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Umbelliferone Alleviates Lipopolysaccharide-Induced
Inflammatory Responses in Acute Lung Injury
by Down-Regulating TLR4/MyD88/NF-κB Signaling

Dongqiu Wang,1 Xia Wang,1 Wen Tong,1 Yuhong Cui,1 Xiuxian Li,1 and Haiyun Sun1,2

Abstract—This study investigated the protective effect and underlyingmechanism of action of
umbelliferone (Umb) against lipopolysaccharide (LPS)-induced acute lung injury (ALI). An
intragastric Umb injection prior to the administration of LPS dramatically decreased the wet/
dry lung weight ratio, attenuated inflammatory cell infiltration in lung tissue, and reduced the
LPS-induced production of inflammatory cytokines, including monocyte chemotactic pro-
tein-1(MCP-1), interleukin (IL)-6, tumor necrosis factor-α (TNF-α), and IL-1β, in
broncheoalveolar lavage fluid (BALF). In addition, Umb resulted in significant anti-
oxidative effects as shown by decreased myeloperoxidase (MPO) and malondialdehyde
(MDA) activity and increased superoxide dismutase (SOD) activity compared with the LPS
group. Finally, the inhibitory effects of Umb on the expression of toll-like receptor 4 (TLR4)/
myeloid differentiation protein 88 (MyD88)/nuclear factor-κB (NF-κB) signaling pathway
proteins were also measured. Our results clearly indicated that Umb exerted significant
protective effects on LPS-induced ALI by inhibiting the activation of the TLR4/MyD88/
NF-κB pathway.
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INTRODUCTION

Acute lung injury (ALI) is a critical illness that is
associated with significant morbidity and mortality [37].
Previous studies have confirmed that ALI is caused by
increased neutrophil infiltration into the lungs, resulting
in the release of pro-inflammatory mediators such as tumor
necrosis factor (TNF)-α and interleukin (IL)-6, and in-
creased oxidative stress [33]. The manifestations of ALI
include acute respiratory distress, non-cardiogenic pulmonary
edema, and hypoxemia [29, 35, 36]. Unfortunately, although
tremendous advances in the pathophysiology and treatment

of ALI have been made, the annual incidence and mortality
rate of patients with ALI remain extremely high [37]. There
remains a lack of effective therapies for this syndrome. Thus,
studies investigating the underlying mechanism of and novel
treatment methods for ALI are urgently needed.

Lipopolysaccharide (LPS) is a major component of
the Gram-negative bacterial cell wall [9, 13]. LPS triggers
inflammatory responses, including membrane lipid
oxidization and the production of pro-inflammatory cyto-
kines, resulting in damage to the host [14]. Therefore, the
intratracheal administration of LPS has been widely used
to establish an animal model of ALI [1]. This model, which
possesses similar characteristics to human ALI, is essential
in exploring the molecular mechanisms underlying ALI
and to test the effects of potential treatments [24]. Toll-
like receptor 4 (TLR4), a transmembrane receptor, plays a
critical role in the initiation and acceleration of the
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inflammatory response induced by LPS [22, 32]. The
binding of LPS to TLR4 can activate nuclear factor-κB
(NF-κB) signaling and initiate a cascade of responses,
including neutrophil infiltration and the accumulation of
inflammatory mediators such as TNF-α, IL-1β, and IL-6
[34]. Studies have shown that this process in an ALI-like
phenotype following LPS administration is accomplished
via a myeloid differentiation protein 88 (MyD88)-depen-
dent pathway [4, 8].

Natural products and their derivatives have been rec-
ognized as potential treatments for various diseases [26].
Umbelliferone (7-hydroxy coumarin) is an important de-
rivative of coumarin, which is found inmany plants [3, 11].
Previous studies had shown that umbelliferone possesses
various pharmacological activities, including high anti-
oxidant [12, 16] and anti-tumor effects [16, 18]. However,
no study has investigated the effects of umbelliferone on
LPS-induced inflammatory responses in ALI.

In the present study, we first examined the effects of
umbelliferone on vascular leakage and inflammatory cell
infiltration in ALI tissue. Malondialdehyde (MDA) forma-
tion and superoxide dismutase (SOD) activity were also
tested to confirm the anti-oxidative activity of umbelliferone.
Moreover, the effect of umbelliferone on the TLR4/MyD88/
NF-κB signaling pathway was investigated to reveal the
potential anti-oxidative mechanisms of umbelliferone. Our
research demonstrated that umbelliferone exerted significant
protective effects against LPS-induced ALI by inhibiting the
activation of the TLR4/MyD88/NF-κB signaling pathway,
indicating that umbelliferone might be a useful agent for the
treatment of ALI.

