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Abstract. Acute lung injury  (ALI) is a serious clinical 
problem. The present study was performed to investigate the 
effect of structured triglyceride (STG) on the development 
of lipopolysaccharide (LPS)‑induced ALI and its underlying 
mechanism of action. To establish an LPS‑induced ALI mouse 
model, mice were intranasally administered 50 µl LPS. The 
pathological changes in the lung were observed via haema‑
toxylin‑eosin staining. The lung injury score, lung wet/dry 
weight  (W/D) ratio, and myeloperoxidase  (MPO) activity 
were used to evaluate the degree of lung injury. The expres‑
sion levels of interleukin (IL)‑1β, IL‑6 and tumour necrosis 
factor‑α in lung tissues were measured through reverse 
transcription‑quantitative polymerase chain reaction. The 
enzyme‑linked immunosorbent assay was used to measure the 
levels of pro‑inflammatory cytokines in bronchoalveolar lavage 
fluid. Furthermore, western blotting was performed to detect 
the activity of the transforming growth factor‑α‑activated 
kinase 1  (TAK1)/NF‑κB pathway. LPS‑induced ALI mice 
were treated with AH7614 [a G‑protein coupled receptor 120 
(GPR120) inhibitor] to confirm the effect of STG on GPR120. 
STG treatment decreased the lung pathological changes, lung 
injury score, lung W/D ratio, and proinflammatory cytokine 
expression levels and inhibited TAK1/NF‑κB pathway activity 
in the LPS‑induced ALI mouse model. Additionally, AH7614 
reversed the inhibitory effects of STG on lung injury, inflam‑
mation, and TAK1/NF‑κB pathway activity in ALI. Moreover, 
AH7614 weakened the inhibitory effects of STG on inflam‑
mation and TAK1/NF‑κB pathway activity in LPS‑induced 
RAW264.7 cells. Collectively, STG may suppress the 
TAK1/NF‑κB pathway activity by enhancing GPR120 expres‑
sion to alleviate the lung injury and inflammation in ALI. 

These results suggest the therapeutic potential of STG in the 
treatment of ALI.

Introduction

Acute lung injury (ALI) is a serious pathological condition 
characterised by neutrophil‑derived inflammation, surfac‑
tant dysfunction, diffuse alveolar injury and lung oedema 
formation (1). Clinically, ALI is characterised by bilateral 
pulmonary infiltrates, decreased lung compliance and severe 
hypoxemia (2). ALI is a common, costly, and potentially lethal 
disease  (3). It is estimated that ALI accounts for ~79,000 
deaths per year in the United States, and was one of the top 
8 causes of death in 2018 (4). Despite extensive large‑scale 
clinical studies and trials, no effective treatments for ALI have 
been identified (5). Thus, it is essential to investigate novel 
approaches for the treatment of ALI.

Fat emulsions are typically regarded as a caloric source 
that is required to alleviate essential fatty acid  (FA) defi‑
ciency in critically ill patients, including those with ALI (6). 
Certain fat emulsions attenuate injury and inflammation in 
different organs. For instance, fish oil‑based fat emulsion 
suppresses injury and inflammation in mice with acute kidney 
injury (7). Fish oil‑based fat emulsion decreases lipopolysac‑
charide  (LPS)‑induced alveolar leukocyte transmigration 
and pro‑inflammatory cytokine expression in ALI mice (8). 
However, certain fat emulsions may induce side effects in 
patients with lung injury due to the presence of medium‑chain 
triacylglycerols (MCTs) (9,10). To improve the tolerance and 
effectiveness of fat emulsions, a structured triglyceride (STG), 
which is a combination of MCTs and long‑chain triglycer‑
ides (LCTs) and is also known as a structured fat emulsion 
or structured lipid, has been proposed (11). Treatment with 
STG ameliorates the inflammation in rats undergoing a total 
gastrectomy (12). Furthermore, STG alleviates renal injury in 
diabetic rats (13). However, the specific regulatory role of STG 
in ALI remains unclear.

