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Abstract—— Dihydrotanshinone (DIH) is an extract of Salvia miltiorrhiza Bunge. It has 
been reported that DIH could regulate NF-κB signaling pathway. The aim of this study 
was to investigate whether DIH could protect mice from lipopolysaccharide (LPS)-induced 
acute lung injury (ALI) in mice. In this study, sixty mice were randomly divided into five 
groups, one group as blank control group, the second group as LPS control group, and the 
last three groups were pre-injected with different doses of DIH and then inhaled LPS for 
experimental comparison. After 12 h of LPS treatment, the wet-dry ratio, histopathlogi-
cal changes, and myeloperoxidase (MPO) activity of lungs were measured. In addition, 
ELISA kits were used to measure the levels of TNF-α and IL-1β inflammatory cytokines in 
bronchoalveolar lavage fluids (BALF), and western blot analysis was used to measure the 
activity of NF-κB signaling pathway. The results demonstrated that DIH could effectively 
reduce pulmonary edema, MPO activity, and improve the lung histopathlogical changes. 
Furthermore, DIH suppressed the levels of inflammatory cytokines in BALF, such as 
TNF-α and IL-1β. In addition, DIH could also downregulate the activity of NF-κB signal-
ing pathway. We also found that DIH dose-dependently increased the expression of LXRα. 
In addition, DIH could inhibit LPS-induced IL-8 production and NF-κB activation in A549 
cells. And the inhibitory effects were reversed by LXRα inhibitor geranylgeranyl pyroph-
osphate (GGPP). Therefore, we speculate that DIH regulates LPS-induced ALI in mice 
by increasing LXRα expression, which subsequently inhibiting NF-κB signaling pathway.
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INTRODUCTION

Acute lung injury is an acute inflammation of the 
lung caused by external or internal factors. Mild patients 
may have respiratory insufficiency, and severe patients 
may develop acute respiratory distress syndrome [1, 
2]. It is a developmental process of lung injury devel-
opment and spread, and also a process of immune cells 
in vivo initiating immune response to protect themselves 
to over-immune-induced inflammation [3]. Acute lung 
injury (ALI) is often accompanied by pulmonary cell 
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infiltration, increased levels of inflammatory cytokines, 
and various proteins, leading to pulmonary edema and 
dyspnea [4, 5].

Lipopolysaccharide (LPS), a combination of lipids 
and polysaccharides in the cell wall of gram-negative bac-
teria, is one of the most common pathogenic factors of 
ALI [6]. When the body is infected with LPS, LPS inter-
acts with TLR4 in target receptor cells to stimulate the 
body’s inflammatory response. LPS binds to the plasma 
protein LPS-binding protein (LBP) and CD14 forming 
high affinity complexes LPS-LPB-CD14. Then, it recruits 
MyD88 and the downstream TAK1 molecule to activate 
the NF-κB signaling pathway, thereby activating the 
expression of inflammatory cytokines and type I inter-
feron [7, 8]. LXRα is a ligand-dependent transcription 
factor that plays an important role in lipid metabolism and 
inflammation [9, 10]. Previous studies showed that activa-
tion of LXRα could inhibit LPS-induced inflammatory 
response [11]. Furthermore, studies showed that LXRα 
agonist could inhibit LPS-induced NF-κB activation [12]. 
In addition, a large body of studies demonstrated that 
many herbal compounds could activate LXRα and can 
be used as LXRα agonists [13–15].

Dihydrotanshinone (DIH) is the rhizome extract 
of Salvia miltiorrhizaBge, which has antibacterial and 
anti-inflammatory effects [16]. The previous reports have 
demonstrated DIH exhibited an anti-inflammatory effect 
in vitro and in vivo through blocking TLR4 dimerization 
[17]. In addition, DIH could ameliorate DSS-induced 
experimental ulcerative colitis in mice [18] and attenu-
ate atherosclerosis in apolipoprotein E-deficient mice 
[19]. Furthermore, the combination of DIH and Sanqi 
had synergistic effects in inhibiting inflammation media-
tors [20]. The aim of this study was to investigate whether 
DIH could reduce the damage of LPS-induced ALI and 
clarify the possible mechanism.

MATERIALS AND METHODS

Animals
The 7-week-old male BABL/c mice were purchased 

from the animal experiment center of Jilin University. The 
mice were raised in an environment with a temperature 
of 25 °C, humidity of 40–60% and good ventilation. The 
mice were free to eat and drink and maintained a 12-/12-h 
cycle of day and night.

