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A B S T R A C T

Acute lung injury (ALI) is a clinically severe respiratory disorder, and effective therapy is urgently needed. MN-
08, a novel synthetic N-methyl-D-aspartate receptor (NMDAR) antagonist, was investigated for its effect on li-
popolysaccharide (LPS)-induced ALI. In vitro, the protective effect of MN-08 on inflammatory response, oxi-
dative stress, and tight junctions (TJs) structure was explored in LPS-induced RAW 264.7 cells and A549 cells.
MN-08 markedly decreased (p < 0.001) the levels of pro-inflammatory cytokines such as tumor necrosis factor-
α (TNF-α), interleukin-1β (IL-1β), cyclooxygenase-2 (COX-2), inducible nitric oxide synthase (iNOS), and re-
active oxygen species (ROS), whereas it moderately upregulated (p < 0.05) heme oxygenase (HO)-1 protein
expression in LPS-induced RAW 264.7 cells. Moreover, MN-08 significantly inhibited (p < 0.001) cell apoptosis
and improved (p < 0.001) protein expression of TJs in LPS-induced A549 cells. In vivo, the therapeutic effect of
MN-08 was evaluated in the LPS-induced ALI model through intratracheal instillation in BALB/c mice. MN-08
administration dramatically attenuated (p < 0.001) pulmonary pathological changes and reduced (p < 0.001)
the levels of glutamate, myeloperoxidase (MPO), malondialdehyde (MDA), and number of cells in BALF, whereas
it increased (p < 0.05) superoxide dismutase (SOD) and glutathione (GSH) activities in ALI mice. Furthermore,
MN-08 markedly blocked the mitogen-activated protein kinases (MAPKs)/nuclear translocation of nuclear
factor-κB (NF-κB) signaling pathways in RAW 264.7 cells and lung tissues. These results indicate that MN-08
exhibits lung protection in an LPS-induced ALI model via anti-inflammatory and anti-oxidative activities.

1. Introduction

Acute lung injury (ALI) and acute respiratory distress syndrome
(ARDS) are severe respiratory disorders that cause significantly high
morbidity and mortality (~30%–50%) [1]. The physiologic character-
istics of ALI are disruption in the microvascular endothelial barrier,
pulmonary edema, uncontrolled inflammation, and intrapulmonary
hemorrhage [2]. Many conditions, such as sepsis, pneumonia, inhala-
tion injury, pancreatitis, and burns can lead to ALI [3,4]. Despite the
great efforts and contributions of the experts, there is still an urgent
need to develop new therapies to treat patients with ALI.

As a pathogenic component of endotoxin in the outer membrane of
gram-negative bacteria, lipopolysaccharide (LPS) could induce an in-
flammatory response and lead to the disturbance of the immune system
function, which is extensively used to induce ALI of BALB/c mice by
intratracheal instillation [5–7]. As is widely accepted, LPS is an im-
portant trigger of the lung inflammation that is regulated by nuclear
factor-kappa B (NF-κB) and mitogen-activated protein kinases (MAPKs),

including the c-Jun NH2-terminal kinase (JNK), extracellular signal-
regulated kinase (ERK), and the p38 MAPKs pathways [8,9]. Accumu-
lating evidences suggest that NF-κB and MAPKs play critical roles in the
overexpression of inflammatory mediators such as tumor necrosis
factor-α (TNF-α), interleukin-1β (IL-1β), and interleukin-6 (IL-6)
[10,11]. Inflammatory mediators also activate alveolar epithelial cells,
pulmonary vascular endothelial cells, and chemotactic neutrophils,
which could lead to cell dysfunction, alveolar capillary endothelial
damage, and increased pulmonary permeability. Moreover, under oxi-
dative stress conditions, nuclear factor erythroid 2-related factor 2
(Nrf2) dissociates from Kelch-like ECH-associated protein 1 (Keap1),
translocates into the nucleus, and binds to the antioxidant response
element (ARE) to initiate transcription of Nrf2 downstream target
genes. As an internal target gene of the anti-oxidant system Nrf2
downstream, the expression of catalase (CAT), superoxide dismutase
(SOD), glutathione (GSH), and heme oxygenase (HO-1) could help
maintain the homeostasis of redox status [12,13].

