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The Effects of Morin on Lipopolysaccharide-Induced Acute
Lung Injury by Suppressing the Lung NLRP3 Inflammasome

Zhang Tianzhu,* Yang Shihai,” and Du Juan®

Abstract—In previous study, the anti-inflammatory effect of morin had been found. In this study, we
investigated anti-inflammatory effects of morin on acute lung injury using lipopolysaccharide (LPS)-
induced acute lung injury (ALI) mouse model. The cell counting in the bronchoalveolar lavage fluid
(BALF) was measured. The animal lung edema degree was evaluated by wet/dry weight (W/D) ratio.
The superoxidase dismutase (SOD) activity and myeloperoxidase (MPO) activity were assayed by SOD
and MPO Kkits, respectively. The levels of inflammatory mediators including tumor necrosis factor-oc
(TNF-w), interleukin (IL)-1(3, IL-18, and IL-6 were assayed by enzyme-linked immunosorbent assay
method. Pathological changes of lung tissues were observed by hematoxylin and eosin (HE) staining.
The protein level of lung NACHT, LRR, and PYD domains-containing protein 3 (NLRP3) inflamma-
some was measured by Western blotting. The data showed that treatment with the morin markedly at-
tenuated inflammatory cell numbers in the BALF, decreased lung NLRP3 inflammasome protein level,
and improved SOD activity and inhibited MPO activity. Histological studies demonstrated that morin
substantially inhibited LPS-induced neutrophils in lung tissue compared with model group. The results

indicated that the morin had a protective effect on LPS-induced ALI in mice.

KEY WORDS: morin; NLRP3 inflammasome; LPS-induced acute lung injury.

INTRODUCTION

Acute lung injury (ALI), or its more severe form, acute
respiratory distress syndrome (ARDS), characterized by
severe hypoxemia, pulmonary edema, and neutrophil accu-
mulation in the lung, is a common clinical problem associ-
ated with significant morbidity and mortality in shock, sep-
sis, and ischemia reperfusion, etc. [1, 2]. ALI is a major
clinical problem that has a high mortality rate of 30 to 40 %
despite significant advances in antimicrobial therapy and
supportive care made in the past few decades. There are still
few effective measures or specific medicines to treat it [3].
The inflammatory process played a key role in the develop-
ment of ALI, and the main pathological change of ALI was
acute leakage inflammatory response with leakage of protein
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into the alveolar space, inflammatory cell accumulation,
interstitial edema, and disruption of epithelial integrity [4].
Therefore, it was significant that anti-inflammatory drugs
were used to reduce lung injury at early stage of ALIL

The intratracheal administration of lipopolysaccharide
(LPS) had been extensively used to study the pathogenesis
and intervention of ALI. As a bacterial cell membrane
component, LPS was known to induce the production of
numerous inflammatory cytokines and chemokines [5, 6].

Highly inflammatory cytokines of the interleukin
(IL)-1 family, including IL-13 and IL-18, are central to
processes mediating lung inflammation. The proteolytic
activation of these cytokines is under the control of several
innate immune receptors that are able to form large
multiprotein signaling platforms, termed inflammasomes.
The inflammasome-formed downstream of the receptor
NACHT, LRR, and PYD domains-containing protein 3
(NLRP3; alias NALP3) can be activated not only by path-
ogens but also in response to sterile tissue damage or
metabolic stress, resulting in sustained inflammatory reac-
tions. This observation led to the discovery that the NLRP3
inflammasome is central to the pathogenesis of a wide
variety of chronic inflammatory diseases, including several
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common metabolic disorders. The NLRP3 inflammasome
is currently the most fully characterized inflammasome,
which responds to numerous physically and chemically
diverse stimuli, and leads to a series of diseases when out
of control. The NLRP3 inflammasome is the most inten-
sively studied of the inflammasomes, and it can be activat-
ed by a variety of microbial-, stress-, or danger-induced
substances [7]. The products of NLRP3 inflammasome
activation, IL-13 and IL-18, have been shown to be pro-
tective in a variety of infections [8, 9]. Emerging genetic
and pharmacological evidence suggests that NLRP3
inflammasome activation is critical for driving acute lung
inflammation aiding in the clearance of viral or bacterial
infections.

