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Eriodictyol, a plant flavonoid, attenuates LPS-induced acute lung
injury through its antioxidative and anti-inflammatory activity
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Abstract. Acute lung injury (ALI) is characterized by exces-
sive inflammatory responses and oxidative injury in the
lung tissue. It has been suggested that anti-inflammatory or
antioxidative agents could have therapeutic effects in ALI,
and eriodictyol has been reported to exhibit antioxidative and
anti-inflammatory activity in vitro. The aim of the present
study was to investigate the effect of eriodictyol on lipopolysac-
charide (LPS)-induced ALI in a mouse model. The mice were
divided into four groups: Phosphate-buffered saline-treated
healthy control, LPS-induced ALI, vehicle-treated ALI
(LPS + vehicle) and eriodictyol-treated ALI (LPS + eriodic-
tyol). Eriodictyol (30 mg/kg) was administered orally once,
2 days before the induction of ALI. The data showed that
eriodictyol pretreatment attenuated LPS-induced ALI through
its antioxidative and anti-inflammatory activity. Furthermore,
the eriodictyol pretreatment activated the nuclear factor
erythroid-2-related factor 2 (Nrf2) pathway in the ALI mouse
model, which attenuated the oxidative injury and inhibited
the inflammatory cytokine expression in macrophages. In
combination, the results of the present study demonstrated that
eriodictyol could alleviate the LPS-induced lung injury in mice
by regulating the Nrf2 pathway and inhibiting the expression
of inflammatory cytokines in macrophages, suggesting that
eriodictyol could be used as a potential drug for the treatment
of LPS-induced lung injury.

Introduction
Acute lung injury (ALI) and acute respiratory distress

syndrome (ARDS), its more severe form, are acute respira-
tory failure syndromes, which are characterized by severe
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hypoxemia, pulmonary edema and neutrophil accumulation in
the lungs (1). The occurrence of ALI/ARDS may be a result of
critical illnesses of diverse etiologies; these illnesses may be
a result of direct injury to the lung, such as toxic inhalation,
aspiration, pneumonia and near-drowning, or occur through
indirect causes, e.g. sepsis, pancreatitis, burns, gynecological
conditions (amniotic fluid embolism, eclampsia, placental
abruption) and massive blood transfusion. The clinical inci-
dence of ALI/ARDS is high and the condition is associated
with marked mortality and morbidity (2,3).

Inflammation is an early response of the vascular tissues
to infection, injuries and harmful stimuli, such as pathogens
and irritants; it is involved in non-specific immune responses
for neutralizing invaders and repairing damaged cells and
it initiates the healing processes (4). Lipopolysaccharide
(LPS) is a structural component of the outer membrane of
Gram-negative bacteria and is known to induce inflam-
mation (5). LPS binds to and signals through the Toll-like
receptor 4, leading to a rapid release of pro-inflammatory
cytokines, such as tumor necrosis factor (TNF). TNF subse-
quently acts through its membrane receptor 1 complex I (6-8)
to activate multiple downstream effectors, such as the tran-
scription factor nuclear factor kB (NF-«xB), to further induce
the production of pro-inflammatory cytokines, including
interleukin (IL)-6, IL-1p and macrophage inflammatory
protein 2 (MIP-2), thereby amplifying the inflammatory
response (9,10). Excessive inflammatory reactions, particu-
larly the activation of neutrophils and macrophages, have
been implicated in the pathogenesis of ARDS (11,12). In addi-
tion, increased levels of oxidants, if unchecked, can become
deleterious to the cells, since they are responsible for oxida-
tive stress (acute or chronic), which can cause tissue damage
and apoptotic cell death. Oxidative stress plays a key role in
the pathogenesis of an extensive range of diseases, including
Alzheimer's and Parkinson's diseases (13), cardiovascular
and pulmonary disorders (14,15) and, in particular, ALI and
primary and secondary infections.

Inflammation and oxidative stress play a critical role in the
pathogenic process, which is generated by the innate immune
response to LPS-induced acute tissue injury. Furthermore,
inflammation and oxidative stress are inextricably linked, as
each generates and reinforces the other; for example, through
the activation of NF-kB, oxidative stress promotes the recruit-
ment and activation of resident cells and leukocytes, thereby
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evoking inflammation (16), while activated resident cells,
leukocytes and macrophages induce oxidative stress through
the generation of reactive oxygen, chlorine and nitrogen
species.