Tight junctions (TJs) are the structure and foundation of pulmonary
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capillaries. TJ proteins are composed of transmembrane proteins, cy-
tosolic attachment proteins, and cytoskeletal proteins, which are im-
portant factors to maintain the integrity of lung tissue permeability. For
instance, occludin is the main structural protein of TJs and is necessary
to maintain low pulmonary capillary osmotic pressure. Claudins are
major components of the TJ complex, and they maintain TJ selection
permeability and cellular polarization. JAM-1 is a kind of molecule in
transmembrane protein that mediates the binding between cells or
between cells and matrix. ZO-1 is associated with maintaining and
regulating epithelial and barrier function [14–17]. Decades of research
have shown that TJ changes play vital roles in the disruption of the
pulmonary epithelial barrier during ALI. Maintenance of barrier prop-
erties requires the integrity of epithelial TJs. Disruption of the en-
dothelial and epithelial barrier may lead to altered pulmonary perme-
ability [18,19]. Our study aimed to discover whether MN-08 could
exhibit a protective effect on anti-inflammatory response and anti-oxi-
dative damage in the process of cell apoptosis and TJ changes.

Glutamate, an important neurotransmitter that mediates most sy-
naptic excitations, has the highest content in the central nervous system
(CNS) and is involved in many important physiological functions in the
brain. Excitatory toxicity is caused by a variety of factors, such as
massive release of glutamate and accumulation in the synaptic cleft,
which leads to excessive activation of glutamate receptor and causes a
series of pathological and physiological changes ending with the death
of nerve cells [20]. N-methyl-D-aspartate receptors (NMDARs) have
recently been studied in peripheral neural structures, including the
respiratory system, the renal system, pancreatic islets, and blood vessels
[21–24]. Similar to neurons, mononuclear leukocytes and neutrophils
can release glutamate in non-neuronal cells and tissues [25]. Under
pathological conditions, extracellular glutamate concentration is in-
creased abnormally, which could overactivate glutamate receptors and
finally leads to inflammatory cytokine production and ROS formation
[26]. In a previous study, we designed and synthesized a novel mem-
antine derivative MN-08 (with a purity> 98%; Fig. 1A) that acts as a
NMDAR antagonist. Moreover, we determined the LD50 value of MN-08
in mice. The LD50 values of MN-08 and memantine are 58mg/kg and
46mg/kg, in a single intravenous dose. Since the MWs of MN-08 and
memantine are 290 and 215, respectively, the LD50 value of MN-08 and
memantine are basically the same on a molar basis. Moreover, MN-08
has a good PK profile and its tissue distribution to the lungs is ap-
proximately 29% [27]. Although the effect of MN-08 could contribute
to cortical neurons [28], the protective effects in lung injury and the
mechanisms of action had not been clarified to date. Our research
provides scientific and rigorous evidence that MN-08 might exert lung
protection by anti-inflammatory and anti-oxidative activities.

2. Materials and methods

2.1. Materials

MN-08 and memantine (Mem) were synthesized in our laboratory

with a purity of> 98%. LPS (Escherichia coli 0111:B4), dexamethasone
(Dex), methyl thiazolyl tetrazolium (MTT), dimethyl sulfoxide (DMSO),
and 2′,7′-dichlorofluorescein-diacetate (DCFH2-DA) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Antibodies against NF-κB
p65, p-NF-κB p65, IκBα, p-IκBα, p-(ERK1/2), ERK1/2, p-(JNK1/2),
JNK1/2, p-(p38 MAPK), p38 MAPK, HO-1, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), β-actin, and horseradish peroxidase (HRP)-
conjugated goat anti-rabbit were purchased from Cell Signaling
(Boston, MA, USA). Antibodies against anti-Zonula occludens 1 (ZO-1),
occludin, anti-junctional adhesion molecule 1 (JAM-1), Claudin-1, Gr-1,
Mac-2 and CD163 were purchased from Abcam (Cambridge, MA). IL-1β
and TNF-α enzyme-linked immunosorbent assay (ELISA) kits, MPO,
SOD, MDA, GSH, and glutamate detection kits were purchased from
Nanjing Jiancheng Bioengineering Institute (Nanjing, China).
Isoflurane was purchased from Rick ward (RWD LIFE SCIENCE).

2.2. Animals and study design

All studies were performed in accordance with the standards set
forth in the eighth edition of Guide for the Care and Use of Laboratory
animals, which was published by the National Academy of Sciences,
The National Academies Press, Washington D.C. Animal studies per-
formed here adhere to ethical guidelines of The Basel Declaration, and
were approved by the ethics committee of the Jinan University. Male
BALB/c mice, 6 to 8 weeks of age and weighing 18 to 20 g, were ob-
tained from the Sun Yat-sen University Laboratory Animal Center
(Certificate SYXK 2011-0112, Guangzhou, Guangdong, China). All an-
imals were housed in a room at a temperature of 24 °C ± 1 °C under a
12-hour light/dark cycle with a relative humidity of 40% to 80%. The
mice were given adequate food and water for several days to adapt to
the environment before experimentation.

