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Abstract
Sepsis may result in lung injury through a complex cascade of events including interstitium infiltration of inflammatory cells.

Quercetin, the most abundant dietary flavonoid found in various plants and food products, possesses potent anti-inflammatory

and antioxidative properties. The purpose of this study was to investigate whether preventive administration of quercetin could

exert beneficial effects on experimental septic acute lung injury induced by lipopolysaccharide (LPS). C57/BL6 mice were chal-

lenged with LPS and survival time was monitored from 0–96 h after LPS treatment. Quercetin markedly rescued lethality, improved

survival time, and inhibited serum necrosis factor a, interleukin 1b, and interleukin 6, and nitric oxide (NO), and increased IL-10

secretion. Moreover, quercetin decreased lung pathological changes, myeloperoxidase activity, and malondialdehyde levels.

Quercetin also reduced the lung permeability changes and neutrophil and macrophage recruitment to the bronchoalveolar

lavage fluid compared to the vehicle. Additionally, quercetin significantly reduced COX-2, HMGB1, iNOS expression, and NF-

jB p65 phosphorylation. These results suggest that treatment with quercetin in septic mice improved survival time and lung injury.

Quercetin may be a promising potential therapeutic reagent for LPS-induced acute lung injury.
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Introduction

Acute lung injury (ALI) and the acute respiratory distress
syndrome (ARDS) are severe forms of diffuse lung disease
that impose a substantial health burden in both developing
and developed countries. ALI/ARDS is caused by an
increase in permeability of the alveolar-capillary barrier
and subsequent impairment of arterial oxygenation in
response to direct or indirect insults, most commonly
sepsis, pneumonia, and trauma.1 Despite the improvement
in supportive care has been great, current mortality and
morbidity remain high, while therapies targeting the under-
lying lung injury are limited.2

Multiple organ dysfunction syndrome is the most devas-
tating complication of sepsis, and one of the first organs to
fail is the lung. Indeed, almost half of all patients with
severe sepsis will go on to develop ALI/ARDS.3 Although
the pathophysiology is still not completely understood,
sepsis may result in ALI through a complex cascade of

events. In sepsis, the initiating stimuli of systemic
inflammation are often bacterial components such as lipo-
polysaccharide (LPS), which induce the secretion of pro-
inflammatory cytokines, nitric oxide (NO) and reactive
oxygen species (ROS) predominantly from leukocytes.4

Toll-like receptor 4, which plays an important role in LPS
recognition, triggers activation of an intracellular signaling
pathway involving nuclear factor-iB (NF-jB), leading to the
upregulation of many genes responsible for the secretion of
inflammatory mediators including tumor necrosis factor a
(TNF-a), interleukin 1b (IL-1b), and interleukin 6 (IL-6).5

Excessive inflammatory cytokines in circulation injure vas-
cular endothelium and induce the infiltration of inflamma-
tory cells as well as the movement of fluid into the
interstitial space. The subsequent local activation of neutro-
phils and macrophages leads to tissue damage via the
release of cytotoxic and immune cell-activating agents
such as cytokines, cationic polypeptides, free radicals, and
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proteinases.6 High-mobility group box 1 (HMGB1) is a ubi-
quitous nuclear protein that functions as a late-acting medi-
ator of endotoxin and sepsis lethality.7 When released into
the extracellular milieu, HMGB1 can stimulate the expres-
sion of TNF-a, IL-1, and IL-6 from macrophages.8 Many
studies have shown that HMGB1 is not only involved in
sepsis, but also participates in the process of LPS-induced
ALI.9 Administration of anti-HMGB1 antibodies sig-
nificantly attenuated endotoxin-induced lung injury in
mice. Thus, strategies that target HMGB1 with specific
antagonists may have the potential to treat lethal systemic
inflammatory responses including ALI.10

Quercetin (3, 30, 40, 5, 7-pentahydroxyflavone), which
represents the most abundant dietary flavonoid found in
various plants and food products, possesses potent anti-
inflammatory11 and antioxidative12 properties that contrib-
ute to the beneficial effects on multiple cell types, both in
animal and human. Several in vitro studies using different
cell lines have shown that the flavonoids are capable of
inhibiting LPS-induced cytokine production. For instance,
quercetin inhibits TNF-a production in LPS-stimulated
macrophages,13,14 IL-6 production in neutrophils,15 and
IL-8 in pulmonary epithelial cells.16 In addition, flavonoids
are nature-derived NF-jB inhibitors,17 and quercetin inhi-
bits NF-jB activation both in vivo18,19 and in vitro.20,21

