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Abstract. Bioavailable and less toxic synthetic retinoids, such 
as the atypical adamantyl retinoid ST1926, have been well 
developed and investigated in clinical trials for many diseases. 
The aim of our study was to explore the role of ST1926 in 
lipopolysaccharide (LPS)-induced acute lung injury (ALI) 
and to reveal the possible molecular mechanism. Mice were 
treated with LPS to induce acute lung injury followed by 
ST1926 administration. After LPS induction, mice adminis-
tered with ST1926 showed lower inflammation infiltration in 
bronchoalveolar lavage (BAL) fluid, and pro-inflammatory 
cytokines, including interleukin-1β (IL-1β), IL-18, IL-6 and 
tumor necrosis factor-α (TNF-α) in serum and lung tissue 
samples obtained from mice. In addition, western blot assays 
suggested that ST1926 suppressed nuclear factor-κB (NF-κB), 
inhibitor-κB kinase-α (IκBα) and IκB kinase (IKKα), as well 
as Toll-like receptor 4 (TLR4) induced by LPS. In addition, 
reactive oxygen species (ROS) stimulated by LPS was also 
suppressed for ST1926 through inhibiting p38 and extracel-
lular receptor kinase (ERK) signaling pathway. Taken together, 
the data here indicated that ST1926 may be of potential value 
in treating acute lung injury through inflammation and ROS 
suppression via inactivating TLR4/NF-κB and p38/ERK1/2 
signaling pathways.

Introduction

Acute lung injury (ALI), and its more severe syndrome, acute 
respiratory distress syndrome (ARDS), is pulmonary inflam-
mation with devastating disorders, leading to diffuse alveolar 
damage, which causes hypoxemia, pulmonary edema as well 
as respiratory failure (1,2). The pediatric ALI incidence is 

high in developed countries (3). ALI is related to pediatric 
intensive care unit admissions, which causes an increasing of 
pediatric intensive care unit deaths (4). Previous studies for 
children and adults exhibit strong relationship between posi-
tive fluid balance and the worse outcomes, such as death, in 
patients with respiratory failure and/or ALI (5,6). In addition, 
a previous study indicated that the percentage of fluid overload 
has a close relationship with worse oxygenation, enhanced 
duration of mechanical ventilation, as well as increasing of 
hospital length stay (7). In children with ALI accordingly, only 
some of them were successfully being treated to prevent fluid 
overload (8,9). Thus, finding effective method and exploring 
the molecular mechanism are necessary.

Inflammatory response is the common pathological process, 
contributing to many diseases, which are regulated by nuclear 
factor-κB (NF-κB) signaling pathway  (10). As previously 
reported, TLR family plays an important role in pathogen recog-
nition and activation of innate immunity (11). Once activated 
by stimuli, TLRs family performs corresponding response by 
stimulating a cascade of various distinct events. The TLRs in a 
variety of formations exhibit different patterns for expression. 
Accumulating evidence has showed that Toll-like receptor 4 
(TLR4), stimulated by lipopolysaccharide (LPS), can induce 
acute lung injury by activating TLR4/NF-κB, associated with 
inflammation response (12-14). Additionally, reactive oxygen 
species (ROS) are linked to many diseases, such as diabetes, 
heart injury, liver injury and renal dysfunction. The species of 
ROS involve molecular oxygen, such as superoxide (O2

-) and 
hydrogen peroxide (H2O2). Excessive O2

- and H2O2 produce 
signaling responses, disrupting cellular processes and leading 
to tissue injury (15).

Retinoids regulate vital biological processes, including 
cellular proliferation, inflammation, apoptosis, and differen-
tiation (16-18). However, bioavailable and less toxic synthetic 
retinoids, such as the atypical adamantyl retinoid ST1926, 
have been developed and tested in clinical trials  (19). For 
example, ST1926 showed potential efficacy on solid tumors 
and hematological malignancies with minimal side effects 
or toxicity (20). Further, oral ST1926 is pharmacokinetically 
stable, bioavailable and pharmacologically attainable in the 
plasma of patients (21,22). Although this compound has been 
investigated in phase 1 clinical trials, it is still little known 
in acute lung injury treatment, especially from inflammation 
and ROS suppression. We explored the efficacy of ST1926 in 
acute lung injury models in vivo and in vitro to investigate its 
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underlying pharmacological mechanisms, which may be of 
potential value for acute lung injury treatment in children.

Materials and methods

Animal treatment. Sixty male, 6-week-old C57BL6 mice, 
weighing 20-22 g were purchased from experimental animal 
center of Nanjing Medical University of laboratory animal 
center. All the mice were carefully maintained at room 
temperature on a 12:12 h light:dark cycle, with free access to 
chow and water in the cages. This study was approved by the 
Ethics Committee on Animal Research at the Department 
of Pediatrics, Huai'an First People's Hospital, Nanjing 
Medical University, Nanjing, China. The mice were divided 
into 4 groups: the control group without LPS and ST1926 
administration (Con, n=15); LPS-induced group (15 mg/kg, 
n=15); 10 mg/kg ST1926-treated group after LPS treatment 
(ST1926/L, n=15); 20 mg/kg ST1926-treated group after 
LPS (ST1926/H, n=15) (23). After 7 days adaptation, mice 
from LPS group were treated by intraperitoneal injection 
with 15 mg/kg body weight LPS for 6 h. The control group 
was also administered with the same volume of Hanks' 
buffer. Then, the mice were administered with different 
concentrations of ST1926 via oral gavage for 2 weeks. The 
suspension was mixed in high concentration for use imme-
diately after it was ready within 1 min through oral gavage. 
ST1926, purchased from Sigma-Tau and Biogem (Ariano 
Irpino, Italy) was dissolved in distilled water. Then, all the 
mice were sacrificed. Eyeball blood was collected for the 
next investigation, and the whole lung tissues were carefully 
harvested on 4˚C glacial table.

Cell culture. Mouse lung epithelial cells, MLE-12, and 
human bronchial epithelial cells (NHBE) were obtained from 
Shanghai Haoran Biological Technology Co., Ltd. (Shanghai, 
China) and both cultured in Dulbecco's modified Eagle's 
medium (DMEM)/F12 containing 1% penicillin/streptomycin 
and 10% fetal bovine serum (FBS). All cells were cultured in 
a humidified atmosphere with 5% CO2 and 95% humidity at 
37˚C in an incubator. Cells were treated with 100 ng/ml LPS 
with or without different concentrations (4 µM, ST1926/L; 
8 µM, ST1926/H) of ST1926 for 24 h.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium 
bromide (MTT) assays. Lung epithelial cells (5x103) were 
planted into a 96-well plate (Corning Inc., Corning, NY, USA) 
per well. ST1926, from 0-8 µM, was added to the medium for 
24 h. The cells were then incubated at 37˚C in an incubator, 
and the cell viability was detected by the colorimetric MTT 
assay at 570 nm following the manufacturer's instructions 
(KeyGen Biotech, Nanjing, China).