The transcription factor nuclear factor erythroid-2-related
factor 2 (Nrf2) is a basic leucine zipper transcription factor and
a member of the cap ‘n’ collar transcription factor family (17).
Nrf2 is responsible for both the constitutive and the induc-
ible expression of antioxidant response element-regulated
genes. Nrf2 activation is an effective antioxidant defensive
mechanism that is used by host cells against oxidative stress.
Nrf2 has been shown to be the master regulator of several
hundreds of genes that are involved in the antioxidant defense
response (18).

Eriodictyol, a flavonoid isolated from the Chinese herb
Dracocephalum rupestre, has long been established as an
antioxidant and anti-inflammatory agent. Notably, eriodictyol
is distributed in common foods and has been identified to have
beneficial biological activities (19,20). Eriodictyol has been
found to suppress nitric oxide production, NF-kB activation
and mitogen-activated protein kinase phosphorylation in mouse
macrophages (21). Based on these previously observed proper-
ties of eriodictyol, the aim of the present study was to use a
mouse model to investigate whether eriodictyol could exert a
protective effect in LPS-induced ALL

Materials and methods

Mice. Specific pathogen-free female C57BL/6 mice (8-10 weeks
old) were purchased from the SLRC Laboratory Animal Co.,
Ltd. (Shanghai, China). The animals were maintained under
barrier conditions and kept at 22-25°C under a 12-h light/dark
cycle. The mice were randomly divided into four groups:
Phosphate buffered saline (PBS)-treated healthy control (n=10),
LPS-induced ALI (n=10), vehicle-treated ALI (LPS + vehicle,
n=10) and eriodictyol-treated ALI (LPS + eriodictyol, n=10). All
experimental procedures were carried out in strict accordance
with the NTH Guidelines for the Care and Use of Laboratory
Animals, and animal handling was performed following the
dictates of the National Animal Welfare Law of China.

Establishment of the ALI mouse model. Eighty female C57BL/6
mice were anesthetized by an intraperitoneal injection of
150 mg/kg ketamine HCI and 65 pg/kg xylazine hydrochloride.
E. coli LPS (Sigma-Aldrich, St. Louis, MO, USA) was instilled
intratracheally (25 pg in 50 yul sterile saline) during inspiration.
The control mice received PBS instillation, while the eriodic-
tyol- and vehicle-treated mice received eriodictyol (30 mg/kg,
dissolved in PBS) and vehicle (PBS), respectively, orally 2 days
prior to the induction of ALI. The mice were then sacrificed by
an intravenous injection of thiopental 24 h after the induction
of ALI The thorax was opened and the blood was sampled by
cardiac puncture. Simultaneously, three bronchoalveolar lavage
(BAL) procedures were performed, each using 0.5 ml normal
saline. The blood was centrifuged (2,000 x g, for 10 min at 4°C)
and the serum was stored for further processing; the survival
curve was then depicted using the Kaplan-Meier method.

BAL fluid (BALF) collection and cell counting. Three simul-
taneous BAL procedures were carried out using 0.5 ml sterile
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saline, and the BALF was collected. The recovered lavage
was centrifuged at 3,000 x g for 10 min at 4°C. The cell-free
supernatants that were obtained from the first procedure were
stored at -20°C for further analysis for inflammatory cytokine
and protein concentration by ELISA. The BALF cell pellet
was resuspended in PBS for cell counting.

Morphological assessment of lung injury. Mice were anesthe-
tized by an intraperitoneal injection of 100 mg/kg ketamine
mixed with 10 mg/kg xylazine. Following exposure, the lung
tissues were perfused with PBS and fixed by an injection of
10% formalin into the trachea. Following tracheal ligation, the
lung tissues were incubated in 4% formalin overnight at 4°C.
The lung tissues were then embedded with paraffin, sectioned
at 5-um thickness and stained with hematoxylin and eosin.

