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Necrostatin-1 protects mice from acute lung injury by
suppressing necroptosis and reactive oxygen species
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Abstract. Acute lung injury (ALI) is characterized by tissue
damage and inflammatory cytokine secretion; however, the
therapeutic options available to treat ALI remain limited.
Necrostatin-1 (Nec-1) has the ability to attenuate cell
necroptosis in various inflammatory diseases. The present
study evaluated the protective effects of Nec-1 on a mouse
model of lipopolysaccharide-induced ALI. Histological
alterations in the lungs were evaluated through hematoxylin
and eosin staining, and the expression levels of cytokines
in the bronchoalveolar lavage fluid and lung tissues were
determined by ELISA. In addition, accumulated production
of reactive oxygen species was determined by staining with
DCFH-DA probes, western blotting and immunofluorescence.
The results revealed that treatment with the necroptosis
inhibitor, Nec-1, exerted significant protective effects on
ALl-induced inflammation and necroptosis. The key proteins
involved in necroptosis were markedly reduced, including
receptor-interacting serine/threonine-protein kinase (RIP)1
and RIP3. Notably, antioxidant proteins were upregulated by
Nec-1, which may attenuate oxidative stress. Furthermore,
treatment with Nec-1 markedly suppressed necroptosis in
the pulmonary alveoli RLE-6TN cell line. Taken together,
these data revealed a novel association between ALI and
necroptosis, and suggested that necroptosis inhibitors may be
used as effective anti-inflammatory drugs to treat ALIL.

Introduction

Acute lung injury (ALI) is a major cause of morbidity
and mortality, which is characterized by strong
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pulmonary inflammation (1,2), leading to cell death and
ultimately to respiratory failure. Lipopolysaccharide (LPS)
derived from gram-negative bacteria is considered the prin-
cipal pathogen-associated molecular cause of ALI (3). LPS is
widely used to induce pulmonary inflammation in experimental
models of ALI (4). As reported, acute lung damage is associ-
ated with initiation of an inflammatory response that leads to
a series of pathological alterations in lung tissues, including
changes in the ultrastructure of pulmonary alveoli (5), expres-
sion of inflammatory cytokines (6), cell damage (7) and
accumulation of reactive oxygen species (ROS) (8). Although
pharmacological therapies for ALI have been developed in
recent decades, the mortality rate remains high.

The excessive inflammatory response associated with ALI
causes cell damage, with the damaged cells being eliminated
by apoptosis, which is a mechanism that protects cells from
inflammation and necrosis (9). However, a high degree of
apoptosis overwhelms the capacity of the immune system to
clear dead cells, thus resulting in necrosis. Necrosis is a type of
cell death morphologically characterized by cell swelling and
cytomembrane rupture (10). Programmed necrosis, or necrop-
tosis, is a regulated form of necrosis, which is induced by
various initiators, particularly tumor necrosis factor a (TNF-a),
which is a downstream product of LPS stimulation of Toll-like
receptor 4 (TLR4) and the most extensive inducer of necrop-
tosis (11). During the process of LPS-TLR4-TNF-a-induced
necroptosis, receptor-interacting serine/threonine-protein
kinase (RIP)1 interacts with RIP3 to induce its activation, thus
leading to rupture of the cell membrane. RIP1-RIP3 forms a
complex to promote necroptosis-induced tissue injury (12).
There is a general consensus that necroptosis is a potent
inducer of inflammation (13), whereas necrostatin-1 (Nec-1) is
an inhibitor of RIP1 that has been confirmed to be a potent and
specific allosteric inhibitor of necroptosis. Promising results
have been obtained with Nec-1 in numerous experimental
disease models, including ischemia-reperfusion injury (14,15),
intestinal inflammation (16), acute pancreatitis (17) and neuro-
degenerative disease (18). Therefore, inhibition of necroptosis
may be a promising strategy to improve the outcome of over-
loaded necroptosis-induced localized or severe and systemic
inflammatory disorders.

