisons test. P<0.05 was considered to
indicate a statistically significant difference.

Results

ATRA exhibits protective effects on LPS-induced ALI
rats. The rat model of ALI was induced by LPS injection.
Compared with the ALI + saline group, there were no signifi-
cant differences in PaO,, BALF protein content and W/D
ratio in the ALI + olive group (Supplementary materials and
methods; Supplementary results; Fig. S1). In addition, 5 mg/kg
ATRA demonstrated an improved protective effect on ALI
rats following LPS injection (Supplementary materials and
methods; Fig. S2). Therefore, 5 mg/kg ATRA was used in the
following experiment. The arterial blood and BALF of ALI
rats and control rats at 24 h after modeling were collected to
determine PaO, concentration and protein content. ALI rats
showed significantly increased protein content in BALF and
decreased PaO, concentration (both P<0.01; Fig. 1A and B).
The lung W/D ratio was measured, and it was observed that
the lung W/D ratio was significantly increased in ALI rats
(P<0.01; Fig. 1C). The above results indicated that the ALI rat
model was successfully induced.

ATRA has a variety of biological functions, including
affecting the cell proliferation cycle, immune cell functional
molecule expression and various cytokine secretions (23).
However, the effect and mechanism of ATRA in LPS-induced
ALI rats require further study. Therefore, LPS-induced ALI
rats were treated with ATRA. ATRA treatment markedly
increased PaO, concentration and reduced protein content and
lung W/D ratio (all P<0.05; Fig. 1A-C). Additionally, the path-
ological changes in lung tissues were measured using H&E
staining to assess the tissue injury. The results revealed that
ALI rats exhibited abundant inflammatory cells in the alveolar
cavity of lung tissues, massive exudate and clearly dilated and
congested pulmonary interstitial capillaries (P<0.01), while
ATRA treatment effectively reversed all these trends (P<0.01;
Fig. 1D). The lung injury score of rats in the ATRA group
was significantly reduced (Fig. 1E). Thus, ATRA possessed
protective effects in LPS-induced ALI rats.

ATRA enhances macrophage phagocytosis in ALI rats. A
previous study hypothesized that the phagocytic function of
macrophages is crucial for maintaining tissue homeostasis
and is closely associated with inflammation and immune
response (24). Therefore, it was important to explore the func-
tion of alveolar macrophages in ALI. BALF was collected
and alveolar macrophages were isolated and purified. MPO
activity of alveolar macrophages was measured using an MPO
kit. As demonstrated by the results, macrophages in the ALI
group showed noticeably increased MPO activity compared
with the control cells, which then decreased after ATRA
treatment (both P<0.01; Fig. 2A). Next, the phagocytic rate
and phagocytic index of macrophages were detected using the
chicken erythrocyte phagocytosis method. It was observed
that the phagocytic rate and phagocytic index were notably
decreased in ALI-induced macrophages and ATRA treatment
effectively enhanced the phagocytic rate and index of alveolar
macrophages (all P<0.01; Fig. 2B and C). Flow cytometry
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Figure 1. ATRA possesses protective effects on LPS-induced ALI rats. (A) Protein content in BALF detected using a kit. (B) PaO, in arterial blood detected
using a blood gas analyzer. (C) Lung W/D ratio. (D) Lung tissue injury observed with hematoxylin and eosin staining. Magnification, x200. (E) Lung injury
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was used to detect phagocytosis of fluorescent microspheres
by macrophages. It was found that macrophages in the ALI
group exhibited clearly reduced MFI values and percentage
of phagocytic positive cells and ATRA treatment partially
reversed these trends (all P<0.01; Fig. 2D and E). Briefly, it was
demonstrated that ATRA enhanced the phagocytic function of
macrophages in ALI rats.

ATRA increases viability and inhibits the apoptosis of
macrophages and inflammation in ALI rats. The effects of
ATRA on the viability and apoptosis of macrophages in ALI
rats were assessed. CCK-8 assay revealed that ATRA treat-
ment markedly increased the viability of macrophages (all
P<0.01; Fig. 3A). According to TUNEL and flow cytometry,
macrophages in the ALI group showed markedly elevated
apoptosis, which was then notably reduced after ATRA
treatment (all P<0.01; Fig. 3B and C).

Macrophage activation is closely associated with inflamma-
tory responses (25). Hence, levels of inflammatory cytokines
(IL-6, IL-1p and MIP-2) in the plasma of rats in each group
were detected using ELISA kits. ATRA-treated ALI rats
exhibited noticeably reduced levels of inflammatory cytokines
(all P<0.01; Fig. 3D-F). These results revealed that ATRA

increased the viability and inhibited apoptosis of macrophages
and decreased inflammatory cytokine levels in ALI rats.