Morin, a flavonoid constituent of many Chinese herbs
and fruits, exhibits significant antioxidant and anti-inflamma-
tory activity [10]. Despite the several known effects of morin,
no work on ALI prevention promoted by this compound has
been reported to date. The present study was designed to
examine the effect of morin on LPS-induced inflammatory
in acute lung injury and its possible mechanism.

In this study, the LPS-induced mouse ALI models
were used to evaluate the effects of the morin.

METHODS AND MATERIALS

Reagents

Morin (pure 99 %) were purchased from National
Institutes for Food and Drug Control (Beijing, China).
Dexamethasone was purchased from Xiansheng Drug
Store (Nanjing, China). LPS was purchased from Sigma-
Aldrich (St. Louis, MO, USA). SOD, MPO, and Wright—
Giemsa staining (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China) were purchased from the
Institute of Jiancheng Bioengineering (Nanjing, China).
The enzyme-linked immunosorbent assay (ELISA) kits
for determination of tumor necrosis factor-oc (TNF-cx),
IL-13, IL-18, and IL-6 were produced by Nanjing
KeyGen Biotech. Co., Ltd. (Nanjing, China).

Animals

Animal experiment was carried out in accordance
with the Guidelines for Animal Experimentation of China
Pharmaceutical University, China Pharmaceutical
University. A total of 50 female BALB/c mice (18-22 g)
obtained from the Experimental Animal Center of China
Pharmaceutical University (Nanjing, China). Mice were
maintained in an animal facility under standard laboratory
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conditions for 1 week prior to experiments and provided
with water and standard chow ad libitum. All experimental
procedures were carried out in accordance with the NIH
Guidelines for the Care and Use of Laboratory Animals,
and animal handling followed the dictates of the National
Animal Welfare Law of China.

Model of Acute Lung Inflammation

The intratracheal instillation was done as previ-
ously described [11]. Female BALB/c mice were
randomly divided into five groups with ten mice in
each group: (1) control group (saline), (2) LPS
group, (3) LPS+dexamethasone (LPS+Dex, 2 mg/
kg), (4) LPS+morin (20 mg/kg), and (5) LPS+morin
(40 mg/kg). The animals were administered with the
saline or drugs intragastrically. After 15 min of treat-
ment, mice were anesthetized with chloraldurate
(3 %), and 20 pg of LPS in 50 uL phosphate-
buffered saline (PBS) was administrated
intratracheally to induce acute lung injury. Control
group mice were given 50 uL PBS intratracheally.

Bronchoalveolar Lavage

Six hours after intratracheal instillation, the ani-
mal was killed and bronchoalveolar lavage (n=10)
was performed three times through a tracheal cannula
with 0.5 mL (total volume 1.5 mL) of autoclaved
PBS to obtain the bronchoalveolar lavage fluid
(BALF). The total leukocyte count was determined
using a hemocytometer. BALF samples were centri-
fuged at 1,500 rpm for 10 min at 4 °C; the super-
natants were stored in —80 °C for analysis of cyto-
kine concentrations and SOD activity (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China),
and the pellet was resuspended in 100 pL of saline,
centrifuged onto slides, and stained for 8 min with
Wright—Giemsa staining (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). The slides
were quantified for macrophages, neutrophils, and
lymphocytes by counting a total of 200 cells/slide
atx40 magnification as the differential cell count.

MPO Activity in Lung Homogenates and SOD Levels
in BALF

MPO activity in 10 % lung homogenized and
SOD activities in the BALF were determined using
test kits purchased from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China); all
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procedures were according to the manual. MPO ac-
tivity was determined by using o-dianisidine as per-
oxidase substrates, and data were presented as units
per gram (U/g) tissue. Total SOD activity included
Cu—Zn and Mn SOD activity and was determined by
hydroxylamine assay developed from xanthine oxi-
dase, and data were expressed as units per milligram
(U/mg) protein. The absorbance at 460 nm was mea-
sured with Multiskan Spectrum Microplate
Photometers (Thermo Fisher Scientific, 81 Wyman
Street, Waltham, MA, USA).