Under physiological conditions, ROS are regulated by
antioxidants (19), which can either be endogenously generated
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or externally supplemented. However, overproduction of ROS
has been implicated in the development of various chronic
and degenerative diseases, including cancer, and respiratory,
neurodegenerative and digestive diseases (20). ROS are likely
to be among the inducers of acute or chronic inflammation that
lead to cellular damage, since antioxidants reduce activation of
inflammatory pathways (21). The antioxidant defense system
can be overwhelmed during sustained severe inflammation,
as observed in acute lung inflammation, inflammatory bowel
disease, neurodegenerative disorders, cardiovascular diseases
and aging (22). Therefore, certain antioxidants are essential
to regulate biochemical pathways that lead to the appropriate
functioning of organs. Antioxidant supplementation has been
reported to lessen endogenous antioxidant depletion and to
alleviate oxidative damage in experimental research (20).
Therefore, the present study evaluated the protective effects of
Nec-1 on LPS-induced ALL

Materials and methods

Animals. All experiments using male mice (age, 8-10 weeks;
weight, 22-24 g). All animal procedures were approved by the
Institutional Animal Care and Use Committee of Wenzhou
Medical University. A total of 30 healthy wild-type male
C57B/6 mice (age, 6-8 weeks; weight, 18-22 g) purchased from
the Animal Research Center of Wenzhou Medical University
were maintained and acclimated in a specific pathogen-free
environment for 2 weeks prior to experimentation, with free
access to food and water at the Wenzhou Medical University
under a controlled temperature (25°C) with 50% humidity and
12-h light/dark cycles.

Cells and cell culture. The rat alveolar epithelial RLE-6TN
cell line, which was derived from alveolar type II cells isolated
from a 56-day-old male F344 rat by airway perfusion with a
pronase solution, was purchased from American Type Culture
Collection. Cells were cultured in DMEM/F12 medium (Gibco;
Thermo Fisher Scientific, Inc.) supplemented with 10% FBS
(Gibco; Thermo Fisher Scientific, Inc.). The cell model of ALI
was induced using TNF-a (40 xM; Sigma-Aldrich; Merck
KGaA). The treatment group was co-treated with TNF-a and
Nec-1 (50 uM; Enzo Life Sciences, Inc.) for 6 h at 37°C. The
mock group was treated with saline for 6 h at 37°C. The cells
were harvested at 6 h after initiation of the experiment for
subsequent analyses.

Animal model and experimental setup. All animal procedures
were approved by the Institutional Animal Care and Use
Committee of Wenzhou Medical University. Mice were fasted
for 8 h prior to the experiment. Before induction of ALI, the
mice were anesthetized by inhalation of sevoflurane and were
transtracheally injected with either Nec-1 (5 mg/kg; Enzo Life
Sciences, Inc.) or saline as a control. LPS-induced ALI was
induced by transtracheal injection of LPS (Sigma-Aldrich;
Merck KGaA) at a dose of 10 mg/kg 30 min after Nec-1 or
saline treatment. Additionally, the mice of sham-operation
were transtracheally injected with saline and treated with
saline only. During the experiment, the mice were monitored
every 30 min. All mice survived until sacrifice 6 h after initia-
tion of the experiment. The mice were sacrificed by cervical
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dislocation under 3% sevoflurane inhalation, after which,
the lungs were quickly removed. Lung samples were either
placed in a buffered solution for histopathological analysis, or
snap-frozen for protein isolation or for analyzing apoptosis by
flow cytometry. Prior to tissue collection, death was confirmed
after 1-2 min of cardiac and respiratory observation.

Histopathological examination of the lungs. The lung tissues
were collected after 6 h of induction of ALI. The tissues were
fixed in 4% paraformaldehyde in PBS (pH 7.4) for 24 h at room
temperature. Paraffin-embedded tissues from each mouse were
sectioned at 5 ym and were then stained with hematoxylin for
5 min and eosin for 10 sec at room temperature. Each lung
tissue section was observed in five fields of view using a light
microscope (magnification, x200).

Transmission electron microscopy (TEM). Mouse lung tissues
were minced into small pieces (1 mm?®) and fixed in 2.5%
glutaraldehyde in 0.1 M sodium cacodylate buffer for 4 h
at 4°C. The tissues were post-fixed in 1% osmium tetroxide
in 1% K,Fe(CH), for 1 h at 37°C, and dehydrated through
graded concentrations of alcohol (50, 75, 90 and 100%; 30 min
at room temperature per concentration), clarified in propylene
oxide for 12 h at 45°C, and embedded in a mixture of Epon
812 and Durcupan for 3 days at 60°C (Sigma-Aldrich; Merck
KGaA). The tissues were subsequently sectioned with an ultra-
microtome (100 nm). The longitudinal sections were placed
onto copper grids, stained with 7.7% uranyl acetate (50 ul) at
room temperature for 30 min, and 2.6% lead nitrate (50 pl) at
room temperature for 2 sec. Subsequently, the sections were
visualized under a H-600 electron microscope (magnification,
x17000; Hitachi Ltd.).

