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In the uncontrolled inflammatory response, reactive oxygen
species (ROS) overwhelm the cellular antioxidant defense
system, resulting in direct or indirect ROS-mediated damage
on nucleic acids, proteins, and lipids. In the acute inflamma-
tory process, high intracellular levels of ROS have been
implicated in an impairment of resolution of inflammation
and cellular injury, resulting in chronic inflammation. The
imbalance due to excess oxidants reduces the ability of the
cell to mount an effective antioxidant response and is impli-
cated in inflammatory diseases from the airway and lung. In
this special issue, we gathered diverse studies expanding our
knowledge about the effects of ROS imbalance and/or signal-
ing on the development or aggravation of pulmonary dis-
eases as well as the effects of compounds with antioxidant
properties on acute or chronic lung diseases.

Mitochondria are dynamic organelles responsible for
energy metabolism and have a crucial role in maintaining
the functions of eukaryotic cells. Furthermore, mitochondria
are one of the key components involved in the production of
ROS. Mitochondrial dysfunction causes increase in ROS
production, inflammatory response, and induction of cellu-
lar senescence (inflammaging) in several lung inflammatory
diseases such as acute lung injury, chronic obstructive pul-
monary disease (COPD), pulmonary fibrosis, and broncho-
pulmonary dysplasia. M. A. Antunes et al. summarized
that cigarette smoke induces the reduction of mitochondrial
quality control and cellular stress resistance that lead to an
impact on oxidative stress during COPD development and

progression. C. Hou et al. described the overexpression of
fatty acid synthase (FAS) in the lung tissue of mice with
hypoxia-induced pulmonary arterial hypertension (PAH)
and also demonstrated that the inhibition of FAS reversed
hypoxia-induced lung mitochondrial dysfunction and oxida-
tive stress. Furthermore, D. Yang et al. showed that the pep-
tide SS-31 was able to alleviated cigarette smoke- (CS-)
induced airway inflammation and ROS production through
reversion of mitochondrial dysfunction.

It is known that the overproduction of ROS promotes
the deterioration of the inflammatory response and causes
the destruction of pulmonary microvascular cells and epi-
thelial cells in acute lung injury (ALI)/acute respiratory dis-
tress syndrome (ARDS). H. Zhang et al. showed that the
production of soluble receptor for advanced glycation end
products (sRAGE) mediated by matrix metalloproteinase-
(MMP-) 9 may serve as a self-limiting mechanism to control
and resolve excessive inflammation and oxidative stress in
sepsis-induced ALI. In addition, Y.-F. Chen et al. reported
that microRNA-23a-5p (miR-23a5p) is a valuable therapeu-
tic candidate for the treatment of ALI once it inhibits lipo-
polysaccharide- (LPS-) induced inflammation and
oxidative stress by both the activation of apoptosis signal-
regulating kinase 1 (ASK1) and heat shock protein 20
(HSP20) pathways. On the other hand, W. Jiang et al. dem-
onstrated that endogenous miR-31-5p is a key factor for
LPS-induced inflammation and oxidative damage in the
lungs, through calcium-binding protein 39- (Cab-39-)
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dependent inhibition of AMP-activated protein kinase α
(AMPKα). Y. Liu et al. summarized that the effect of
hypoxia-inducible factor-1 (HIF-1), an oxygen-dependent
conversion activator, is related to ROS activity in the patho-
genesis of ALI. They also propose that HIF inhibitors can be
applied for the treatment of ALI. Among the several noncar-
diogenic factors that cause ALI is infection by the new
SARS-CoV-2 virus. Here, I. G. Fernandes et al. reviewed
how the ROS can affect the pathogenesis of SARS-CoV-2
and other viral infections.