Moreover, it was demonstrated that this polyphenol com-
pound significantly inhibited HMGB1 release from macro-
phages and prevented the accumulation of serum HMGB1
levels in mice with lethal endotoxemia.22 Numerous reports
have demonstrated the inhibitory effects of naturally occur-
ring flavonoids such as quercetin on cyclooxygenase-2
(COX-2) expression,23 which is a critical inducible enzyme
in multiple pathophysiological processes including ALI.24

Furthermore, quercetin is the most potent neutralizer of free
radicals within the flavonoid family.25 With the increased
knowledge about the pharmacokinetics and the molecular
mechanisms of action, this unique bioflavonoid has been
proposed as a treatment for acute and chronic inflammatory
processes.23 Nevertheless, little is known about the effect of
quercetin on LPS-induced ALI. Therefore, we hypothesized
that quercetin may inhibit inflammatory response and
reverse oxidative stress, particularly through decreasing
the expression of HMGB1 and COX-2, thereby preventing
the progression of sepsis and resultant ALI. To test this
hypothesis, we investigated whether preventive adminis-
tration of quercetin could exert beneficial effects on experi-
mental septic ALI induced by LPS in mice.

Methods
Animals and reagents

C57/BL6 mice (male, 7–8 weeks of age, 22–23 g) were
obtained from Nanjing Medical University Laboratory
Animal Center (Certificate No. SCXK-JIANGSU-2008-
0004). Animal care was in compliance with the guidelines
of the American Association for the Accreditation of
Laboratory Animal Care published by the National
Academy Press (Washington, DC, 1996). Mice were ran-
domly assigned into four groups (n¼ 20 in each group).
The experimental protocol was approved by the Animal

Care and Use Committee, Nanjing University. Group 1
(Control group), orally administered daily with vehicle
for one week and received an intraperitoneal injection of
PBS at day 8; group 2 (Quer group), orally administered
daily with quercetin for one week and received PBS injec-
tion at day 8; group 3 (LPS group), orally administered daily
with vehicle for 1 week and received an intraperitoneal LPS
injection at day 8; and group 4 (QuerþLPS group), orally
administered daily with quercetin and then received an
intraperitoneal injection of LPS at day 8.

Escherichia coli LPS (026:B6) and quercetin were pur-
chased from Sigma-Aldrich (Shanghai, China). The purity
of quercetin is �98%. Carboxymethyl cellulose sodium
(CMC) was from Sinopharm Chemical Reagent (Shanghai,
China). Quercetin was suspended in 0.5% CMC to achieve a
final working concentration of 18 mg/mL. The dosage of
quercetin (60 mg/kg) was based on previous studies
demonstrating beneficial effects of the drug.18,19

Antibodies for COX-2 and HMGB1 were purchased from
Abcam (Cambridge, MA US). Anti-inducible nitric oxide
synthase (iNOS) antibodies were obtained from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Anti-NF-jB
p65, anti-phospho-p65, and anti-b-actin antibodies were
obtained from Cell Signaling Technology (Beverly,
MA, USA).

Survival time study (Experiment 1)

For the survival study, the dose of LPS in mice (n¼ 10 in
each group) was 20 mg/kg. The mortality of mice was rec-
orded every 12 h during 96 h after PBS/LPS injection. No
serum or tissue sample was collected in this first
experiment.

Experiment 2

ALI was induced by intraperitoneal injection of 10 mg/kg
LPS (n¼ 10 in each group).26 After 24 h, mice (no death
observed) were sacrificed with an overdose of pentobarbital
(60–90 mg/kg) injected intraperitonealy. The chest space
was opened by the median sternotomy. Both lungs were
excised from the thoracic space by dissecting the trachea.
The left lung was used to obtain bronchoalveolar lavage
fluid (BALF) as described previously.27 Serum and lung
tissue samples were collected for subsequent analysis. The
superior lobe of right lung was excised for histopathologic
examination. The middle lobe of right lung was excised for
analysis of lung wet/dry weight ratio. The lower lobe of
right lung was rapidly removed and cut into two parts of
similar size. A part of the lower lobe was homogenized for
oxidative stress parameters measurements, and the other
part was used to extract proteins for Western blot.