Immunofluorescence analysis. Immunofluorescence was used
to detect RIP1 and RIP3 expression. Cells were treated with
TNF-a (40 uM) and Nec-1 (50 uM), washed with PBS, fixed
with 4% paraformaldehyde for 15 min at 4°C, and were then
permeabilized with 0.5% Triton X-100 for 10 min at room
temperature. After blocking with 5% BSA (Beyotime Institute
of Biotechnology) for 1 h at 37°C, the cells were incubated
with either anti-RIP1 (cat. no. 3493; 1:200; Cell Signaling
Technology, Inc.) or anti-RIP3 (cat. no. ab62344; 1:200;
Abcam) antibodies overnight at 4°C. The slides were then
incubated with Alexa Fluor® 488-conjugated goat anti-rabbit
IgG antibody (cat. no. ab150077; 1:200; Abcam,) for 1 h
at 37°C. The nuclei were then stained with DAPI for 5 min at
room temperature. Images were obtained under a fluorescence
microscope.

Protein extraction and western blotting. Snap-frozen lung
tissues or cells were homogenized and resuspended in lysis
buffer (cat. no. PO013B; Beyotime Institute of Biotechnology)
containing 1% phenylmethylsulfonyl fluoride (cat. no. ST506;
Beyotime Institute of Biotechnology) for 30 min at 4°C.
Subsequently, the lysate was centrifuged at 12,000 x g for
15 min at 4°C and the supernatant was collected. Protein
concentrations were determined using a bicinchoninic
acid (BCA) assay kit (cat. no. PO012; Beyotime Institute of
Biotechnology) at 37°C. The proteins (50 pg/lane) were sepa-
rated by SDS-PAGE on 10% gels and were then transferred
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Table I. Sequences of primers used for reverse transcription-quantitative PCR.

A, Mouse

Sequence (5'—3")
Gene Forward Reverse
GAPDH AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA
HO-1 AGGTCCTGAAGAAGATTGC TCTCCAGAGTGTTCATTCG
NRF-2 AGCATCCTCTCCACTGAT GGTCACAGCCTTCAATAGT
B, Rat

Sequence (5'—3")
Gene Forward Reverse
GAPDH GTGCAGTGCCAGCCTCGTC GGCAGCACCAGTGGATGCAG
HO-1 GGTGACAGAAGAGGCTAAG TAGTATCTTGAACCAGGCTAG
NRF-2 CCGAGTTACAGTGTCTTAATAC TGGAGAGGATGCTGCTAA

HO-1, heme oxygenase 1; NRF-2, nuclear factor erythroid 2-related factor 2.

to PVDF membranes (EMD Millipore). The transferred
membranes were blocked with 5% skim milk for 1 h at
room temperature. The membranes were incubated at 4°C
overnight with the following primary antibodies: Anti-RIP1
(cat. no. 3493; Cell Signaling Technology, Inc.), anti-RIP3
(cat. no. ab62344; Abcam), anti-GAPDH (cat. no. 5174; Cell
Signaling Technology, Inc.), anti-nuclear factor erythroid
2-related factor 2 (NRF2; cat. no. ab137550; Abcam) and
anti-heme oxygenase 1 (HO-1; cat. no. ab13243; Abcam). All
aforementioned primary antibodies were diluted to 1:1,000
with WB antibody diluent (cat. no. PO023A; Beyotime
Institute of Biotechnology). Subsequently, the membranes were
incubated with HRP-conjugated anti-rabbit IgG secondary
antibody (cat. no. 7074; 1:3,000; Cell Signaling Technology,
Inc.) at room temperature for 1 h. Protein bands were detected
using the Immobilon ECL Ultra Western HRP substrate (EMD
Millipore) and Image Lab software (version 3.0; Bio-Rad
Laboratories Inc.), with GAPDH as the loading control.

RNA isolation and reverse transcription-quantitative PCR
(RT-qPCR). RNA was isolated from lung tissues stored in
RNAlater or from the rat alveolar epithelial cell line using
TRIzol® (Invitrogen; Thermo Fisher Scientific, Inc.), according
to the manufacturer's protocol. After determining RNA concen-
tration, 1 ug RNA was used for cDNA synthesis using the
PrimeScript™ RT Reagent kit for RT-PCR (Takara Bio, Inc.),
according to the manufacturer's protocol. gPCR analysis was
performed on cDNA using the ABI7500 instrument (Applied
Biosystems; Thermo Fisher Scientific, Inc.) with TB Green®
Premix Ex Taq™ II kit (Takara Bio, Inc.), according to the
manufacturer's protocol. The thermocycling conditions were as
follows: Pre-conditioning at 95°C for 30 sec; annealing for 5 sec
at 95°C and amplification for 15 sec at 60°C for 40 cycles; final
extension for 10 sec at 60°C. The relative mRNA expression

levels were normalized the internal reference gene GAPDH
using the 2244 cycle threshold method (23). The primer
sequences for qPCR are listed in Table 1.