Chronic lung diseases involve the activation and accu-
mulation of inflammatory cells in the airways and lung
parenchyma. The inflammatory response induces overpro-
duction of ROS in the lungs and consequent damage to the
basement membrane, evolving to the development of airway
remodeling or pulmonary fibrosis. J. Ma et al. found an ele-
vated expression of key components of the Wnt/β-catenin
pathway and NOX-4 in the lungs of silicotic mice. They also
showed that silicon dioxide induced the activation of the
Wnt/β-catenin pathway and NOX-4, culminating in the
epithelial-mesenchymal transition by lung epithelial cells.
Likewise, B. Hao et al. described an increase in the expres-
sion of NOX-4 in the epithelial cells and airway smooth
muscle (ASM) cells of lungs from COPD patients and in
the lungs of the CS-induced emphysema mouse model. Fur-
thermore, they showed that NOX-4-mediated ROS produc-
tion participates in the TGF-β-induced differentiation of
human bronchial smooth muscle cells (HBSMCs) and con-
sequent increase in the synthesis of type I collagen by a
mechanism related to activation of the p38MAPK/Akt sig-
naling pathway in a Smad-dependent manner. Q. Wu et al.
summarized the association between p53 protein and pul-
monary fibrosis, providing innovative ideas to improve the
prognosis, clinical diagnosis, and treatment. Finally, T. Vic-
toni et al. and L. H. C. Vasconcelos et al. reviewed the role
of oxidative imbalance in inflammatory lung diseases and
bronchial asthma, respectively. They also proposed that anti-
oxidants, alone or combined with anti-inflammatory drugs,
are promising therapeutic strategies for the treatment of
these diseases.

In the last decades, our understanding of the effect of
oxidative imbalance on pulmonary diseases has remarkably
increased. However, extensive challenges remain to provide
a more comprehensive picture. The articles presented in this
special issue show the complex circuitry affecting the oxida-
tive imbalance in different pulmonary diseases and indicate
future directions for the new therapeutic strategies.

Vinicius Frias Carvalho
Emiliano Barreto
Tatiana Victoni
Vincent Lagente
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Aims. This study is aimed at examining whether fatty acid synthase (FAS) can regulate mitochondrial function in hypoxia-induced
pulmonary arterial hypertension (PAH) and its related mechanism. Results. The expression of FAS significantly increased in the
lung tissue of mice with hypoxia-induced PAH, and its pharmacological inhibition by C75 ameliorated right ventricle cardiac
function as revealed by echocardiographic analysis. Based on transmission electron microscopy and Seahorse assays, the
mitochondrial function of mice with hypoxia was abnormal but was partially reversed after C75 injection. In vitro studies also
showed an increase in the expression of FAS in hypoxia-induced human pulmonary artery smooth muscle cells (HPASMCs),
which could be attenuated by FAS shRNA as well as C75 treatment. Meanwhile, C75 treatment reversed hypoxia-induced
oxidative stress and activated PI3K/AKT signaling. shRNA-mediated inhibition of FAS reduced its expression and oxidative
stress levels and improved mitochondrial respiratory capacity and ATP levels of hypoxia-induced HPASMCs. Conclusions.
Inhibition of FAS plays a crucial role in shielding mice from hypoxia-induced PAH, which was partially achieved through the
activation of PI3K/AKT signaling, indicating that the inhibition of FAS may provide a potential future direction for reversing
PAH in humans.

1. Introduction

Pulmonary arterial hypertension (PAH) is a disease that
causes persistent increased mean pulmonary artery pressure
(mPAH), vascular wall thickening, heart failure, and eventu-
ally death [1]. The pathogenesis of PAH involves vessel
lumen narrowing and subsequent occlusion, intimal fibrosis,
and the progressive development of concentric and plexi-
form lesions [2]. Previous studies have demonstrated that
phosphodiesterase-2 [3], nitric oxide [4], and transforming
growth factor-β (TGF-β) [5] were associated with the devel-
opment of PAH. Despite an in-depth understanding of the
pathogenesis and prognosis of PAH, there has still been no
effective therapy demonstrated for patients with PAH.