Biochemical analysis. Levels of superoxide dismutase (SOD), 
Catalase (CAT) and malondialdehyde (MDA) in serum and 
lung tissue samples were determined by commercially avail-
able kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, 
China) according to the manufacturer's instructions.

The serum tumor necrosis factor-α (TNF-α, MTA00B), 
interleukin-1β (IL-1β, MLB00C) (both from R&D Systems, 
Minneapolis, MN, USA), IL-8 (BYL02382; Beinglay, 

Wuhan, China), IL-18 (DY122-05), IL-5 (M5000) (both from 
R&D Systems), IL-6 (BMS603; Bender MedSystems, Vienna, 
Austria), IL-12 (PK-EL-62216M; Promocell, Heidelberg, 
Germany), IL-10 (M1000B; R&D  Systems), and IL-17 
(BMS6001; Bender MedSystems) were measured according to 
the manufacturer's protocol using an enzyme-linked immuno-
sorbent assay (ELISA) kit. For the determination of cytokine 
levels, blood samples from the rats were obtained after sacri-
fice and stored at -80˚C until use.

H2O2 levels in lung tissue were detected using a hydrogen 
peroxide assay kit (catalase assay kit, S0051; Beyotime 
Institute of Biotechnology, Jiangsu, China) following the 
manufacturer's instructions. O2

- of lung tissue samples was 
measured by lucigenin chemiluminescence method. Briefly, 
lung tissue of mice under different conditions were weighed 
and homogenized in a homogenization buffer using Hepes and 
EDTA. After centrifugation, an aliquot of the supernatant was 
incubated with 5 µM lucigenin in Krebs-Hepes buffer. Light 
emission was measured with a Tecan Infinite 200. Specificity 
for O2

- was evaluated by adding 350 U/ml SOD to the incuba-
tion medium. Protein concentration was assessed with BCA 
Protein Quantitative analysis kit (Thermo Fisher Scientific, 
Waltham, MA, USA).

Inflammatory cell counts of BALF. After treatment, eight mice 
in each group were sacrificed and BALF was obtained by 
washing three times with 1 ml of cold sterile phosphate-buff-
ered saline (PBS) through a tracheal cannula. BALF samples 
were centrifuged at 3,000 rpm for 10 min at 4˚C, and the cell 
pellet was resuspended in PBS for the total cell number assess-
ment with a hemacytometer, and the cytospins were prepared 
for other differential cell number through staining with the 
method of Wright-Giemsa staining. Percentages of BALF 
macrophages, neutrophils and lymphocytes were obtained by 
counting leukocytes under light microscopy.

Measurement of NOx levels. Mouse lung tissue lysates were 
treated with cold ethanol for 1 h at -20˚C and then centrifuged 
at 20,000 x g to remove proteins that can interfere with NO 
measurements. The potassium iodide-acetic acid reagent was 
prepared fresh by dissolving 0.05 g of potassium iodide in 
7 ml of acetic acid. The KI/AcOH mixture was added into a 
septum-sealed purge vessel and bubbled with nitrogen gas. 
The gas stream was connected via a trap containing 1 N 
NaOH to a Sievers 280i Nitric Oxide Analyzer (GE Analytical 
Instruments, Boulder, CO, USA). The samples were injected 
with a syringe through a silicone-Teflon septum. The data were 
then analyzed via assessing the area under the curve of chemi-
luminescence signal with the Liquid software (GE Analytical 
Instruments). The resultant NOx value presents the total nitric 
oxide and nitrite in pmols/mg protein.

Myeloperoxidase (MPO) activity. MPO activity in mouse 
lung tissue was determined using MPO assay kit (BioVision, 
Milpitas, CA, USA) following the manufacturer's instructions. 
Briefly, the MPO in the samples catalyzes the production of 
NaClO from H2O2 and NaCl. Next, the NaClO reacts with 
exogenously added aminophenyl fluorescein to generate 
fluorescein, which is assessed with a fluorometer at 485 nm 
excitation and 525 nm emission. The relative fluorescent units 
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of each sample are converted into pmol of fluorescein by a 
standard curve. The data are reported as pmol fluorescein 
generated/min/mg of protein extract.

Immunohistochemical (IHC) analysis. The lung and liver tissue 
samples were fixed using 10% buffered formalin, imbedded in 
paraffin and then sliced into 4 µM thick sections. Following 
the hematoxylin and eosin (H&E) staining, the pathological 
alterations of the lung tissue samples were observed under 
a light microscope. Periodic acid-Shiff (PAS) staining was 
performed using a standard protocol. The number of PAS 
positive cells was quantified by inspection by a single-blinded 
investigator. Individual slides were examined independently. 
Lung tissue samples were IHC stained for the analysis of 
the lung tissue after different treatments. The sections were 
stained with TNF-α and IL-1β (Abcam, Cambridge, MA, 
USA) overnight at 4˚C, prior to incubation according to the 
manufacturer's instructions, followed by horseradish peroxi-
dase conjugated anti-rabbit IgG (Dako, Glostrup, Denmark) as 
a secondary antibody.

Fluorescence imaging. Lung tissue sections and cells were 
washed twice with PBS and fixed with 3.7% (v/v) formaldehyde 
in PBS for 15 min. Cells were permeabilised for 5 min with 
0.1% Triton X-100, then they blocked with 1% bovine serum 
albumin for 30 min. For TLR4 and p-NF-κB staining in tissue 
and cell respectively, 50 µg/ml mouse anti-p-NF-κB and TLR4 
antibodies were employed at 4˚C overnight, followed by staining 
with 2 µg/ml Alexa Fluor 488-goat anti-mouse secondary anti-
bodies at room temperature. 4',6-Diamidino‑2‑phenylindole 
(DAPI; Sigma-Aldrich) were used. Images were acquired by 
confocal laser scanning (Leica TCS SP5; Leica, Heidelberg, 
Germany) by epifluorescence microscopy (Ningbo Sunny 
Instruments Co., Ltd., Ningbo, China).

Real-time quantitative polymerase chain reaction (RT-qPCR) 
and western blot assays. Total RNA was extracted from lung 
tissue samples and cells by using TRI-reagent (Sigma‑Aldrich) 
following the manufacturer's instructions and treated with 
deoxyribonuclease  I. Then the mRNA was converted into 
cDNA for real-time PCR analysis. Real-time PCR was carried 
out (35 cycles of 95˚C for 20 sec, 54˚C for 30 sec, and 72˚C 
for 30 sec). Fold alterations in mRNA levels of the targeting 
gene relative to the endogenous cyclophilin control were calcu-
lated. Briefly, the cycle threshold (=Ct) values of each target 
gene were subtracted from the Ct values of the housekeeping 
gene cyclophilin (ΔCt). Targeting gene ΔΔCt was calculated 
as ΔCt of target gene minus ΔCt of control. The fold change 
in mRNA expression was calculated as 2-ΔΔCt following a 
previous study. The sequences used in this study are as follows: 
forward IL-18, (5'-3') TAA GGA TAC GGA CTA CGG CT 
and reverse primers, (5'-3') GTT GGT GGA GGT CTG AGT 
TTA; forward IL-6, (5'-3') ACT ACT TATC GTC GAG GTG 
CTA T and reverse primers, (5'-3') CGA GCT TGG AGT ACC 
ATG TTA CTT; forward TNF-α, (5'-3') ATA GGA ACC AGG 
GGC AGT T and reverse primers, (5'-3') CTG CGT TCA GAT 
GAT TGA TG; forward SOD1, (5'-3') CTG GCC TGC TCT 
GCT GCT TGT and reverse primers, (5'-3') TGG TAG GTG 
CGG ACT GTG GT; forward SOD2, (5'-3') CCT TGC GTC 
ATT CTA TCC A and reverse primers, (5'-3') GAA ACG CGC 