Male BALB/c mice (n=56) were randomly divided into seven
groups, as follows: Group 1: Sham (n=8); Group 2: LPS (n=8); Group
3: LPS+MN-08 (6.25mg/kg, n= 8); Group 4: LPS+MN-08
(12.5 mg/kg, n=8); Group 5: LPS+MN-08 (25mg/kg, n=8); Group
6: LPS+Dex (5mg/kg, n= 8) and Group 7: LPS+Mem (10mg/kg,
n=8). As the core skeleton of MN-08, Mem is used for structure-effect
comparison. Dex, a classic anti-inflammatory drug, is often used as a
positive control drug [29–31]. MN-08, Dex, or Mem was dissolved in
normal saline (NS) and administered via tail vein injection. The sham
group and the LPS group were administered NS via tail vein injection.

The mice were anesthetized with isoflurane, and LPS was adminis-
tered by intratracheal instillation with 50 μL LPS (1mg/kg) to induce
the ALI model. Then, mice were treated with drugs at 1 h and 6 h. After
12 h of LPS administration, the animals were euthanized with 4% (w/v)
chloral hydrate solution. Accordingly, plasma, bronchoalveolar lavage
fluid (BALF), and lung tissue samples were harvested for further ex-
periments.

Fig. 1. The structure of MN-08 and cytotoxicity of MN-08 in RAW 264.7 cells and A549 cells.
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2.3. Cells culture and viability assay

The RAW 264.7 macrophages are used in a model of LPS-induced
ALI, and macrophages play an essential role in the regulation of in-
flammation responses [32,33]. The human type II lung epithelial A549
cell line plays a critical role in the pathogenesis of LPS-induced ALI
[34,35]. Increasing studies demonstrate that A549 cell lineages are
usually used to build cell apoptosis models in LPS-induced ALI. The
RAW 264.7 macrophage and A549 cell lines were obtained from the
American Type Culture Collection (ATCC, Rockville, MD). Cells were
cultured in Dulbecco modified Eagle medium (DMEM) or Roswell Park
Memorial Institute (RPMI)-1640 containing 10% (v/v) fetal bovine
serum and 1% (v/v) penicillin/streptomycin at 37 °C in a humidified
incubator with 5% CO2. Cell viability was determined by MTT assay.
RAW 264.7 or A549 cells were cultured in a 96-well plate for 24 h. Cells
were then treated with various concentrations of MN-08 for another
24 h. MTT was added to incubate for 4 h at 37 °C. The formazan crystal
was dissolved with DMSO, and the absorbance was measured at 490 nm
using a microplate reader (Bio-Tek Instruments Inc.).

2.4. Intracellular ROS measurement

To measure ROS generation, RAW 264.7 cells were cultured in 96-
well plates (1× 104 cells/well) for 24 h. Cells were pretreated with
MN-08 and Dex for 1 h, then LPS was added to the plates for an addi-
tional 24 h. Next, the cells were stained with 100 μL of dichloro-
fluorescein diacetate (DCFH2-DA) (10 μM) for 30min and washed with
Hank's balanced salt solution (HBSS) three times. The intracellular le-
vels of ROS were analyzed by a multi-detection reader (Bio-Tek
Instruments Inc.) at excitation wavelengths of 488 nm and emission
wavelengths of 525 nm, respectively.

2.5. Lung wet/dry weight ratio

Lung tissues were rinsed with phosphate-buffered saline (PBS),
dried with absorbing paper, and immediately weighed to obtain the wet
weight (W); then, tissues were placed in an oven at 60 °C for 48 h to
assess the dry weight (D). The W/D ratio was calculated to evaluate the
lung edema.

2.6. Cell count and total protein in BALF

In the left lung tissue, the cannula was inserted through the cervical
trachea, and the trachea and trocar were fixed and sealed with a silk
thread through the tracheal esophageal space. The left lung was dis-
tended with 0.5 mL autoclaved and pre-cooling PBS buffer, and the
fluid was recovered three times up to a total volume of 1.5 mL. The
BALF was centrifuged (4 °C, 1500 rpm) for 10min, and the supernatant
was shifted to new tubes and stored at −80 °C. The sediment cells were
resuspended with PBS buffer. The total cells in BALF were counted with
a hemocytometer under optical microscopy, and cytospins were pre-
pared for leukocyte differential counting by staining with Wright-
Giemsa stain. Total protein in the supernatant of the BALF was quan-
tified using a bicinchoninic acid (BCA) protein assay kit to evaluate
vascular permeability in the alveolar capillaries.

2.7. Enzyme-linked immunosorbent assay (ELISA)

Levels of pro-inflammatory cytokines TNF-α and IL-1β in cell su-
pernatants or plasma were quantified with ELISA kits according to the
manufacturer's instructions.

2.8. Lung tissues for biochemical analysis

The lung tissues were homogenized and dissolved in extraction
buffer to analyze glutamate, MPO, MDA, SOD, and GSH levels by using

commercially available assay kits in accordance with the manufac-
turer's protocols.