Isolation of primary alveolar epithelial cells. The lungs of
were rapidly removed, incubated with 1.0 mg/ml collagenase
I (Thermo Fisher Scientific, Inc.) for 1 h at 37°C and minced
into small pieces (I mm?) on ice. The single lung cell suspen-
sions were used for further ROS and apoptosis analyses.

Quantification of ROS levels. Intracellular ROS intensity
was measured using the Reactive Oxygen Species Assay
kit (cat. no. S0033; Beyotime Institute of Biotechnology),
according to the manufacturer's protocol. Fluorescence was
detected by flow cytometry using FACSAria (BD Biosciences)
and data were analyzed using FlowJo software (version 10;
FlowJo, LLC).

Analysis of late apoptosis. Single lung cell suspensions
were immunolabeled with an apoptosis kit (cat. no. 640914;
BioLegend, Inc.), according to the manufacturer's protocol.
Flow cytometry was performed with a FACSAria flow cytom-
eter after gating the living cells. Data were analyzed using
FlowlJo software (version 10; FlowJo, LLC).

Isolation of bronchoalveolar lavage fluid (BALF). Mice were
sacrificed and BALF samples were collected by slow infusion
and extraction with 0.2 ml cold PBS 4 times. The procedure
was repeated four times and 0.8 ml BALF per mouse was
collected for subsequent research. The concentration of total
proteins in BALF was estimated using a BCA protein assay
kit (cat. no. PO0O10; Beyotime Institute of Biotechnology).
The levels of SOD and MDA in BALF were measured using
a commercial SOD assay kit (cat. no. A001-3-2; Nanjing
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Figure 1. Nec-1 protects against LPS-induced inflammatory response and lung injury in a mouse model of ALI. (A) Histopathological analysis of the effects
of Nec-1 on LPS-induced experimental ALI using hematoxylin and eosin staining (magnification, x100 and x200). The black arrow indicates areas of lung
injury. (B) Effects of Nec-1 on LPS-induced experimental ALI were assessed by estimating the levels of total secretory proteins using a bicinchoninic acid kit.
(C and D) Levels of secreted inflammatory cytokines isolated from (C) BALF and (D) lung tissues were estimated by ELISA, in order to assess the effects of
Nec-1 on LPS-induced ALI. Data are shown as the mean = SEM from at least three independent experiments (n=5 mice/group). "P<0.05, as indicated. ALI,
acute lung injury; BALF, bronchoalveolar lavage fluid; IL, interleukin; LPS, lipopolysaccharide; Nec-1, necrostatin-1; TNF-a, tumor necrosis factor-o.

Jiancheng Bioengineering Institute) and MDA activity
kit (cat. no. A003-4-1; Naning Jiancheng Bioengineering
Institute), according to the manufacturer's instructions.

Analysis of inflammatory cytokines. The expression levels of
inflammatory cytokines, TNF-a (cat. no. F11630), interleukin
(IL)-1PB (cat. no. F10770) and IL-6 (cat. no. F10830), in BALF
and lung tissue homogenates were quantified using ELISA
kits, according to the manufacturer's protocol (Westang
Technology Company; www.westang.com).

Statistical analyses. Data are presented as the mean + stan-
dard error or standard deviation of at least three independent
experiments. One-way ANOVA was performed followed by

Tukey's multiple comparison test using GraphPad Prism
software (version 5; GraphPad Software Inc.). P<0.05 was
considered to indicate a statistically significant difference.

Results

Nec-1 protects against LPS-induced inflammation and lung
injury in ALI. To investigate the role of Nec-1 in ALI, a mouse
model of ALI was established by transtracheal injection
of LPS (10 mg/kg). Nec-1 (5 mg/kg) was administered 1 h
before LPS induction. The histopathological results revealed
that Nec-1 reduced LPS-induced lung injury compared with
in mice challenged with LPS only, although the damage was
more severe than that in the sham-operated mice (Fig. 1A).
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Table II. Inflammatory cytokine levels in bronchoalveolar lavage fluid.