MATERIALS AND METHODS

Chemicals and Reagents

Umbelliferone was purchased from the National In-
stitutes for Food and Drug Control (Beijing, China), while
LPS (Escherichia coliO111:B4) was obtained from Sigma
(St. Louis, MO). All the primary antibodies used in this
study, including antibodies for NF-κB (#8242), p-NF-κB
(#3033), IκB (#4814), p-IκB (#2859), Myd88 (#4283),
TLR4 (#14358), and β-actin (#4970), were from Cell
Signaling Technology (Danvers, MA, USA). Enzyme-
linked immunosorbent assay (ELISA) kits for MCP-1,
IL-6, TNF-α, and IL-1β were obtained from R&D Sys-
tems (Minneapolis, MN, USA). Myeloperoxidase (MPO),
malondialdehyde (MDA), and superoxide dismutase

(SOD) detection kits were purchased from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China).

Establishment of the ALI Mouse Model

Thirty male BALB/c mice (7–8 weeks old, weighting
about 18–22 g) were obtained from Beijing Vital River
Laboratory Animal Technology Co., Ltd. (Beijing, China)
and group-housed in a temperature-controlled room with a
12:12-h light-dark cycle. All animal treatments in this
study were performed humanely and following the institu-
tional and national guidelines for ethical animal research.
LPS was used to establish acute lung injury (ALI) mice
model. Firstly, mice were randomly divided into five
groups: normal control group (control), model group
(LPS), and the umbelliferone groups (10, 20, and
40 mg/kg). Secondly, mice in umbelliferone groups were
pretreated by umbelliferone (10, 20, and 40 mg/kg)
through administration by gavage. After 1 h, LPS (50 μL,
3.2 mg/mL) was administered by intranasal administration
to induce ALI, while the mice in the control group received
an equal volume of PBS without LPS. Twelve hours after
LPS challenge, mice were sacrificed and then bronchoal-
veolar lavage fluid and lung tissue samples were collected.

The Acquisition of Bronchoalveolar Lavage Fluid and
Cell Count

The lungs of mice were carefully lavaged three times
with a total volume of 1.5 mL sterile PBS solution. The
total cell number was counted using a hemocytometer. The
rest of the bronchoalveolar lavage fluid (BALF) was cen-
trifuged at 1000g for 10 min at 4 °C and the cell-free
supernatant was harvested. Five-hundred-microliter super-
natant was used to quantify the total protein concentration
by a BCA protein assay kit (Beyotime, Shanghai, China).
The remainder BALF supernatant was stored at − 80 °C for
cytokine analysis.

Measurement of Inflammatory Cytokines in BALF

The levels of inflammatory markers, including
MCP-1, IL-6, TNF-α, and IL-1β, in BALF were
examined by mouse ELISA kits according to the
manufacturer’s recommendations (R&D Systems,
Minneapolis, MN, USA). The experiment was repeat-
ed at least three times.

Histological Evaluation

Lungs were collected 12 h after the administration of
LPS. The left lungs were fixed in Bouin’s solution,
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embedded by paraffin, and then sliced at 4-μm thickness.
Sections were stained with hematoxylin and eosin (H&E),
and pictures were captured using a microscope (Olympus
Optical Co., Ltd., Tokyo, Japan).

Lung W/D Ratio

After the mice were sacrificed, the weights of
the right lungs were recorded as wet weight. After
that, lungs were stored in an incubator at 60 °C for
48 h to get the dry weights. The lung W/D ratio
(wet/dry weight) was used to assess the degree of
pulmonary edema.

Measurement of MPO, MDA, and SOD

To analysis the neutrophil accumulation in lung
tissues, the MPO activity was determined by a MPO
activity kit following the manufacturer’s protocol.
Besides that, the pulmonary content of MDA levels
was tested to examine the level of lipid peroxidation,
and the SOD level was detected to measure anti-
oxidative enzyme activities in the lung tissue. All
of these experiments were done according to the
instructions recommended by the manufacturers.

Western Blot Analysis

Total protein was extracted from lung tissues
and analyzed by western blot with specific antibodies
as described [6]. Briefly, lung tissues were collected
and flash frozen in liquid nitrogen immediately. After
that, lungs were homogenized and lysed in extraction
buffer for 1 h on ice. The lysates were centrifuged at
13,000 r for 20 min, and the supernatant was col-
lected. The protein concentration was determined by
BCA assay. Equal amounts of protein were separated
by 10% SDS-PAGE and electroblotted onto PVDF
membranes. After blocking with 5% non-fat milk
for 1.5 h at 37 °C, the membranes were incubated
with the primary antibody overnight at 4 °C, follow-
ed by peroxidase-conjugated secondary antibody for
1 h at room temperature. Subsequently, immunoreac-
tive protein bands were visualized with Tanon 5200
chemiluminescence imaging system.