Reagents

DIH standard products (purity > 98%) were pur-
chased from China pharmaceutical and biological prod-
ucts inspection institute. LPS and myeloperoxidase 
(MPO) assay kits were obtained from Abclonal (Wuhan, 
China). The ELISA kits were supplied by Abcam (Cam-
bridge, MA, USA). The other reagents without special 
labels were purchased from Jiancheng Bioengineering 
Institute (Nanjing, China). GGPP was purchased from 
Sigma-Aldrich (CA, USA).

LPS‑Induced ALI Model

Sixty mice were randomly divided into 5 groups 
with 12 mice in each group: control group, LPS group, 
and DIH groups with three doses (10 mg/kg, 20 mg/kg, 
30 mg/kg). The mice of DIH groups were injected with 
10 mg/kg, 20 mg/kg, and 30 mg/kg of DIH, respectively, 
while the control group and LPS group were injected with 
the same volume of normal saline. After 1 h of DIH treat-
ment, the mice were anesthetized; then, LPS was dropped 
from the nostrils of the LPS group [21] and DIH groups, 
while the control group was injected with the same vol-
ume of saline. The animal experiments were conducted 
in accordance with international guidelines on the ethical 
use of animals and approved by the Institutional Animal 
Care and Use Committee of Jilin University.

The Ratio of Wet to Dry Measurement

At 12 h after LPS treatment, part of the right lung 
tissue was removed, and the lung tissue was washed with 
PBS and weighed to get the wet weight. Subsequently, the 
tissue was placed in an incubator at 80 °C. After 48 h, the 
dry weight was weighed and the wet weight was divided 
by the dry weight to get the wet to dry ratio.

The Number of Inflammatory Cell 
Measurement

The mice were killed after 12 h of dripping into 
LPS. The trachea was separated and inserted into the tra-
chea of the mice with tracheal cannula. The trachea was 
slowly washed with 3 ml PBS for three times and then 
recovered. The BALF was obtained and centrifuged in 
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a 2000 RPM centrifuge for 10 min. The supernatant was 
left for follow-up test, and the cell precipitate was stained 
with Wright-Giemsa. The cell counter counts the number 
of macrophages, neutrophils, and total cells.

The Activity of MPO Measurement

In order to measure MPO activity, the right lung 
of mice was frozen, ground, dissolved with PBS, and 
supernatant was measured MPO activity by MPO assay 
kits according to the manufacturer’s instructions. The 
spectrophotometer was set at 450 nm to measure the OD.

The Changes of Lung Histopathological 
Changes

To observe the pathological changes of lung tissues, 
lung tissues were extracted and embedded in 4% formalde-
hyde for 48 h after LPS treatment for 12 h. Next, the lung 
tissue was rinsed clean and dehydrated, then embedded in 
paraffin and made into glass slides. The morphology of the 
cells was observed under microscope after H&E staining.

The Inflammatory Cytokines of BALF 
Measurement

The previously obtained bronchoalveolar lavage 
fluid was used to measure the concentrations of inflam-
matory cytokines. The levels of TNF-α and IL-1β were 
measured using ELISA assay kits according to the manu-
facturer’s instructions.

Western Blot Analysis

The NF-κB, LXRα, and ABCA1 expressions in 
lung tissue were determined by Western Blot. The protein 
concentration in the supernatant was analyzed using BCA 
assay kits. The samples were separated by 12% SDS poly-
acrylamide gel electrophoresis and then separated to the 
bottom. The samples were then transferred to the PVDF 
film. Subsequently, the membrane was placed in 5% skim 
milk for 2 h and incubated with the primary antibodies 
overnight at room temperature. After 3 times of TBST 
cleaning, the membranes were incubated with secondary 
antibody at room temperature for 1 h and then visualized 
by ECL.

In Vitro Experiment

A549 cells were cultured in DMEM supplemented 
with 10% FBS. The effects of DIH on A549 cell viability 
were detected by MTT assay. The cells were pre-treated 
with DIH 1 h before LPS treatment. IL-8 production and 
NF-κB activation were measured by ELISA and western 
blot analysis. In addition, to inhibit LXRα, its inhibitor 
GGPP (20 μM) was added and the cytokines and NF-κB 
activation were measured.

Statistical Analysis

All data results were analyzed using ANOVA; the 
expression of the results was means ± S.E.M. ANOVA 
and Student’s T were used as test methods for the dif-
ference analysis of any two groups of data. P < 0.05 
stands for significant difference, while P < 0.01 stands 
for extremely significant difference.