Group TNF-a (pg/ml)

IL-1B (pg/ml) IL-6 (pg/ml)

21.24+7.53
476.06+90.14*
150.17+49.83°

Sham operation
LPS-ALI
Nec-1 + LPS-ALIL

73.704+13.18 39.98+4.98
165.19+32.21* 360.29+19.52*
83.06+23.47° 182.27+38.64°

“P<0.05 vs. the Sham operation group; °P<0.05 vs. the LPS-ALI group. ALI, acute lung injury; IL, interleukin; LPS, lipopolysaccharide; Nec-1,

necrostatin-1; TNF-a, tumor necrosis factor-o.

Table III. Inflammatory cytokines in lung tissues.

IL-1p (pg/ml) IL-6 (pg/ml)

Group TNF-a (pg/ml)
Sham operation 40.34+18.16

LPS-ALI 394 .81+60.17
Nec-1 + LPS-ALI 187.46+56.25°

268.81+58.06
727.01+86.83"
552.68+29.06°

63.75+24 .24
293.13+17.40°
161.67+39.77°

1P<0.05 vs. the Sham operation group; "P<0.05 vs. the LPS-ALI group. ALI, acute lung injury; IL, interleukin; LPS, lipopolysaccharide; Nec-1,

necrostatin-1; TNF-a, tumor necrosis factor-a.

Table I'V. Concentration of SOD2 and MDA in lung tissues.

SOD2 MDA
Group (U/mg protein) (nmol/mg protein)
Sham operation 281.87+£24.1 1.38+0.13
LPS-ALI 133.68+24.8* 401+0.07*
Nec-1 + LPS-ALI 293.47+24.6° 1.72+0.18°

iP<0.05 vs. the Sham operation group; "P<0.05 vs. the LPS-ALI
group. ALI, acute lung injury; LPS, lipopolysaccharide; MDA, malo-
ndialdehyde; Nec-1, necrostatin-1; SOD2, superoxide dismutase 2.

Subsequently, pulmonary inflammatory cytokine levels were
detected by ELISA. Compared with the high level of secretory
total proteins (Fig. 1B), and inflammatory cytokines in the
BALF (Fig. 1C) and lung tissues (Fig. 1D) of mice in the ALI
group, Nec-1-treated mice exhibited lower levels of secretory
total proteins and inflammatory cytokines, including TNF-a.,
IL-1p and IL-6 (Fig. 1B-D; Tables II and III). These findings
indicated that inflammation and injury were alleviated in the
lungs of Nec-1-treated mice.

Suppressive effects of Nec-1 on necroptosis in LPS-induced
ALI. The anti-necroptotic effects of Nec-1 on LPS-induced
mice were assessed by western blotting. As shown in
Fig. 2A and B, the expression levels of RIP1 and RIP3
were significantly decreased in response to Nec-1 treat-
ment compared with in the untreated ALI group following
exposure to LPS. Since late apoptosis also reflects the
level of necroptosis in ALI pathogenesis, flow cytometry
was performed with Annexin V and propidium iodide
(PI) double-stained primary lung cells. As shown in

Fig. 2C and D, LPS exposure significantly increased the
percentage of late apoptotic cells (right upper quadrant)
compared with in the control group, and this was effectively
attenuated in lungs pretreated with Nec-1. Furthermore,
Nec-1 reduced LPS-induced alterations, including increased
number of necrosomes, lamellar body abnormality, disap-
pearance of microvilli, karyorrhexis, cellular swelling and
cytomembrane rupture (Fig. 2E). Taken together, these
observations strongly indicated that Nec-1 protects lungs
from necroptosis during ALI in vivo.

Nec-1 attenuates ROS response to LPS-induced ALI in vivo.
LPS elicits a robust ROS response and leads to the produc-
tion of ROS. To determine whether Nec-1 mediated protection
against oxidative stress dysfunction, through enhancing the
expression of antioxidant-associated proteins that mediate
ROS homeostasis, the expression levels of NRF2 and HO-1
were detected. The expression levels of these antioxidants
were increased in ALI mice treated with Nec-1 compared with
in those in the saline-treated control group and LPS-treated
ALI group (Fig. 3A and B). Nec-1 also enhanced the induction
of anti-ROS gene expression, including NRF2 and HO-1, in
the lung tissue of mice. As shown in Table IV and Fig. 3D,
increased superoxide dismutase 2 (SOD2) and decreased malo-
ndialdehyde (MDA) levels were observed in the Nec-1-treated
ALI group. ROS intensity in primary lung cells was esti-
mated using an ROS assay kit. Nec-1-treated mice exhibited
hypoactive DCFH-DA mean fluorescence intensity (Fig. 3E),
suggesting that internal ROS production was decreased in the
Nec-1 + LPS-ALI group compared with the LPS-ALI group.
These results suggested that Nec-1 may be a mediator of ROS
to maintain intrinsic homeostasis.