CAG AAG GGT TA; forward TLR4, (5'-3') CTG CTG CCT 
GCT TGC TGC GT and reverse primers, (5'-3') GTG GTG 
TGT GCG GTG TAG AC; forward MyD88, (5'-3') CAC TTC 
GCT GTC ATC TCC A and reverse primers, (5'-3') AGC 
ACA GAG CGT CAA GAG GT; forward CAT, (5'-3') CTC 
TCT GTG ACC GTA ACG CTG GT and reverse primers 
(5'-3') TGC GTG TGG TGC GTG ATG GAG ACC; forward 
haeme oxygenase-1 (HO-1), (5'-3') CTA GCT TCG TGC 
ACA GCT GCG T and reverse primers, (5'-3') GTG ATG 
ACT GCG CGT GGT GCT AGA AC; forward Nrf2, (5'-3') 
CTC TCT GGA CCT TCC GTT GCG CTG T and reverse 
primers, (5'-3') GTT GTA GGT CAG TGT TCG AGG ATC; 
forward TGF-β1, (5'-3') AGG AAC TAC GCA GTG GGA T 
and reverse primers, (5'-3') CGT CTG TCA GAT GAA TGT 
TG; forward Foxp3, (5'-3') GCC TCT GGC TTG TCT GCT 
CTG and reverse primers (5'-3') GGT ATG GAG TGC GTG 
ATG TCT G; forward interferon γ (IFNγ), (5'-3') GCG CTC 
ATC TCC TCA TAC TAT and reverse primers, (5'-3') GAA 
CCA GCC CGG AGA CAG TTG A; forward granzyme B 
(GzmB), (5'-3') CCT GAG TCT GAC TGT CGC CAT GT and 
reverse primers, (5'-3') GTG TCT GAG TAC TTG GAC GTA; 
forward Tbx-21, (5'-3') CAC GTG CTG CTA GCT GGT GCT 
CAT and reverse primers, (5'-3') GTC ATG TGC ATG ATA 
GAT AC; forward glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH), (5'-3') CTA AGT CGA ATG CAA ACA GTT CAG 
and reverse primers, (5'-3') AAC ATA CCA TCC ACG ACA 
CGC TC, which was used as the loading control.

In immunoblotting, lung tissue samples and epithelial 
cells were homogenized into 10% (wt/vol) hypotonic buffer 
(25 mM Tris-HCl, pH 8.0, 1 mM EDTA, 5 µg/ml leupeptin, 
1 mM Pefabloc SC, 50 µg/ml aprotinin, 5 µg/ml soybean 
trypsin inhibitor, 4 mM benzamidine) to yield a homogenate. 
Then the final supernatants were obtained by centrifugation 
at 12,000 rpm for 20 min. Protein concentration was deter-
mined by BCA protein assay kit (Thermo Fisher Scientific) 
with bovine serum albumin as a standard. Then, same amount 
of total protein were clapped into 10%  sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
followed by immunoblotting using the following antibodies: 
rabbit anti-p-NF-κB (1:1,000), NF-κB (1:1,000) (both from 
Abcam), SOD1 (1:1,000), SOD2 (1:1,000), TLR4 (1:1,000), 
MyD88 (1:1,000) (all from Cell Signaling Technology), p38 
(1:1,000), p-p38 (1:1,000), extracellular receptor kinase 1/2 
(ERK1/2) (1:1,000), p-ERK1/2 (1:1,000), inhibitor-κB kinase 
(IKKα) (1:1,000), inhibitor-κB kinase-α (IκBα) (1:1,000), 
TGF-β1 (1:1,000), Foxp3 (1:1,000), IFNγ (1:1,000), CAT 
(1:1,000) (all from Abcam), HO-1 (1:1,000; Cell Signaling 
Technology), Nrf2 (1:1,000; Abcam), GzmB (1:1,000; 
Cell Signaling Technology), Tbx-21 (1:1,000; Abcam), and 
GAPDH (1:500; Santa Cruz Biotechnology, Inc., Santa 
Cruz, CA, USA). Western blot bands were observed using 
GE Healthcare ECL western blotting analysis system and 
exposed to Kodak X-ray film. Each protein expression level 
was defined as grey value (version 1.4.2b, Mac OS X, ImageJ; 
National Institutes of Health, Bethesda, MA, USA) and stan-
dardized to housekeeping genes (GAPDH) and expressed as 
a fold of control.

Statistical analysis. Data are expressed as the means ± SD. 
The treated tissues, cells, and corresponding controls were 
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compared using GraphPad PRI SM (version 6.0; GraphPad 
Software, La Jolla, CA, USA). Significant differences between 
groups were considered at p<0.05.

Results

ST1926 reduces inflammatory cell infiltrate in LPS-induced 
mice with acute lung injury. As an index reflecting airway 
inflammation, here the role of ST1926 in inflammation regula-
tion was investigated. First, the bronchoalveolar lavages (BAL) 
was conducted and explored. As shown in Fig.  1A, LPS 
treatment resulted in an elevation of the total number of 
BAL, contributing to an acceleration of neutrophils (Fig. 1B), 
lymphocytes (Fig. 1C), macrophages (Fig. 1D), and eosino-
phils  (Fig. 1E). Of note, ST1926 significantly reduced the 
total number of BAL, as well as neutrophils  (Fig.  1B), 
lymphocytes (Fig. 1C), macrophages (Fig. 1D), and eosino-
phils (Fig. 1E), in a dose-dependent manner. Additionally, 
in the lung tissue samples with LPS induction, BAL eotaxin 
was apparently decreased, which was attenuated by ST1926 
treatment (Fig. 1F).

LPS-induced acute lung injury in mice is ameliorated by 
ST1926 administration. LPS induction is well known to cause 
injury in different organs, including the liver, renal injury 
and heart, even the lung, as explored previously (24). Here, in 
order to assess whether ST1926 has potential effects on airway 
inflammation in children, LPS was used to induce acute lung 
injury. In this regard, H&E staining was carried out to observe 

the injuries of lung tissue specimens. Fig. 2A and B shows, that 
after LPS treatment in mice, the lung tissue sample showed 
higher inflammation score compared to the Con group, which 
was comparable. After ST1926 treatment, the inflammatory 
response was attenuated markedly. In addition, PAS analysis 
also exhibited that the percent of PAS positive cells was notably 
upregulated by LPS exposure, whereas reversed in ST1926 
administration in a dose-dependent manner (Fig. 2C and D). 
The data above indicated that ST1926 exhibited protective role 
against the LPS-induced acute lung injury in mice.