ATRA inhibits CDI14 and TLR4 upregulation and downstream
NF-xkB pathway activation in LPS-induced ALI rat
macrophages. CD14 and TLR4 are important receptors in the
LPS signal transduction pathway (26). Therefore, CD14 and
TLR4 expression levels on the macrophage membrane were
detected using immunofluorescence and CD14 and TLR4
protein levels were detected using WB. CD14 and TLR4
expression levels were clearly upregulated in macrophages in
the ALI group and notably decreased following ATRA treat-
ment (Fig. 4A). RT-qPCR and WB results further confirmed
the above results (all P<0.01; Fig. 4C and D). Briefly, it was
demonstrated that ATRA treatment inhibited CD14 and TLR4
expressions in macrophages. Furthermore, according to the
KEGG database, there are many pathways downstream of
CDI14/TLR4 receptors (Fig. 4B), among which the NF-kB
pathway serves a key role in ALI (27,28). Therefore, the
mRNA and proteins of the NF-«kB pathway were detected
using RT-qPCR and WB. The mRNA expression of P65 and
IxBa was increased in macrophages in the ALI group and the
protein ratios of p-P65/P65 and p-IkBo/IkBa were also clearly
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elevated, while ATRA treatment effectively reduced these
mRNA expressions and protein ratios (all P<0.01; Fig. 4C).
Taken together, ATRA inhibited CD14/TLR4 expression and
NF-«xB pathway activation in macrophages in LPS-induced
ALI rats.

ATRA enhances macrophage phagocytosis and reduces
inflammation via inhibiting CDI14/TLR4 in ALI rats. To clarify
the specific regulatory mechanism of ATRA in macrophage
phagocytosis in ALI rats, the ALI group (ALI + IAXO-102)
and ATRA group (ATRA + IAXO-102) were treated with the
TLR4 inhibitor IAX0O-102, with the addition of PBS as the
control. TLR4 expression, and mRNA expression and protein
levels of the NF-xB pathway were detected using RT-qPCR
and WB. The results revealed that TLR4 expression, mnRNA
expression of P65 and IkBa, and protein levels of p-P65/P65
and p-IxBa/IkBa were notably decreased after the addition
of TLR4 inhibitor IAXO0-102 (all P<0.01; Fig. 5A and B).
Compared with those in the ALI + PBS group, macrophages
in the ALI + TAXO-102 group and the ATRA + PBS group
showed clearly decreased MPO activity, and macrophages
in the ATRA + TAXO-102 group exhibited the most reduced
MPO activity (all P<0.01; Fig. 5C). According to the flow
cytometry results, the MFI value and percentage of phagocytic
positive cells were markedly higher in the ALI + IAXO-102
group and the ATRA + PBS group compared with the
ALI + PBS group and the ATRA + TAXO-102 group showed

the highest MFI value and percentage of phagocytic positive
cells (all P<0.01; Fig. 5D and E). ELISA results revealed that
the ALI + IAXO-102 group and ATRA + PBS group presented
markedly reduced levels of inflammatory cytokines in plasma
and the ATRA + IAXO-102 group exhibited the lowest levels
of inflammatory cytokines (all P<0.01; Fig. 5F). Meanwhile,
no notable difference in the indicators was found between the
ALI + IAXO-102 group and the ATRA + PBS group (P>0.05).
In summary, ATRA enhanced macrophage phagocytosis
and reduced inflammatory cytokine levels by inhibiting
CDI14/TLR4 in LPS-induced ALI rats.

Discussion

ALI is a serious heterogeneous lung disease often accompa-
nied by lung inflammation and alveolar macrophages have
been demonstrated to participate in lung inflammation owing
to their phagocytosis (4,29). ATRA has been demonstrated to
serve a potential regulatory role in multiple cellular processes
such as cell activity and inflammation (30,31). The present
study demonstrated that ATRA promoted macrophage
phagocytosis and reduced inflammation in LPS-induced ALI
rats by inhibiting the CD14/TLR4-NF-«B pathway.