G protein‑coupled receptors (GPRs), including GPR120, 
are pivotal signalling molecules in multiple aspects of 
cellular function  (14). GPR120 exerts anti‑inflammatory 
effects in various diseases. Activation of GPR120 protects 
against focal cerebral ischaemic injury in mice by attenu‑
ating apoptosis and inflammation (15). Flaxseed oil has been 
found to increase GPR120 expression, thereby restraining 
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the inflammatory response in the livers of obese mice (16). 
STG represents an innovative way to supply a mixture of 
FAs with different chain lengths (17). GPR120 serves as an 
omega‑3 (ω‑3) FA receptor that exerts anti‑inflammatory 
effects (18). Ginsenoside Rb2 promotes the anti‑inflammatory 
effects of ω‑3 FA in LPS‑induced RAW264.7 macrophages by 
enhancing GPR120 (19). However, whether the effects of STG 
are mediated via GPR120 in ALI remains unknown.

An LPS‑induced ALI mouse model was constructed 
in the present study and the regulatory effects of STG on 
lung injury, lung inflammation, and transforming growth 
factor‑α‑activated kinase 1 (TAK1)/NF‑κB pathway activity in 
ALI was evaluated. Moreover, the associations between STG 
and GPR120 were identified. Thus, the present study suggests 
a potential compound for treating ALI.

Materials and methods

Animals and drugs. In total, 40 male C57BL/6 mice (age, 
8 weeks; body weight, 22‑26 g) were purchased from Beijing 
Vital River Laboratory Animal Technology Co., Ltd. Mice 
were fed standard chow and water and maintained at 22‑25˚C 
and 55‑65% relative humidity with a 12‑h light/dark cycle. The 
animal experiments were approved by the Ethics Committee of 
Heze Municipal Hospital (approval no. KYLL‑hzsl2020008). 
STG is an innovative mixture of MCTs and LCTs containing 
combinations different from chain length FAs. The STG used 
in the present study was purchased from FRESENIUS (C6‑24).

ALI mouse model. After 1 week of adjustment, 20 mice were 
randomly allocated into four groups (n=5): Sham, ALI, ALI + 
STG 2.5 mg/kg and ALI + STG 7.5 mg/kg. To establish the 
LPS‑induced ALI mouse model, mice were intranasally 
administered 50 µl LPS. The Sham group was intranasally 
administered 50 µl PBS. Then, 1 day postperfusion, mice in 
the ALI + STG 2.5 mg/kg and ALI + STG 7.5 mg/kg groups 
were intravenously injected via the tail with 2.5 or 7.5 mg/kg 
STG three times at 6, 12 and 18 h. Mice in the ALI group 
received only LPS administration. Moreover, 20 additional 
mice were randomly divided into four groups (n=5): Sham, 
ALI, ALI + STG and ALI + STG + AH7614. The protocol of 
the Sham, ALI and ALI + STG groups was consistent with the 
previously described Sham, ALI and ALI + STG 7.5 mg/kg 
groups, respectively. Additionally, AH7614 (GPR120 inhib‑
itor) was used to further investigate the association between 
STG and the GPR120. In the ALI + STG + AH7614 group, 
LPS‑induced ALI mice were intravenously injected via the 
tail with 7.5 mg/kg STG three times at 6, 12 and 18 h prior to 
receiving 50 µg/mg AH7614 by intravenous tail injection.

Sample collection. A total of 1 h after the last treatment, all 
mice were anaesthetised by intraperitoneal injection of sodium 
pentobarbital (50 mg/kg). Blood was extracted through the 
hepatic portal vein under aseptic conditions and centrifuged 
at 3,000 x g for 15 min at 4˚C. Both the STG‑containing 
serum and other serum were filtered through a 0.22‑µm filter 
membrane and stored at ‑80˚C for cell culture. Then, 1 day 
later, all mice were anaesthetised and sacrificed by decapita‑
tion. Bronchoalveolar lavage fluid (BALF) was acquired by 
lavaging the left lung with 4 ml PBS through the tracheal 

cannula. The left lung was collected for measurement of the 
lung wet/dry weight (W/D) ratio assay. The right lung was 
separated, and a part of the lung tissue was fixed (24 h, 37˚C) 
in 4% paraformaldehyde for haematoxylin and eosin (H&E) 
staining (0.5% hematoxylin for 2 min at 37˚C, followed by 
0.5% eosin for 2 min at 37˚C). Another part of the right lung 
tissue was stored at ‑80˚C for reverse transcription‑quantita‑
tive PCR (RT‑qPCR), western blotting and measurement of 
myeloperoxidase (MPO) activity.

Analysis of lung W/D ratio. The left lung was carefully rinsed, 
blotted and weighed (wet weight). Subsequently, the left lung 
was dried in an oven for 24 h at 80˚C and weighed (dry weight). 
The lung W/D ratio was calculated as follows: (Wet weight/dry 
weight) x100%.

