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Abstract

Acute lung injury (ALl)/acute respiratory distress syndrome (ARDS) is a common clinical syndrome of diffuse lung inflammation
with high mortality rates and limited therapeutic methods. Diosmetin, an active component from Chinese herbs, has long been
noticed because of its antioxidant and anti-inflammatory activities. The aim of this study was to evaluate the effects of diosmetin
on LPS-induced ALI model and unveil the possible mechanisms. Our results revealed that pretreatment with diosmetin effectively
alleviated lung histopathological changes, which were further evaluated by lung injury scores. Diosmetin also decreased lung wet/
dry ratios, as well as total protein levels, inflammatory cell infiltration and proinflammatory cytokine (eg. TNF-a, IL-1p and IL-6)
overproduction in bronchoalveolar lavage fluid (BALF). Additionally, increased MPO, MDA and ROS levels induced by LPS were
also markly suppressed by diosmetin. Furthermore, diosmetin significantly increased the expression of Nrf2 along with its target
gene HO-1 and blocked the activation of NLRP3 inflammasome in the lung tissues, which might be central to the protective effects
of diosmetin. Further supporting these results, in vitro experiments also showed that diosmetin activated Nrf2 and HO-1, as well
as inhibited the NLRP3 inflammasome in both RAW264.7 and A549 cells. The present study highlights the protective effects of
diosmetin on LPS-induced ALl via activation of Nrf2 and inhibition of NLRP3 inflammasome, bringing up the hope of its application
as a therapeutic drug towards LPS-induced ALI.
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INTRODUCTION tion of free radicals and reactive metabolites, so-called oxi-
dants or reactive oxygen species (ROS), and their elimination
Acute lung injury (ALl) is a severe clinical occurrence char- by protective mechanisms, referred to as antioxidants. As re-
acterized by increased permeability of pulmonary capillary ported, excessive ROS under such imbalance is central to se-
and severely impaired gas exchange (Kim and Hong, 2016). vere pulmonary inflammation that results in ALI/ARDS (Chabot
Despite improvements in antibiotic therapy and mechanical et al., 1998; Ware and Matthay, 2000). In order to counterbal-
ventilation, the most severe form of ALI, acute respiratory ance the negative effects of ROS, Nrf2 and its downstream
distress syndrome (ARDS) still has a high mortality, which target antioxidant genes have been well recognized in recent
indicates that better interventions remain elusive (Mehla et years. Under normal condition, Nrf2 constitutively resides in
al., 2013). In consideration of this urgent need, the pathogen- the cytoplasm and binds to Kelch-like ECH-associated pro-
esis and interventions of ALl are under study. Related stud- tein1 (Keap1), which ubiquitylates Nrf2 and leads to its deg-
ies mainly concentrate on the involvement of oxidative stress radation. In response to diverse stimuli, Nrf2 is released from
and inflammation response (Lykens et al., 1992; Baetz et al., Keap1. Released Nrf2 accumulates in the nucleus and binds
2005), which are inseparably linked as each begets and am- to the antioxidant responsive element (ARE) in the promoter
plifies the others. region of phase Il detoxifying enzymes and cytoprotective
Oxidative stress represents an imbalance between produc- genes (Nguyen et al., 2009). HO-1 is precisely one such an-
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tioxidant enzyme that is mainly regulated by Nrf2. Its ability
to combat oxidative stress and maintain redox homeostasis
has been well clarified (Alam et al., 1999). Nevertheless, the
pathways by which ROS inflicts tissue damages are more than
direct effects. The relationship between oxidative stress and
inflammation is fairly important in the pathogenesis of various
diseases. Recent studies reveals that ROS also provides nec-
essary signaling to the activation of nucleotide-binding domain
(NOD)-like receptor protein 3 (NLRP3) inflammasome, which
is already proved to play a critical role in the inflammation re-
sponse during ALI (Grailer et al., 2014). NLRP3 inflammasome
is a major intracellular multiprotein inflammatory pathway
composed of NOD like receptor (NLRP3), the adaptor protein
ASC and caspase-1 (Kim and Lee, 2013). Upon diverse stim-
uli (microbial- and stress- substances, etc.), NLRP3 regulates
the maturation of proinflammatory cytokines IL-1f and IL-18
through a continuous process of NLRP3 activation, ASC and
pro-caspase-1 recruitment, caspase-1 activation and the sub-
sequent process of pro-IL-1p and pro-IL-18 (Grailer, Canning,
Kalbitz, Haggadone, Dhond, Andjelkovic, Zetoune and Ward,
2014; Tianzhu et al., 2014). These activated cytokines are
central to mediate lung inflammation. A recent study revealed
that NLRP3 activation could be inhibited through ROS reduc-
tion, indicating that exist of oxidative stress contributes to the
aberrant inflammation (Ren et al., 2016). Therefore, NLRP3
inhibition may also be achieved by antioxidants to alleviate
lung injury of ALI/ARDS.