2.9. Pathological evaluation of lung injury

One lobe of tissue from the right lung was fixed with 4% (w/v)
paraformaldehyde. Samples were dehydrated in a series of graded
ethanol, embedded in paraffin, and cut into 5-μm-thick sections. The
paraffin-embedded sections were stained with hematoxylin-eosin (H&
E) and analyzed under light microscopy. In each section, five random
areas were examined at ×100 magnification and ×400 magnification,
and random blind statistics were used.

2.10. Immunohistochemistry examination

Lung sections were hydrated and epitope retrieval was performed
according to the manufacturer's protocol (GTVision™ III detection
system Mo&Rb, Shanghai, China). Then, the sections were stained with
primary antibodies against Gr-1, Mac-2, ZO-1 and JAM-1 followed by
secondary HRP-labeled polymer with DAB staining. In each section, five
random areas were examined at ×100 magnification, and random
blind statistics were used.

2.11. Immunofluorescence observation

Lung tissues were embedded in paraffin and cut into 5-μm-thick
sections. The sections were subjected to xylene and gradient ethanol
dewaxing hydration, antigen repaired, followed by PBS rinsing. Then,
sections were sealed with 10% goat serum for 30min and stained with
primary antibodies against TNF-α (1:200) and HO-1 (1:400) and CD163
(1:250) at 4 °C overnight. After rinsing with PBS, the sections were
incubated for 30min with Alexa Fluor® 488-conjugated Affinipure
Donkey anti-mouse IgG (H+ L) and Alexa Fluor® 647-conjugated
Affinipure goat anti-rabbit IgG (H+ L), or Anti-rabbit IgG (whole mo-
lecule)-fluorescein isothiocyanate (FITC) antibody produced in goat
and Invitrogen™ Do anti-Ms IgG Secondary Antibody TRITC conjugate
RT. Thereafter, the nucleus was counterstained with 4,6-diamino-2-
phenylindole (DAPI) for 5min, mounted with anti-fluorescence
quenching agent, and observed with a fluorescence microscope
(Olympus, Tokyo, Japan).

2.12. Western Blot analysis

Cells and lung tissue samples were equally lysed in radio-
immunoprecipitation assay (RIPA) with protease and phosphatase in-
hibitors for 30min, followed by centrifugation at 12,000 rpm for
15min at 4 °C. The supernatant was then transferred to new centrifugal
tubes and stored at −20 °C. Concentrations of proteins were assayed
using a BCA protein assay kit. Equal amounts of protein were separated
by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and electrophoretically transferred to polyvinylidene di-
fluoride membranes (PVDFs). The membranes were blocked with 5%
(w/v) nonfat dry milk for 2 h and incubated overnight with specific
primary antibody at 4 °C. Thereafter, the membranes were interacted
with HRP-conjugated secondary antibody for an additional 2 h at room
temperature after being thoroughly washed three times with tri-buf-
fered saline tween (TBST). Bands were detected by electro-
chemiluminescence (ECL) and quantified using Carestream MI SE
analysis software.

2.13. Statistical analysis

All data in the different experimental groups are expressed as
mean ± standard error of the mean (SEM). Differences between the
groups were assessed by a one-way ANOVA and the Bonferroni multiple
comparisons test, which were analyzed using GraphPad PRISM
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software (GraphPad Software Inc., Avenida, CA, USA). Significant dif-
ferences were represented as p < 0.05.

3. Results

3.1. Cytotoxicity of MN-08 in RAW 264.7 cells and A549 cells

An MTT assay was used to investigate the effects of MN-08 in RAW
264.7 and A549 cells. As shown in Fig. 1B, MN-08 (0.01–10 μM) had no
obvious toxicity on RAW 264.7 and A549 cells after 24 h of treatment.
As a result, the concentrations of MN-08 (0.1, 1, and 10 μM) were ap-
plied in the subsequent experiment.

3.2. MN-08 restrains inflammatory response and oxidative damage in LPS-
induced RAW 264.7 cells

The protein expression of TNF-α, iNOS, and COX-2 were markedly
increased in LPS-induced RAW 264.7 cells, whereas MN-08 treatment
considerably inhibited production of the inflammatory mediators by
immunoblotting (Fig. 2A–B). In addition, MN-08 and Dex effectively
decreased the level of ROS formation in LPS-induced RAW 264.7 cells'
oxidative damage by fluorescence microplate reader (Fig. 2C–D).
Moreover, we observed that RAW 264.7 cells exposed to LPS upregu-
lated protein expression of TNF-α and IL-1β in comparison to the
DMEM group. The elevation was dramatically decreased after MN-08
treatment in a concentration-dependent manner (Fig. 2E).