In order to further confirm that ST1926 could attenuate 
LPS-caused lung injury via inflammation improvement, pro-
inflammatory cytokines level in serum were measured. As 
shown in Fig. 3, we found that pro-inflammatory cytokines of 
TNF-α (Fig. 3A), IL-6 (Fig. 3B), IL-5 (Fig. 3C), IL-1β (Fig. 3D), 
IL-18 (Fig. 3E) and IL-17 (Fig. 3F) in serum were considerably 
stimulated in mice with LPS exposure. In agreement with the 
results as mentioned above, ST1926 displayed suppressive 
role in the inflammatory cytokine secretion, suggesting that 
ST1926, at least partly, improved LPS-induced injury from 
inflammation inhibition.

TGF-β1 is one of the most studied cytokines that play an 
essential role in induction and development of acute injury, 
contributing to the inflammatory cell recruitment  (25). 
GzmB is a serine protease with intracellular and extracel-
lular activities capable of regulating inflammation through 
cytokine processing and apoptosis of effector cells (26). We 
tested the hypothesis that TGF-β1 and GzmB will be changed 
in LPS treatment, and ST1926 may have potential to reverse 

Figure 1. ST1926 reduces inflammatory cell infiltrate in lipopolysaccharide (LPS)-induced mice with acute lung injury. The number of cells in inflammation 
infiltration was determined. (A) Total cells, (B) total neutrophils, (C) total lymphocytes, (D) total macrophages, and (E) total eosinophils. (F) Eotaxin levels 
in bronchoalveolar lavage (BAL) were assessed. The data are represented as mean ± SD (n=8). *p<0.05 and **p<0.001 vs. the control (Con); +p<0.05, ++p<0.01 
and +++p<0.001 vs. LPS-induced mice (LPS).
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Figure 2. Lipopolysaccharide (LPS)-induced acute lung injury in mice is ameliorated by ST1926 administration. (A) The representative images of lung injury 
are shown by hematoxylin and eosin (H&E) staining. (B) The quantification of inflammatory response following H&E staining. (C) PAS staining was used 
to observe goblet cells in LPS-induced mice with acute lung injury. (D) The quantification of PAS-positive cells. The data are presented as mean ± SD (n=8). 
*p<0.05 and **p<0.001 vs. the control (Con); +p<0.05, ++p<0.01 and +++p<0.001 vs. LPS-induced mice (LPS).

Figure 3. ST1926 improves pro-inflammatory cytokine releases caused by lipopolysaccharide (LPS). Serum pro-inflammatory cytokines were measured, 
including (A) tumor necrosis factor-α (TNF-α), (B) interleukin-6 (IL-6), (C) IL-5, (D) IL-1β, (E) IL-18 and (F) IL-17. The data are presented as mean ± SD 
(n=8). *p<0.05 and **p<0.001 vs. the control (Con); +p<0.05, ++p<0.01 and +++p<0.001 vs. LPS-induced mice (LPS).
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it. IL-10 secretion is the characteristic activity of cells in 
regulating inflammatory disease and a potent anti-inflam-
matory molecule, thereby suppressing the action of many 
pro-inflammatory and pro-fibrotic molecules. TBX21 is an 
important transcription factor of adaptive immunity (27-29). 
As shown in Fig.  4A, we found that TGF-β1 was highly 
upregulated in LPS treatment, which was reduced due to 
ST1926 administration from the protein and gene levels, indi-
cating the inflammatory cell accumulation. Foxp3, as another 
factor of T cell differentiation for lung injury regulation, was 
also found to be increased in LPS group. Notably, ST1926 
significantly decreased its expression in a dose-dependent 
manner (Fig. 4B). INFγ and GzmB are also reported to be 
highly expressed in acute lung injury (30). Similarly, INFγ, 
GzmB and Tbx21 protein and gene levels were apparently 

enhanced by LPS treatment, which were reduced by ST1926 
administration through western blotting and RT-qPCR 
assays (Fig. 4C-E). In the end, IL-12 and IL-10 protein levels 
in serum of mice were calculated. IL-12, a proinflamma-
tory cytokine, was upregulated by LPS. ST1926 showed 
suppressive role in IL-12 expression. In contrast, IL-10, as 
an important anti-inflammatory cytokine, was found to be 
reduced by LPS, which was reversed in ST1926 treatment 
(Fig. 4F and G). Taken together, the data above indicated that 
ST1926, at least partly had an inhibitory role in regulating 
inflammatory response.

ST1926-ameliorated inflammation response in mice induced 
by LPS is dependent on NF-κB signaling pathway. As 
mentioned above, inflammation response was observed. Thus, 

Figure 4. ST1926 suppresses inflammation response in lipopolysaccharide (LPS)-induced lung injury. Western blotting and RT-qPCR assays were used to 
calculate (A) TGF-β1, (B) Foxp3, (C) IFNγ, (D) Granzyme B and (E) Tbx-21 protein and gene levels in LPS-treated lung tissue samples from mice in the 
presence or absence of ST1926. Serum levels of (F) interleukin-12 (IL-12) and (G) IL-10 were assessed. The data are presented as mean ± SD (n=8). *p<0.05 
and **p<0.001 vs. the control (Con); +p<0.05, ++p<0.01 and +++p<0.001 vs. LPS-induced mice (LPS).
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here we attempted to explore how ST1926 altered LPS-induced 
acute lung injury in mice. First, as shown in Fig. 5A and B, 
we further confirmed that pro-inflammatory cytokines of 
TNF-α and IL-1β were significantly stimulated through IHC 
analysis. ST1926 displayed attenuated role in controlling 
pro-inflammatory cytokine release. Furthermore, RT-qPCR 
analysis was carried out to confirm that ST1926 indeed 
suppressed LPS-caused inflammation response in the lung 
tissue of mice. As shown in Fig. 5C, TNF-α, IL-18, IL-6 and 
IL-1β were enhanced for LPS treatment, which was reduced by 
ST1926 administration in a dose-dependent manner. NF-κB 
signaling pathway is well known in modulating inflammatory 
response and controlling pro-inflammatory cytokine secre-
tion, associated with IKKα and IκBα activation (31). As shown 
in Fig. 5D, western blot analysis indicated that IKKα activa-
tion was significantly improved by LPS treatment, resulting 
in IκBα expression and NF-κB phosphorylation eventually. 
Interestingly, ST1926 treatment could reverse NF-κB activation 
through inhibition of IKKα and IκBα expression, impeding 
inflammatory response. Taken together, ST1926 suppressed 
LPS-induced acute lung injury by inactivating NF-κB/IκBα.