Determination of BALF protein and leukocyte counts

The BALF was immediately centrifuged at 1400 g for 10 min
at 4�C to pellet the cells. The cell-free supernatant was
stored at �80�C for subsequent analysis of protein levels.
The cell pellets were resuspended in PBS for total cell
counts by a hemacytometer (Qiujing Inc., Shanghai,
China). For differential cell counts, slides were prepared
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with a cytospin centrifuge (PrepStain, Becton Dickinson,
Franklin Lakes, USA) and stained with Wright-Giemsa.
These preparations were analyzed by a pathologist blind
to group assignments. Protein concentrations in the super-
natant of the BALF were measured by a Coomassie brilliant
blue protein assay reagent kit (Jiancheng Bioengineering,
Nanjing, China). A standard curve was performed with
an albumin (bovine serum) standard saline solution.

Assay for TNF-a, IL-1b, IL-6, IL-10, and NO

Serum samples were collected for TNF-a, IL-1b, IL-6, IL-10,
and NO detection. According to the manufacturer’s instruc-
tions, the concentrations of all cytokines, including TNF-a,
IL-1b, IL-6, and IL-10 were detected by ELISA kits
(eBioscience Inc, San Diego, CA, USA) as described previ-
ously.28 NO production in the mouse serum was detected
by a commercial kit (R&D System, Minneapolis, MN, USA).
Absorbance was measured at 540 nm with a T-max
microplate reader (Molecular Device Corp., Sunnyvale,
CA, USA).

Histopathological examination

The superior lobe of right lung was fixed in 10% neutral
buffered formalin for 24 h. The tissues were embedded in
paraffin and cut into 5mm sections. Hematoxylin-eosin
stains were performed using standard protocol. The patho-
logical changes were assessed by a pathologist blinded to
the animal groups. Lung injury was scored based on the
findings in 10 randomly selected high-power fields (400�)
for each tissue slide, as described earlier.29 For immunohis-
tochemistry, lung sections were incubated with COX-2 anti-
body followed by incubation with horseradish peroxidase-
conjugated goat antibody against rabbit IgG (Santa Cruz
Biotechnology, Santa Cruz, CA, USA). The sections were
then developed with diaminobenzidine and counterstained
with hematoxylin. Quantification of images was done by
scanning densitometry with Image J 1.44 (National
Institute of Health, Bethesda, MD, USA).

Assessment of lung water content

The middle lobe of right lung was removed and the wet
weight was determined. The lung tissue was placed in an
oven at 60�C for 24 h to obtain the dry weight. The lung
water content (reflecting pulmonary edema) was derived
using the formula: W/D%¼ [(wet weight�dry weight)/
wet weight]� 100.

Measurements of myeloperoxidase activity and
malondialdehyde in lung tissues

The snap-frozen lung tissue was crushed in a prechilled
mortar and resuspended at a concentration of 50 mg/mL
in PBS. The tissues were centrifuged for 10 min at 10,000g
at 4�C. The supernatants were collected for myeloperoxi-
dase (MPO) and malondialdehyde (MDA) detection.

MPO activity (as a marker of neutrophil infiltration) was
assessed according to the methods previously described29

using a commercial kit (Jiancheng Bioengineering, Nanjing,

China). MPO activity was expressed in units per gram
weight of wet tissue.

The lipid peroxidation product MDA was assessed by
using the thiobarbituric acid reactive substances (TBARS)
assay kit (Jiancheng Bioengineering). Briefly, 100mL of
supernatant was added to 100mL sodium dodecyl sulphate
(SDS) lysis solution and mixed thoroughly. After 250mL of
thiobarbituric acid reagent addition, samples were incu-
bated at 95�C for 1 h and centrifuged at 3,000 rpm at room
temperature for 15 min. The supernatant was transferred to
a microplate for determination of the absorbance at 532 nm.
Values of TBARS are expressed as nmol equivalents of
MDA per milligram protein.