Diosmetin (3’, 5, 7-trihydroxy-4’-methoxyflavone) is the
aglycone of the flavonoid glycoside diosmin, which can be
found in citrus species (Roowi and Crozier, 2011) and olive
leaves (Meirinhos et al., 2005). It has been reported that dios-
metin possesses different biological properties, such as anti-
cancer, antimicrobial, antioxidant and anti-inflammatory activi-
ties (Androutsopoulos et al., 2009; Chan et al., 2013; Liao et
al., 2014; Yu et al., 2014). However, limited studies have dis-
cussed about how it exerts antioxidant and anti-inflammatory
activities. As lipopolysaccharide (LPS) has both the properties
of promoting inflammation and oxidative stress, and is recog-
nized as a major risk factor for ALI, intranasal administration
of LPS has been used to investigate the protective effects of
diosmetin on LPS-induced ALI as well as the involved mech-
anisms such as Nrf2 activation and NLRP3 inhibition in this
study. In addition, in vitro studies were also carried out to fur-
ther identify the effects of diosmetin on the Nrf2/HO-1 pathway
and NLRP3 inflammasome.

MATERIALS AND METHODS

Drug and reagents

Diosmetin, purity >98%, was purchased from Chengdu
Pufei De Biotech Co., Ltd. Dexamethasone was purchased
from Tiandin KingYork Group HuBei TianYao Pharmaceutical
Co.,Ltd. LPS (Escherichia coli 055:B5) and Dimethylsulfoxide
(DMSO) were purchased from Sigma Chemical Co (St. Louis,
MO, USA). Penicillin and streptomycin, foetal bovineserum
(FBS) and Dulbecco’s modified Eagle’s medium (DMEM) for
cell culture use were purchased from Invitrogen-Gibco (Gran-
disland, NY, USA). MPO and MDA determination kit were
provided by the Jiancheng Bioengineering Institute of Nan-
jing (Jiangsu, China). Mouse TNF-a, IL-1B and IL-6 ELISA
kits were provided by Biolegend (San Diego, CA, USA). An-
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tibodies against NLRP3, ASC, caspase-1, IL-1f3, Nrf2, HO-1
and B-actin were purchased from Cell Signaling (Boston,
MA, USA). The horseradish peroxidase (HRP)-conjugated
anti-rabbit or anti-mouse IgG were obtained from protein-tech
(Boston, MA, USA). All other chemicals, unless specifically
stated elsewhere, were obtained from Sigma-Aldrich (St. Lou-
is, MO, USA).

Animal

Adult female BALB/c mice (18-20 g) were obtained from Lia-
oning Changsheng Technology Industrial Co., LTD (Certificate
SCXK2010-0001; Liaoning, China). The animals were fed with
food and water ad libitum and housed in certified, standard
laboratory cages before experiments. All of the experiments
were approved by Animal Use Committee of Jilin University
(Changchun, China), in accordance with International Guiding
Principles for Biomedical Research Involving Animals.