RESULTS

Effects of DIH on Pulmonary Edema
In order to investigate the effect of DIH on pulmo-

nary edema, the wet to dry ratio of the lung was calcu-
lated. The lung wet to dry ratio in LPS group increased 
significantly after LPS treatment, while the lung wet to 
dry ratio in pretreatment DIH groups decreased to a cer-
tain extent. The results showed that DIH could alleviate 
LPS-induced pulmonary edema (Fig. 1).

Effects of DIH on Lung MPO Activity

The activity index of MPO is closely related to the 
status of immune cells. In the present study, we deter-
mined the activity status of MPO. The results showed 
that MPO activity was significantly increased after LPS 
stimulation. However, LPS-induced MPO activity was 
markedly decreased in mice pretreated with DIH (10 mg/
kg, 20 mg/kg, 30 mg/kg) and the decreases were in a 
dose-dependent manner (Fig. 2).

Effects of DIH on Inflammatory Cell Number

The number of inflammatory cells correlates with 
the immune response. LPS stimulation directly increased 
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the number of inflammatory cells, neutrophils, and mac-
rophages, as shown in Fig. 3. However, the increased 
numbers of inflammatory cells, neutrophils, and mac-
rophages were significantly inhibited by DIH (10 mg/kg, 
20 mg/kg, 30 mg/kg). These results suggested that DIH 
could attenuate LPS-induced inflammatory cell infiltra-
tion in lung tissues.

Effects of DIH on Lung Histopathological 
Changes

LPS-induced histopathological changes in the lung 
tissues were detected in this study. Compared to the con-
trol group, LPS group showed severe histopathologic 
changes, such as cell wall thickened, cell edema, and 

inflammatory cell infiltration in the lung tissues. How-
ever, treatment with DIH (10 mg/kg, 20 mg/kg, 30 mg/kg) 
significantly ameliorated LPS-induced lung histopatho-
logical changes (Fig. 4).

Effects of DIH on Inflammatory Cytokine 
Production

Inflammatory cytokines play a critical role in the 
development of lung injury. As can be seen in Fig. 5, the 
inflammatory cytokines of TNF-α and IL-1β production 
in LPS group were much higher than the control group. 
However, treatment with DIH (10 mg/kg, 20 mg/kg, 
30 mg/kg) significantly inhibited LPS-induced inflam-
matory cytokine production. The results showed that 

Fig. 1  Effects of DIH on the lung W/D ratio of LPS-induced ALI mice. The values presented are the means ± SD of three independent experiments. 
#p < 0.01 vs. control group, *p < 0.05 and **p < 0.01 vs. LPS group.

Fig. 2  Effects of DIH on MPO activity. The values presented are the mean ± SD of three independent experiments. #p < 0.01 vs. control group, 
*p < 0.05 and **p < 0.01 vs. LPS group.
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DIH could inhibit LPS-induced inflammatory cytokine 
production.

Effects of DIH on Lung NF‑κB Activity

The expression of inflammatory cytokines was reg-
ulated by NF-κB. To investigate the anti-inflammatory 
mechanism of DIH, NF-κB signaling pathway was meas-
ured in this study. According to the results of western 
blot, the expression of phosphorylation of NF-κB p65 
and I-κBα in LPS group was upregulated compared with 
the control group. However, in DIH treated groups, the 

expression of phosphorylation of NF-κB p65 and I-κBα 
was attenuated by DIH in a dose-dependent manner 
(Fig. 6). The results suggested that DIH could downregu-
late the NF-κB activity induced by LPS.

Effects of DIH on Lung LXRα Expression

Previous studies showed that activation of LXRα 
could inhibit NF-κB activation [12]. To further clarify 
the anti-inflammatory mechanism of DIH, LXRα and 
its downstream signaling molecule ABCA1 expression 
was measured in this study. According to the results of 

Fig. 3  Effects of DIH on the number of inflammatory cells in the BALF of LPS-induced ALI mice. The values presented are mean ± SD of three 
independent experiments. #p < 0.01 vs. control group, *p < 0.05 and **p < 0.01 vs. LPS group.
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western blot, LXRα and ABCA1 expression in LPS group 
was downregulated compared with control group. How-
ever, DIH (10 mg/kg, 20 mg/kg, 30 mg/kg) increased the 
expression of LXRα and ABCA1 in a dose-dependent 
manner (Fig. 7).