MPO activity. The lung homogenates were centrifuged at 
1,000 x g for 10 min at 4˚C. The MPO in the supernatant 
was assayed using commercial kits (Nanjing Jiancheng 
Bioengineering Institute).

H&E staining. Lung tissues were fixed in 4% paraformalde‑
hyde for 24 h at 37˚C, embedded in paraffin, cut into 5‑µm‑thick 
sections and stained with 0.5% hematoxylin for 2 min at 
37˚C, followed by 0.5% eosin for 2 min at 37˚C. By means 
of light microscopy (magnification, x400; BX51; Olympus 
Corporation), the lung pathological changes were evaluated. 
Lung injury was scored using a 5‑point system according to 
a previous study (20). The scoring criteria were as follows: 
0, normal tissue; 1, tiny inflammatory change; 2, mild to 
moderate inflammatory change (no marked damage to the lung 
architecture); 3, moderate inflammatory injury (thickening of 
the alveolar septa); 4, moderate to severe inflammatory injury 
(formation of nodules or areas of pneumonitis); and 5, severe 
inflammatory injury (total obliteration of the field).

ELISA. BALF was collected. After being centrifuged at 
3,000 x g for 10 min at 4˚C, the supernatant was collected 
for cytokine detection. The levels of interleukin (IL)‑1β, IL‑6 
and tumour necrosis factor‑α (TNF‑α) in BALF were assessed 
using mouse IL‑1β ELISA kit (cat. no. RA B0275MSDS; 
Sigma‑Aldrich; Merck KGaA), mouse IL‑6 ELISA kit 
(cat. no. RA B0309MSDS; Sigma‑Aldrich; Merck KGaA), 
and mouse TNF‑α ELISA kit (cat. no. RA B0477MSDS; 
Sigma‑Aldrich; Merck KGaA), respectively.

Cell culture and treatment. RAW264.7 cells (murine 
macrophage cell line) were cultured in DMEM/F12 
medium (American Type Culture Collection) with 10% FBS 
(Invitrogen; Thermo Fisher Scientific, Inc.) at 37˚C and in 
5% CO 2. RAW264.7 cells were divided into the negative 
control (RAW264.7 cells pre‑treated with serum from mice 
in the Sham group for 1 h at 37˚C), LPS (RAW264.7 cells 
pre‑treated with serum from mice in the ALI group for 1 h 
and then stimulated with 0.5 µg/ml LPS for 6 h at 37˚C), and 
LPS + STG serum (RAW264.7 cells pre‑treated with serum 
from mice in the ALI + STG group for 1 h and then stimulated 
with 0.5 µg/ml LPS for 6 h at 37˚C) groups. Additionally, the 
LPS + STG serum + AH7614 group comprised RAW264.7 
cells pre‑treated with serum from mice in the ALI + STG + 
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AH7614 group for 1 h, stimulated with 0.5 µg/ml LPS for 6 h, 
and treated with 100 µM AH7614 for another 4 h at 37˚C.

RT‑qPCR. Total RNA was extracted from tissues and cells 
using TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.). Thereafter, complementary DNA samples were attained 
through RT using PrimeScript RT Reagent kit (Takara Bio, 
Inc.). The reaction mixtures were incubated at 37˚C for 60 min, 
95˚C for 5 min and then held at 4˚C. RT‑qPCR analysis was 
detected using SYBR-Green PCR Master mix (Takara Bio, 
Inc.). RT‑qPCR was conducted on the 7500 Real‑time PCR 
system (Applied Biosystems; Thermo Fisher Scientific, Inc.), 
and the reaction conditions were as follows: Initial denatur‑
ation at 95˚C for 10 min, followed by 40 cycles at 95˚C for 
10 sec, 60˚C for 20 sec and 72˚C for 34 sec. The relative protein 
expression level was calculated using the 2‑ΔΔCq method (21). 
The primer sequences used are shown in Table I.