3.3. MN-08 inhibits LPS-induced the activation of inflammatory signaling
and improves peroxiredoxins expression in RAW 264.7 cells

The MAPKs signaling pathways play a crucial part in cellular in-
flammation, which modifies a vast number of pro-inflammatory cyto-
kines. We designed this experiment to investigate three key kinases of
p38 MAPK, JNK, and ERK-participation in phosphorylation levels. As
shown in Fig. 3A–B, LPS treatment resulted in the elevation of phos-
phorylation levels of p38 MAPK, JNK, and ERK, which signified the
activation of the MAPKs pathways. Nevertheless, treatment with MN-08
protected the RAW 264.7 cells from the MAPKs phosphorylations.
These results validated that MN-08 affected the MAPKs pathways by
acting upstream of the target proteins.

Furthermore, the phosphorylations of MAPKs are well-known to

induce NF-κB activation and increase iNOS gene expression [36]. To
explore the molecular mechanisms of MN-08 in LPS-induced RAW
264.7 cells, we evaluated the protein expression of p-IκBα and p-NF-κB
p65 by immunoblotting. As illustrated in Fig. 3C–D, LPS obviously
stimulated the expression of p-IκBα and p-NF-κB p65, and treatment
with MN-08 significantly attenuated the LPS-induced phosphorylation
of NF-κB p65. These results indicated that MN-08 might inhibit LPS-
induced IκBα degradation and NF-κB p65 nuclear translocation in RAW
264.7 cells.

HO-1 expression plays a crucial role in cytoprotective response in
diverse pathological conditions because of its anti-inflammatory and
anti-oxidative properties [37]. We theorized that MN-08 could mediate
the induction of HO-1 in LPS-induced RAW 264.7 cells, which was
determined by Western Blot analysis. Our data showed that treatment
with MN-08 could increase HO-1 protein expression in RAW 264.7 cells
with LPS-induced oxidative damage (Fig. 3E–F).

3.4. MN-08 upregulates Bcl-2/Bax ratio and tight junction structure protein
expression in LPS-induced A549 cells

The expression of Bcl-2 and Bax proteins were evaluated to find the
mechanism of MN-08 protection in apoptosis of A549 cells after ex-
posure to LPS. In contrast with elevated Bax protein level, the protein
level of Bcl-2 was apparently lowered by LPS administration. However,
MN-08 enhanced the expression of Bcl-2 and decreased that of Bax
(Fig. 4A–B). Accumulating reports indicate that expression of tight
junction protein family members are known to be critical for main-
tenance of barrier function in pulmonary epithelial cells [38,39].
Therefore, we further verified the effect of MN-08 on the TJs structure
of cells in the LPS-induced A549 cells apoptosis model. The results
showed that MN-08 (10 μM) significantly improved ZO-1, occludin,
JAM-1, and Claudin-1 protein expressions in LPS-induced A549 cells
(Fig. 4C–F).

3.5. MN-08 eliminates lung edema and permeability changes

The lung W/D ratio measures the severity of lung edema. As shown
in Fig. 5A, administration of LPS alone increased the level of lung W/D
ratio, which was significantly reduced by MN-08, Dex, and Mem
treatments. Moreover, the damage of pulmonary capillary integrity,
which is a vital characteristic of LPS-induced ALI, causes an increase in

Fig. 2. MN-08 restrains inflammatory response and oxidative damage in LPS-induced RAW 264.7 cells. (A–B) iNOS, COX-2, TNF-α protein expressions were nor-
malized to that of β-actin by Western Blot analysis. (C–D) ROS generation was measured by DCFH-DA fluorescence probe. (E) The effect of MN-08 on LPS-induced
TNF-α and IL-1β production in RAW 264.7 cells by ELISA assay. All data were expressed as means ± SEM based on 3 independent experiments. ###p < 0.001
(relative to DMEM). ⁎⁎⁎p < 0.001, ⁎p < 0.05 (relative to LPS).
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permeability and is typically caused by increased protein levels in
BALF. As shown in Fig. 5B, compared to the mice in the NS group, LPS
treatment moderately increased the total protein concentration in
BALF. Although drug treatments slightly reduced total protein content,
there were no significant differences between drug groups and the LPS
group in lung permeability.

3.6. MN-08 represses inflammatory response and oxidative damage in lung
tissue

We assumed that the LPS challenge could release glutamate ab-
normally in lungs to validate whether or not overproduction of gluta-
mate could cause an inflammatory response and oxidative damage. The
results in Fig. 6A indicate that glutamate content in lungs was higher in
the LPS group than that in the NS group, but it was dramatically de-
creased by MN-08 (12.5 mg/kg).