Statistical Analysis

Values were represented as means ± SEM, and ana-
lyzed by using one-way analysis of variance (ANOVA)
and Student’s t test using GraphPad Prism Software

(GraphPad Inc., La Jolla, CA, USA). P < 0.05 was consid-
ered to be statistically significant.

RESULTS

Umbelliferone Decreased the Number of Total Cells
and Protein Concentration in BALF of LPS-Induced
ALI Mice

As vascular leakage is a hallmark of ALI, we
assessed the total cell number and protein concentra-
tion in BALF. Mice were given an intragastric injec-
tion of umbelliferone (10, 20, and 40 mg/kg) at 1 h
prior to the administration of LPS. BALF was col-
lected at 12 h following LPS challenge. As is shown
in Fig. 1a, b, compared with the control group, the
challenge of LPS to mice dramatically increased the
number of total cells and the protein concentration,
while pretreated with umbelliferone dose-dependently
inhibited the LPS-induced changes, especially at the
concentration of 20 and 40 mg/kg.

Umbelliferone Pretreatment Reduced the Production
of Inflammatory Cytokines in the BALF of LPS-
Induced ALI Mice

To study the potential anti-inflammatory effects
of umbelliferone, the MCP-1, IL-6, TNF-α, and IL-
1β levels in BALF were measured by ELISA. As
shown in Fig. 2, LPS challenge significantly in-
creased the levels of MCP-1, IL-6, TNF-α, and IL-
1β in BLAF in comparison with that in control
group mice. The pretreatment of umbelliferone, espe-
cially at the concentration of 40 mg/kg, significantly
reduced the inflammatory cytokines levels compared
to that in the LPS group. All of these results dem-
onstrated that umbelliferone could reduce the inflam-
matory cytokine levels in LPS-induced ALI mice.

Umbelliferone Treatment Attenuated the
Inflammatory Cell Infiltration in Lung Tissues in LPS-
Induced ALI Mice

To assess the effects of umbelliferone on lung
injuries, the histopathological changes of the lung tissue
were observed. As shown in Fig. 3, extensive neutro-
phil infiltration and the obviously destruction of cellular
structure were observed in LPS-challenged group com-
pared with the control group. However, pretreatment
with umbelliferone attenuated the histological alterations
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induced by LPS. Especially, the lung morphology of
lung tissue in the 40-mg/kg group was almost

approximate to that in control group, indicating that
umbelliferone significantly alleviated the lung injuries.

Fig. 1. Effects of umbelliferone on the number of total cells and protein concentration in the BALF of LPS-induced ALI mice. Mice were given an
intragastric injection of umbelliferone (10, 20, and 40mg/kg) a 1 h prior to the administration of LPS. BALFwas collected at 12 h following LPS challenge to
measure the number of total cells (a) and total proteins (b). The values presented are the mean ± SEM (n = 6 in each group). ##p < 0.01 vs the control group;
*p < 0.05 vs the LPS group.

Fig. 2. Effects of umbelliferone on the production of inflammatory cytokines (MCP-1, IL-6, TNF-α, and IL-1β) in the BALF of LPS-induced ALI mice.
Umbelliferone (10, 20, and 40 mg/kg) were given by intragastric injection 1 h prior to the administration of LPS. The concentrations of MCP (a), IL-6 (b),
TNF-α (c), and IL-1β (d) in BALF after LPS i.n. administration were analyzed for the effect of umbelliferone at varied doses. The values presented are the
means ± SEM (n = 6 in each group). ##p < 0.01 vs the control group; *p < 0.05; **p < 0.01 vs the LPS group.
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Umbelliferone Treatment Decreased the Lung W/D
Ratio and Suppressed MPO Activity in LPS-Induced
ALI Mice

Pulmonary edema and the recruitment of inflamma-
tory cells into the pulmonary compartment are the most
important characteristics of LPS-induced ALI. The lung
W/D ratio, a reliable index of lung edema, was accessed in
this study. As we can see in Fig. 4a, the lung W/D ratio in
LPS group was remarkably higher than that in the control
group. While the treatment of umbelliferone decreased the
LPS induced change. To further demonstrate these effects,
the MPO activity in lung tissues, which is an indicator of
neutrophil infiltration, was also tested. Results in Fig. 4b
showed that the MPO activity was remarkably increased
by LPS, and this increase in MPO could be effectively
reversed by the treatment of umbelliferone. These results
indicated that umbelliferone exerted a protective effect
against LPS-induced lung injury.