Western blotting. Total proteins were extracted from tissues 
and cells using RIPA lysis buffer (Beyotime Institute of 
Biotechnology). The concentration of total protein was 
detected using the bicinchoninic acid method. The proteins 
(20  µg per lane) were then separated by 10‑12%  sodium 
dodecyl sulphate gel electrophoresis gels. Separated protein 
was transferred onto polyvinylidene fluoride membranes, 
blocked with 5%  skim milk for 1  h at 37˚C, and incu‑
bated at 4˚C overnight with primary antibodies, including 
anti‑GPR120 (1:1,000; cat.  no.  SAB4501490MSDS; 
Sigma‑Aldrich; Merck KGaA), anti‑p65 (1:1,000; cat. 
no.  SAB4301496MSDS; Sigma‑Aldrich; Merck KGaA), 
anti‑phosphorylated (p)‑p65 (1:500; cat. no. MAB3026MSDS; 
Sigma‑Aldrich; Merck KGaA), anti‑TAK1 (1:1,000, 
cat. no. SAB4502922MSDS; Sigma‑Aldrich; Merck KGaA), 
anti‑p‑TAK1 (1:500; cat.  no  WH0006885M2MSDS; 
Sigma‑Aldrich; Merck KGaA), anti‑Toll‑like receptor 4 
(TLR4; 1:500; cat.  no.  PRS3141MSDS; Sigma‑Aldrich; 
Merck KGaA), and anti‑family pyrin domain‑containing 3 
(NLRP3; 1:500; cat. no. HPA012878MSDS; Sigma‑Aldrich) 
antibodies. Thereafter, the membranes were subjected to 
the horseradish peroxidase‑labelled goat anti‑rabbit IgG 
(1:5,000; cat. no. 12‑348MSDS; Sigma‑Aldrich; Merck KGaA) 
secondary antibody at 25˚C for 1 h. The immunoblots were 
analysed via enhanced chemiluminescence (Invitrogen; 
Thermo Fisher Scientific, Inc.) and semi‑quantified using the 
ImageLab software (version 3.0; Bio‑Rad Laboratories, Inc.).

Statistical analysis. Statistical analysis of the data was 
performed using GraphPad Prism 7.0 (GraphPad Software, 
Inc.). Data are presented as the mean ± standard deviation. 
The differences among multiple groups were assessed using 
one‑way ANOVA followed by Tukey's post‑hoc test. In vivo, 
the experiments were repeated three times for each mouse. 
In vitro, the experiments were performed in triplicate and 
repeated three times. P<0.05 was considered to indicate 
statistically significant differences.

Results

STG alleviates lung injury in the LPS‑induced ALI mouse 
model. To investigate the roles of STG in the pathogenesis of 

ALI, an LPS‑induced ALI mouse model was established. LPS 
administration caused considerable neutrophil infiltration, 
haemorrhage, interstitial oedema and thickening of the alveolar 
septum. Treatment with STG markedly alleviated pathological 
changes at both concentrations, although 7.5  mg/kg STG 
displayed more favourable results (Fig. 1A). Furthermore, the 
lung injury score was clearly elevated by LPS administra‑
tion (P<0.001). Low STG concentration markedly decreased 
the lung injury score (P<0.01), and a high concentration of 
STG exhibited a more favourable result (P<0.001; Fig. 1B). 
Following LPS administration, the lung W/D ratio was mark‑
edly increased (P<0.001). The LPS‑induced ALI mouse model 
treated with STG exhibited a dose‑dependent reduction in the 
lung W/D ratio (P<0.001; Fig. 1C). Determination of MPO 
activity was used to assess lung neutrophil infiltration. As 
depicted in Fig. 1D, MPO activity was elevated in ALI lung 
tissues (P<0.001). STG decreased lung MPO activity in a 
concentration‑dependent manner (P<0.001).

STG attenuates lung inflammation in the LPS‑induced ALI 
mouse model. Inflammation was evaluated by examining the 
pro‑inflammatory cytokine expression levels in lung tissues and 
BALF. As illustrated in Fig. 2A and B, the expression levels of 
IL‑1β, IL‑6 and TNF‑α in lung tissues and BALF were signifi‑
cantly elevated following LPS administration (P<0.001). The 
LPS‑induced ALI mouse model treated with STG displayed 
a dose‑dependent reduction in the expression levels of IL‑1β, 
IL‑6 and TNF‑α (P<0.001). Moreover, GPR120 protein expres‑
sion was clearly inhibited in the LPS‑induced ALI mouse 
model (P<0.001). STG markedly enhanced GPR120 protein 
expression (P<0.001). Notably, AH7614 clearly weakened 
the promotive effect of STG on GPR120 protein expression 
(P<0.001; Fig. 2C). As displayed in Fig. 2D, GPR120 expres‑
sion in the ALI group was lower compared with that in the 
sham group (P<0.001). STG increased GPR120 expression in 
ALI mice (P<0.001), while AH7614 markedly reversed the 
promotive effect of STG on GPR120 expression (P<0.001).