ST1926 suppresses TLR4/MyD88 signal pathway to inac-
tivate NF-κB activity. TLR4/MyD88 signaling pathway has 
been well explored in inflammation response through NF-κB 
signaling pathway regulation (32). Thus, here we attempted to 
explore if TLR4/MyD88 was involved in NF-κB activation. 
As shown in Fig. 6A and B, TLR4 and MyD88 were found to 
be upregulated in LPS-treated group, which was in line with 
NF-κB alteration. ST1926 showed inhibitory role in TLR4 and 
MyD88 activation on protein levels. Furthermore, RT-qPCR 
analysis also indicated that LPS induced high gene expression 

of TLR4 and MyD88, and reversed TLR4 and MtD88 gene 
levels were observed (Fig. 6C). Immunofluorescent assay was 
performed to evidence that TLR4 was activated in LPS-treated 
group, which was reduced for ST1926 administration (Fig. 6D). 
The data indicated that ST1926 attenuated inflammation 
response induced by LPS relying on TLR4 signaling pathway 
suppression.

ST1926 impeded oxidative stress in mice with acute lung 
injury induced by LPS. Oxidative stress is a leading cause 
in various diseases, including a variety of cancers, and acute 
liver and renal injury (33). Also, in acute lung injury oxida-
tive stress was also reported (34). Thus, we proposed that 
ST1926 may perform its role in LPS-induced acute lung 
injury by inhibiting ROS generation. In order to prove our 
hypothesis, first in serum and lung tissue samples, SOD and 
CAT activity was investigated after LPS treatment, activity 
of SOD and CAT was highly reduced, while MDA was 
discovered with higher levels in LPS-treated group both in 
serum and in lung tissue samples (Fig. 7A and B). However, 
ST1926 administration significantly upregulated SOD and 
CAT activity, while the MDA levels were reduced. In addi-
tion, oxidants of O2

- and H2O2 as well as nitrate levels in the 
LPS-induced lung tissue samples were found to be higher 
than that in the control group (Fig. 7C). Also, ST1926 showed 
inhibitory role in expression of these oxidants, which may be 
another property of ST1926 to attenuate LPS-induced acute 
lung injury.

In addition, NOx, iNOS and MPO levels were assessed 
to indicate the extent of lung injury. As shown in Fig. 8A, 
LPS enhanced NO levels in the tissue samples, which 
could be reversed by ST1926 administration. Using MPO 

Figure 5. ST1926-ameliorates inflammation response in mice induced by lipopolysaccharide (LPS) is dependent on nuclear factor-κB (NF-κB) signaling 
pathway. Immnohistochemical analysis of pro-inflammatory cytokines of (A) tumor necrosis factor-α (TNF-α) and (B) interleukin-1β (IL-1β) were assessed. 
(C) RT-qPCR assays were conducted to explore mRNA levels of TNF-α, IL-1β, IL-18 and IL-6. (D) Western blot assay was performed to investigate NF-κB 
signaling pathway, including signals of inhibitor-κB kinase (IKKα), inhibitor-κB kinase-α (IκBα) and NF-κB phosphorylation, and the quantified levels are dis-
played. The data are presented as mean ± SD (n=8). *p<0.05 and **p<0.001 vs. the control (Con); +p<0.05, ++p<0.01 and +++p<0.001 vs. LPS-induced mice (LPS).
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Figure 6. ST1926 suppresses Toll-like receptor 4 (TLR4)/MyD88 signal pathway to inactivate nuclear factor-κB (NF-κB) activity. (A) TLR4 and MyD88 protein 
levels were evaluated through western blot analysis. (B) The quantification of TLR4 and MyD88 is shown following immunoblotting analysis. (C) RT-qPCR 
was used to determine TLR4 and MyD88 gene levels. (D) Immunofluorescence was included to further test TLR4 expression levels. The data are presented as 
mean ± SD (n=8). *p<0.05 and **p<0.001 vs. the control (Con); +p<0.05, ++p<0.01 and +++p<0.001 vs. lipopolysaccharide (LPS)-induced mice (LPS).

Figure 7. ST1926 impedes oxidative stress in mice with acute lung injury induced by lipopolysaccharide (LPS). (A) SOD activity, CAT activity and MDA 
levels were measured in the serum of mice after LPS induction in the absence or presence of ST1926 at different doses. (B) SOD activity, CAT activity and 
MDA levels were measured in the lung tissue samples of mice after LPS induction in the absence or presence of ST1926 at different doses. (C) O2

- and H2O2, 
as well as nitrate levels in the LPS-induced lung tissue samples were measured. The data are presented as mean ± SD (n=8). *p<0.05 and **p<0.001 vs. the 
control (Con); +p<0.05, ++p<0.01 and +++p<0.001 vs. LPS-induced mice (LPS).
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activity, we found that LPS induced neutrophil infiltration 
in the lungs of LPS-treated mice, and ST1926 reduced MPO 
activity (Fig. 8B). MPO activity in pulmonary parenchyma, 
reflecting the activation of neutrophils, was largely upregu-
lated in acute lung injury condition. NO is produced by the 
oxidation of l-arginine (l-arg) to l-citrulline and NO, which 
is catalyzed by NOS. Thus, iNOS is generally considered to 

be the major contributor to the pathogenesis of acute lung 
injury (35). In our study, we found that iNOS protein expres-
sion levels were highly induced for LPS treatment, which were 
reversed by ST1926 administration (Fig. 8C). Further, protein 
levels of MPO, in line with the data above, were promoted in 
LPS-treated group. The expression levels were downregulated 
for ST1926 through western blot analysis (Fig. 8C). The data 

Figure 8. ST1926 reduced reactive oxygen species (ROS) generation from iNOS/MPO inhibition. (A) NOx levels in the lung tissue samples were examined. 
(B) MPO activity was measured in the lung tissue specimens obtained from mice pre-treated with lipopolysaccharide (LPS) and/or ST1926 under different 
conditions. (C) The representative images of iNOS and MPO assessed by western blot analysis and the quantification was shown. The data are represented as 
mean ± SD (n=8). *p<0.05 and **p<0.001 vs. the control (Con); +p<0.05, ++p<0.01 and +++p<0.001 vs. LPS-induced mice (LPS).

Figure 9. AMPK/p38/extracellular receptor kinase 1/2 (ERK1/2) signaling pathway was inhibited by ST1926 administration in lipopolysaccharide (LPS)‑induced 
mice. (A) Images of reactive oxygen species (ROS) production are shown, and the quantified levels of ROS generation are displayed. (B) SOD1 and SOD2 
protein levels were calculated through western blot assay. The quantification of SOD1 and SOD2 is shown. (C) p38/ERK1/2 signaling pathway was investigated 
by immunoblotting, and the phosphorylated p38 and ERK1/2 protein levels were quantified. (D) Western blot analysis was used to calculate CAT, haeme oxy-
genase-1 (HO-1) and Nrf2 protein levels, and the quantification of these molecules are shown. (E) Phosphorylated AMPK at T172 was analyzed by western blot 
assays. The data are presented as mean ± SD (n=8). *p<0.05 and **p<0.001 vs. the control (Con); +p<0.05, ++p<0.01 and +++p<0.001 vs. LPS-induced mice (LPS).
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above further indicated that LPS induced acute lung injury 
due to NOx, MPO and iNOS acceleration, which was in line 
with previous studies (36,37). ST1926, at least partly, could 
ameliorate LPS-induced acute lung injury by downregulating 
the activity of these factors.