Murine model and grouping of LPS-induced ALI

To induce ALI model, the mice received an intranasal instil-
lation of LPS (0.5 mg/kg). As for drug-treated groups, the mice
received two doses of diosmetin as well as dexamethasone
(Dex) by intraperitoneal injection 1 h before LPS challenge or
not. More exactly, mice were randomly divided into six groups,
i.e., (1) control group, (2) diosmetin (25 mg/kg), (3) LPS group
(0.5 mg/kg), (4) LPS+diosmetin (5 mg/kg), (5) LPS+diosmetin
(25 mg/kg) and (6) LPS+dexamethasone (5 mg/kg). Mice
were sacrificed under diethyl ether anesthesia 12 h after LPS
challenge for further experiments.

Histological evaluation

Lung tissues for histological evaluation were from mice that
were not used for BALF collection. Mice were killed 12 h after
LPS administration, lower lobe from left lungs were fixed in
4% formalin, dehydrated with ethanol, followed by embedded
in paraffin and cut into 5 um sections. After deparaffinization,
the tissues were stained with hematoxylin and eosin (H&E).
The hematoxylin and eosin staining process was the same
as previous description (Yunhe et al., 2012). Pathological
changes among different groups were evaluated under a light
microscope. Lung injury scores were assessed using a semi-
quantitative method.

Measurement of lung wet/dry weight ratios

The right lungs were removed 12 h after LPS administra-
tion. After blunt dissection, the lungs were separated, and the
wet weights were determined. For dry weight mearsurement,
the lungs were incubated at 60°C for 3 days. Then the ratios
of wet to-dry weight were calculated.

Bronchoalveolar lavage fluid (BALF) analysis

After LPS was administrated for 12 h, bronchoalveolar la-
vage fluid (BALF) was obtained by intratracheal injection of
0.5 ml PBS and gentle aspiration for 3 times. A small portion
of BALF was used to determine the total protein concentra-
tion using BCA (Bicinchoninic acid) method. Rest liquid was
centrifuged at 3000 rpm for 10 min at 4°C, and then the super-
natants were preserved at -80°C for detection of cytokines by
ELISA according to the manufacturer’s instructions. The sedi-
ment cells were re-suspended in PBS for total and differential
inflammatory cell counting as well as ROS detection.
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Fig. 1. Effects of diosmetin on LPS-induced lung injury in BALB/c mice. (A) H&E staining of lung tissue section (original magnification,
x200). Lungs from each experimental group (n=5) were obtained 12 h after LPS challenge, prepared and stained with H&E: (a) control, (b)
diosmetin (25 mg/kg), (c) LPS (0.5 mg/kg), (d) LPS+diosmetin (5 mg/kg), (e) LPS+diosmetin (25 mg/kg) and (f) LPS+Dex (5 mg/kg). (B)
Lung mean injury score. The lung injury score was determined following a five-point scale from 0 to 4 as follows: 0, 1, 2, 3, and 4 represent
no damage, mild damage, moderate damage, severe damage, and very severe damage, respectively. Data was expressed as means +

SEM. n=5. **p<0.01 vs the control group. #p<0.01 vs the LPS group.

Enzyme-linked immunosorbent assay (ELISA)

Levels of TNF-a, IL-1B and IL-6 in BALF were quantified
using a commercially available ELISA kits according to the
manufacturer’s instructions. The absorbance of each well was
read at 450 nm with a microplate reader.

ROS detection in BALF

The sediment cells in BALF were washed and incubated
with 10 uM DCF-DA (20, 70-Dichlorofluorescein diacetate), a
ROS-sensitive fluorescent dye for 40 min at 37°C. ROS pro-
duction was analyzed by flow cytometry.