Umbelliferone Treatment Decreased MDA Formation
and Increased SOD Activity in LPS-Induced ALI Mice

The MDA activity and SOD activity were studied to
verify the anti-oxidative activities of umbelliferone. In

comparison with control group, significant increase in
MDA content and decrease in SOD activity in LPS group
were shown in Fig. 5a, b. Umbelliferone could effectively
decrease the MDA activity and increase the SOD activity
in a dose-dependently way. These results indicated that
umbelliferone significantly alleviated the LPS-induced ox-
idative damage in lung tissue.

Umbelliferone Treatment Alleviated the LPS-Induced
ALI by Down-Regulating TLR4/MyD88/NF-κB
Signaling

To further study the mechanism of umbelliferone on
LPS-induced ALI, we tested the protein expression of
TLR4/MyD88/NF-κB signaling in LPS-induced ALI
mice. As shown in Fig. 6, ALI mice displayed obviously
elevation of p-IκBα and p-NF-κB compared with control
group. However, the treatment of umbelliferone signifi-
cantly reversed those, indicating that umbelliferone could
inhibit the activation of NF-κB pathway. Besides that, the
up-regulated protein expression of MyD88 and TLR4 in-
duced by LPS challenge could also be inhibited by
umbelliferone. These data indicated that umbelliferone
treatment alleviated the LPS-induced ALI by partly
down-regulating TLR4/MyD88/NF-κB signaling.

Fig. 3. Effects of umbelliferone on histopathological changes in lung tissues in LPS-induced ALImice. Umbelliferone (10, 20, and 40 mg/kg) were given by
intragastric injection 1 h prior to the administration of LPS. Lungs (n = 6) from each experimental group were collected for histological evaluation at 12 h after
LPS challenge. Representative histological changes of lung obtained from mice of different groups. Control group. LPS group. Umbelliferone (10, 20, and
40 mg/kg) group.
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DISCUSSION

ALI is a common clinical disease that results in
alveolar-capillary membrane damage, extensive neutrophil
infiltration, inflammatory mediator release, and non-
cardiogenic pulmonary edema [24]. Numerous studies
have confirmed that an increased inflammatory response
and excessive oxidative stress play an important role in the
pathogenesis of ALI [20].

Umbelliferone, a natural coumarin derivative, is the
major effective constituent of the umbelliferae herb family
[21, 27]. Previous studies have highlighted multiple phar-
macological effects of umbelliferone, including anti-micro-
bial, anti-fungal, anti-inflammatory, and anti-oxidant activ-
ities [7, 16, 25, 28, 31]. However, no reports investigating
the effect of umbelliferone on ALI exist and the mecha-
nisms underlying the anti-oxidant and anti-inflammatory
effects of umbelliferone remain unknown. Therefore, in the

present study, we investigated the protective effects of
umbelliferone on ALI and explored its underlying mecha-
nism of action.

In the study, LPSwas used to establish amouse model
of ALI. Different concentrations of umbelliferone (10, 20,
and 40 mg/kg) were used to verify whether its effects are
dose-dependent. Our present dates indicated that intranasal
LPS administration significantly increased the wet/dry
lung weight ratio, which is a marker of pulmonary edema.
Umbelliferone attenuated pulmonary edema in a dose-
dependent manner, with the largest effect achieved using
a concentration of 40 mg/kg. The histological results of our
study also demonstrate that LPS resulted in pathological
lesions and significant destruction of cellular structures,
and the histological alterations were effectively attenuated
by high-dose umbelliferone.

These effects were further confirmed by the total cell
counts and protein expression in BALF. Indeed,

Fig. 4. Effects of umbelliferone on the lungW/D ratio and lung MPO of LPS-induced ALI mice. Mice were given an intragastric injection of umbelliferone
(10, 20, and 40 mg/kg) 1 h prior to the administration of LPS. The lung W/D ratio (a) and lung MPO (b) were determined at 12 h after LPS was given. The
values presented are the mean ± SEM (n = 6 in each group). ##p < 0.01 vs the control group; *p < 0.05; **p < 0.01 vs the LPS group.