Western blotting analysis of HMGB1, iNOS, NF-jB p65,
and phospho-p65 expression

Total proteins were obtained from the supernatants of tissue
homogenate with T-PER tissue protein extraction reagent
(Pierce, Rockford, IL, US). Equal amounts (30 mg) of
total protein were separated on 10% polyacrylamide gels,
using an electrophoresis system (#164-5051, Bio-
Rad, Hercules, CA, USA), and transferred to nitrocellulose
membranes (#77010, Pierce) using a semidry transfer cell
(#221BR13870, Bio-Rad) at 10 V for 40 min. The membranes
were blocked for 60 min with 5% nonfat milk in Tris-buf-
fered saline Tween (TBST) and washed subsequently.
Primary antibodies for HMGB1, iNOS, NF-jB p65, and
p-p65 were added and incubated overnight at 4�C.
Additionally, all blots were incubated with anti-b-actin anti-
body to confirm protein loading levels. Membranes were
washed with TBST, incubated with horseradish peroxi-
dase-conjugated species-appropriate secondary antibodies
(Santa Cruz Biotechnology) for 1 h at room temperature,
and developed by an enhanced chemiluminescence (ECL)
kit (MB154410B, Pierce). Quantification of images was done
by scanning densitometry with Image J 1.44.

Statistical analysis

The data were reported as the means� SD. Statistical ana-
lyses were performed with SPSS for Windows version17.0
(SPSS Inc., Chicago, IL, USA). Survival data were presented
by the Kaplan–Meier method and comparisons were made
by the log rank test. The means from different treatments
were compared by one-way ANOVA followed by Dunnett’s
test. Values of P< 0.05 were considered statistically
significant.

Results
The survival time

As shown in Figure 1, LPS (20 mg/kg) administration dra-
matically resulted in mouse death. At 96 h after LPS injec-
tion, the survival rate of mice in LPS group was 10%. The
accumulative mortalities during four days were 40% in
quercetin pretreatment ALI mice, which were significantly
lower than that in LPS group (90%, P< 0.05). These data
indicated that pretreatment with quercetin could signifi-
cantly protect mice with endotoxemia from death.

Wang et al. Protective effect of quercetin on LPS-induced ALI in mice 1655
. . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . .



Serum levels of TNF-a, IL-1b, IL-6, NO and IL-10

After 10 mg/kg of LPS treatment, TNF-a, IL-1b, IL-6, and
NO contents in serum were remarkably elevated at 24 h
(Table 1). However, quercetin markedly decreased the
serum levels of these cytokines. Of note, quercetin signifi-
cantly increased IL-10 expression compared with that in the
LPS group (P< 0.05; Table 1).

Histopathological changes

To evaluate histopathological characteristics of the lungs,
the tissue sections were stained with hematoxylin and
eosin. In the Control and Quer groups, lung tissues
showed a normal structure and clear pulmonary alveoli
(Figure 2a). On the other hand, the lungs from LPS group
had extensive alveolar wall thickness, alveolar and intersti-
tial hemorrhage, and obvious inflammatory cells infiltra-
tion (Figure 2a). When the mice were pretreated with
quercetin, the pulmonary edema and infiltration were
improved significantly (Figure 2a). Generally, Figure 2(b)
shows that the lung injury score in QuerþLPS group was

significantly lower (P< 0.05) compared with that in LPS
group, although the injury was not completely prevented.

Lung water content, protein concentration, and
inflammatory cell count in BALF

To investigate the effect of quercetin on LPS-induced lung
edema, we evaluated the lung water content and protein
concentration in BALF 24 h after PBS/LPS treatment.
Compared with the LPS group, administration of quer-
cetin prior to LPS significantly reduced the increase in the
lung water content and protein concentration (P< 0.05;
Figure 3(a) and (b)), suggesting that quercetin prevents
the LPS-induced increase in lung vascular permeability.
Moreover, quercetin treatment led to a significant lowering
of the number of total cells, neutrophils, and macrophages
in the BALF, as compared to LPS group (P< 0.05; Figure 3(c)
to (e)).