Cytokine in BALF

BALF levels of TNF-«, IL-1p3, IL-18, and IL-6 were
measured by ELISA according to the manufacturer’s in-
structions (R&D, Minneapolis, MN, USA). All measure-
ments were performed in duplicate.

Lung Wet/Dry Weight Ratios

The right lungs were removed at the end of the
experiment. The trachea and esophagus were separated
from the lungs by blunt dissection, and the wet weight of
the latter was determined. Subsequently, the lungs were
incubated at 60 °C for 3 to 4 days to remove all moisture,
and then the dry weight was measured and the ratio of wet-
to-dry weight calculated.

Histological Assessment

In order to evaluate tissue inflammation, hematoxylin
and eosin (HE) staining was performed on paraftin-embed-
ded sections. The hematoxylin and eosin staining process
was previously described [12]. Lung cell count based on a
S-point scoring system was performed as previously de-
scribed to estimate the severity of leukocyte infiltration.
The scoring system was as follows: 0, no cells; 1, a few
cells; 2, aring of cells one cell layer deep; 3, a ring of cells
two to four cell layers deep; and 4, a ring of cells more than
four cell layers deep.

Western Blotting of NLRP3 Inflammasome

The lung tissues were homogenized, washed with
PBS, and incubated in lysis buffer in addition to a protease
inhibitor cocktail (Sigma, St. Louis, MO) to obtain extracts
of lung proteins. The samples were loaded to 10 % SDS-
PAGE gels and were electrotransferred to nitrocellulose.
The blots were incubated with the appropriate concentra-
tion of specific antibody. After washing, the blots were
incubated with horseradish peroxidase-conjugated second
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antibody. The membranes were stripped and reblotted with
anti-actin antibody (Sigma) to verify the equal loading of
protein in each lane.

Statistical Analysism

The results were expressed as means+SDs and ana-
lyzed by one-way ANOVA, with the Statistical Product
and Service Solutions (SPSS 17.0, USA). P<0.05 was
taken as statistically significant.

RESULTS

Effects of Morin in BALF

To confirm the efficacy of LPS exposure, total leuko-
cyte and neutrophil numbers in BALF were determined at
the end of the intratracheal LPS protocol. Meanwhile, SOD
activity was determined. Instillation of LPS into the lungs
produced a significant recruitment of neutrophils into the
alveolar space compared with the control group (Fig. 1).
Total leukocyte number and neutrophil number in BALF
raised rapidly by 2.64 times and 5.1 times, while SOD
activity decreased by 2.26 times compared with the control
group (P<0.01), respectively. Morin (20 and 40 mg/kg)
could dose-dependently reduce the total leukocyte cell
number and neutrophil number (P<0.01) (Fig. 1a) and
increase SOD activity in BALF (Fig. 1b). After Dex treat-
ment, total leukocyte cell number, neutrophil number, and
total protein content in BALF were also obviously de-
creased (P<0.01) and increase SOD activity in BALF.

Effects of Morin on Cytokine in BALF and MPO
Activity in Lung Homogenate

The levels of the cytokines TNF-o, IL-1(3, IL-18, and
IL-6 in BALF were dramatically increased by intratracheal
LPS administration (Fig. 2). Morin (20 and 40 mg/kg) can
downregulate the TNF-c, IL-1f3, IL-18, and IL-6 levels in
dose-dependent manners, respectively. Dex also
downregulates the TNF-c, IL-1f3, IL-18, and IL-6 levels
in BALF. With lung neutrophil burden measured as MPO
activity, which morin reduced MPO activity in dose-de-
pendent manners, Dex also significantly inhibited the
MPO activity (P<0.01).