In addition, to further investigate the anti-inflammation activities of
MN-08, cells counts in BALF were determined in this study. As depicted
in Fig. 6B, total cell, neutrophil, and macrophage counts were obviously
increased in the LPS group. However, MN-08 intervention largely re-
duced the number of total cells, neutrophils, and macrophages in a
dose-dependent manner. Besides, IHC for Gr-1 demonstrated that the
modestly-injured lungs in mice in the drugs group contained sig-
nificantly fewer infiltrating neutrophil compared with the LPS group.
Mac-2-staining also revealed significantly fewer macrophages per areas
of lungs in the drugs group than in the LPS group (Fig. 7B). Further-
more, MPO activity was used to assess neutrophil accumulation in the
lung tissue. As illustrated in Fig. 6C, MPO activity was significantly
increased in the LPS group; however, MN-08, Dex, and Mem markedly
inhibited MPO activity.

Inflammatory cytokines and mediators play important roles in the
physiopathology of LPS-induced ALI. Thus, we measured TNF-α and IL-

Fig. 3. MN-08 inhibits LPS-induced the activation of inflammatory signaling and improves peroxiredoxins expression in RAW 264.7 cells. (A–B) Quantification of
relative expression of p-JNK/JNK, p-ERK/ERK, and p-p38 MAPK/p38 MAPK. (C–D) Quantification of p-IκBα and p-NF-κB p65 expressions were normalized to that of
β-actin. (E–F) Quantification of HO-1 expression were normalized as β-actin. All data were expressed as means ± SEM based on 3 independent experiments.
###p < 0.001 (relative to DMEM). ⁎⁎⁎p < 0.001, ⁎⁎p < 0.01, ⁎p < 0.05 (relative to LPS).

Fig. 4. MN-08 up-regulates Bcl-2/Bax ratio
and tight junction structure protein expres-
sions in LPS-induced A549 cells. (A–B)
Quantification of Bax and Bcl-2 expression
were normalized to that of β-actin. (C–F)
Quantification of ZO-1, occludin, JAM-1 and
Claudin-1 expressions were normalized as β-
actin. All data were expressed as
means ± SEM based on 3 independent ex-
periments. ###p < 0.001, ##p < 0.01 (re-
lative to DMEM). ⁎⁎⁎p < 0.001, ⁎⁎p < 0.01,
⁎p < 0.05 (relative to LPS).
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1β levels for inflammatory response. Furthermore, we examined SOD,
MDA, GSH, and HO-1 activity for oxidative damage. We found that
levels of TNF-α and IL-1β and MDA in lungs were reduced dramatically
(Fig. 6D, E, H, I), whereas the levels of SOD, GSH, and HO-1 were
obviously elevated by MN-08 (Fig. 6F–G, J).

3.7. MN-08 ameliorates pulmonary histopathological changes

Histological analysis was used to evaluate the protective effects of
MN-08 in LPS-induced ALI. Pathological changes were observed in the
LPS group, which include interstitial edema, hemorrhage, thickening of
the alveolar wall, and inflammatory cells infiltration (Fig. 7A, D).
However, to varying degrees, MN-08 and Dex ameliorated lung injury.
In addition, immunohistochemical staining demonstrated that LPS re-
duced tight junction protein expressions including ZO-1 and JAM-1 in
response to LPS challenge. Treatment with MN-08, Dex, and Mem in-
creased their expressions (Fig. 7C, E, F).

3.8. MN-08 suppresses the activation of inflammatory signaling pathway in
lung tissue

To investigate whether the suppression of inflammatory response by
MN-08 in LPS-induced ALI was mediated via the MAPKs pathways, we
evaluated the effects of MN-08 in LPS-induced activation of the phos-
phorylation of p38 MAPK, ERK, and JNK levels. As shown in Fig. 8A–B,
the phosphorylation of p38 MAPK, ERK, and JNK were increased in
LPS-induced ALI. However, MN-08 significantly downregulated the
phosphorylation levels of MAPKs signaling in the ALI model. Studies
have shown that MAPKs phosphorylations typically induce NF-κB ac-
tivation and increases pro-inflammatory cytokine secretion [40,41].
Therefore, we investigated whether MN-08 inhibited the phosphoryla-
tion of IκBα and NF-κB p65 in lungs. As demonstrated in Fig. 8C–D, the
phosphorylation levels of IκBα and NF-κB p65 were increased in LPS-
induced ALI. Nevertheless, MN-08 treatment markedly inhibited the
NF-κB p65 phosphorylation. These results suggest that MN-08 might
exert its lung protection on LPS-induced ALI by inhibiting the MAPKs/
NF-κB pathways.

