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Objective. This study aimed to explore the role of angelica polysaccharide (AP) in sepsis-induced acute lung injury (ALI) and its
underlying molecular mechanism. Methods. A sepsis model of cecal ligation and puncture (CLP) in male BALB/C mice was
used. Then, 24 h after CLP, histopathological changes in lung tissue, lung wet/dry weight ratio, and inflammatory cell infiltration
were analyzed. Next, levels of inflammatory cytokines (tumor necrosis factor-α (TNF-α), interleukin (IL)-1β, IL-6, and IL-18),
as well as the activity of myeloperoxidase (MPO), malondialdehyde (MDA), superoxide dismutase (SOD), and glutathione
(GSH), were measured to assess the role of AP. The protein expression of NF-κB p65, p-NF-κB p65, IκBα, p-IκBα, nucleotide-
binding domain- (NOD-) like receptor protein 3 (NLRP3), ASC, and caspase-1 was detected by western blot. In addition, the
expression of p-NF-κB p65 and NLRP3 was detected by immunohistochemistry. Results. AP treatment ameliorated CLP-
induced lung injury and lung edema, as well as decreased the number of total cells, neutrophils, and macrophages in
bronchoalveolar lavage fluid (BALF). AP reduced the levels of TNF-α, IL-1β, IL-6, and IL-18 in BALF, as well as in serum.
Moreover, AP decreased MPO activity and MDA content, whereas increased SOD and GSH levels. AP inhibited the expression
of p-NF-κB p65, p-IκBα, NLRP3, ASC, and caspase-1, while promoted IκBα expression. Conclusion. This study demonstrated
that AP exhibits protective effects against sepsis-induced ALI by inhibiting NLRP3 and NF-κB signaling pathways in mice.

1. Introduction

Sepsis, a serious systemic inflammatory response syndrome
that causes a harmful systemic inflammatory response to an
infection, is related to fatal organ dysfunction and has a high
mortality rate [1]. It can lead to multiple tissue and organ
injuries, and even death. Patients with sepsis are at great risk
for acute lung injury (ALI) due to pulmonary susceptibility
[2]. Despite advances being made in management strategies,
the mortality rate of patients with ALI induced by sepsis
remains high. Therefore, it is important to search for novel
therapeutics for the treatment of sepsis-induced ALI.

Angelica sinensis is a perennial Umbelliferae herb and is
broadly used as a traditional Chinese herbal medicine or
food in Asian countries, such as China, Japan, and Korea
[3]. Angelica polysaccharide (AP), one of the active
components of Angelica sinensis, plays an important role
in enhancing immunity and has antivirus, antitumor,
anti-inflammatory, antioxidant, and antiapoptosis activities
[4–7]. Previous studies have indicated that AP may alleviate
LPS-induced inflammation and apoptosis in PC12 cells by
inhibiting COX-1 expression [5]. However, whether AP has
therapeutic effects against sepsis-induced ALI is currently
uncertain.
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The nuclear factor kappa B (NF-κB) pathway and
nucleotide-binding domain- (NOD-) like receptor protein 3
(NLRP3) inflammasome, as important inflammatory path-
ways, are reported to play important roles in various diseases
[8, 9]. NF-κB is an important cell transcription regulator,
which can regulate various cytokines participating in the
inflammatory response [10]. The NLRP3 inflammasome is
an important part of inherent immunity, consisting of
NLRP3, the adaptor protein ASC, and caspase-1 [11]. NLRP3
inflammasome activation leads to caspase-1 activation,
which cleaves the inflammatory factor precursors of interleu-
kin- (IL-) 1β and IL-18 to accelerate their maturation and
release [12]. IL-1β and IL-18 then induce the release of other
inflammatory factors, which further amplify the inflamma-
tory response [13]. An increasing number of studies have
confirmed that the NF-κB pathway and NLRP3 inflamma-
some play vital roles in the therapy of ALI [14, 15].

In the present study, we investigated the effect of AP on
sepsis-induced ALI and its related molecular mechanisms.
Our data confirmed that AP could ameliorate sepsis-
induced ALI in mice by inhibiting NLRP3 and NF-κB
signaling pathways. Our findings are beneficial for further
understanding the protective effect of AP against sepsis-
induced ALI.

2. Materials and Methods

2.1. Animals.Male BALB/C mice (20-24 g, six-to-eight weeks
old) were purchased from Beijing Vital River Bioscience Co.,
Ltd (Beijing, China), and the mice were placed in a tempera-
ture- and light-controlled room (22 ± 2°C, 12 h cycle) with a
humidity of 55 ± 5%. The mice were fed food and water ad
libitum. All studies involving animals were approved by the
ethics committee of our hospital and conducted in accor-
dance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals.