Effects of Morin on Lung Wet/Dry Weight Ratio

To independently evaluate LPS-induced changes in
pulmonary vascular permeability to water, lung wet/dry
weight ratios were used. LPS instilled for 6 h caused a
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Fig. 1. a Total leukocyte number and neutrophil number in BALF. Values are expressed as means+SDs. Compared with control *P<0.05, #P<0.01;
compared with model *P<0.05, **P<0.01. b SOD activity in BALF. Values are expressed as means+SDs. Compared with control *P<0.05, #P<0.01;

compared with model *P<0.05, **P<0.01.

significant increase in lung wet/dry weight ratio compared
with control (P<0.01). As shown in Fig. 3, both morin and
Dex exhibited variability on lung wet/dry weight ratio
when compared with the LPS group; those differences
achieved statistical significance (P<0.01).

Effects of Morin on Lung Histology

Histological evaluation of lungs (Figs. 4 and 5) by
light microscopy demonstrated a large number of neutro-
phil sequestration and infiltration around the pulmonary
vessel and airway, distributed in the alveolar and interstitial
after intratracheal LPS. Treatment groups significantly re-
duced the degree of inflammatory cell infiltration
(P<0.05). The results indicate that morin can reduce the

degree of pathological inflammation in lung tissues in
acute lung injury (P<0.05).

Effect of Morin on LPS-Induced NLRP3
Inflammasome Protein Expression in Mice

The expression of inflammation-related protein
NLRP3 inflammasome was changed by LPS in lung. As
shown in Fig. 6, compared with the control group, the
protein level of NLRP3 inflammasome in the model group
was significantly increased (P<0.05). In morin (20 and
40 mg/kg), the protein level of NLRP3 inflammasome
was significantly decreased in a dose-dependent manner
compared to the model group, respectively (P<0.05).



1980

Tianzhu, Shihai, and Juan

o 120 - s DIL-6
=3 ETNF-a
g 10t mIL-18
= -
® 50 mIL-18
=
2 60
=
& 40
<
2 2

0

Centrol es Dex Merin(20=g/kg)  Merin(d0=g/ke)

=
e, Tr
®)
() 61
2 5t
=<
< ¢t
T 3L
3
o 2z}
Q
= 1y
5 o - 1 \
3 Centrol s Morin(20=g/ke) !b:r:.-‘--f-: xz)

Fig. 2. Effect of morin on IL-6, TNF-«, IL-1f3, and IL-18 levels in BALF and MPO activity in lung homogenates. Values are expressed as means+SDs.
Compared with control *P<0.05, #P<0.01; compared with model *P<0.05, **P<0.01.

DISCUSSION

One of the most important components of the initial
innate immune response in the lung against bacterial infec-
tion is the vigorous recruitment of neutrophils. In ALIL
neutrophils are the earliest immune cells to be recruited to
the site of injury and express multiple cytotoxic products
[13]. In endotoxemia-induced ALI, the neutrophils
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accumulated in the lungs express proinflammatory cyto-
kines, such as IL-13 and TNF-«, and finally lead to the
pulmonary injury [14]. In this study, we found that the
neutrophils increased evidently in lung tissues after LPS
exposure. As expected, morin pretreatment significantly
decreased the neutrophils in lung tissues. MPO is a major
constituent of neutrophil cytoplasmic granules. The total
activity of MPO in a tissue is therefore a direct measure of
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Fig. 3. Wet/dry weight ratio. Values are expressed as means:tSDs. Compared w1th control #P<0.05, ##P<0.01 ; compared with model *P<0.05, **P<0.01.
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Fig. 4. Pathological changes of lung tissues observed by HE staining. (Light microscopy, x200) a control, b model, ¢ dexamethasone (2 mg/kg), d morin (20 mg/
kg), and e morin (40 mg/kg). Values are expressed as means=SDs. Compared with control *P<0.05, #P<0.01; compared with model *P<0.05, **P<0.01.
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Fig. 5. Scoring of the extent of inflammation via quantitative analysis of inflammatory cell infiltration in lung sections. Values are expressed as means+SDs.
Compared with control “P<0.05, #P<0.01; compared with model *P<0.05, **P<0.01.
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Fig. 6. Effect of morin on LPS-induced NLRP3 inflammasome protein expression in mice. Values are expressed as means+SDs. Compared with control

#p<0.05, "P<0.01; compared with model *P<0.05, **P<0.01.

neutrophil sequestration in that tissue [15]. In this study, we
found that the MPO activity increased evidently in lung
tissues after LPS exposure. As expected, morin pretreat-
ment significantly decreased the MPO activity in lung
tissues. In addition, histopathological study also indicated
that morin pretreatment markedly attenuated the neutrophil
infiltration in lungs.