For the determination of the lung injury score, the
histological images were evaluated by an assessor who
was initially blinded to the study groups. Lung injury was
scored based on edema, neutrophil inflitration, hemorrhage,
bronchiole epithelial desquamation and hyaline membrane
formation (22). The score ranged between 0 and 4, based on
severity: 0, indicated no injury; 1, indicated modest injury
(including limited congestion and interstitial edema, but no
interstitial neutrophilic infiltrate with inflammatory cells
in the alveolar spaces); 2, indicated intermediate injury
(including mild congestion, interstitial edema, and interstitial
neutrophilic infiltrate with inflammatory cells in the alveolar
spaces); 3, indicated widespread injury (including more
prominent congestion and interstitial edema with neutrophils
partially filling the alevolar spaces); and 4, indicated wide-
spread injury (including most prominent, marked congestion,
and interstitial edema with neutrophilic infiltrate nearly
filling the alveolar spaces or with pulmonary consolidation).
The average values were considered a semi-quantitative
histological index of lung injury.

Measurement of lung myeloperoxidase (MPO) activity.
The frozen right lower lobe lung samples were weighed and
homogenized in 2 ml of 50 mmol/l phosphate buffer at pH 6.0
containing 0.5% hexadecyltrimethylammonium bromide
(Sigma-Aldrich). The samples were then frozen on dry ice
and thawed at room temperature thrice, following which they
were sonicated. The suspensions were subsequently centri-
fuged at 2,000 x g for 15 min at 4°C. The MPO activity in the
supernatant was assessed by measuring the H,O,-dependent
oxidation of o-dianisidine dihydrochloride (Sigma-Aldrich),
as previously described (23). A total of 0.1 ml supernatant
was mixed with 2.9 ml phosphate buffer (50 mmol/l, pH 6.0)
containing 0.0005% H,0, (Sigma-Aldrich) and 0.167 mg/ml
o-dianisidine dihydrochloride (Sigma-Aldrich). The change
in absorbance was measured at 460 nm using a spectropho-
tometer. The MPO activity was expressed as the change in
absorbance per minute and was further normalized to the
total protein content of the supernatant.

Measurement of lung tissue wet/dry ratio. The left lungs
were extracted and the wet weights were obtained. The lung
tissues were then reweighed 3 days after drying at 80°C. The
wet/dry ratio was calculated as follows: wet/dry ratio = (wet
weight - dry weight)/dry weight (24).
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Lactate dehydrogenase (LDH) assay. The LDH activity in
the BALF was measured using a Sigma LDH determination
kit (Sigma-Aldrich). Briefly, 200 ul BALF supernatant was
added to 2.5 ml reagent A for 1 min, prior to 100 ul reagent B
being added. The absorbance at 340 nm was recorded every
minute for 3 min for the purpose of confirming the linearity
of the reaction. The LDH activity was expressed in U/l. Using
LDH standard (Sigma-Aldrich) it was confirmed that there
was a linear increase in absorbance with increasing LDH
concentrations.

Protein concentration in the BALF. BAL was performed as
described in a previous study (25). Briefly, following sacrifice,
the trachea was exposed and intubated using a tracheal cannula.
BAL was performed three times by repeatedly flushing the
airways and lungs with 0.5 ml cold saline. The pooled BALF
was collected on ice and centrifuged at 500 x g for 5 min
at 4°C. The supernatant was then stored at -20°C for further
analysis. The determination of protein concentrations in the
cell-free BALF was performed using Bio-Rad protein assay
reagents (Bio-Rad, Hercules, CA, USA). In the same fashion,
a standard curve was generated using bovine serum albumin.

ELISA. The TNF-a, IL-6, IL-1a and MIP-2 concentrations
were measured by ELISA according to the manufacturer's
instructions. The experiment was repeated thrice and the
results were presented as the mean value of the three experi-
ments.

Survival study of mice with LPS-induced ALI. The possibility
that pretreatment with eriodictyol could confer protection
against LPS-induced ALI was assessed. The mice were
randomly divided into four experimental groups (n=10 per
group), as mentioned previously, and the survival rates were
recorded at 120 h.

Measurement of oxidative stress in vivo. The lung tissues were
homogenized in 0.01 M PBS (pH 7.4) and clarified by centrifu-
gation at 10,000 x g for 10 min at 4°C. The levels of H,O,, ‘OH
and malondialdehyde (MDA) were subsequently measured in
order to determine the level of oxidative stress in the lungs.
The assays were performed in accordance with the instruc-
tions of the manufacturers of the H,O, (Abcam, Cambridge,
MA, USA), "OH (Nanjing Jiancheng Bioengineering Research
Institute, Nanjing, China) and MDA kits (Abcam). The H,0,,
*OH and MDA levels corresponded to the level of oxidative
stress in vivo.