STG alleviates lung injury in the LPS‑induced ALI mouse 
model by enhancing GPR120. AH7614 was intravenously 

Table I. Primer sequences used in reverse transcription‑quan‑
titative PCR.

Name of primer	 Sequence 5'‑3'

IL‑1β‑F	 GGTCAAAGGTTTGGAAGCAG
IL‑1β‑R	 TGTGAAATGCCACCTTTTGA
IL‑6-F	 TAGTCCTTCCTACCCCAATTTCC
IL‑6‑R	 TTGGTCCTTAGCCACTCCTTC
TNF‑α‑F	 ATGGGAAGGGAATGAATCCACC
TNF‑α‑R	 GTCCACATCCTGTAGGGCGTCT
β‑actin‑F	 GGGAAATCGTGCGTGACATTAAG
β‑actin‑R	 TGTGTTGGCGTACAGGTCTTTG

F, forward; R, reverse; IL, interleukin; TNF‑α, tumor necrosis 
factor‑α.
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injected into LPS‑induced ALI mice to verify whether STG 
regulates GPR120 in ALI. Following LPS administration, the 
lung tissues isolated from mice treated with STG exhibited 
markedly decreased neutrophil infiltration, haemorrhage, 
interstitial oedema and thickening of the alveolar septum 
(Fig. 3A). Moreover, STG could decrease the lung injury score 
in ALI mice (P<0.01; Fig. 3B). AH7614 reversed the inhibitory 
effect of STG on the degree of lung tissue injury (Fig. 3A). 
Additionally, AH7614 simultaneously weakened the lowering 
effect of STG on the lung injury score (P<0.01; Fig. 3B). As 
shown in Fig. 3C and D, STG treatment visibly decreased 
the lung W/D ratio (P<0.001) and MPO activity (P<0.001). 
Furthermore, AH7614 rescued the decreased lung W/D ratio 
and MPO activity caused by STG in the LPS‑induced ALI 
mouse model (P<0.001).

STG attenuates lung inflammation and TAK1/NF‑κB pathway 
activity in the LPS‑induced ALI mouse model by enhancing 
GPR120. The GPR120 inhibitor, AH7614, was intravenously 
injected into ALI mice, and the expression levels of pro‑inflam‑
matory cytokines and the phosphorylation of p65 and TAK1 in 
lung tissues were assessed. As displayed in Fig. 4A, the expres‑
sion levels of IL‑1β, IL‑6 and TNF‑α in lung tissues in the 
ALI + STG group were lower compared with those in the ALI 
group (P<0.001). Interestingly, AH7614 treatment clearly miti‑
gated the suppressive effects of STG on the expression levels of 
IL‑1β, IL‑6 and TNF‑α in lung tissues in the LPS‑induced ALI 
mouse model (P<0.01). p65 is a major subunit of NF‑κB. The 

p‑TAK1/TAK1 and p‑p65/p65 ratios were used to evaluate the 
activity of the TAK1/NF‑κB pathway. The p‑TAK1/TAK1 and 
p‑p65/p65 ratios were clearly decreased by STG treatment, 
and AH7614 reversed the inhibitory effects of STG on the 
p‑TAK1/TAK1 and p‑p65/p65 ratios in the LPS‑induced ALI 
mouse model (P<0.001; Fig. 4B).

STG ameliorates lung inflammation and TAK1/NF‑κB 
pathway activity in LPS‑induced RAW264.7 cells by enhancing 
GPR120. To evaluate the effect of STG on ALI in  vitro, 
LPS‑induced RAW264.7 cells acted as the LPS‑induced ALI 
model at the cellular level. As shown in Fig. 5A, treatment 
with STG‑containing serum visibly decreased the expres‑
sion levels of pro‑inflammatory cytokines in LPS‑induced 
RAW264.7 cells (P<0.001), and AH7614 reversed the 
inhibitory effects of STG on the expression levels of 
pro‑inflammatory cytokines (P<0.001). Furthermore, treat‑
ment with STG‑containing serum significantly repressed the 
TAK1/NF‑κB pathway activity in LPS‑induced RAW264.7 
cells (P<0.001), and AH7614 rescued the suppressed 
TAK1/NF‑κB pathway activity caused by STG‑containing 
serum treatment (P<0.01; Fig. 5B). As displayed in Fig. 5C, 
the protein expression levels of TLR4 and NLRP3 in the 
LPS + STG serum group were lower compared with those in 
the LPS group (P<0.001), and AH7614 reversed the lowering 
effects of STG‑containing serum treatment on the protein 
expression levels of TLR4 and NLRP3 in LPS‑induced 
RAW264.7 cells (P<0.05).