Fig. 5. Effects of umbelliferone on the lung MDA and lung SOD activity of LPS-induced ALI mice. Mice were given an intragastric injection of
umbelliferone (10, 20, and 40 mg/kg) 1 h prior to the administration of LPS. The lung MDA (a) and lung SOD (b) were determined at 12 h after LPS
was given. The values presented are the mean ± SEM (n = 6 in each group). ##p < 0.01 vs the control group; *p < 0.05; **p < 0.01 vs the LPS group.
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umbelliferone significantly reduced the number of total
cells and proteins in BALF following an LPS challenge.
The recruitment of neutrophils into lung tissues is the main
feature of ALI [10]. Myeloperoxidase (MPO) is an enzyme
located in the cytoplasmic granules of neutrophils, and its
activity reflects the infiltration of neutrophils into lung
alveolar or parenchymal spaces [34]. In the present study,
umbelliferone significantly decreased the activity of MPO
induced by LPS, demonstrating that umbelliferone could
suppress neutrophil recruitment to lung tissues. Together,
these results demonstrate that umbelliferone inhibited the
histopathological changes, pulmonary edema, and lung
vascular leakage associated with LPS-induced ALI in mice.

Previous studies have confirmed that inflammatory
cytokines are crucial in the pathogenesis of LPS-induced
ALI [9]. In this study, the levels of various chemotactic
factors (MCP-1) and inflammatory cytokines (IL-1β,
TNF-α, and IL-6) were measured using enzyme-linked
immunosorbent assays. As expected, all inflammatory me-
diators in BALF were markedly increased following LPS
treatment, and they were significantly reduced with subse-
quent umbelliferone treatment. These results demonstrate
that umbelliferone effectively attenuated pulmonary in-
flammation in LPS-induced ALI.

Neutrophil accumulation results in the production of
reactive oxygen species and granular enzymes, leading to

lung tissue damage by inducing an inflammatory cascade
[19]. In the present study, LPS significantly increased the
MDA content and decreased SOD activity, and these
changes were remarkably reversed by umbelliferone treat-
ment. Thus, umbelliferone protected mice against LPS-
induced ALI. These findings confirm that the protective
effects of umbelliferone on LPS-induced ALI might be
attributed to the anti-oxidant effects of the compound.

Moreover, several lines of evidence have demonstrat-
ed that TLR4, the major signaling receptor in LPS-induced
inflammation, is closely associated with high mortality in
ALI, mainly through activation of the NF-κB pathway [8,
17]. NF-κB is a critical regulator of acute inflammation [5].
It is required for the transcription of various cytokines,
including IL-6, IL-1β, and TNF-α [2, 15]. Under normal
conditions, NF-κB is bound to the inhibitory protein IκB
and is sequestered in the cytoplasm. After stimulation by
LPS, IκB is immediately phosphorylated and degraded by
IκB kinase. IκB degradation releases NF-κB, leading to its
translocation to the nucleus and resulting in the transcrip-
tion of numerous genes involved in inflammation [23, 30].
Therefore, to understand the underlying mechanism of
umbelliferone, we studied the expression of proteins in
the TLR4/MyD88/NF-κB signaling pathway in mice with
LPS-induced ALI. The protein expression of MyD88 and
TLR4 was significantly increased by LPS treatment, and

Fig. 6. Effects of umbelliferone on LPS-induced phosphorylation of NF-κB and IκBα in LPS-induced ALImice with the expressions of MyD88 and TLR4.
Mice were given different concentrations of umbelliferone (10, 20, and 40 mg/kg) with an intragastric injection 1 h prior to the administration of LPS. Protein
samples were analyzed by western blot with specific antibodies as described. Similar results were obtained in three independent experiments and one of the
three representative experiments is shown. The values presented are themean ± SEM. ##p < 0.01 vs the control group; *p < 0.05; **p < 0.01 vs the LPS group.
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phosphorylated (p)-IκBα and p-NF-κB were also up-reg-
ulated. Thus, the recognition of LPS by TLR4 initiated
MyD88-dependent signaling. Subsequently, there was
degradation of IκB-α, leading to the activation of NF-κB
signaling. However, with pretreatment of umbelliferone,
the expression of MyD88 and TLR4, as well as p-IκBα
and p-NF-κB, was down-regulated. Our results demon-
strate that umbelliferone could effectively inhibit NF-κB
activation by down-regulating TLR4/MyD88 signaling.

In summary, we demonstrated the protective effects of
umbelliferone on LPS-induced ALI in an animal model,
and showed that this process is attributable to a reduced
inflammatory response. Indeed, umbelliferone treatment
resulted in decreased inflammatory cytokine expression
and elevated anti-oxidant enzyme activity via the inhibition
of TLR4/MyD88-mediated NF-κB signaling. Additional
comprehensive studies are warranted to confirm the effects
of umbelliferone in ALI. However, our study provides
support for the treatment of ALI with umbelliferone.
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