2.2. Animal Model of Sepsis. The sepsis-induced ALI model
was established by cecal ligation and puncture (CLP) surgery,
as previously described with minor modifications [16]. Sim-
ply, mice were fasted for 12 h before surgery and anesthetized
using pentobarbital sodium (intraperitoneally, 50mg/kg). A
2-cm abdominal midline incision was made, and the cecum
was exposed. Subsequently, the cecum was isolated and
ligated below the ileocecal valve. Afterward, the cecum
between the ligation site and the end of the cecum was punc-
tured using a 22-gauge needle. A small amount of faeces was
squeezed through the puncture wound. The cecum was then
repositioned into the abdominal cavity, and the abdominal
incision was sutured with surgical sutures. Sham-operated
mice underwent the same procedure without CLP.

2.3. Experimental Protocols. The mice were randomly divided
into five groups (n = 10): Sham group, CLP group, CLP+AP
(25mg/kg) group, CLP+AP (50mg/kg) group, and CLP
+AP (100mg/kg) group. Mice in the CLP+AP group were
given AP by intraperitoneally 12 h before CLP, and those in
Sham group were given an equal volume of normal saline
(NS). Mice were sacrificed 24 h after CLP. AP was supplied

by Ci Yuan Biotechnology Co., Ltd. Shanxi (Xian, China).
Lung histological changes and lung wet/dry weight ratios
were determined to assess the AP effective concentration
for further experiments.

2.4. Lung Wet/Dry Ratio. The lung wet/dry weight ratio was
used to assess lung edema. Briefly, the lung tissue was excised
and rinsed with saline. After that, the tissues were weighed,
and wet weight was recorded. Then, the fresh lung tissues
were dried in an 80°C oven for at least 48 h to obtain the
dry weight as follows: lungwet/dry ratio = wet weight/dry
weight.

2.5. Bronchoalveolar Lavage Fluid (BALF) Collection and Cell
Count. The trachea was exposed and opened. The BALF was
collected via injection and retraction of 1.5mL PBS three
times. Subsequently, the collected BALF was centrifuged for
10min at 3000 rpm at 4°C. The supernatants were stored at
-80°C for cytokine detection using an enzyme-linked immu-
nosorbent assay (ELISA) kit. The cell precipitate was resus-
pended in 100μL of PBS, and the total cell numbers in
BALF were measured using a hemacytometer. Moreover,
neutrophil and macrophage cell numbers were evaluated
using the Wright-Giemsa staining method.

2.6. ELISA. The retrobulbar venous plexus blood was col-
lected and centrifuged at 3000 rpm for 10min. The levels of
tumor necrosis factor- (TNF-) α, interleukin (IL)-1β, and
IL-6 in BALF and serum were determined using the corre-
sponding ELISA kit (R&D systems, Minneapolis, MN,
USA) in accordance with the manufacturer’s instructions.

2.7. Oxidative Stress Assay. According to the instructions of
the experimental manual, the lung tissues were homoge-
nized. The levels of myeloperoxidase (MPO), malondialde-
hyde (MDA), superoxide dismutase (SOD), and glutathione
(GSH) were detected using the corresponding test kit
supplied by Jiancheng Bioengineering Institute (Nanjing,
China).

2.8. Hematoxylin-Eosin (HE) Staining. To evaluate histopath-
ological changes, the lung tissue was removed and fixed in 4%
formaldehyde for 24 h. Thereafter, the lung tissue was rou-
tinely dehydrated in a concentration series of alcohol,
embedded in paraffin, and cut into 5μm thick sections. The
sections were deparaffinized with xylene, dehydrated with
ethanol of different gradient concentrations, and then stained
with HE staining for 10min at room temperature. Finally,
pathological changes in the lung tissues were observed under
an optical microscope. Histopathological changes in lung tis-
sue were evaluated using a semiquantitative scoring method.
The histological score of the lung tissue was based on alveolar
congestion, hemorrhage, inflammatory cell infiltration, and
alveolar wall thickness, and graded from 0 (normal) to 4
(severe).

2.9. Immunohistochemistry Analysis. Lung tissue sections
(5μm) were incubated with primary rabbit monoclonal anti-
bodies against p-NF-κB p65 (1 : 100, ab86299, Abcam, UK)
and NLRP3 (1 : 200, ab214185, Abcam, UK) overnight at
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4°C and then incubated with alkaline phosphatase-
conjugated secondary antibody at room temperature for
2 h. After staining with 3, 3′-diaminobenzidine (DAB, Key-
Gen, Nanjing, China) and counterstaining with hematoxylin,
the mean integrated optical density of p-NF-κB p65 and
NLRP3 was visualized under an optical microscope.