Figure 1. STG alleviates lung injury in the LPS‑induced ALI mouse model. (A) The lung pathological changes, such as neutrophil infiltration, haemorrhage, 
interstitial oedema and thickening of the alveolar septum were observed by hematoxylin and eosin staining. (B) The degree of lung tissues injury was evalu‑
ated by lung injury score. ***P<0.001 vs. Sham; ##P<0.01; and ###P<0.001 vs. ALI. (C) The lung W/D ratio was examined. ***P<0.001 vs. Sham; ###P<0.001 
vs. ALI. (D) The MPO activity in lung tissues was measured. ***P<0.001 vs. Sham; ###P<0.001 vs. ALI. Except the lung W/D ratio, each experiment was 
performed in triplicate for each mouse (n=5 in each group). STG, structured triglyceride; LPS, lipopolysaccharide; ALI, acute lung injury; W/D, wet/dry 
weight; MPO, myeloperoxidase.
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Discussion

LPS facilitates the release of inflammatory cytokines and 
leads to lung injury, which is a well‑known experimental 
model of ALI (22,23). In the present study, the lung patho‑
logical changes, lung W/D ratio, MPO activity, expression 
levels of pro‑inflammatory cytokines and TAK1/NF‑κB 
pathway activity were clearly increased in LPS‑induced ALI 
mouse model. Previous studies have verified that the degree of 
lung injury and inflammatory response are both increased in 
LPS‑induced ALI (24,25). All the aforementioned descriptions 

suggest that the LPS‑induced ALI mouse model was estab‑
lished successfully.

In the present study, STG decreased the lung pathological 
changes, lung W/D ratio and MPO activity in the LPS‑induced 
ALI mouse model. The functions of STG were similar to 
the previously described emulsions. For instance, perfluoro‑
carbon emulsion decreases the lung W/D ratio and suppresses 
MPO activity in LPS‑induced ALI (26). Pre‑treatment with 
fish oil‑based emulsion decreases macrophage infiltra‑
tion and improves the lung endothelial barrier in intestinal 
ischaemia‑reperfusion‑induced ALI (27). Interestingly, STG 

Figure 2. STG attenuates lung inflammation in the LPS‑induced ALI mouse model. (A) RT‑qPCR was performed to confirm the expression of IL‑1β, IL‑6, 
and TNF‑α in lung tissues. ***P<0.001 vs. Sham; ###P<0.001 vs. ALI. (B) The levels of IL‑1β, IL‑6 and TNF‑α in BALF were measured by enzyme‑linked 
immunosorbent assay. ***P<0.001 vs. Sham; ##P<0.01; and ###P<0.001 vs. ALI. (C) The GPR120 protein expression in lung tissues was detected by western 
blotting. ***P<0.001 vs. Sham; ###P<0.001 vs. ALI; &&&P<0.001 vs. ALI + STG; (D) RT‑qPCR was performed to measure the GPR120 mRNA expression level 
in lung tissues. ***P<0.001 vs. Sham; ###P<0.001 vs. ALI; &&&P<0.001 vs. ALI + STG. Each experiment was performed in triplicate for each mouse (n=5 in each 
group). STG, structured triglyceride; LPS, lipopolysaccharide; ALI, acute lung injury; IL, interleukin; TNF‑α, tumor necrosis factor‑α; RT‑qPCR, reverse 
transcription‑quantitative PCR; BALF, bronchoalveolar lavage fluid.



SUN et al:  STG ALLEVIATES LPS-INDUCED ALI6

Figure 4. STG attenuates lung inflammation and TAK1/nuclear factor‑κB pathway activity in the LPS‑induced ALI mouse model by enhancing GPR120. 
(A) The expression of IL‑1β, IL‑6 and TNF‑α in lung tissues was detected by reverse transcription‑quantitative PCR. ***P<0.001 vs. Sham; ###P<0.001 vs. ALI, 
&&P<0.01; and &&&P<0.001 vs. ALI + STG. (B) Western blotting was performed to assess the activity of TAK1 and NF‑κB pathway in lung tissues. ***P<0.001 
vs. Sham; ###P<0.001 vs. ALI; &&&P<0.001 vs. ALI + STG. Each experiment was performed in triplicate for each mouse (n=5 in each group). STG, structured 
triglyceride; LPS, lipopolysaccharide; ALI, acute lung injury; TAK, transforming growth factor‑α‑activated kinase; IL, interleukin; TNF‑α, tumor necrosis 
factor‑α; p‑, phosphorylated.