p38/ERK1/2 signaling pathway is inhibited by ST1926 admin-
istration in LPS-induced mice. The data above indicated 
that ST1926 suppressed oxidants levels, which is related to 
upregulated anti-oxidants to improve lung injury. Thus, here 
we attempted to further explore the possible molecular mecha-
nism regarding ROS. As shown in Fig. 9A, ROS production 
was highly elevated in LPS-treated group, which was reversed 
by ST1926 administration. Consistently, anti-oxidants of 
SOD1 and SOD2 were also upregulated by ST1926 treat-
ment in LPS-induced mice with acute lung injury (Fig. 9B). 
Finally, p38 and ERK1/2 signaling pathway was investigated 
to explore whether they were involved in ROS production, 
mediated by ST1926 in LPS-treated lung tissue samples. As 
reported previously, p38 and ERK1/2 are of great importance 
in ROS generation (38). Similarly, in our study, we found that 
phosphorylated p38 and ERK1/2 were markedly enhanced by 
LPS treatment, which was reduced by ST1926 administra-
tion (Fig. 9C). The data above indicated that ST1926 could 
reduce ROS production, which was related to p38/ERK1/2 
signaling pathway inactivation.

Moreover, this study indicated that in the LPS-induced 
lung injury, CAT, HO-1 and Nrf2 levels were downregulated 
in LPS treatment. In contrast, O2

- and H2O2 were upregulated. 
Of note, ST1926 suppressed ROS production by enhancing 
anti-oxidant expression while reducing oxidants (Fig. 9D). 
AMP-activated protein kinase (AMPK) is a serine/threonine 
protein kinase that serves as an energy sensor in the regula-
tion of cellular metabolism. Additionally, AMPK is reported 
to be closely associated with ROS production (39). Here, in 

our study, we found that AMPK phosphorylated levels were 
significantly reduced for LPS, and ST1926 augmented AMPK 
phosphorylation of Thr172, indicating that AMPK phosphory-
lation induced by ST1926 may be a key point to modulate ROS 
generation (Fig. 9E).

ST1926 shows no toxicity in vitro and in vivo. Following the 
results above, we attempted to explore if ST1926 was effective 
in LPS-induced acute lung injury in vitro by the use of lung 
epithelial cells. As shown in Fig. 10A, the results indicated 
that with the increasing of ST1926, even at the highest level, 
no significant difference was observed on cells. In Fig. 10B, 
the cell viability showed no significant difference at 8 µM 
ST1926 treatment for different times until 72 h. In addition, 
H&E staining suggested that ST1926 at different concentra-
tions exhibited no toxic role in the liver of mice without LPS 
treatments (Fig. 10C). The data above indicated that ST1926 
could ameliorate acute lung injury without any toxicity.

ST1926 suppresses inf lammation response and ROS 
production in lung epithelia cells in vitro. We confirmed 
that ST1926 showed no toxicity in cells in vitro. Thus, here, 
we attempted to explore if ST1926 could perform its role 
in vitro. As shown in Fig. 11A, p-NF-κB was found to be 
upregulated in LPS-induced lung epithelial cells through 
immunofluorescence. ST1926 at 4 and 8 µM significantly 
reduced NF-κB phosphorylated levels. In line with the results 
in vivo, pro-inflammatory cytokines of TNF-α, IL-1β, IL-18 
and IL-6 were apparently upregulated for LPS induction and 
ST1926 downregulated the inflammatory cytokine release 
induced by LPS (Fig. 11B). TLR4/MyD88 and IKKα/IκBα 
signaling pathways were activated  by LPS induction, which 
were inactivated by ST1926 administration (Fig. 11C and D). 
Additionally, LPS-induced ROS production was decreased in 
ST1926-treated groups, accompanied by high level of SOD1 

Figure 10. ST1926 shows no toxicity in vitro and in vivo. (A) MTT analysis was included to explore the lung epithelia cell viability with different concentrations 
of ST1926 for 24 h. (B) ST1926 (8 µM) was administered to lung epithelial cells for different times to determine cell viability. (C) Hematoxylin and eosin 
(H&E) staining analysis of mouse liver without lipopolysaccharide (LPS) and ST1926 administration. The data are presented as mean ± SD (n=8). *p<0.05 and 
**p<0.001 vs. the control (Con); +p<0.05, ++p<0.01 and +++p<0.001 vs. LPS-induced mice (LPS).
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Figure 11. ST1926 suppresses inflammation response and reactive oxygen species (ROS) production in lung epithelia cells in vitro. (A) Immunofluorescence 
of phosphorylated nuclear factor-κB (NF-κB) was evaluated. (B) Tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), IL-18 and IL-6 mRNA levels were 
calculated via RT-qPCR analysis. (C) Western blot analysis was used determine Toll-like receptor 4 (TLR4) and MyD88 expression levels in lipopolysaccha-
ride (LPS)-induced cells with or without ST1926. (D) Inhibitor-κB kinase (IKKα) and inhibitor-κB kinase-α (IκBα) protein expression levels were calculated 
through western blot analysis. (E) ROS levels were calculated in different groups of cells. (F) SOD1 and SOD2 mRNA levels were determined via RT-qPCR 
analysis. (G) Phosphorylated p38, and (H) extracellular receptor kinase 1/2 (ERK1/2) was determined by the use of western blot analysis. (I) MLE-12 cells 
were treated with 100 ng/ml LPS for different times as indicated. Then, western blot analysis was conducted to investigate p38 and ERK1/2 phosphorylation. 
(J) ST1926 reduced p38 and ERK1/2 phosphorylation in MLE-12 cells after LPS treatment in the presence or absence of ST1926 for different times from 0 to 
48 h. Western blot assays were used to explore p38 and ERK1/2 activation.
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Figure 11. Continued. (K) Western blotting was carried out to investigate nuclear NF-κB levels. (L) Cytoplasm p-IκBα and IκBα levels were determined by 
western blot analysis. The ratio of p-IκBα to IκBα was exhibited. The data are represented as mean ± SD (n=8). *p<0.05 and **p<0.001 vs. the control (Con); 
+p<0.05, ++p<0.01 and +++p<0.001 vs. LPS-induced mice (LPS).