Measure of MPO and MDA contents

The mice were sacrificed under diethyl ether anesthesia 12
h after LPS challenge, and the right lungs were excised. The
lungs were homogenized, and levels of MPO and MDA were
determined using test kits purchased from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). Procedures were
according to the manufacturer’s kit protocol.

Cell culture and treatment
RAW264.7 and A549 cells were obtained from the China
Cell Line Bank (Beijing, China). The cells were cultured in Dul-
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becco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS), 100 U/ml of penicillin and 100
U/ml of streptomycin in a humidified incubator containing 5%
CO, at 37°C prior to experiments. Before any treatment, cells
were plated in 6-well plates and allowed to acclimate for 24 h.
For the activation of Nrf2/HO-1 pathway, the cells were stimu-
lated with diosmetin (40 uM) for the indicated time. While for
the stimulation of NLRP3 inflammasome, cells were pre-treat-
ed with diosmetin (40 uM) for 1 h, followed by stimulation with
LPS (1 pg/ml) for 6 h and ATP (5 mM) for 40 min. And then the
cells were harvested at 8000 rpm for 5 min at 4°C for Western
blot analysis.

Western blots

Lung tissues for western blot were obtained 12 h after LPS
administration and stored at -80°C. And cells treated with dios-
metin in the present or absence of LPS were collected. Tissue
homogenates or the cells were lysed in RIPA buffer with pro-
tease and phosphatase inhibitors for 30 min and centrifuged.
The supernatants were collected, and protein concentrations
were determined using BCA method. Protein extracts were
separated by 10% SDS-PAGE, and then electro-transferred
to PVDF membrane. The membrane was blocked in 5% skim
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Fig. 2. Effects of diosmetin on lung wet/dry ratios and protein leakage. (A) Effects of diosmetin on LPS-induced variability in lung wet-to-dry
weight ratios. (B) Effects of diosmetin on LPS-induced protein leakage in BALF. Data was expressed as means + SEM. n=5. *p<0.05 and
**n<0.01 vs the control group. #p<0.01 vs the LPS group.
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Fig. 3. Effects of diosmetin on MPO, MDA and ROS levels in LPS-induced ALI. (A) MPO activation. Lung tissues were obtained and ho-
mogenized to measure MPO activity. (B) MDA contents. Lung tissues were obtained and homogenized to measure MDA levels. Data was
expressed as means + SEM. n=5. *p<0.05 and **p<0.01 vs the control group. *p<0.05 and *p<0.01 vs the LPS group. (C) ROS generation.
The sediment cells in BALF were incubated with 10 uM DCF-DA for 40 min, and ROS production induced by LPS was detected by flow cy-

tometry.

milk at room temperature for 1 h, followed by incubated with
each primary antibody overnight and corresponding second-
ary antibody for 1 h. Finally the bands were detected with an
enhanced chemiluminescence (ECL) Western blot detection
system according to the manufacturer’s instructions.

Statistical analysis

Values are presented as means + SEM. For comparison
among groups, one-way analysis of variance (ANOVA) tests
were used. Statistical significance was accepted when p<0.05
or p<0.01.

RESULTS

Diosmetin ameliorates lung injury of LPS-challenged
BALB/c mice

LPS instillation is known to mediate structural ravage in the
mice lung tissues. To determine LPS-induced lung injury in our
ALI model, lower lobe of left lung was taken for histology 12 h
after LPS challenge (Fig. 1A). In the control group, normal pul-
monary histology was observed. LPS treatment was associat-
ed with notable inflammatory cell infiltration and alveolar hem-
orrhage. Pretreatment with diosmetin significantly attenuated
such pathological changes induced by LPS. The positive con-
trol drug dexamethasone also improved the histopathological
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conditions in LPS-induced ALI. For semiquantitative evalution,
the changes were also evaluated by calculating a lung injury
score (Fig. 1B). Such results indicated that diosmetin allevi-
ated pathological damages caused by LPS challenge in ALL.