Figure 3. STG alleviates lung injury in the LPS‑induced ALI mouse model by enhancing GPR120. (A) Hematoxylin and eosin staining was performed to assess 
the lung pathological changes, such as neutrophil infiltration, haemorrhage, interstitial oedema and thickening of the alveolar septum. (B) The degree of lung 
tissues injury was evaluated by lung injury score. ***P<0.001 vs. Sham; ##P<0.01 vs. ALI; &&P<0.01 vs. ALI + STG. (C) The lung W/D ratio was calculated. 
***P<0.001 vs. Sham; ###P<0.001 vs. ALI; &&&P<0.001 vs. ALI + STG. (D) The MPO activity in lung tissues was measured. ***P<0.001 vs. Sham; ###P<0.001 vs. 
ALI; &&&P<0.001 vs. ALI + STG. Except the lung W/D ratio, each experiment was performed in triplicate for each mouse (n=5 in each group). STG, structured 
triglyceride; LPS, lipopolysaccharide; ALI, acute lung injury; W/D, wet/dry weight; MPO, myeloperoxidase.
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retains the hepatic integrity in patients undergoing abdominal 
surgery (28). Among these options, it is suggested that treat‑
ment with STG may attenuate lung injury in ALI. Some lipids 
exert protective functions in different diseases by alleviating 
inflammation. For example, certain dietary oils (borage oil 
or fish oil) suppress pulmonary inflammation in patients 
with acute respiratory distress syndrome (29). Fish oil‑based 
lipid emulsion decreases the generation of pro‑inflammatory 
cytokines in LPS‑induced ALI  (30). Importantly, STG 
represses the expression levels of TNF‑α, IL‑6 and IFN‑γ in 

the renal tissue of diabetic rats (13). In the present study, STG 
decreased the expression levels of pro‑inflammatory cyto‑
kines in the LPS‑induced ALI mouse model, indicating that 
STG hampers lung inflammation in ALI. To further verify 
the regulation of inflammation by STG in ALI, LPS‑induced 
RAW264.7 cells were utilised. STG attenuated the inflamma‑
tion in LPS‑induced RAW264.7 cells. In summary, STG may 
protect against ALI by suppressing lung injury and inflam‑
mation. Nowadays, the roles of STG have been identified in 
different patients, such as moderately catabolic patients (31), 

Figure 5. STG ameliorates lung inflammation and TAK1/nuclear factor‑κB pathway activity in LPS‑induced RAW264.7 cells by enhancing GPR120. (A) The 
levels of IL‑1β, IL‑6 and TNF‑α in LPS‑induced RAW264.7 cells were measured by reverse transcription‑quantitative PCR. ***P<0.001 vs. LPS; ###P<0.001 
vs. LPS + STG serum. (B) The activity of TAK1 and NF‑κB pathway was evaluated by western blotting. ***P<0.001 vs. LPS; ##P<0.01 and ###P<0.001 vs. 
LPS + STG serum. (C) Western blotting was performed to measure the protein expression of TLR4 and NLRP3. ***P<0.001 vs. LPS; #P<0.05 and ###P<0.001 vs. 
LPS + STG serum. Each experiment was performed in triplicate and repeated three times. STG, structured triglyceride; LPS, lipopolysaccharide; ALI, acute 
lung injury; NC, negative control; TAK, transforming growth factor‑α‑activated kinase; IL, interleukin, TNF‑α, tumor necrosis factor‑α; p‑, phosphorylated; 
TLR, Toll‑like receptor; NLRP3, family pyrin domain‑containing 3.
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as well as those receiving liver resection (32), and parenteral 
nutrition (33). However, the anti‑inflammatory effect of STG 
on lung injury in humans remains unclear. In addition, the 
advantages of this drug in comparison with other conven‑
tional drugs have not been determined. Further research on 
these topics is still needed.