LPS is known to induce the production of several
inflammatory and chemotactic cytokines. TNF-«, IL-1f3,
and IL-6 are characterized cytokines involved in the in-
flammatory process of acute lung injury [16-18]. These
cytokines, as well as other proinflammatory compounds,
initiate, amplify, and perpetuate the inflammatory response
in acute lung injury. TNF-x is the earliest and primary
endogenous mediator of the process of an inflammatory
reaction. TNF-, mainly produced by monocytes/macro-
phages, can elicit the inflammatory cascade, cause damage
to the vascular endothelial cells, and induce alveolar epi-
thelial cells to produce other cellular factors, such as IL-6
[19]. In this study, we found that the TNF-«, IL-1f3, IL-18,
and IL-6 increased evidently in BALF after LPS exposure.
As expected, morin pretreatment significantly decreased
the TNF-«, IL-1§3, IL-18, and IL-6 in BALF. Lung wet/dry
weight (W/D) ratio was evaluated as an index of pulmo-
nary edema, which is a typical symptom of inflammation

not only in systemic inflammation but also in local inflam-
mation [20]. In the present study, it was found that morin
could decrease the LPS-induced lung W/D ratio. These
results suggested that morin has a protective effect on
LPS-induced ALIL

The NLRP3 inflammasome is currently the most fully
characterized inflammasome, which responds to numerous
physically and chemically diverse stimuli, and leads to a
series of diseases when out of control. The NLRP3
inflammasome is the most intensively studied of the
inflammasomes, and it can be activated by a variety of
microbial-, stress-, or danger-induced substances. The prod-
ucts of NLRP3 inflammasome activation, IL-1[3 and IL-18,
have been shown to be protective in a variety of infections.
In the present study, it was found that morin could decrease
the protein level of NLRP3 inflammasome; the result sug-
gested that morin has a protective effect on LPS-induced
ALI through regulating NLRP3 inflammasome.

In this paper, we have established that morin may
exert some of its anti-inflammatory and pharmacological
effects by affecting the activity of NLRP3 inflammasome
in LPS-induced acute lung injury in mice. Although
NLRP3 inflammasome activation is critical for driving
acute lung inflammation aiding in the clearance of viral
or bacterial infections, and morin can inhibit NLRP3
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inflammasome, the underlying immunological mecha-
nisms are not clear; thus, the mechanisms need to be
clarified in the future.

In previous study, the anti-inflammatory effect of
morin had been found. In this study, we investigated anti-
inflammatory effects of morin on acute lung injury using
lipopolysaccharide (LPS)-induced acute lung injury (ALI)
mouse model. The cell counting in the bronchoalveolar
lavage fluid (BALF) was measured. The animal lung edema
degree was evaluated by W/D ratio. The superoxidase dis-
mutase (SOD) activity and myeloperoxidase (MPO) activity
were assayed by SOD and MPO Kkits, respectively. The
levels of inflammatory mediators including tumor necrosis
factor-o« (TNF-x), IL-1f3, IL-18, and IL-6 were assayed by
enzyme-linked immunosorbent assay method. Pathological
changes of lung tissues were observed by HE staining. The
protein level of lung NLRP3 inflammasome was measured
by Western blotting. The data showed that treatment with
the morin markedly attenuated inflammatory cell numbers
in the BALF, decreased lung NLRP3 inflammasome protein
level, and improved SOD activity and inhibited MPO activ-
ity. Histological studies demonstrated that morin substan-
tially inhibited LPS-induced neutrophils in lung tissue com-
pared with model group. The results indicated that the morin
had a protective effect on LPS-induced ALI in mice.
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