4. Discussion

ALI is emblematic of an intense pulmonary inflammatory response,
involving neutrophil recruitment, interstitial edema, a disruption of
epithelial integrity, and lung parenchymal injury. The pathogenesis of
ALI involves disorders of inflammatory/anti-inflammatory balance and
oxidant/anti-oxidant balance, including the increased production of
pro-inflammatory cytokines, the abnormal secretion of chemokines,
and the formation of ROS [42]. Mouse models of ALI administered by
intratracheal instillation of LPS have been very useful in providing
some direction into the mechanisms related to disease pathogenesis,
and creating opportunities to explore novel and innovative therapeutic
targets. Although many studies that focused on the pathophysiology of
ALI have been performed, the effective therapies have not been

available. However, it is noteworthy that we designed and synthesized
a novel Memantine derivative MN-08 that acts in the role of NMDAR
antagonism in our previous research. This study was to evaluate whe-
ther MN-08 exerts anti-inflammatory and anti-oxidative effects in LPS-
induced cells and animal models of ALI.

NMDARs are ionotropic glutamate receptors. In the CNS, over-
stimulation of NMDAR leads to excitotoxic neuronal cell death under
many conditions, including ischemic stroke, traumatic brain injury,
Alzheimer disease, Parkinson disease, and epilepsy. In addition,
NMDAR activation induces neuroinflammation. It is worth emphasizing
that glutamate is released by astrocytes and activates microglia during
neuroinflammation. NMDAR expression has been demonstrated, and
glutamate has been shown to induce excitotoxic changes that are in-
hibited by receptor antagonists [43,44]. However, the mechanisms of
ALI induced by activation of NMDAR are not completely understood. In
our previous study, glutamate was increased by LPS-induced mice lung
injury and was decreased by MN-08 treatment. Our results indicated
that MN-08 might suppress glutamate influx via inhibiting NMDAR.

Inflammation and oxidative stress are acknowledged as interrelated
biological events that both are related to the pathogenesis of ALI. LPS
administration could trigger excessive release of cytokines, chemokines,
and ROS [45,46]. Moreover, previous reports have suggested that
neutrophils and macrophages play an essential role in the regulation of
inflammation responses [47,48]. In our preliminary study, MN-08
treatment considerably inhibited the production of the cytokines TNF-
α, IL-1β, iNOS, and COX-2 and effectively decreased the level of ROS
formation in RAW 264.7 cells. More importantly, we found that MN-08
could suppressed TNF-α and IL-1β and secretion in LPS-induced mice
blood plasma. Based on these outcomes, we further investigated whe-
ther the role played by MN-08 in mice with LPS-induced ALI was pro-
tective. We examined SOD, MDA, and GSH content for further ex-
ploration. SOD acts as a natural scavenger for biological oxygen-free
radicals and has wide medical value, including the treatment of rheu-
matoid arthritis, chronic polyarthritis, myocardial infarction, cardio-
vascular disease, tumor, and radiation therapy in patients with in-
flammatory disease. GSH exerts the main anti-oxidation and anti-aging
physiological function through scavenging free radicals. Our results
showed that MN-08 (25mg/kg) could increase SOD activity and GSH
content in LPS-induced ALI. However, MDA is one of the most im-
portant products of membrane lipid peroxidation, and it can damage
the cell membrane, promote the body's aging, and induce tumor or
atherosclerosis. Our data showed that treatment with MN-08 (25mg/
kg) decreased MDA content compared with the LPS group. Therefore,
any approach that inhibits oxidative stress and inflammation in vitro
and in vivo may potentially have an effect on the prevention or treat-
ment of ALI.

Inflammatory response and oxidative damage could cause pul-
monary epithelial cell apoptosis and destroy cell TJs, causing pul-
monary edema and permeability changes. To quantify the changes of
pulmonary edema, we evaluated the W/D ratio of the lung. Our results
showed that MN-08 significantly inhibited lung edema. TJs are multi-
protein complexes located at sites of cell-cell contact and are composed