Nec-1 regulates necroptosis and ROS in TNF-a-stimulated
RLE-6TN cells. Similar to the inhibitory effects of Nec-1
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Figure 2. Suppressive effects of Nec-1 on necroptosis in a mouse model of LPS-treated ALI. (A) Western blotting of lysates from mouse lung tissues was used
to estimate the expression levels of necroptosis-associated proteins (RIP1 and RIP3). (B) Semi-quantification of the protein expression levels of RIP1 and
RIP3. Representative images of at least three independent experiments are shown. (C and D) Estimation of the degree of apoptosis in primary lung cells, as
determined by flow cytometry after staining with Annexin V and PI. (E) Ultrastructure of alveolar epithelial cells in the indicated mouse models (green arrow,
lamellar body; red arrow, microvilli). Data are presented as the mean + SEM from at least three independent experiments (n=5 mice/group). "P<0.05, as indi-
cated. ALI, acute lung injury; LPS, lipopolysaccharide; Nec-1, necrostatin-1; PI, propidium iodide; RIP, receptor-interacting serine/threonine-protein kinase.

on necroptosis in vivo, Nec-1 also exerted protective effects
in vitro. Cell damage was induced by TNF-a, and necroptosis
was assessed with flow cytometry after staining with Annexin
V and PI. Nec-1 significantly reduced the percentage of late
apoptotic cells exposed to TNF-a (Fig. 4A and B). Western blot
and immunofluorescence analyses also indicated that RIP1 and
RIP3 expression was reduced in Nec-1-pretreated damaged
RLE-6TN cells (Fig. 4C-F). Furthermore, NRF2 and HO-1
were upregulated to attenuate LPS-induced ROS dysfunction
in the Nec-1-pretreated group (Fig. 5A and B). As expected,
Nec-1 also enhanced induction of anti-ROS gene expression,
including NRF2 and HO-1, in injured Nec-1-treated RLE-6TN
cells (Fig. 5C). The intensity of the ROS response was also
evaluated by DCFH-DA probes using flow cytometry. Nec-1
was able to downregulate the increased mean fluorescent inten-
sity of ROS in TNF-a-stimulated RLE-6TN cells (Fig. 5D),
suggesting that internal ROS production was decreased in the
Nec-1 + TNF-a group compared with the LPS-TNF-a group.

Discussion

ALI is characterized by a life-threatening inflammatory
response of the lungs to various insults (24). The early inflam-
matory phase of ALI is characterized by alveolar epithelial and
endothelial barrier damage and dysfunction. Hemorrhage and
protein-rich pulmonary edema are followed by the prolifera-
tive phase, which involves alveolar epithelial cell proliferation,
interstitial fibrosis and air space obliteration (25). Subsequently,
necrosis, fibrosis and emphysema are observed alongside the
loss of normal lung structure, thus resulting in acute respira-
tory distress syndrome (26). Despite continuous improvements
in the medical management of ALI, it remains associated with
a high level of morbidity and mortality (1). Therefore, it is
necessary to gain a deep insight into the mechanism under-
lying ALI, in order to develop a novel therapeutic strategy.

An appropriate balance among cell death, proliferation
and differentiation is critical for maintaining lung homeostasis
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Figure 3. Nec-1 attenuates the ROS response to LPS-induced ALI in vivo. (A) Western blotting of lysates in the indicated mouse lung tissues was used to
estimate the expression levels of ROS-associated proteins (NRF2 and HO-1). (B) Semi-quantification of the protein expression levels of NRF2 and HO-1.
Representative images of at least three independent experiments are shown. (C) mRNA expression levels of NRF2 and HO-1 in lung tissues from sham-oper-
ated, LPS-ALI and Nec-1 + LPS-ALI mice were detected by reverse transcription-quantitative PCR and were normalized to GAPDH. (D) Levels of SOD2
and MDA in the lung tissue homogenates were detected using commercial kits. (E) Intracellular ROS production of the indicated lung cells was analyzed by
DCFH-DA staining and flow cytometry. Data are presented as the mean = SEM from at least three independent experiments (n=5 mice/group). ‘P<0.05, as
indicated. ALI, acute lung injury; HO-1, heme oxygenase-1; LPS, lipopolysaccharide; MDA, malondialdehyde; Nec-1, necrostatin-1; NRF2, nuclear factor

erythroid 2-related factor 2; SOD2, superoxide dismutase.