Diosmetin reduces lung edema and increase of capillary
permeability during inflammation

To evaluate changes in lung edema, lung wet/dry weight ra-
tios were measured. A notable increase in lung wet/dry weight
ratio was caused by LPS instillation compared with control
group. Diosmetin exhibited inhibitory effects on LPS-induced
rise of lung wet/dry weight ratio as well as Dex did (Fig. 2A).

Total protein concentration change in BALF is a character
of capillary permeability increase. A sharp rise of total protein
in BALF was observed in LPS group. While such rise was
blocked by diosmetin pretreatment as well (Fig. 2B).

Diosmetin alleviates myeloperoxidase activation, lipid
peroxidation and ROS production

Myeloperoxidase (MPO) is a heme-containing enzyme that
generates during the infiltration and activation processes of
neutrophils. Although MPO acts as a killer of microorganisms,
MPO and MPO-derived oxidants indeed result in tissue dam-
ages. Our results illustrated that pretreatment with diosmetin
markly blocked LPS-induced increase in MPO activity in lung
tissues (Fig. 3A). MDA, a major product of lipid peroxidation,
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Fig. 4. Effects of diosmetin on inflammatory cell infiltration in LPS-induced ALI. BALF was collected 12 h after LPS challenge, and the
numbers of total cells, neutrophils and macrophages were measured. Data was expressed as means + SEM. n=5. **p<0.01 vs the control

group. #p<0.01 vs the LPS group.
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Fig. 5. Effects of diosmetin on LPS-induced proinflammatory cytokine secretion. The supernatant of BALF was collected to detect levels of
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Fig. 6. Effect of diosmetin on Nrf2/HO-1 pathway in vivo. (A) Lung tissues were obtained and homogenized, and then protein expression
of Nrf2 and HO-1 was determined by western blot. (B) Densitometry quantitation of protein expression. B-actin acted as an internal control.
Data was expressed as means + SEM. n=5. **p<0.01 vs the control group. #p<0.01 vs the LPS group.

is often used as a marker of oxidative stress because its levels
correspond to the amount of oxidative stress. LPS stimulation
significantly induced the generation of MDA, however, diosme-
tin pretreatment effectively attenuated MDA content in lung tis-
sues in LPS-induced ALI (Fig. 3B). Furthermore, LPS-induced
overproduction of ROS is an essential and direct source of
oxidative injury, thus, we also evaluated the effects of diosme-
tin on ROS levels. Treatment with LPS significantly increased
the ROS levels of sediment cells in BALF after 12 h, and such
increase was effectively suppressed by the diosmetin treat-
ment (Fig. 3C). These results revealed that diosmetin allevi-

ated lung injury by reducing the degree of oxidative stress.

Diosmetin reduces the infiltration of inflammatory cells
in BALF

To further verify the effects of diosmetin on lung inflamma-
tion, the number of total and differential inflammatory cells
in BALF were determined. LPS instillation markly raised the
levels of total cells, neutrophils and macrophages in BALF.
While compared with LPS stimulation alone, treatment with
diosmetin significantly reduced the infiltration of total cells,
neutrophils and macrophages (Fig. 4).
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Fig. 8. Effect of diosmetin on NLRP3 inflammasome protein expression in vivo. (A) Lung tissues were obtained and homogenized, and
then protein expression of NLRP3, ASC, caspase-1-p10 and mature IL-13 was determined by western blot. (B) Densitometry quantitation of
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RAW264.7 (C) and A549 (D) cells. B-actin acted as an internal control. Data was expressed as means + SEM. n=5. **p<0.01 vs the control

group. #p<0.01 vs the LPS plus ATP group.