MPO activity and MDA in lung tissues

To assess the neutrophil infiltration within pulmonary tis-
sues, MPO activity was detected. The results revealed that

Figure 1 Effect of quercetin on the survival of septic mice. Mice were orally administered daily with vehicle/quercetin for one week and received an i.p. injection of

PBS/LPS (20 mg/kg) at day 8. The mortality of mice was recorded every 12 h during 96 h. The survival rates were constructed using the Kaplan–Meier curve, and

differences in mortality were compared using the log-rank. (A color version of this figure is available in the online journal.)

Table 1 Quercetin pretreatment attenuates serum TNF-a, IL-1b, IL-6, and NO levels, and elevates anti-inflammatory

cytokine IL-10 concentration (n¼5 in each group)

Control Quer LPS QuerþLPS

TNF-a (pg/mL) 45.6�10.1 38.8� 14.2 138.6�24.7* 87.3� 17.2#

IL-1b (pg/mL) 30.1�7.7 34.0� 9.6 98.0�14.6* 67.6� 10.3#

IL-6 (pg/mL) 35.7�13.8 43.0� 7.8 1368.7�134.7* 987.6� 97.3#

IL-10 (pg/mL) 160.4�57.9 148.1� 49.4 2380.3�350.5* 3370.2� 410.8#

NO (mmol/L) 31.7�7.5 33.7� 9.2 224.5�24.9* 117.7� 30.0#

Note: Circulating cytokine levels were measured by ELISA of sera prepared at 24 h after PBS/LPS injection.

*P< 0.05 vs control.
#P<0.05 vs LPS.
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MPO activity was markedly attenuated in QuerþLPS
group (P< 0.05; Table 2). The level of MDA, an oxidative
stress biological marker, was also increased in LPS group
(P< 0.05; Table 2), which could be partially reversed by
quercetin.

Levels of COX-2, HMGB1, iNOS expression, and NF-jB
p65 phosphorylation

We next analyzed expression of COX-2 implicated in LPS-
induced lung injury using immunohistochemistry. COX-2
protein distribution was upregulated after 24 h following
LPS administration; this was predominant in alveolar
macrophages and neutrophils, as well as alveolar epithelial
type II cells. Nevertheless, pretreatment with quercetin effi-
ciently prevented the increase of COX-2 (Figure 4).

Results of Western blot show the levels of HMGB1 and
iNOS expression in lung tissue are significantly increased at
24 h after LPS challenge, which could be reversed by quer-
cetin pretreatment (Figure 5(a) and (b)). We simultaneously
determined the effects of quercetin on NF-jB. As shown in
Figure 5(a) and (b), NF-jB p65 phosphorylation
was increased with total p65 unchanged after LPS stimula-
tion, and drug treatment also suppressed NF-jB p65
activation.

Discussion

In the present study, it was shown that quercetin treatment
increased the survival rate and attenuated LPS-induced ALI
in a mouse model of sepsis (Figure 6). Quercetin reduced

Figure 2 Quercetin attenuated LPS-induced ALI. Mice were orally administered daily with vehicle/quercetin for one week and received an i.p. injection of PBS/LPS

(10 mg/kg) at day 8. (a). The superior lobe of right lung was stained with hematoxylin and eosin (magnification 100�). (b). Histopathological scores. Lung injury was

scored based on the findings in 10 randomly selected high-power fields for each tissue slide (n¼ 5 in each group). *P<0.05 vs control, **P<0.05 vs LPS. (A color

version of this figure is available in the online journal.)
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the secretion of cytokines including TNF-a, IL-6, and IL-
1b in serum, and elevated the expression of IL-10, an
important anti-inflammatory and immunoregulatory
cytokine. More importantly, this was followed by an
improvement in several inflammatory parameters,
including the vascular permeability alterations and
inflammatory cells recruitment to the lung and BALF.
Meanwhile, it reduced levels of oxidative stress markers
such as MPO activity and MDA in lung tissue. Together,
these findings showed that quercetin has potential thera-
peutic effects for ALI.