ATRA is a carboxyl form of vitamin A (32) and exerts
protective effects against liver and kidney injury (33,34). In
addition, ATRA is closely associated with lung diseases (35,36).
However, little is known about the specific role of ATRA
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macrophage inflammatory protein-2.

in ALI It has been demonstrated that biomarkers in the
plasma and BALF can be used to evaluate ALI severity (37).
Decreased lung W/D ratio and protein content in BALF,
together with increased PaO,, are indicators of attenuated
ALI (38,39). According to the findings of the present study,
ATRA markedly increased PaO, in arterial blood and reduced
the protein content in BALF and lung W/D ratio in ALI rats,
along with effectively alleviating pathological lung injury. In
accordance with this, a previous study demonstrated that RA
possesses beneficial effects on injured lung tissues following
ALI (40). ATRA may help to alleviate transfusion-related
ALI (41). According to previous studies (32,42-44), olive
oil is usually selected as the control of ATRA treatment.
Accordingly, the present study used olive oil as the control of

ATRA treatment. Meanwhile, preliminary experiments were
conducted to exclude the possible influence of olive oil treat-
ment on this experiment (Fig. S2). The results of the present
study demonstrated that ATRA had protective effects on
LPS-induced ALI rats.

It has been demonstrated that macrophages are closely
implicated in ALI pathogenesis as a crucial organizer (45).
Alveolar macrophages alleviate ALI, which may be attributed
to their phagocytic functions (29). In the present study, BALF
was collected and alveolar macrophages were isolated and
purified. It was found that ALI rats showed notably decreased
macrophage phagocytosis, which was then clearly enhanced
following ATRA treatment. ATRA efficiently improves the
phagocytic function of macrophages (46). The effects of
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ATRA on macrophage viability and apoptosis in ALI rats
were further assessed. It was shown that ATRA treatment
markedly increased macrophage viability and reduced apop-
tosis. In agreement with these findings, alveolar macrophages
exhibit reduced cell viability and augmented apoptosis rate
in LPS-induced ALI (47). Furthermore, macrophage activity
is closely associated with the inflammatory response in
ALI (48). Hence, levels of inflammatory cytokines (IL-6,
IL-1f and MIP-2) were detected in the plasma of ALI rats
and were observed to be noticeably reduced in ATRA-treated

ALI rats. A previous study identified that RA helps to reduce
levels of proinflammatory cytokines, thereby attenuating lung
dysfunction (49). Taken together, the present study confirmed
that ATRA increased phagocytosis and promoted the viability
and inhibited apoptosis of macrophages as well as decreased
inflammation in ALI rats.

Subsequently, the underlying mechanism of ATRA in ALI
was explored. ALI may develop as a consequence of LPS
binding to its receptors, such as CD14 and TLR4 (50). TLR4 and
CD14 serve crucial roles in responding to inflammatory stimuli
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in macrophages (51,52). Based on the results of the present
study, CD14 and TLR4 expression were clearly upregulated in
ALI rat macrophages and notably decreased following ATRA
treatment. A previous study showed that CD14 and TLR4
expression is increased in LPS-induced ALI (53). RA receptor
agonists help to inhibit CD14 and TLR4 signaling and then
suppress the NF-xB pathway (44). It has been demonstrated
that TLR4 mediates the NF-kB pathway in macrophages and
they serve a crucial role in ALI (27,28,52). The present study
confirmed that the NF-xB pathway was notably activated

in ALI and ATRA treatment effectively inhibited NF-kB
pathway activation. A previous study demonstrated that
ATRA administration suppresses the TLR4/NF-«xB inflam-
matory pathway in diabetic nephropathy (54). In addition,
according to the functional rescue experiment results of the
present study, inhibition of TLR4 markedly enhanced the
efficacy of ATRA on ALI, as manifested by notably increased
macrophage phagocytosis and decreased inflammation in ALI
rats. Similarly, TLR4 downregulation in the lung is closely
associated with suppressed inflammation and lung injury (55).
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Suppression of TLR4 helps RA to attenuate the LPS-induced
inflammatory response (56). Taken together, ATRA inhibited
CD14/TLR4 expression and the downstream NF-«B pathway
activation in macrophages, thereby enhancing macrophage
phagocytosis and decreasing inflammation in ALI.

Overall, the present study found that ATRA promoted
macrophage phagocytosis and decreased inflammation via
inhibition of CD14/TLR4 expression and NF-xB pathway
activation in LPS-induced ALI. ATRA could affect macro-
phage function, and it exerted an effect on the expression of
CD14/TLR4 and alleviated the process of ALI. These results
revealed a novel ATRA-based therapy for ALI patients.
Although the present study provides therapeutic value for ALI
treatment, the experimental results and clinical application
need further validation.
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