Figure 12. ST1926 inhibits inflammation response and reactive oxygen species (ROS) generation in human bronchial epithelial cells. (A) Human bronchial 
epithelial cells were treated with different concentrations of ST1926 at different concentrations for 24 h. Then, the cell viability was calculated through MTT 
analysis. (B) Human bronchial epithelial cells were treated with 8 µM ST1926 for different time, followed by MTT assays. (C) The phosphorylated nuclear 
factor-κB (NF-κB) levels were measured by immunofluorescent analysis. (D) ROS generation was evaluated and the quantification was displayed. (E) RT-qPCR 
assays were performed to determine tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), IL-18 and IL-6 gene levels in cells under different treatment. 
(F) SOD1, SOD2, CAT, haeme oxygenase-1 (HO-1) and Nrf2 mRNA levels were calculated through RT-qPCR assays. (G) Toll-like receptor 4 (TLR4), MyD88 
and inhibitor-κB kinase (IKKα) protein expression levels were measured by western blot analysis. (H) Western blotting was carried out to investigate nuclear 
NF-κB levels. The cytoplasm p-inhibitor-κB kinase-α (IκBα) and IκBα levels were assessed through western blot analysis. (I) Phosphorylated p38, and 
(H) extracellular receptor kinase 1/2 (ERK1/2) was determined by western blot analysis.
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and SOD2 (Fig. 11E and F). Further, phosphorylated p38 and 
ERK1/2 improved by LPS treatment. Significantly, ST1926 
administration could inactivate p38 and ERK1/2 activity, 
ameliorating ROS production (Fig. 11G and H). Following, 
the cells were exposed to 100 ng/ml LPS for different times, 
ranging from 0 to 48 h. Next, western blot analysis was used 
to calculate p38 and ERK1/2 phosphorylation. As shown 
in Fig. 11I, we found that LPS treatment activated p38 and 
ERK1/2 levels, and with the increase in treatment time, the 
phosphorylated form was sustained until 48 h, indicating that 
ROS may be activated by LPS exposure. As shown in Fig. 11J, 
we found that LPS significantly upregulated p38 and ERK1/2 
phosphorylation, which were reduced for ST1926 in a time-
dependent manner. After ST1926 treatment for 12 and 18 h, 
significant difference was observed in p38 and ERK1/2 
activation, respectively. Furthermore, as shown in Fig. 11K, 
the NF-κB levels in the nucleus were found to be upregulated 
for LPS treatment, which was in line with p-NF-κB altera-
tion in cytoplasm to enhance pro-inflammatory transcription, 
contributing to pro-inflammatory cytokines secretion. Of 
note, ST1926 showed significant role in reducing NF-κB in 
the nucleus, subsequently downregulating pro-inflammatory 
cytokine release. In addition, the whole cell IκBα levels were 
upregulated due to LPS treatment, while p-IκBα was down-
regulated. ST1926 could promote IκBα and p-IκBα levels 
considerably  (Fig.  11L). Thus, we supposed that ST1926 
could ameliorate inflammation response by reducing NF-κB 
translocation into the nucleus. The above data indicated that 
ST1926 indeed attenuated LPS-induced lung injury in vitro 
via inhibiting inflammation and ROS production.

ST1926 inhibits inflammation response and ROS generation 
in human bronchial epithelial cells. In this regard, normal 
human bronchial epithelial cells (NHBE) were included to 
further explore how ST1926 regulated LPS-induced damage 

in lung cells. As shown in  Fig.  12A, cell viability was 
investigated with increasing concentrations of ST1926, no 
significant difference was observed among various groups. 
Further, 8 µM ST1926 was administered to cells for different 
times as indicated, ranging from 0 to 90  h. Then, MTT 
analysis was carried out to investigate the cell viability, 
which showed no significant change among different 
groups  (Fig. 12B). Inflammatory response and ROS have 
been revealed to be induced by LPS. The phosphorylated 
NF-κB and ROS generation was dramatically upregulated by 
LPS induction (Fig. 12C and D), which were downregulated 
in ST1926-treated groups, accompanied with the reduced 
pro-inflammatory cytokines mRNA levels through RT-qPCR 
analysis  (Fig. 12E). Additionally, anti-oxidants of SOD1, 
SOD2, CAT, HO-1 and Nrf2 were reduced in LPS treatment, 
contributing to ROS generation, while ST1926 enhanced 
these anti‑oxidants with apparent difference in comparison 
to the LPS group (Fig. 12F). Next, TLR4/MyD88 signaling 
pathway was calculated, which was highly activated for 
LPS, leading to IKKα expression. ST1926 showed inhibi-
tory role in TLR4, MyD88 and IKKα expression induced by 
LPS (Fig. 12G). NF-κB levels in the nucleus were increased 
by LPS, while decreased due to ST1926. Accordingly, IκBα 
and p-IκBα were also augmented in LPS single treatment 
group, in line with the results in MLE-12 cells mentioned 
above. ST1926 could reduce IκBα and phosphorylated IκBα 
expression levels (Fig. 12H). Next, NHBE cells were exposed 
to LPS for different times as indicated to explore the p-p38 
and p-ERK1/2 expression levels. Fig. 12J shows that p38 and 
ERK1/2 were activated due to LPS treatment, indicating 
ROS generation. With the increase of treatment time, the 
phosphorylation of p38 and ERK1/2 was maintained in high 
levels. Finally, p38 and ERK1/2 protein levels were assessed. 
As shown in  Fig.  12I, phophorylated p38 and ERK1/2 
were highly expressed in LPS-treated group, which were 

Figure 12. Continued. (J) NHBE cells were exposed to 100 ng/ml lipopolysaccharide (LPS) for different times as indicated, followed by western blot analysis. 
(K) ST1926 reduced p38 and ERK1/2 phosphorylation in human bronchial epithelial cells after LPS treatment with or without ST1926 administration from 
0 to 48 h. Then, western blot assays were used to explore p38 and ERK1/2 activation. The data are presented as mean ± SD (n=8). *p<0.05 and **p<0.001 vs. the 
control (Con); +p<0.05, ++p<0.01 and +++p<0.001 vs. LPS-induced mice (LPS).
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reduced by ST1926. In NHBE cells, we found similar results 
that ST1926 could reduce LPS-induced p38 and ERK1/2 
phosphorylation beginning from 12 h with significant differ-
ence (Fig. 12K). Thus, the data above indicated that ST1926 
could reduce LPS-induced p38 and ERK1/2 phosphorylation 
from 12 or 18 h in a time-dependent manner.

Discussion

Acute lung injury (ALI) is a severe disease syndrome, which 
consists of hypoxemic respiratory failure accompanied by bilat-
eral pulmonary infiltrates, and has been considered as a serious 
threat for people, especially children with relatively weak 
immune system (1,2,40,41). Furthermore, as the acute respira-
tory distress syndrome, the formation and development of ALI 
is linked to high morbidity and mortality (42). According to 
previous studies, many therapeutic strategies were investigated 
and used to prevent acute lung injury in children (43). However, 
more effective approach and the possible molecular mechanism 
is still needed to be explored.