Diosmetin reduces the levels of proinflammatory
cytokines in BALF

Proinflammatory cytokines involved in the recruitment of
neutrophils, such as TNF-q, IL-1 and IL-6, were shown to
take part in the pathogenesis of LPS-induced ALI. So the lev-
els of these three inflammatory mediators in BALF were also
measured (Fig. 5). Dramatic increases of TNF-a, IL-1B, and
IL-6 were recorded in LPS-treated group. While pretreatment
with diosmetin downregulated these proinflammatory cyto-
kines levels, which in turn improved the tissue damage. Dexa-
methasone had the similar effects as well. Such results dem-
onstrated that diosmetin improved lung injury by reducing the
expression of proinflammatory cytokines in LPS-induced ALI.

Diosmetin upregulates Nrf2/HO-1 pathway in LPS-induced
ALl and in vitro

HO-1, an endogenous cytoprotective enzyme, is expressed
during the amelioration of ALI. It is under the regulation of a
redox sensitive transcription factor-Nrf2, which acts as a key
transcriptional regulator through its binding to ARE. The effect
of diosmetin on HO-1 expression was analyzed by Western
blotting. Although LPS alone also induced increase in the pro-
tein levels of Nrf2 and HO-1, diosmetin treatment evoked a
more significant rise of total Nrf2 and HO-1 in the lung homog-
enates. The results indicated that diosmetin markly reduced
LPS-induced oxidative stress by activation of Nrf2/HO-1 path-
way (Fig. 6).

Additionally, cells and cellular components of lung as well
as inflammatory cells are essential in the defense of oxida-
tive stress and inflammation. To further figure out the exact
effects of diosemtin on Nrf2 and HO-1 expression, we stimu-
lated RAW264.7 and A549 cells with diosmetin (40 puM) for
the indicated time and then tested the activation of Nrf2/HO-1
pathway. Similar to the results in vivo, diosmetin induced Nrf2
activation associated with HO-1 upregulation (Fig. 7). Intrigu-
ingly, at the time point of 18 h, the expressions of Nrf2 and
HO-1 were slightly reduced in A549 cells.
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Diosmetin represses NLRP3 inflammation activation in
LPS-induced ALl and in vitro

The development of ALl also requires the participation of
NLRP3 inflammasome, which is essential for the maturation of
IL-1B. Consistent with this, western blot analysis in this study
revealed that LPS administration significantly increased the
protein levels of all 3 inflammasome components, NLRP3,
ASC and caspase-1 in the lung tissue. Diosmetin blocked
such increase caused by LPS. Mature IL-1B (17.5 kDa) also
increased 12h after LPS challenge, which was in accordance
with its concentration in BALF, and was reduced by diosmetin
(Fig. 8).

In addition, to further elucidate and verify the anti-inflam-
masome property of diosmetin, we stimulated RAW264.7 and
A549 cells with diosmetin followed by LPS plus ATP, and then
western blot analysis of NLRP3 was carried out. Stimulation
by LPS plus ATP significantly increased the expression of
NLRP3 inflammasome, while pretreatment with diosmetin ef-
fectively blocked such increase (Fig. 9). These results in vitro
precisely supported the findings in our mouse model of ALI,
indicating that the inhibition of NLRP3 inflammasome may be
important to alleviate LPS-induced inflammation.

DISCUSSION

Acute lung injury (ALI) and its most severe form, acute re-
spiratory distress syndrome (ARDS), represents a heteroge-
neous syndrome of diffuse lung injury and respiratory failure.
ALI may result in a high morbidity and mortality associated
with several clinical disorders including pneumonia, non-pul-
monary sepsis and severe trauma (Kim and Hong, 2016). For
the past few years, people have acquired more in-depth under-
standing in the pathogenesis of ALI via application of cytology,
molecular biology and genetics. However, no pharmacologic
interventions have been effectively used in reducing mortality.
As studies of phytochemical and pharmacological developed,
people have identified a mass of natural products that exert
diverse biological activities such as anti-oxidant, anti-inflam-
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matory and anti-microbial. Therefore, components from plants
in traditional medicine are drawing increasing attention as
sources of the prevention and treatment for ALI (Chen et al.,
2013; Yeh et al., 2014). Diosmetin, a natural product isolated
from Citrus limon (L.) Burm, has been reported to exert anti-
oxidant and anti-inflammatory effects. The present study was
designed to explore the therapeutic effects and mechanisms
of diosmetin in the defense of LPS-induced ALLI.