It has been documented that the protein expression of 
certain GPRs is inhibited in different diseases, such as 
GPR40 in ureteral obstructed kidneys (34), GPR55 in Crohn's 
disease  (35) and GPR120 in osteoarthritis  (36). Similarly, 
GPR120 protein expression was decreased in the LPS‑induced 
ALI mouse model in the present study. The GPR family 
exerts protective functions in various lung diseases. For 
instance, activation of GPR kinase (GRK)‑2 decreases the 
lung injury score, MPO activity and lung inflammation in 
endotoxin‑induced ALI (37). GRK‑6 deficiency increases lung 
pathological changes and inflammatory cytokine expression 
levels in an Escherichia coli lung infection mouse model (38). 
Importantly, GPR120 has protective effects against different 
diseases. GPR120 alleviates acute kidney injury by suppressing 
apoptosis and ER stress (39). In addition, GPR120 mediates 
anti‑inflammatory actions in immortalised hypothalamic 
neurons (40). Here, STG enhanced GPR120 protein expres‑
sion in the LPS‑induced ALI mouse model. Above all, it 
was suggested that STG protects against LPS‑induced ALI 
by enhancing GPR120 expression. Encouragingly, feedback 
experiments demonstrated that AH7614 reversed the lowering 
effects of STG on the pathological changes in the lung, 
lung W/D ratio, MPO activity and lung inflammation in the 
LPS‑induced ALI mouse model. In vitro, AH7614 reversed the 
suppressive effect of STG on inflammation in LPS‑induced 
RAW264.7 cells. Taken together, these results suggest that 
STG alleviates the lung injury and inflammation in ALI by 
enhancing GPR120 expression.

TAK1, a mitogen‑activated protein kinase kinase kinase 
family member, has been characterised as a critical mediator 
in the inflammatory signalling pathway (41). Notably, NF‑κB 
is the downstream signalling pathway of TAK1 (42), and their 
combination promotes the inflammatory response  (43,44). 
In the present study, STG attenuated TAK1/NF‑κB pathway 
activity in the LPS‑induced ALI mouse model. Inhibition of 
TAK1/NF‑κB pathway activity has a suppressive effect on 
different diseases. For instance, tubulointerstitial inflamma‑
tion is ameliorated by TAK1/NF‑κB pathway suppression 
in proteinuric kidney disease  (45) and inhibition of the 
TAK1/NF‑κB pathway attenuates LPS‑induced ALI  (46). 
Thus, STG may protect against LPS‑induced ALI by limiting 
the TAK1/NF‑κB pathway. Previous studies have confirmed 
that there is a negative association between GPR120 and the 
TAK1 pathway, as well as between GPR120 and the NF‑κB 
pathway. For example, GPR120 specifically decreases TAK1 
phosphorylation and activation in human embryonic kidney 
293 cells (47). GPR120 protects the liver from hepatic isch‑
aemia‑reperfusion injury by attenuating the NF‑κB‑mediated 
inflammatory response (48). Notably, GPR120 protein expres‑
sion is decreased and TAK1/NF‑κB protein expression is 
increased in bladder inflammation (49). In the present study, 
considering the interaction between STG and GPR120, it was 
assumed that STG may inhibit TAK1/NF‑κB pathway activity 
by enhancing GPR120 expression in ALI. Interestingly, 

feedback experiments displayed that AH7614 weakened the 
inhibitory effect of STG on TAK1/NF‑κB pathway activity 
in the LPS‑induced ALI mouse model. The effect of STG on 
TAK1/NF‑κB pathway activity was further evaluated in vitro. 
STG not only decreased the p‑TAK1/TAK1 and p‑p65/p65 
ratios but also inhibited the protein expression levels of TLR4 
(an upstream target of TAK1) (50,51) and NLRP3 (a down‑
stream target of the NF‑κB pathway) (52,53) in LPS‑induced 
RAW264.7 cells, whereas AH7614 reversed the inhibitory 
effects exerted by STG. The present results suggest that the 
GPR120‑TAK1/NF‑κB pathway axis participated in the regu‑
lation of ALI. In summary, STG may attenuate TAK1/NF‑κB 
pathway activity by enhancing GPR120 expression, thereby 
protecting against ALI.

In conclusion, a LPS‑induced ALI mouse model was 
established to evaluate the regulatory effects of STG on lung 
injury and inflammation in ALI. The regulatory mechanism 
of STG associated with GPR120 and the TAK1/NF‑κB 
pathway was further analysed. The present results show that 
STG may attenuate the lung injury and inflammation in ALI 
by regulating the GPR120‑TAK1/NF‑κB pathway axis. Thus, 
STG may be a valuable compound for treating ALI, and the 
GPR120‑TAK1/NF‑κB pathway axis may serve as a novel 
therapeutic target.
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