and retaining its vital role as an immunological barrier against
pathogens (27). However, pathological processes, including
bacterial infection, viral infection and autoimmune disorders,
jeopardize these processes. TNF-a and its receptor (TNFR)
are essential mediators of cell death and inflammation, which
have important roles in the immune response of pulmonary
alveolar cells (28). The LPS-TNF-a-TNFR axis signaling
can result in cell apoptosis, which is a means for eliminating
unhealthy cells and limiting the inflammatory cascade. Once
the degree of apoptosis exceeds the elimination capacity of
immune cells, necrosis occurs. Necroptosis is a form of cell
necrosis (29); since its discovery more than two decades ago, it
has been considered a combination of cellular death and func-
tional response, and its study represents an area of ongoing

research. RIP1 has been reported to shift the balance between
cell survival, apoptosis and necroptosis upon TNF-a stimula-
tion. It acts as a kinase in the ‘necrosome’ complex, triggering
the process of RIP3-dependent necroptosis (30). In the present
study, it was demonstrated that necroptosis was associated
with the pathogenesis of ALI, and Nec-1 exerted marked
therapeutic effects by attenuating pulmonary alveolar injury
and dysfunction, thereby notably improving the pulmonary
alveolar cellular function in ALI mice. This effect may be due
to the inhibition of proteins associated with the execution of
necroptosis and reduced inflammatory cytokine production.
Notably, Nec-1 reduced the expression of necroptotic proteins,
RIP1 and RIP3. In addition, microscopic analysis suggested
that Nec-1 protected damaged alveolar epithelial cells against
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Figure 4. Nec-1 regulates necroptosis in TNF-a-stimulated RLE-6TN cells. (A) Representative flow cytometry plots and (B) quantification of the degree
of apoptosis of alveolar epithelial RLE-6TN cells, as determined using flow cytometry after staining with Annexin V and PI. (C) Western blotting of
lysates from the indicated alveolar epithelial RLE-6TN cells was used to detect the expression levels of necroptosis-associated proteins RIP1 and RIP3.

(D) Semi-quantification of the protein expression levels of RIP1 and RIP3.

Representative images of at least three independent experiments are shown.

(E and F) Representative images of immunofluorescence analysis of RIP1 and RIP3 in the indicated cell models (magnification, x100). Data are presented
as the mean =+ SD from at least three independent experiments. “P<0.05, as indicated. ALI, acute lung injury; Nec-1, necrostatin-1; PI, propidium iodide; RIP,
receptor-interacting serine/threonine-protein kinase; TNF-a, tumor necrosis factor-a.

cell swelling, karyorrhexis and cytomembrane rupture.
Therefore, the necroptotic inhibitor Nec-1 may be considered
a candidate for the treatment of ALIL

It has previously been reported that ROS are essential
for necroptosis-induced cellular injury (31). Cellular ROS
are diverse hyper-reactive derivatives of oxygen; cellular
antioxidants maintain ROS at physiological levels. Excessive
accumulation of ROS during cellular stress can overwhelm
the antioxidant system and, if not alleviated, this can result
in oxidative stress, oxidative damage to cellular constituents
and cell death. Elevated levels of ROS appear to be particu-
larly important in cellular necroptosis (32). RIP3-dependent
necroptosis can trigger inflammasome activation by inducing
alterations in the redox state, intracellular ion concentrations

and cellular metabolic status (33). RIP3 regulates the cell
metabolic state and is involved in oxidative phosphorylation.
Furthermore, activated RIP3 enhances energy metabolism,
resulting in ROS accumulation (34). The NRF2/HO-1
signaling pathway serves a vital role in oxidative stress.
Under homeostatic conditions, NRF2 is not functionally
activated and exists in the cytoplasm; however, once cells are
subjected to oxidative stress, NRF2 is translocated into the
nucleus and combines with the antioxidant response element
to trigger HO-1 expression, thereby regulating the expres-
sion of oxidant or antioxidant-related genes and enzymes,
such as SOD and MDA, and finally exerting its antioxidant
defense function (35). Therefore, strengthening the antioxi-
dant process may be considered a potential strategy to reduce
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(D) Intracellular ROS generation was analyzed by DCFH-DA staining using flow cytometry. Data are presented as the mean + SD from at least three inde-
pendent experiments. "P<0.05, as indicated. ALI, acute lung injury; HO-1, heme oxygenase-1; Nec-1, necrostatin-1; NRF2, nuclear factor erythroid 2-related
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Figure 6. Schematic diagram of Nec-l1-mediated protection from
ALl-associated inflammatory injuries. Nec-1 triggered anti-ROS produc-
tion by inhibiting necroptosis. Nec-1 also alleviated ALI symptoms, such
as alveolar cell death, alveolar wall disorder, lung edema and the expression
of inflammatory cytokines by directly suppressing necroptosis. HO-1, heme
oxygenase-1; Nec-1, necrostatin-1; NRF2, nuclear factor erythroid 2-related
factor 2; ROS, reactive oxygen species; SOD2, superoxide dismutase 2.