2.10. Western Blot Analysis. The total proteins of lung tissues
were extracted using protein extraction kits following the
manufacturer’s instructions. First, 50μg of denatured protein
was loaded onto 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and then transferred onto polyvinylidene
fluoride membranes (Millipore, Bedford, MA, USA). The
membranes were blocked with 5% skimmed milk in TBST,
followed by overnight incubation at 4°C with the correspond-
ing primary antibodies. The primary antibodies were as
follows: NF-κB p65 (1 : 1000, ab16502), p-NF-κB p65
(1 : 500, ab86299), IκBα (1 : 1000, ab32518), p-IκBα (1 : 500,
ab133462), NLRP3 (1 : 1000, ab214185), ASC (1 : 1000,
ab155970), caspase-1 (1 : 1000, ab1872), and β-actin
(1 : 2000, ab8226), and were purchased from Abcam (Cam-
bridge, UK). Afterward, the peroxidase-labeled secondary
antibody (anti-rabbit IgG, 1 : 5000, Abcam) was used for
incubation for 2 h. Immunoreactive proteins were visualized
with an enhanced chemiluminescence kit, and the signal den-
sitometry was analyzed using a western blotting detection
system (Quantity One, Bio-Rad, USA).

2.11. Statistical Analysis. Experimental data were expressed
as the mean ± standard deviation for normal distribution.
Statistical analysis was performed using the SPSS 22.0 statis-
tical software (Chicago, IL, USA). The statistical comparisons
(P values) were calculated using one-way analysis of variance

or Student’s t-test. If P < 0:05, the difference was considered
significant.

3. Results

3.1. AP Protects Mice against Sepsis-Induced ALI and Lung
Edema. To determine whether AP could protect against
sepsis-induced ALI, HE staining was performed. The results
shown in Figure 1(a) indicated that pulmonary edema, hem-
orrhage, alveolar wall thickening, and inflammatory cell
infiltration increased in the lungs of the CLP group mice
compared to those of the lungs of the Sham group mice. In
contrast, these histologic changes were attenuated by the
administration of AP (Figure 1(a)). In addition, we assessed
these changes by using the lung injury score and found
that the administration of AP (50 and 100mg/kg) decreased
the histological lung injury grade (P < 0:05, P < 0:01), and the
most effective AP concentration was 100mg/kg (Figure 1(b)).
To evaluate changes in lung edema, lung wet/dry weight
ratios were determined. Figure 1(c) showed that the lung
wet/dry weight ratio was higher in the CLP group than in
the Sham group (P < 0:01). When compared with the CLP
group, treatment with AP (50 and 100mg/kg) decreased the
lung W/D ratio (P < 0:05, P < 0:01), and the most effective
AP concentration was also 100mg/kg (Figure 1(c)). There-
fore, AP (100mg/kg) was selected for further experiments.
All the results indicated that AP could protect mice against
sepsis-induced ALI and lung edema.

3.2. AP Inhibits Inflammatory Cell Infiltration in the BALF of
Sepsis-Induced ALI Mice. To investigate the role of AP on
lung inflammation, the number of inflammatory cells in
BALF was counted. As Figures 2(a)–2(c) showed, the number
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Figure 1: AP protected mice against sepsis-induced ALI and lung edema. (a) Pathological changes in the lung tissues observed by HE staining
(100x). (b) Histological score of lung tissue. (c) The lung wet weight/dry weight ratio was assessed among experimental groups. ∗∗P < 0:01, vs.
Sham group; #P < 0:05, ##P < 0:01, vs. CLP group.
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of total inflammatory cells, neutrophils, and macrophages
increased in the CLP group compared to those of the Sham
group (P < 0:01). When compared with the CLP group, AP
treatment decreased the number of total inflammatory cells,
neutrophils, and macrophages (P < 0:01), suggesting that
AP could inhibit inflammatory cell infiltration in sepsis-
induced ALI.

3.3. AP Inhibits the Production of Inflammatory Cytokines in
Both the BALF and Serum of Sepsis-Induced ALI Mice. To
evaluate the role of AP on inflammatory cytokines in
sepsis-induced ALI mice, the levels of TNF-α, IL-1β, IL-6,
and IL-18 in BALF and serum were detected by ELISA. The
levels of TNF-α, IL-1β, IL-6, and IL-18 in the CLP group
were higher than those in the Sham group (P < 0:01), while
the levels of TNF-α, IL-1β, IL-6, and IL-18 were reduced by
AP treatment (P < 0:01) in BALF (Figures 3(a)–3(d)), as well
as in serum (Figures 3(e)–3(h)). These results indicated that
AP could inhibit the production of inflammatory cytokines
in both the BALF and serum of sepsis-induced ALI mice.