Over the last 20 years, metabolic theory has been one of
the leading theories explaining PAH. It points out that tar-

geting fatty acid oxidation (FAO) by inhibiting malonyl
CoA decarboxylase (MCD) or 3-ketoacyl CoA thiolase could
relieve PAH phenotypes [6]. For example, human pulmo-
nary arterial smooth muscle cells (HPASMCs) grow faster
with PAH and rely not only on glycolysis but also on altered
lipid metabolism to sustain their high proliferation rates [7].
A metabolic theory proposed by Paulin et al. states that the
integration of upstream and downstream signals in the mito-
chondria is caused by PAH, which is similar to cancer [8].
This metabolic theory explains many features of PAH,
including cell proliferation and apoptosis resistance [8].
Mitochondrial metabolism is deregulated in PAH, accompa-
nied by pyruvate dehydrogenase inhibition and aerobic gly-
colysis [9]. Pulmonary arterial wall metabolic remodeling
was also observed in PAH [6]. Singh et al. reported that fatty
acid synthase (FAS) expression was increased in HPASMCs
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Figure 1: C75 protected against hypoxia-induced cardiac dysfunction. (a) Protocol for HySU-induced PAH in mice. (b–e) Representative of
M-mode images and quantification of RV thickness, LV ejection fraction, and heart rate among the three groups (n = 6). (f) Representative
Western blot images and quantification of the expression of FAS in mouse lung tissue (n = 4).
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and the lung tissue of PAH rats. Moreover, they observed
that the inhibition of FAS could relieve PAH phenotypes
[10]. Despite these findings, further exploration of the
PAH metabolic theory is still needed.

It has been reported that in hypoxic cardiomyocytes,
siRNA-mediated inhibition of FAS could reduce hypertro-
phy, inflammation, apoptosis, and autophagy and improve
glucose oxidation, mitochondrial membrane potential, and
ATP levels [11]. In vivo, FAS inhibition by C75 (a FAS inhib-
itor) decreased the expression and activity of FAS and
improved cardiac functions and mitochondrial membrane
potential in monocrotaline-treated rats [11]. However, the
effects of FAS on a hypoxia-induced PAH mouse model have
not yet been reported, and its potential molecular mecha-
nisms are still not well understood. Thus, the aim of this
study was to investigate the effects of FAS on hypoxia-
induced PAH mouse heart remodeling and mitochondrial
function and to identify its underlying mechanism.

2. Materials and Methods

2.1. Chronic HyOA-Induced PAH Mice. Twenty-one
C57BL/6 mice (eight weeks old) were purchased from the
Shanghai Laboratory Animal Center (Shanghai, China) and
grown under controlled conditions (45%–55% relative
humidity, 22 ± 2°C, and 12h dark-light cycles) with unre-
stricted access to food and water. The health and weight of
these mice were continuously monitored throughout the
experimental period.

Fourteen mice received a single intraperitoneal injection
of ovalbumin (OVA) (Sigma-Aldrich, USA) that was diluted
to 1mg/mL using sterile saline (Sigma-Aldrich, USA) with
Imject Alum (Number: 77161, Thermo Fisher Scientific,
USA; final dose, 50μg of OVA and 2mg of Alum) on the
first day of the first two weeks of treatment, as shown in
Figure 1(a). Then, the animals were challenged with aerosol-
ized OVA for 30min at a concentration of 10mg/mL twice
per week on the first and last days of each week during the
treatment period [12, 13]. Experimental animals were
exposed to chronic hypoxia (10% O2) in a ventilated cham-
ber for five weeks. The hypoxia-C75 groups received the FAS
inhibitor C75 (200μg/kg/week, dissolved in 0.5% (dimethyl-
sulfoxide) DMSO) for 5 weeks [14]. The hypoxia groups
received an equivalent amount of 0.5% DMSO without
C75 each week. The control mice (n = 7) received 0.5%
DMSO and remained in a normoxic environment. At the
end of the treatment period, samples were collected. The
animal experiments were approved by the Shanghai Jiao
Tong University Institutional Animal Care and Use
Committee.