Figure 3 Effect of quercetin on lung edema, protein concentration and inflammatory cell counts in BALF. Mice received vehicle/quercetin gavage once daily for one

week, and PBS/LPS (10 mg/kg) was injected intraperitoneally at day 8 (n¼ 10 each group). The mice were killed after 24 h, and the BALF and lung tissue was then

collected. Lung water content (a), protein concentration (b), the numbers of total cells (c), neutrophils (d), and macrophages (e) in the BALF were estimated as described

in the Methods section. *P<0.05 vs control group, **P<0.05 vs LPS group

Table 2 Effect of quercetin on MPO activities and MDA in lung tissues

MPO activities (U/mg) TBARS (nm MDA/mg)

Control 0.40�0.13 0.610�0.130

Quer 0.35�0.18 0.553�0.077

LPS 1.50�0.24* 1.680�0.134*

Querþ LPS 1.15�0.17# 0.978�0.097#

Note: Lung homogenates were prepared for determination of MPO activities and

MDA according to protocols 24 h after LPS/PBS challenge (n¼ 10).

*P<0.05 vs control.
#P<0.05 vs LPS.
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It was shown here that administration of quercetin sub-
stantially elevated the survival rate of septic mice and
inhibited systemic inflammatory response to endotoxin-
induced sepsis in mice, as evidenced by decreased serum
levels of TNF-a, IL-1b, and IL-6. These inflammatory cyto-
kines are perhaps the most extensively studied group of
mediators involved in sepsis30 and ALI.31 Traditionally,
sepsis was viewed as an immunoparalysis state character-
ized by impaired innate and adaptive immune responses to
invasive microbial pathogens. Cytokines are a group
of endogenous inflammatory and immunomodulating
proteins, which have a crucial role in the complex patho-
physiology underlying sepsis. The imbalance between
inflammatory and anti-inflammatory cytokines may lead
to endothelial dysfunction and leakage syndrome, which
is associated with hypotension, tissue hypoxemia, edema,

and organ dysfunction.32 Furthermore, IL-10, a cytokine
with anti-inflammatory properties, was significantly
increased after quercetin treatment in LPS-induced mice.
The role of IL-10 in sepsis was demonstrated by numerous
reports, both in experimental animal models of septic shock
and humans with sepsis.32 A single injection of recombinant
IL-10 protein protected BALB/c mice from a lethal intraper-
itoneal injection of endotoxin. In contrast, the immunoneu-
tralization of IL-10 reversed the ability of IL-10 to protect
mice from lethal endotoxemia and led to elevated levels of
circulating TNF-a in mice.33 Therefore, the decreased levels
of proinflammatory cytokines (including TNF-a, IL-1b, and
IL-6) and increased levels of anti-inflammatory cytokines
including IL-10, may partly underlie the protective effect
of quercetin against LPS-induced lethal endotoxemia
and ALI.

Figure 4 Immunohistochemistry analysis of the effect of quercetin pretreatment on COX-2 protein expression in lung tissue. Representative images from three

separate experiments are shown (magnification 100�). The mean intensity of COX-2 staining was determined from image analysis and represented as arbitrary units

(n¼5 each group). *P<0.05 vs control group, **P<0.05 vs LPS group. (A color version of this figure is available in the online journal.)
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Intraperitoneal injection of bacterial LPS, a known com-
plement activator, represents a frequently used sepsis-asso-
ciated model of ALI.26 Apoptosis of endothelial cells
develops rapidly following administration of LPS and

causes modulation of epithelial permeability and disrup-
tion of the alveolar epithelial barrier. In addition, LPS
induces changes in neutrophil deformability and the
entrapment of neutrophils in the pulmonary capillaries,

Figure 5 Western blot analysis of HMGB1 and iNOS expression and NF-jB p65 phosphorylation in the lung. (a) Representative blots are shown. (b) Densitometric

quantification data are expressed as the intensity ratio of target proteins to internal standard (n¼5 in each group). *P<0.05 vs control, **P<0.05 vs LPS

Figure 6 Quercetin pretreatment (red bars) improved survival time and lung injury in LPS-induced septic mice. The scheme shows some of the mechanisms whereby

quercetin exerts important beneficial effects in ALI. (A color version of this figure is available in the online journal.)
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followed by permeability alterations and edema formation.
Pathologically, it is characterized by influx of neutrophils
into the interstitium and broncheoalveolar space, disrup-
tion of endothelial and epithelial integrity, interstitial
edema, and leakage of protein into the alveolar space.6 In
the current study, LPS exposure led to elevated lung W/D
ratio, increased protein concentration and a large influx of
white cells, which might be related with the increased epi-
thelial and endothelial permeability. However, pretreat-
ment with quercetin significantly inhibited the LPS-
induced elevation of W/D ratio, protein leakage, white
cells migration, and reduced the inflammatory histological
changes in the lung tissue. These results indicated that
quercetin had an anti-inflammatory activity during ALI,
which were associated with its attenuation of the sequestra-
tion and migration of inflammatory cell into the lung tissue.