Western blot analysis. The tissues and macrophages were
immediately homogenized and the proteins were extracted
according to the instructions of the total protein extraction kit
(G-Biosciences, St. Louis, MO, USA). The protein concentration
was determined using the bicinchoninic acid protein assay kit
(Sigma-Aldrich). The protein samples were then subjected to
10% SDS-PAGE and transferred to a polyvinylidene difluoride
membrane. Following blocking with 5% milk, the membrane
was incubated with the indicated primary antibodies: Rabbit
polyclonal anti-Nrf2 (1:200; cat. no. sc-722; Santa Cruz
Biotechnology, Inc., Dallas, TX, USA), mouse monoclonal
anti-thioredoxin 1 (Trx1) (1:200; cat. no. sc-13526; Santa Cruz
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Biotechnology, Inc.) and rabbit polyclonal anti-B-actin (1:1,000;
cat. no. A2066; Sigma-Aldrich) at room temperature for 2 h. The
membranes were then incubated with goat anti-rabbit (1:1,000;
cat. no. A0545; Sigma-Aldrich) and goat anti-mouse (1:1,000;
cat. no. HAF007, R&D Systems, Inc., Minneapolis, MN, USA)
secondary antibodies at room temperature for 1 h, and the
protein bands were visualized by the enhanced chemilumines-
cence system (Pierce Biotechnology, Inc., Rockford, IL, USA).
Blots were analyzed using ImageJ 1.48V software (National
Institutes of Health, Bethesda, MD, USA).

Reverse transcription quantitative polymerase chain reac-
tion (RT-gPCR). The total RNA was isolated from
macrophages from differentially treated ALI mice using
TRIzol® reagent (Invitrogen Life Technologies, Carlsbad,
CA, USA), and RT-qPCR was performed as previously
reported (Life Technologies, Carlsbad, CA, USA) (26). PCR
was conducted using a Plexor® gPCR and qRT-PCR system
(Promega Corporation, Madison, WI, USA) on an ABI 7900
Fast thermal cycler (Applied Biosystems Life Technologies,
Foster City, CA, USA). The following primer pairs were used
in the analysis: Mouse hypoxanthine phosphoribosyltrans-
ferase, 5'-CTGGTGAAAAGGACCTCTCG-3' (forward) and
5'"TGAAGTACTCATTATAGTCAAGGGCA-3' (reverse);
mouse Nrf2, 5S“TTGGCAGAGACATTCCCATTTG-3'
(forward) and 5'-AAACTTGCTCCATGTCCTGCTCTA-3'
(reverse); mouse Trx1l, 5"TGCTACGTGGTGTGGACC
TTGC-3' (forward) and 5'-ACCGGAGAACTCCCCCAC
CT-3' (reverse); mouse IL-6, 5'-CCAGAAACCGCTATG
AAGTTCC-3' (forward) and 5-TCACCAGCATCAGTCCCA
AG-3' (reverse); mouse TNF-a, 5'-CTCCAGGCGGTGCCT
ATGT-3"' (forward) and 5'-GAAGAGCGTGGTGGC
CC-3'(reverse); mouse MIP-2, 5'"-TCCAGAGCTTGAGTG
TGACG-3' (forward) and 5'- TCAGGTACGATCCAGGCT
TC-3' (reverse); mouse IL-18, 5'-CAACCAACAAGTGAT
ATTCTCCATG-3' (forward) and 5'-GATCCACACTCTCCA
GCTGCA-3' (reverse) (Sangon Biotech Co., Ltd., Shanghai,
China). The PCR cycling conditions were as follows: 95°C
for 10 min, followed by 40 cycles at 95°C for 15 sec and 60°C
for 60 sec, a final extension step at 95°C for 60 sec, and a
dissociation curve analysis. Relative quantification (RQ) was
determined using the following formula: RQ=2"*“(ACt=Ct,,,,
-Ct

of interest’ endogenous comrol)'

Macrophage culture. Bone marrow cells from mouse
femur or tibia were harvested and selected using RPMI-1640
medium as previously described (27). A week later, bone
marrow-derived macrophages were replated, and untreated
macrophages were stimulated with LPS (100 ng/ml) for 24 h
or LPS and eriodictyol or vehicle for 24 h. The cells and
culture supernatant were then collected in order to determine
the inflammatory cytokine expression.