Fig. 5. MN-08 eliminates lung edema and perme-
ability changes. (A) The ratio of wet lung to dry lung
was calculated to assess tissue edema. (B) BALF was
collected after LPS challenge to measure the total
protein by BCA kits. All data were expressed as
means ± SEM based on 8 mice in per group.
###p < 0.001 (relative to NS). ⁎⁎⁎p < 0.001,
⁎⁎p < 0.01(relative to LPS).
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Fig. 6. MN-08 reduces inflammatory response and oxidative damage in lung tissues. Lungs were obtained to measure the Glutamate content (A), MPO activity (C), T-
SOD activity (F), GSH content (G) and MDA content (H) by using commercially available assay kits. BALF was collected to total cells, neutrophils and macrophages
counts (B). Plasma was harvested for measure the TNF-α (D) and IL-1β (E) by ELISA kits assay. The lung sections were stained with anti-CD163 (I, J), anti-TNF-α (I)
and anti-HO-1 (J) by immunofluorescence (magnification×400). All data were expressed as means ± SEM based on 8 mice in per group. ###p < 0.001,
##p < 0.01 (relative to NS). ⁎⁎⁎p < 0.001, ⁎⁎p < 0.01, ⁎p < 0.05 (relative to LPS).
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Fig. 7. MN-08 ameliorates pulmonary histopathological changes. Lungs were collected to evaluate pathological of lung injury. (A) Representative histological
sections of the lungs were stained with H&E (magnification× 100 and ×400). (B) Immunohistochemistry of neutrophils and macrophages in lung tissues evaluation,
the following antibodies were used: mouse anti-rabbit Gr-1 antibody, mouse anti-rabbit Mac-2 antibody (magnification× 100). (C) The lung sections were stained
with anti-Zonula occludens 1 (ZO-1) and anti-Junctional Adhesion Molecule 1 (JAM-1) by immunohistochemistry (magnification× 100). (D) The lung injury score
was determined following a five-point scale from 0 to 4 as follows: no damage=0, mild damage=1, moderate damage= 2, severe damage= 3, and very severe
damage=4, respectively. (E–F) The immunoreactive score (IS) was determined based on the percentage of positive signal (brown color) and the staining intensity:
weak staining= 1, moderate= 2, and strong=3, respectively. All data were expressed as means ± SEM based on random 5 mice in per group. ###p < 0.001
(relative to NS). ⁎⁎⁎p < 0.001, ⁎⁎p < 0.01, ⁎p < 0.05 (relative to LPS). (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

Fig. 8. MN-08 suppresses activation of inflammatory signaling in lung tissue. (A–B) Quantification of relative expression of p-JNK/JNK, p-ERK/ERK, and p-p38
MAPK/p38 MAPK. (C-D) Quantification of p-IκBα and p-NF-κB p65 expressions were normalized to that of GADPH. All data were expressed as means ± SEM based
on random 3 mice in per group. ###p < 0.001 (relative to NS). ⁎⁎⁎p < 0.001, ⁎⁎p < 0.01, ⁎p < 0.05 (relative to LPS).
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of transmembrane, cytosolic, and cytoskeletal proteins that together
produce a selective barrier to water, ions, and soluble molecules [49].
MN-08 treatment significantly improved ZO-1, occludin, JAM-1, and
Claudin-1 protein expressions in LPS-induced A549 cells. Im-
munohistochemical staining showed that MN-08 significantly improved
TJs expression compared with the LPS group. H&E staining showed that
it is common and conspicuous for the infiltration of pro-inflammatory
cells, hemorrhage, alveolar edema, and airway epithelial necrosis in the
LPS group but rarely obvious in the MN-08, Dex, and Mem treatment
groups. There exists the increased MPO activity with the infiltration of
neutrophils in the lung during ALI. Therefore, MPO activity, a marker of
neutrophil influx into tissue and directly proportional to the number of
neutrophils in the tissue, was studied. Our present data illustrated in-
creased MPO activity in the lung tissue in an LPS-induced ALI model,
which was consistent with the histopathological changes of leukocyte
infiltration, whereas such increase was significantly reduced by MN-08.
We demonstrated that MN-08 dramatically suppressed lung injury in
mice.

To further explore the possible underlying mechanism of ALI in-
duced by LPS, the effects of MN-08 on MAPKs/NF-κB pathways were
examined. NF-κB is a central and critical factor regulating the produc-
tion of inflammatory mediators. NF-κB consists of p65, p50, and IκBα
subunits [50]. The activation of NF-κB is vital to the pathogenesis of
many inflammatory lung disorders, including chronic obstructive pul-
monary disease, asthma, pneumonia, and ALI. Increasing studies de-
monstrate that MAPKs signaling pathways regulated the activation of
NF-κB. MAPKs, including ERK, JNK, and p38 MAPK, play critical roles
in the regulation of inflammatory responses [9,10,40]. Here, we found
that MAPKs and NF-κB were spontaneously activated during an LPS
attack, and pre-treatment of MN-08 inhibited the phosphorylation of
MAPKs and NF-κB in a dose-dependent manner both in vivo and in
vitro. Furthermore, Nrf2 is a major factor prompting the expression of
various antioxidant genes in response to a great number of harmful
stimulants including against inflammation and oxidative stress. HO-1 is
the major anti-inflammatory and anti-oxidative enzyme that is medi-
ated by Nrf2 activation [12,13,30]. Our results confirmed that MN-08
could alleviate the severity of lung injury, as suggested by the sig-
nificant upregulations of HO-1 expressions in LPS-induced RAW 264.7
cells.

5. Conclusion

In summary, our study indicates that MN-08 exerts lung protection
in LPS-induced acute lung injury both in vitro and in vivo via anti-
inflammatory and anti-oxidative activities. MN-08 might hold promise
as a novel drug to treat ALI due to its underlying NMDAR target.
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