3.4. AP Alleviates Oxidative Stress in Sepsis-Induced ALI
Mice. In this study, we explored the antioxidative function
of AP by measuring the activity of MPO, and the content
of MDA, SOD, and GSH. The results demonstrated that
the MPO activity and MDA content in the CLP group
were higher than those in the Sham group (P < 0:01)
(Figures 4(a) and 4(b)), while the levels of SOD and GSH
were lower in the CLP group (P < 0:01) (Figures 4(c) and
4(d)). Conversely, the administration of AP decreased MPO

activity and MDA content (P < 0:01) (Figures 4(a) and
4(b)), and increased the levels of SOD and GSH (P < 0:01)
(Figures 4(c) and 4(d)). These results indicated that AP could
alleviate oxidative stress in sepsis-induced ALI.

3.5. AP Inhibits the Activation of the NF-κB Pathway in
Sepsis-Induced ALI Mice. Western blot analysis showed that
the expression of p-NF-κB p65 and p-IκBα was higher in
the CLP group than in the Sham group (P < 0:01), but IκBα
expression was lower (P < 0:01) (Figure 5(a)). In contrast,
the administration of AP decreased the expression of p-NF-
κB p65 (P < 0:01) and p-IκBα (P < 0:01), and increased IκBα
expression (P < 0:01) (Figure 5(a)). In addition, to further
confirm the effect of AP on the NF-κB pathway, we measured
p-NF-κB p65 expression in the lung tissue by immunohisto-
chemistry. When compared with the Sham group, the pro-
tein expression of p-NF-κB p65 increased in the CLP group
(P < 0:01) (Figure 5(b)). Meanwhile, the phosphorylation of
NF-κB p65 was restrained by AP (P < 0:01) (Figure 5(b)).
The results demonstrated that AP could inhibit the activation
of the NF-κB pathway in sepsis-induced ALI mice.

3.6. AP Inhibits the Activation of the NLRP3 Inflammasome
in Sepsis-Induced ALI Mice. As Figure 6(a) showed, the pro-
tein expression of NLRP3, ASC, and caspase-1 was upregu-
lated in the CLP group relative to Sham group (P < 0:01).
AP pretreatment inhibited the expression of NLRP3, ASC,
and caspase-1 compared with the CLP group (P < 0:01)
(Figure 6(a)). Moreover, we detected NLRP3 expression in
the lung tissue by immunohistochemistry to better assess
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Figure 2: AP inhibited inflammatory cell infiltration in the BALF of sepsis-induced ALI mice. The number of total cells (a), neutrophils (b),
and macrophages (c) was analyzed in BALF. ∗∗P < 0:01, vs. Sham group; ##P < 0:01, vs. CLP group.
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Figure 4: AP alleviated the oxidative stress in sepsis-induced ALI mice. The activity of MPO, MDA, SOD, and GSH was detected using the
corresponding test kit. ∗∗P < 0:01, vs. Sham group; ##P < 0:01, vs. CLP group.
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Figure 3: AP inhibited the production of inflammatory cytokines in both the BALF and serum of sepsis-induced ALImice. The levels of TNF-
α (a), IL-1β (b), IL-6 (c), and IL-18 (d) in BALF were measured by ELISA. The levels of TNF-α (e), IL-1β (f), IL-6 (g), and IL-18 (h) in serum
were measured by ELISA. ∗∗P < 0:01, vs. Sham group; ##P < 0:01, vs. CLP group.
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the effect of AP on the NLRP3 inflammasome. The results of
Figure 6(b) demonstrated that the protein expression of
NLRP3 was increased in the CLP group compared with the
Sham group (P < 0:01). In contrast, the administration of
AP decreased the protein expression of NLRP3 relative to
the CLP group (P < 0:01) (Figure 6(b)). These results
suggested that AP could inhibit the activation of the NLRP3
inflammasome in mice with sepsis-induced ALI.

4. Discussion

ALI is the injury of alveolar epithelial cells with high morbid-
ity and mortality, which is related to some clinical disorders,
including pneumonia and sepsis [17]. The five-year survival
rate of patients with ALI is lower than 50% [18]. Therefore,

it is urgent to explore and discover new drug developments
that possess high curative effects. In the present study, we
demonstrated that AP could ameliorate sepsis-induced ALI
in mice by inhibiting NLRP3 and NF-κB signaling pathways.