Statistical analysis. All data were analyzed using SPSS 13.0
(SPSS Inc., Chicago, IL, USA) software and expressed as
the mean + standard error of the mean. One-way analysis
of variance followed by Fisher's protected least significant
difference test were used to assess significant differences,
and P<0.05 was considered to indicate a statistically signifi-
cant difference.
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Figure 1. Morphological alterations in the lungs as determined by photomicrography. (A-D) Photomicrograph of a lung section from the (A) phosphate-buffered
saline-treated healthy control group, (B) LPS-induced ALI group, (C) vehicle-treated ALI group and (D) eriodictyol-treated ALI group (hematoxylin & eosin
staining; magnification, x200). (E) Lung injury index, (F) lung wet/dry ratio, (G) lung tissue LDH level and (H) protein concentration in the bronchoalveolar
lavage fluid of differentially treated ALI mice. Data are presented as the mean =+ standard error (n=10). “P<0.05 compared with the LPS-induced ALI group;
"P<0.05 compared with the vehicle-treated ALI group. ALI, acute lung injury; Ctr, control; LPS, lipopolysaccharide; LDH, lactate dehydrogenase.

A £ 0 B =
g5 E
HE :

s z
O

g8

4000

:

g 8 8 8
g

BALF IL-6 (pg/mi)

:

BALF TNF-a (pg/ml)

oéf\xé@@ﬁ Ddﬁ\g%‘sg;}@
ol fs@'f

Q

= 200 = 250
E D E
21 gaw
«a o 150
Ty o
= s 100
E €
8 3°
0

o

X

X0
f’%

S\

£

3000
2000

g &

g
g

BALF IL-1 (pg/mi)
BALF MIP-2 (pg/ml)

F

L1
b

Figure 2. Effect of eriodictyol on LPS-induced pro-inflammatory cytokine secretion in the serum and BALF of differentially treated ALI mice. (A-D) Levels
of (A) TNF-a, (B) IL-6, (C) IL-1f and (D) MIP-2 in the serum and (E-H) levels of (E) TNF-a, (F) IL-6, (G) IL-1§ and (H) MIP-2 in the BALF of differentially
treated ALI mice were measured using ELISA. Data are presented as the mean + standard error (n=10). "P<0.05 compared with the LPS-induced ALI group;
"P<0.05 compared with the vehicle-treated ALI group. ALI, acute lung injury; Ctr, control; LPS, lipopolysaccharide; MIP-2, macrophage inflammatory
protein 2; TNF-a, tumor necrosis factor a; IL, interleukin, BALF, bronchoalveolar lavage fluid.

Results

Effect of eriodictyol pretreatment on ALI. The LPS-induced
ALI animal model is a common experimental model used for
the investigation of molecular mechanisms and drug efficacy
in ALI (28). To observe the effect of eriodictyol on ALI, an
LPS-induced ALI animal model was therefore established.
As shown in Fig. 1, the morphological examination following
LPS induction revealed that several histopathological

alterations, including cell structure destruction, neutrophil
infiltration, alveolar wall thickening and lung edema, had
occurred in the lung tissue (Fig. 1B), as compared with
the PBS-treated control group (Fig. 1A). When compared
with the vehicle-treated ALI mice (Fig. 1C), however,
the LPS-induced pathological symptoms were markedly
improved following pretreatment with eriodictyol (Fig. 1D),
suggesting that eriodictyol has a protective effect against
LPS-induced ALIL.
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In order to further evaluate the protective effect of eriodic-
tyol in ALI, the lung injury index, lung tissue wet/dry ratio,
LDH and protein concentration in the lung BALF of differ-
entially treated ALI mice were determined. It was found that,
compared with the PBS-treated healthy control group, eriodic-
tyol pretreatment decreased the lung injury index (Fig. 1E),
lung wet/dry ratio (Fig. 1F), LDH level (Fig. 1G) and BALF
protein concentration (Fig. 1H), which had been elevated due
to LPS stimulation. These results were in agreement with the
effect of eriodictyol on lung tissue histology.