Histopathology is a visualized reflection of lung injury in ALI.
With the help of histopathology analysis, we observed that di-
ometin indeed ameliorated LPS-induced symptoms such as
inflammatory cell infiltration and alveolar congestion. And the
improvements of histopathological changes were also proved
by lung injury scores. In addition, diosmetin significantly atten-
uated lung wet/dry weight ratios and protein leakage in BALF.
These findings indicated the potential therapeutic effects of di-
osmetin against ALI. For the further experiments, we explored
the underlying protective mechanisms of diosmetin against
ALI. As oxidative stress and inflammation, which closely inter-
sects with each other, are particularly important mechanisms
to explain the occurrence of ALI, we sought to explore the re-
lated indexes and pathways in our study.

Oxidative stress charactered by excessive ROS is central
to severe pulmonary inflammation that results in ALI/ARDS
(Quinlan et al., 1997). Production of intracellular ROS could be
significantly inhibited by diosmetin. This observation indicated
that diosmetin could exert protective effects through eliminat-
ing ROS induced by LPS stimulation directly or indirectly. My-
eloperoxidase (MPO), a marker of neutrophil accumulation,
mainly generates from neutrophils (Klebanoff, 2005). Despite
its positive effects on the organism, MPO and MPO-derived
oxidants may further lead to tissue damages (Kisic et al.,
2016). MDA, a product of lipid peroxidation, is a widely applied
marker of oxidative stress. The increase in MDA levels indicat-
ed the destruction and damage of cell membranes caused by
ROS. The reduction of MPO and MDA contents by diosmetin
pretreatment in LPS-induced ALI verifed its antioxidant effects
from another point of view.

At the inflammatory site, inflammatory cell infiltration and
proinflammatory cytokine generation are both important
characteristics in the exudative phase of LPS-induced ALI
(Matute-Bello et al., 2008; Grommes and Soehnlein, 2011).
It has already been proved that diosmetin ameliorates proin-
flammatory cytokine generation (eg. TNF-q, IL-1p and IL-6) by
inhibiting the activation of nuclear factor-kappa B (NF-kB) in a
previous study (Yu et al., 2014). While in the present study, we
observed that diosmetin effectively suppressed the infiltration
of total cells, neutrophils and macrophages, while the inhibited
inflammatory cell counts were also associated with reduced
proinflammatory cytokines such as TNF-a, IL-1B, and IL-6 in
BALF. TNF-o and IL-1p are early response cytokines secreted
from activated alveolar macrophages. These cytokines further
induce neighboring cells to produce more effective proinflam-
matory cytokines and chemokines, such as IL-6 and so on,
which may recruit neutrophils and macrophages in turn. These
findings indicated that diosmetin ameliorated ALI by prevent-
ing inflammatory cell sequestration and proinflammatory cyto-
kines generation. Furthermore, neutrophils is a pivotal source
of MPO, and their respiratory burst produces excessive reac-
tive oxygen species (ROS). The inhibition of MPO and ROS
by diosmetin further demonstrated the close relationship be-
tween oxidative stress and inflammation in LPS-induced ALI.
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To counterbalance excessive ROS, nuclear factor ery-
throid-2 related factor 2 (Nrf2), a main regulator of various cy-
toprotective genes that combat oxidative damage, plays a crit-
ical role in the indirect elimination of ROS (Wang et al., 2012).
Among these cytoprotective enzymes, HO-1 is a major one
that maintains redox homeostasis. HO-1 catalyzes the deg-
radation of heme, producing carbon monoxide (CO), ferrous
iron, and biliverdin. Both CO and biliverdin contribute to the
cytoprotective functions of HO-1 (Ryter and Tyrrell, 2000). On
the other side, previous studies showed that HO-1 also plays
a pivotal role in the control of lung inflammation, and abundant
herb compounds were observed to exert anti-inflammatory ef-
fect by inducing HO-1 (Joo Choi et al., 2014). Present study
found that diosmetin pretreatment markly increased Nrf2 and
HO-1 levels in the lung homogenates, suggesting that HO-1
increase mediated by Nrf2 at least partially underlies the pro-
tective effects of diosmetin on LPS-induced ALI. Furthermore,
the effect of diosmetin on Nrf2/HO-1 pathway were supported
by in vitro study, which showed a significant upregulation with
diosmetin treatment in both RAW264.7 and A549 cell line.
However, an intriguingly phenomenon was that, despite the
essential roles of these two cells in the defense of oxidative
stress and inflammation, their regulations of Nrf2/HO-1 path-
way had a littlle difference. That is, the expressions of Nrf2
and HO-1 were slightly reduced at the time point of 18 h in
A549 cells, but not in RAW264.7 cells. Such finding indicated
that different cells in the lung may act differently in the period
and type of cellular defense.