The representative symptoms of ALI are lung edema,
inflammatory cell infiltration, and intrapulmonary hemor-
rhage [19]. Activated neutrophils and macrophages can
directly induce endothelial injury and damage the basement
membrane, leading to changes in vascular permeability and
ultimately to pulmonary edema [20]. In the present study,
AP treatment ameliorated the pathologic changes and
decreased the W/D weight ratio in the lungs compared with
those of the CLP group. In addition, we found that AP treat-
ment reduced the number of inflammatory cells. The results
indicated that AP could exert a protective effect against
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Figure 5: AP inhibited the activation of the NF-κB pathway in sepsis-induced ALI mice. (a) The expressions of NF-κB p65, p-NF-κB p65,
IκBα, and p-IκBα were measured by western blot. (b) The expression of p-NF-κB p65 was detected by immunohistochemistry. ∗∗P < 0:01,
vs. Sham group; ##P < 0:01, vs. CLP group.
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sepsis-induced ALI by ameliorating lung edema and inflam-
matory cell infiltration.

In recent years, an increasing number of studies have
demonstrated that oxidative stress can induce the aggrega-
tion of inflammatory cells and cause a number of serious
diseases, including ALI [21]. MPO is a marker of neutrophil
accumulation, which plays an important role in the inflam-
matory response. Despite its positive effects on the organism,
MPO-derived oxidants can cause oxidative stress and oxida-
tive tissue damage [22]. MDA, a product of lipid peroxida-
tion, is a marker of oxidative stress [23]. Previous studies
have also reported that SOD and GSH are two essential
antioxidant factors in the body [14]. In the present study,
the administration of AP decreased MPO activity and
MDA content, and increased the levels of SOD and GSH
relative to the CLP group, suggesting that AP could alleviate
the oxidative stress in sepsis-induced ALI. In addition to oxi-
dative stress, inflammation is related to the pathogenesis of
ALI. Inflammatory cytokines, such as TNF-α, IL-1β, IL-6,

and IL-18, are reported to play important roles in the process
of ALI [24, 25]. The levels of TNF-α, IL-1β, IL-6, and IL-18
are upregulated in the serum and BALF of ALI mice [24,
26]. Similarly, we found that the levels of TNF-α, IL-1β, IL-
6, and IL-18 were upregulated in the serum and BALF of
sepsis-induced ALI mice, and the upregulation of these
inflammatory cytokines was reversed by AP.

Among the various inflammatory responses, two path-
ways are particularly necessary for ALI: the NF-κB and
NLRP3 pathways. NF-κB is a crucial nuclear transcription
factor involved in the modulation of inflammatory cytokine
production [27, 28]. Under normal conditions, NF-κB is
sequestered into the cytoplasm by binding to IκBα, which is
a representative member of IκB [29]. Upon stimulation, IκBα
is degraded and phosphorylated [30]. Subsequently, NF-κB is
released and translocated to the nucleus where it binds to
specific DNA to regulate inflammatory gene expression
[30]. Our results showed that AP decreased the phosphoryla-
tion of NF-κB p65 and IκBα and increased IκBα expression,
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Figure 6: AP inhibited the activation of the NLRP3 inflammasome in sepsis-induced ALI mice. (a) The expressions of NLRP3, ASC, and
caspase-1 were measured by western blot. (b) The expression of NLRP3 was detected by immunohistochemistry. ∗∗P < 0:01, vs. Sham
group; ##P < 0:01, vs. CLP group.
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indicating that AP could inhibit the activation of the NF-κB
pathway in sepsis-induced ALI mice. An increasing number
of studies have demonstrated that the NLRP3 inflammasome
is involved in a variety of disease processes, including
inflammation-related tissue injury [31], and that ROS gener-
ated from NF-κB-mediated inflammation is a danger signal
that activates the NLRP3 inflammasome [32]. One activa-
tion, NLRP3 recruits ASC and activates caspase-1, which
induces the secretion and maturation of IL-1β and IL-18
[12]. IL-1β and IL-18 further induce the release of other
inflammatory factors, which mediate and expand the inflam-
matory cascade. Western blotting and immunohistochemis-
try showed that AP significantly decreased the expression of
NLRP3, ASC, and caspase-1, suggesting that AP could inhibit
the activation of the NLRP3 inflammasome in sepsis-induced
ALI mice.

In conclusion, this study confirmed that AP could exhibit
a protective effect against sepsis-induced ALI by inhibiting
the NLRP3 and NF-κB signaling pathways in mice. The
findings of this study provide a new avenue for ALI and pave
the way for future research.
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