Eriodictyol pretreatment decreases the production of inflam-
matory cytokines in LPS-induced ALI mice.Pro-inflammatory
cytokines, including TNF-a., IL-6, IL-1p and MIP-2, play a
critical role in the pathogenesis of ALI, and therefore the effect
of eriodictyol on TNF-a, IL-6, IL-1f and MIP-2 production in
the serum and BALF of differentially treated ALI mice was
measured by ELISA 24 h after LPS induction. As shown in
Fig. 2, LPS caused a significant increase in the serum levels
of TNF-a (Fig. 2A), IL-6 (Fig. 2B), IL-1f (Fig. 2C) and MIP-2
(Fig. 2D), as well as in the corresponding lung BALF levels
(Fig. 2E-H), of the differentially treated ALI mice; however,
the LPS-induced increase in inflammatory cytokines observed
in the serum and lung BALF of the vehicle-pretreated ALI
mice was reversed by the eriodictyol pretreatment (Fig. 2).
These results demonstrated that eriodictyol could inhibit the
inflammatory response in LPS-induced ALI.

Inhibition of MPO activity and inflammatory neutrophil
accumulation in the lung tissues by eriodictyol pretreatment.
LPS-induced ALIis characterized by an increase in neutrophils
and MPO activity in the lung tissues (29,30). Furthermore, an
increased MPO activity reflects polymorphonuclear neutrophil
accumulation in the lungs. For that reason, the MPO activity
in the lung tissue homogenates and the number of neutrophils
in the lung BALF of differentially treated ALI mice were
examined. Following LPS induction, a significant increase
was observed in the MPO activity (Fig. 3A) and the number
of neutrophils (Fig. 3B) in the lung tissues, compared with the
PBS-treated healthy control group; however, this increase in
MPO activity (Fig. 3A) and neutrophils (Fig. 3B) was elimi-
nated by the eriodictyol pretreatment, as compared with the
LPS-induced ALI or vehicle-treated groups.

Improved survival rate of LPS-induced ALI mice following
eriodictyol pretreatment. The survival rate, which was
strongly indicative of the protective effect of eriodictyol on
LPS-induced ALI, was examined in differentially treated ALI
mice as previously described (31). It was found that, compared
with the LPS-induced or vehicle-treated ALI groups, the
survival rate of the LPS-induced ALI mice was significantly
improved following eriodictyol administration (Fig. 4).

Decrease in oxidative stress levels in LPS-induced ALI mice
following eriodictyol pretreatment. Considerable experi-
mental evidence supports the role of oxidants, including H,O,,
*OH and MDA, and oxidative injury in the pathogenesis of
ALI/ARDS (32,33); therefore, the levels of H,0,, "OH and
MDA in the lung tissues from differentially treated ALI mice
were determined. The results of the in vivo assays revealed
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Figure 3. Effects of eriodictyol on MPO activity and neutrophil accumulation
in lung tissues. (A) MPO activity in the lung tissue homogenates of differ-
entially treated ALI mice. (B) Neutrophil count in the lung bronchoalveolar
lavage fluid of differentially treated ALI mice. Data are presented as the
mean + standard error (n=10). "P<0.05 compared with the LPS-induced ALI
group; “P<0.05 compared with the vehicle-treated ALI mice. ALI, acute lung
injury; Ctr, control; LPS, lipopolysaccharide; MPO, myeloperoxidase.
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Figure 4. Effect of eriodictyol on LPS-induced mortality in differentially
treated ALI mice. The mice were challenged with LPS, with or without eri-
odictyol pretreatment, and the survival rates were observed after 0, 24, 48,
72,96 and 120 h. Eriodictyol pretreatment prevented LPS-induced mortality.
“P<0.05 compared with the LPS-induced ALI group; “P<0.05 compared
with the vehicle-treated ALI group. ALI, acute lung injury; Ctr, control;
LPS, lipopolysaccharide.

increased levels of H,O, (Fig. 5A), "OH (Fig. 5B) and MDA
(Fig. 5C) in the lung tissue homogenates from LPS-induced
mice, compared with those from the control group; however
the eriodictyol pretreatment decreased the accumulation of
H,0, (Fig. 5A), "OH (Fig. 5B) and MDA (Fig. 5C) in the lung
tissues. In combination, these results indicated that eriodictyol
could attenuate LPS-induced ALI through its antioxidative
activity.