However, ROS-induced tissue destruction derives from
more than direct effects. The relationship between oxidative
stress and inflammation plays a critical role in the occurrence
of diverse diseases. Recent studies showed that increased
ROS promoted the expression of NLRP3, a major inflamma-
tory pathway of the innate immune system (Ren et al., 2016).
NLRP3 inflammasome is consisted of a NLR (nucleotide-bind-
ing domain, leucine-rich repeat-containing) family member,
ASC (apoptosis-associated speck- like protein containing a
CARD), and caspase-1. It can be activated by various stimuli
such as bacteria, virus, fungi, and components of dying cells
(Strowig et al., 2012). Stimulation with LPS resulted in a sig-
nificant increase of NLRP3 in cultured hepatocytes (Boaru et
al., 2015). In vivo evidences also indicated that LPS can acti-
vate NLRP3 inflammasome to induce inflammatory responses
by mediating immune cell infiltration and aggravating injury
(Luo et al., 2014; Zhang et al., 2016). To be more detailed,
after activation, NLRP3 provides a multi-protein platform for
caspase-1 activation and IL-1p processing. In the early phase
of ALI, IL-1B is a fairly active cytokines that causes release of
proinflammatory mediators such as IL-6 and IL-8 (Cross and
Matthay, 2011). Draw support from these mediators, inflam-
matory cells are recruited, and excessive inflammation finally
leads to subsequent lung injury (Goodman et al., 2003).

In the present study, LPS significantly increased the protein
levels of NLRP3, ASC and caspase-1, as well as IL-1p. Pre-
treatment with diosmetin reduced the protein levels of these
3 inflammasome components and IL-1B. The inhibition of
NLRP3 was again supported by in vitro results, which demon-
strated the blockade of NLRP3 activation by diosmetin in a cell
model stimulated by LPS plus ATP. More interestingly, several
investigations indicated that the anti-inflammatory effects of
HO-1 may result from its ability to repress NLRP3 inflamma-
some (Kim and Lee, 2013). From the above evidences, the



protective effects of diosmetin may derive from its direct or
indirect suppression of NLRP3 activation.

In conclusion, we demonstrated that diosmetin significantly
improved LPS-induced lung injury in mice, which at least par-
tially contributed to the restriction of oxidative injury, as well as
inflammatory cell accumulation and proinflammatory cytokine
secretion. In vivo and in vitro experiments indicated that scav-
enging ROS via Nrf2 activation and restricting inflammation
via NLRP3 inhibition may be two important mechanisms by
which diosmetin treats ALI. The results support the poten-
tial use of diosmetin for the treatment of ALI associated with
gram-negative bacteria infection. While further studies are re-
quired to acquire more insight into the mechanisms underlying
how diosmetin leads to Nrf2 activation and NLRP3 inhibition,
as well as the relationship between these two pathways.
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