Our results also implicated a decreased oxidative stress
in the lung of quercetin-pretreated mice. It is generally
recognized that oxidative stress plays an important role in
the development and manifestation of inflammatory
response, including sepsis and ALI.34 MPO, a heme protein
abundantly expressed in neutrophils, is released during
neutrophil activation. The major role of MPO is to aid in
microbial killing, but under various conditions, MPO pro-
duces excess oxidant leading to tissue damages.
Accordingly, the MPO activity reflects the function and acti-
vated state of PMNs in the pulmonary parenchyma.35 In the
present study, we found that quercetin significantly
decreased the activity of MPO and lipid peroxidation prod-
ucts (MDA). The antioxidative capacities of quercetin are
attributed to the phenolic hydroxyl groups within the mol-
ecule that have the optimal configuration for free radical
scavenging.36 Therefore, the protective effect of quercetin
on LPS-induced ALI was partly explained by its anti-oxida-
tive properties.

We simultaneously analyzed several key proteins
involved in the development of ALI. HMGB1 has recently
been proposed as one of the proinflammatory molecular
and late mediators of endotoxin or sepsis lethality.7 This
ubiquitous DNA-binding nuclear protein is released by
activated macrophages. It amplifies and extends the inflam-
matory response by inducing cytokine release through its
functional proinflammatory cytokine domain resides
within the primary amino sequence.8 It was reported that
quercetin significantly reduced circulating levels of
HMGB1 in mice with established endotoxemia.22

Moreover, HMGB1 may play a key role in the pathogenesis
of clinical and experimental ALI. Expression of HMGB1
was apparent in epithelial lining fluid and alveolar macro-
phages of patients with ALI and mice instilled with LPS.37

In addition, HMGB1 modulates the inflammatory cascade
in LPS-activated macrophages by inducing proinflamma-
tory cytokines such as TNF-a and IL-1b, while suppressing
anti-inflammatory responses.38 HMGB1 given intratrache-
ally produced acute inflammatory injury to the lungs in
vivo, including neutrophil accumulation, the development
of lung edema, and increased pulmonary production of
cytokines. Administration of anti-HMGB1 antibodies
decreased the migration of neutrophils to the lungs as
well as lung edema in LPS-induced ALI.10 Targeting

HMGB1 has proven to be a successful strategy in experi-
mental models of diverse infectious and inflammatory dis-
eases,39 and here we observed that quercetin significantly
inhibited HMGB1 expression in sepsis-induced ALI.

NF-iB is a protein transcription factor and typically a
heterodimer of p50 and p65 subunit. Stimulation of cells
with endotoxin triggers a series of signaling events that
result in NF-iB translocation, followed by synthesis of mul-
tiple molecules involved in inflammatory responses,
including iNOS and COX-2.40 A variety of agents and stra-
tegies has been proven to successfully suppress experimen-
tal ALI development through an NF-iB mechanism.41 In
our study, Western blot analysis demonstrated that phos-
pho-NF-jB p65 protein was significantly increased after
LPS administration, accompanied by marked increases in
iNOS and COX-2, and quercetin pretreatment prevented
these manifestations. This finding is consistent with previ-
ous reports which suggested the inhibitory effect of quer-
cetin on NF-jB in different animal models.18,19,42

Although many of the effects still need to be confirmed
by human intervention trials, quercetin is a most promising
compound for disease prevention and therapy. In this
study, quercetin exerted potent anti-inflammatory and
anti-oxidant effects, and decreased the exacerbation of the
inflammation process during LPS-induced ALI in a mouse
model. Collectively, these results suggest the potential of
quercetin as a candidate for the treatment of sepsis-asso-
ciated ALI.
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