Natural retinoids such as all-trans retinoic acid are currently 
used as important therapeutic agents in human diseases, 
mainly acute promyelocytic leukemia (44,45). Synthetic reti-
noid of ST1926 has been developed to overcome resistance 
and attenuate side effects. ST1926 has the same crucial struc-
tural and pharmacological groups as CD437, the lipophilic 
adamantyl moiety, and the carboxylic function. However, 
ST1926 was designed to be with a styrene moiety replacing the 
naphthalene ring of CD437, leading to a pharmacokinetically 
stable, highly orally bioavailable, as well as pharmacologically 
attainable in plasma of patients at the micromolar concentra-
tions (21,22). ST1926 has been suggested to induce apoptosis in 
tumor cells, which was related to anti-apoptotic Bcl-2 protein 
suppression (46). Bcl-2 is known to be upregulated in NF-κB 
activation (47). Thus, we supposed that ST1926 may have a 
possible effect on NF-κB suppression. NF-κB is well known 
to modulate inflammation response. Hence, ST1926 was 
chosen in our study to explore if it could be used in treating 
lung injury, providing a new therapeutic strategy for acute lung 
injury. In this study, ST1926 showed downregulated role in 
inflammation infiltration, suggesting that ST1926 may have a 
potential effect on controlling inflammation response in acute 
lung injury related to the immune system.

As we mentioned above, inflammation response is well 
known to play an essential role in various disease develop-
ment, including cancers, diabetes, as well as lung injury in 
different forms (48). Neutrophils and macrophages were the 
main inflammatory cells in acute lung injury. They infiltrated 
into the lung tissues, releasing enzymes and phagocytizing 
the pathogen. These inflammatory cells were the fundamental 
source of inflammatory mediators in vivo. In LPS-induced 
inflammation, neutrophils and macrophages were acti-
vated  (49). After activation, neutrophils and macrophages 
were recruited to the inflammation site (50). Lymphocytes 
have drawn increased attention, and there is accumulating 
evidence indicating that lymphocytes play important roles in 
the development of acute lung injury. It has been suggested 
that lymphocytes contribute to the progression of autoimmune 
and inflammatory diseases (51). In our study, we found that 
LPS upregulated lymphocytes, neutrophils and macrophages, 

contributing to inflammation response, which could be 
reversed by ST1926 administration. Additionally, pro-inflam-
matory cytokines, including TNF-α, IL-1β, IL-18, IL-6 and 
IL-17, are main factors causing inflammatory response, and 
their activation is a key to accelerate disease progression (52). 
In this study, we found that LPS induced higher expression of 
these pro-inflammatory cytokines, was in line with a previous 
report in acute lung injury caused by LPS (53,54). However, 
ST1926 showed significantly suppressive role in controlling 
the cytokine secretion, inhibiting inflammation. Inflammatory 
cytokine release could be stimulated by NF-κB phosphoryla-
tion, which is dependent on IKKα and IκBα signaling pathway 
activation (55). Consistently, in our present study, we found that 
IKKα and IκBα were upregulated in LPS treatment in vivo and 
in vitro, subsequently contributing to NF-κB phosphorylation 
and pro-inflammatory cytokines secretion eventually, which 
may be a main cause, leading to lung injury in animal models 
and cells. Furthermore, IκBα and NF-κB forms a complex, 
inhibiting NF-κB translocation into nuclear and suppressing 
pro-inflammatory cytokines release. In contrast, phosphory-
lated IκBα abolished the IκBα/NF-κB complex, promoting 
NF-κB translocation into nuleus and causing inflammatory 
response (56,57). In line with a previous study, we found that 
NF-κB levels in nucleus were promoted in LPS treatment, 
consistent to cytoplasmic p-NF-κB alteration in, leading to 
inflammation response. Obviously, ST1926 had a significant 
role in reducing nuclear NF-κB, subsequently suppressing pro-
inflammatory cytokine secretion. Additionally, the cytoplasm 
IκBα levels were increased for LPS treatment, while p-IκBα 
was decreased. ST1926 downregulated IκBα and p-IκBα 
levels. Thus, ST1926 could improve inflammation response 
by preventing NF-κB translocation into the nucleus. Toll-like 
receptor-4 (TLR-4) could identify pathogenic microorgan-
isms in a natural immune system, bind the specific ligand and 
generate corresponding inflammation following identifica-
tion (58,59). TLR-4 exogenous ligands include LPS. Here, we 
also found that TLR4/MyD88 signaling pathway was highly 
activated by LPS induction, which was consistent with NF-κB 
activity. ST1926 apparently downregulated TLR4 and MyD88 
expression levels after LPS induction, revealing that TLR4 
was also involved in ST1926-improved lung injury.

Oxidative stress is widely involved in progression of many 
diseases (60). SOD and CAT are two typical anti-oxidants, 
representing oxidative stress level (61). SOD is well known 
as an essential anti-oxidase that converses O2

- into O2 and 
H2O2 (62). CAT could catalyze H2O2 into H2O and O2, reducing 
ROS generation  (63). Additionally, phase II detoxifying 
enzymes such as HO-1 is also known as an effective anti-
oxidant enzyme (64). HO-1, encoded by HMOX1 gene, can 
change haeme into the strong pro-oxidant biliverdin, which 
is subsequently transformed into bilirubin, a potent antioxi-
dant (65). Nuclear factor erythroid 2 related factor 2 (Nrf2), a 
key regulator of antioxidant defense system, protects cells 
against oxidative stress (66). Downregulated SOD, CAT, HO-1 
and Nrf2 for LPS were found to be upregulated after ST1926 
treatment. In contrast, LPS-induced higher levels of MDA and 
ROS species of O2

- and H2O2 were decreased in ST1926-treated 
groups. Also, according to previous studies, an inverse correla-
tion was observed between anti-oxidant mRNA and ROS levels. 
With the increase of anti-oxidant expression via Nrf-2/HO-1 
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pathway, the ROS generation was accordingly reduced, proved 
by downregulated O2, H2O2, NO, MPO and  iNOS levels. In 
this study, similar results were observed, displaying an inverse 
correlation between anti-oxidant and ROS levels (61,63,64). In 
addition, p38/ERK1/2 signaling pathway has a close relation-
ship with ROS generation (67,68). Following previous studies, 
p38/ERK1/2 signaling pathway is activated, contributing to 
oxidative stress progression in different injuries (69). Similarly, 
here we found that LPS induction caused higher ROS produc-
tion. Interestingly, ST1926 displayed significant inhibitory 
role in controlling ROS production. AMP-activated protein 
kinase (AMPK) is a serine/threonine protein kinase that serves 
as an energy sensor in the regulation of cellular metabolism. 
Additionally, AMPK is reported to be closely associated with 
ROS production (70). AMPK is activated by changes in the 
AMP:ATP ratio that occur in response to energetic stress, and 
activation requires the phosphorylation of Thr172. Promotion 
of AMPK decreased ROS generation to improve injuries (71). 
AMPK phosphorylated levels were significantly reduced by 
LPS, and ST1926 augmented AMPK phosphorylation of Thr172, 
indicating ROS suppression by ST1926. Collectively, our data 
indicated that ST1926 was associated with LPS-induced acute 
lung injury progression via TLR4/NF-κB and AMPK/p38/
ERK1/2 signaling suppression.

In conclusion, the results above showed that LPS-induced 
acute lung injury in mice was developed from inflammation 
activation and ROS generation in lung tissue samples and 
epithelial cells through TLR4/NF-κB and p38/ERK1/2 path-
ways. This study elucidated the possible mechanism by which 
ST1926 attenuated acute lung injury with little toxicity, which 
may be a potential therapy for acute lung injury for children.
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