Eriodictyol pretreatment enhances Trxl expression by
regulating the Nrf2 pathway. A previous study reported that
eriodictyol could activate the Nrf2 pathway and enhance the
expression of Trx1 in vitro (34), while a different study showed
that Nrf2 could regulate a series of antioxidant-responsive
genes (35). Trx1 is a small, ubiquitous protein that acts as a
redox protein in response to various oxidative stress condi-
tions (36). As shown in Fig. 6, treatment with eriodictyol
significantly increased the mRNA expression of Nrf2
(Fig. 6A) and Trx1 (Fig. 6B) in the eriodictyol-treated ALI
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Figure 5. (A) H,0,, (B) "OH and (C) MDA levels in the homogenized lung tissue. Eriodictyol decreased the oxidative stress-related production of these
compounds, which had been increased by LPS. Data are presented as the mean + standard error (n=10). "P<0.05 compared with the LPS-induced ALI group;
"P<0.05 compared with the vehicle-treated ALI group. ALIL, acute lung injury; Ctr, control; LPS, lipopolysaccharide; MDA, malondialdehyde.
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Figure 6. Effect of eriodictyol on Nrf2 and Trx1 expression in lung tissues. The (A and B) reverse transcription-quantitative polymerase chain reaction and
(C and D) western blot analysis results showed that eriodictyol upregulated Nrf2 and Trx1 expression. Data are presented as the mean + standard error (n=10).
“P<0.05 compared with the LPS-induced ALI group; “P<0.05 compared with the vehicle-treated ALI group. ALI, acute lung injury; Ctr, control; LPS, lipo-
polysaccharide; Nrf2, nuclear factor erythroid-2-related factor 2; Trx1, thioredoxin isoform 1.
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Figure 7. Effect of eriodictyol on the inflammatory cytokine expression and production in macrophages. The (A-D) ELISA and (E-H) reverse transcription-quan-
titative polymerase chain reaction results showed that eriodictyol inhibited the production and expression of inflammatory cytokines in macrophages. Data are

presented as the mean * standard error (n=10). "P<0.05 compared with LPS-induced ALI group; “P<0.05 compared with the vehicle-treated ALI group. ALI,
acute lung injury; Ctr, control; LPS, lipopolysaccharide; MIP-2, inflammatory protein 2; TNF-a, tumor necrosis factor-a; IL, interleukin.
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group, as compared with the expression in the LPS-induced
or vehicle-treated ALI groups. The protein expression levels
of Nrf2 and Trx1 (Fig. 6C and D) were consistent with the
mRNA expression levels. These results also indicated that
eriodictyol could alleviate LPS-induced ALI through its
antioxidative activity.

Expression of inflammatory cytokines in macrophages is
inhibited by eriodictyol pretreatment. Previous studies have
demonstrated that macrophages play a critical role in the
pathogenesis of lung injury, since they initiate the inflamma-
tory response and promote neutrophil infiltration and tissue
damage in the lungs (37-39). In vitro, eriodictyol has been
shown to inhibit the expression of inflammatory cytokines (21);
therefore, in the present study, macrophages from C57BL/6
mice were isolated and stimulated with LPS and eriodictyol or
vehicle, and then the mRNA and protein levels of inflammatory
cytokines produced in the macrophages were detected. It was
found that the expression levels of inflammatory cytokines,
such as TNF-a (Fig. 7A), IL-6 (Fig. 7B), IL-1p (Fig. 7C), and
MIP-2 (Fig. 7D), were decreased in eriodictyol-treated macro-
phages, as compared with the LPS-treated or vehicle-treated
macrophages. The mRNA expression levels of these inflam-
matory cytokines: TNF-a (Fig. 7E), IL-6 (Fig. 7F), IL-1p
(Fig. 7G), and MIP-2 (Fig. 7H), were similar to the protein
expression levels (Fig. 7A-D).