the level of cellular necroptosis, in order to reduce the extent
of tissue damage. This study revealed that treatment with
Nec-1 (a specific inhibitor of RIP1) attenuated LPS-induced
ALI in mice and TNF-a-induced cellular ALI by generating

anti-ROS proteins. Furthermore, blockade of ROS produc-
tion by Nec-1 treatment significantly inhibited the extent of
cell death. These results strongly suggested that increased
ROS levels may be responsible for necroptosis-induced cell
damage and death.

Increased cellular injury stimulates ROS generation, which
contributes to the promotion of cell swelling (36). ROS also
induce cellular stress to promote cell necroptosis. Reduced cell
necroptosis results in inhibition of ROS and increased antioxi-
dative capacity, which can limit the irreversible damage to the
cells. Decreased ROS can also inhibit inflammatory signaling,
and contribute to the attenuation of local and systematic inflam-
mation (37). A physiological ROS level is essential to induce
an anti-ROS response and maintain cellular homeostasis (37).
Notably, the ROS pathway is a double-edged sword; it helps
pulmonary alveolar cells survive protein synthesis-associated
stress; however, when cellular injury is too severe, it leads
to inflammation and changes that ultimately damage these
cells (Fig. 6). Therefore, artificially strengthening antioxidant
ability may be a promising therapeutic strategy.

The present study treated the experimental ALI models
with Nec-1, which is a specific inhibitor of RIP1 and demon-
strated that Nec-1 exerted marked anti-necroptosis and
anti-inflammatory effects on LPS-stimulated mouse lung
tissue in vivo and TNF-a-stimulated rat alveolar epithelial
cells in vitro. Notably, inflammatory cytokines within BALF
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and lung tissue were decreased in the Nec-1-treated ALI
mouse model. In addition, treatment with Nec-1 suppressed
the expression of necroptosis-associated proteins, RIP1
and RIP3. Conversely, anti-ROS proteins were upregulated
in the Nec-1-treated group compared with in the control
and non-Nec-1-treated ALI groups. Positive anti-inflam-
matory and protective effects were also observed in the
TNF-a-stimulated RLE-6TN cell line. These findings offer
insights into the inhibitory effects of Nec-1 on the progres-
sion of ALI. It may be hypothesized that Nec-1 acts as a
potential therapeutic agent for treating inflammatory lung
diseases, such as ALI.

Several time windows for Nec-1 treatment to prevent ALI
were analyzed and it was revealed that 6 h of pretreatment
was required for effective prevention in the experimental
ALI mouse model (data not shown). In addition, Nec-1
did not exert a promising therapeutic effect on ALI mice
when administered post-ALI induction (data not shown).
Typically, >6 h is required for Nec-1 to induce the produc-
tion of anti-ROS proteins during ALI progression. Therefore,
it is reasonable to propose that pretreatment with Nec-1 is
required for the induction of NRF2 and HO-1, and to exert
protective effects. Based on the current findings, Nec-1 may
be a novel ALI therapeutic agent if used in patients with ALI
at the early stage.

In conclusion, this study reported that necroptosis was
effectively induced in rat alveolar epithelial cells and in a
mouse model of LPS-induced ALI, whereas this necrop-
tosis was blocked by Nec-1. Further investigations revealed
increased expression of antioxidants (NRF2, HO-1 and
SOD?2) in response to Nec-1. HO-1 is an anti-ROS gene
that is activated upon cell injury. Nec-1 actively enhanced
the expression of HO-1 to attenuate the ROS response to
LPS-induced ALI; therefore, decreased ROS production may
be considered the most important inhibitory mechanism of
necroptosis. These results may be beneficial to understand
the detailed mechanisms of ALI caused by bacterial infec-
tions and could provide novel prospects for further molecular
targeted therapy.
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