In vitro studies, our results showed that DIH could 
inhibit LPS-induced IL-8 production and NF-κB activa-
tion in A549 cells. And the inhibition of DIH on IL-8 pro-
duction and NF-κB activation in A549 cells was blocked 
by GGPP (Fig. 8).

DISCUSSION

In present study, BABL/c mice were used to estab-
lish the ALI model. Our results demonstrated that DIH 
had protective effects against ALI and the mechanism 
may be through activating LXRα, which subsequently 
inhibited LPS-induced inflammatory response.

ALI is usually the concentration of inflammatory 
response in the lungs caused by pathogenic factors [2]. 
The accompanying symptoms include pulmonary inter-
stitial edema, infiltration of neutrophils and macrophages, 

and histopathological changes. In severe cases, ALI pro-
gresses to acute respiratory distress syndrome (ARDS), 
which greatly increases the risk of death [22].

As a common pulmonary disease, ALI has a very 
high clinical fatality rate [23]. Thus, the researchers 
have been looking for effective drugs to treat ALI. In 
the present study, the experimental results showed that 
compared with the control group, the lung wet to dry 
ratio and MPO activity in LPS group were significantly 
increased. And the histopathological changes are more 
severe. ALI is characterized by the infiltration of inflam-
matory cells [24]. And these inflammatory cells could 
release the inflammatory cytokines and amply the inflam-
matory response [25]. In this study, there was an obvious 
increase in the number of inflammatory cells and inflam-
matory factors TNF-α and IL-1β in BALF. As expected, 
all the indicators in DIH groups were lower than those 
in the LPS group. These results indicated that DIH had 
protective effects against LPS-induced ALI.

As an important receptor, activation of TLR4 can 
directly stimulate the nuclear transcription expression of 
NF-κB after bacteria enter the body [26]. Previous studies 
have shown that LPS can activate the expression of NF-κB 

Fig. 4  Effects of DIH on histopathological changes in lung tissues in LPS-induced ALI mice. Representative histological changes of lung obtained 
from mice of different groups. A Control group, B LPS group, C LPS + DIH (10 mg/kg) group, D LPS + DIH (20 mg/kg) group, E LPS + DIH 
(30 mg/kg) group (hematoxylin and eosin staining, magnification 200 ×).
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Fig. 5  Effects of DIH on TNF-α and IL-1ß production in the BALF of LPS-induced ALI mice. The values presented are mean ± SD of three inde-
pendent experiments. #p < 0.01 vs. control group, *p < 0.05 and **p < 0.01 vs. LPS group.

Fig. 6  DIH inhibits LPS-induced NF-κB activation. The values presented are the means ± SD of three independent experiments. #p < 0.01 vs. con-
trol group, *p < 0.05 and **p < 0.01 vs. LPS group.
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through TLR4 [27]. When ligands bind to cell surface 
receptors, adaptor proteins are recruited to the binding site 
to activate the IKK complex. IKK phosphorylates IκB and 
exposes NF-κB to nuclear transcription [28]. In previous 
studies, it has demonstrated that DIH could exhibit an anti-
inflammatory effect in vitro and in vivo through blocking 
TLR4 dimerization [17]. The regulatory effect of DIH on 
NF-κB signaling pathway is not clear, and the effect of 
DIH on LPS-induced ALI is still unknown. Therefore, 
this paper explores the anti-inflammatory mechanism of 
DIH by establishing LPS-induced mouse ALI model. The 
results showed that DIH significantly attenuated NF-κB 
signaling pathway activity induced by LPS. LXRα has 
been known to have anti-inflammatory activity [29, 30]. 

Previous studies showed that activation of LXRα could 
inhibit LPS-induced TLR4 dimerization and NF-κB acti-
vation [13, 31]. Therefore, we investigated whether DIH 
exhibited anti-inflammatory effects through activating 
LXRα. And our results showed DIH could increase the 
expression of LXRα and downstream signaling molecule 
ABCA1 in a dose-dependent manner.

In this study, we found that DIH could activate 
LXRα, which leads to the inhibition of the nuclear tran-
scription of NF-κB and inflammatory response. In the 
follow-up research, DIH will be used to participate in 
clinical experiments and we will subsequently examine 
the possibility of this as a specific treatment for ALI.

Fig. 7  Effects of DIH on lung LXRα and ABCA1 expression. The values presented are the means ± SD of three independent experiments. #p < 0.01 
vs. control group, *p < 0.05 and **p < 0.01 vs. LPS group.
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