Discussion

The occurrence of ALI is strongly associated with infection
with LPS-containing Gram-negative bacteria (40). In the
LPS-induced ALI mouse model, the manifestations are similar
to the pathological characteristics of ALI in humans (41);
therefore, this model appears to be well suited for the study
of potential preliminary preventive or therapeutic compounds
against ALI in humans. Eriodictyol, a flavonoid found in citrus
fruits, has been reported to have a potential antioxidative and
anti-inflammatory activity in vitro (34,42). In the present
study, it was demonstrated that eriodictyol could attenuate the
LPS-induced ALI in mice, thus prolonging their survival time,
as well as that eriodictyol treatment could protect mice from
LPS-induced ALI via inhibiting the expression of inflam-
matory cytokines in macrophages and activating the Nrf2
pathway to suppress oxidative injury in ALI mice.

The exudation in the early phase of LPS-induced ALI is
characterized by increased levels of neutrophils, proteins and
inflammatory cytokines and chemokines in the BALF and
serum, depending on the severity of the disease (43,44). In both
systemic and local both information,edema s a typical symptom.
Widespread alveolar epithelial destruction and neutrophil infil-
tration in the alveolar spaces, in association with high volumes
of proteinaceous exudate, comprise a typical ALI lesion. MPO is
an enzyme located mainly in the primary granules of the neutro-
phils and, thus, the activity of MPO in the parenchyma reflects
the adhesion and margination of neutrophils in the lung tissues;
therefore, to investigate the protective effect of eriodictyol on
LPS-induced ALI, LPS-induced ALI mice were pretreated
with eriodictyol, and the effect of eriodictyol pretreatment on
the histology, lung tissue wet/dry ratio, protein concentration in
the BALF, MPO activity and neutrophil count in the ALI mice
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was examined. The results of the histopathological examination
showed that eriodictyol pretreatment improved the LPS-induced
histological manifestations (Fig. 1 A-D), including inflammatory
cell infiltration, increased alveolar septum thickness, hyaline
membrane formation, alveolar congestion and hemorrhage. It
was also found that eriodictyol treatment decreased the lung
wet/dry ratio (Fig. 1F), protein concentration (Fig. 1H) and
neutrophil count (Fig. 3B) in the BALF and the MPO activity
in the homogenates (Fig. 3A), compared with the LPS-induced
or vehicle-treated ALI groups. These results suggest a potential
therapeutic effect of eriodictyol on LPS-induced ALL

It is believed that a sustained and uncontrolled pulmonary
inflammation plays an important role in the pathogenesis of
ALI (45,46) and, therefore, a potential strategy to attenuate
the progression of ALI could be based on suppressing the
immune system-mediated inflammatory responses. It was
found in the present study that eriodictyol exerts a powerful
anti-inflammatory activity in the ALI mouse model.
Compared with the LPS-induced or vehicle-treated ALI
groups, the levels of inflammatory cytokines in the serum
and BALF were significantly reduced in the ALI mice that
received eriodictyol pretreatment (Fig. 2). Since the primary
source of inflammatory cytokines in the ALI mice was
macrophages, the macrophages were isolated and cultured
with eriodictyol or vehicle, and it was found that the increase
in inflammatory cytokines, such as TNF-a, IL-6, IL-1 and
MIP-2, which was caused by LPS stimulation, was inhibited
following the administration of eriodictyol (Fig. 7). These
data suggested that eriodictyol reduced LPS-induced ALI
by inhibiting the expression of inflammatory cytokines in
macrophages.

Excessive oxidative injury is another factor involved
in the pathogenesis of ALI (47,48). A previous study indi-
cated that eriodictyol is capable of exhibiting antioxidative
activity in vitro (34). In the present study it was observed
that eriodictyol could enhance the activation of the Nrf2
pathway and increase the expression of antioxidant response
element-regulated genes, such as Trxl1, in the lung tissues
from LPS-induced ALI mice. These results were supported
by a study on the effects of eriodictyol in ARPE-19
cells in vitro (34).

In conclusion, the present results demonstrated that
pretreatment with eriodictyol significantly attenuated pulmo-
nary inflammation and lung injury in mice with LPS-induced
ALI, and that the protective effect of eriodictyol could be, at
least partly, attributed to its abilities to alleviate the excessive
oxidative injury and inhibit the production of inflammatory
cytokines, including TNF-a, IL-6, IL-1§ and MIP-2, in
macrophages. In addition, the protective effect of eriodictyol
in ALI may be associated with the suppression of NF-kB
signaling and the activation of the Nrf2 pathway, which
subsequently causes a marked reduction in inflammatory
responses and oxidative injury in lung tissue.
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