2.2. Electronic Microscopy Analysis. Transmission electron
microscopy (TEM) for morphological analysis was per-
formed at the Department of Physiology and Pathophysiol-
ogy, School of Basic Medical Sciences, Fudan University,
according to standard operating procedures. For morpho-
logical TEM, lung tissues were cut into 1mm × 1mm × 1
mm patches and fixed with ice-cold 2.5% glutaraldehyde at
4°C overnight. Ultrathin sections were stained with uranyl

acetate and lead citrate. After sample preparation, 90–
100 nm thick sections were mounted on 200 mesh copper
grids and imprinted using an FEI Tecnai G2 Spirit TEM.
In each sample, 6-8 visual fields were randomly selected,
and then, the number of mitochondria was analyzed by Ima-
geJ software. All analyses were performed blind to the
observer.

2.3. Mitochondrial Function Analysis. Analysis of mitochon-
drial fuel usage was performed using Agilent Seahorse XF
Cell Mito Stress Test Kits (Agilent Technologies, Santa
Clara, CA, USA) according to the manufacturer’s instruc-
tions. HPASMCs (2000/well) were seeded in Seahorse
XFp96 cell culture miniplates 48h before measurements
and preincubated with C75 (25mM for 24h) and/or
Ly294002 (10μM for 24h). The day prior to the assay, a sen-
sor cartridge was hydrated in Seahorse XF Calibrant at 37°C
in a non-CO2 incubator overnight. On the day of the assay,
XF Cell Mito Stress Test medium (XF Base Medium, 1mM
of pyruvate, 2mM of glutamine, and 10mM of glucose
warmed up at 37°C and adjusted at pH7.4 with 0.1M of
NaOH) was prepared. The abovementioned cells were trans-
ferred and incubated with the appropriate assay medium for
1 h in a non-CO2 incubator at 37

°C. During the incubation
time, the pouches containing the compounds (oligomycin,
FCCP, trifluoromethoxy carbonyl cyanide phenylhydrazone,
and rotenone/antimycin) were set at room temperature for
15min. Compounds were resuspended with the prepared
assay medium and then diluted in the same medium to
obtain the following final concentrations: 10μM of oligomy-
cin, 10μM of FCCP, and 5μM of rotenone/antimycin for the
Mito Stress Test. The assay was conducted using a Seahorse
XFp System and analyzed using Wave software (Agilent
Technologies, Wilmington, USA).

2.4. Cell Culture and Cell Treatment. HPASMCs were pur-
chased from ScienCell research laboratories (California,
USA, Catalog #110) and cultured with smooth muscle cell
medium (ScienCell research laboratories, Catalog #1101).
For hypoxia assays, the HPASMCs were incubated under
hypoxia conditions (3% O2, 5% CO2, and 92% N2) for

Table 1: The primers used in construction of the plasmid, point
mutation, and qPCR.

HIF1-H-R GCAGCAACGACACAGAAACT

HIF1-H-F TGCAGGGTCAGCACTACTTC

CASPASE 3-H-F ACTGGACTGTGGCATTGAGA

CASPASE 3-H-R ATAACCAGGTGCTGTGGAGT

CASPASE 9-H-F GCTTAGGGTCGCTAATGCTG

CASPASE 9-H-R TGCAAGATAAGGCAGGGTGA

Caspase 9-M-F GTGAAGAACGACCTGACTGC

Caspase 9-M-R TCTCAATGGACACGGAGCAT

Hif1-M-F TGAGCTTGCTCATCAGTTGC

Hif1-M-R GCTCCGCTGTGTGTTTAGTT

Caspase 3-M-F GGGCCTGAAATACCAAGTCA

Caspase 3-M-R TCCCATAAATGACCCCTTCA
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48 h. Hypoxic HPASMCs were treated with the pharmaco-
logical FAS inhibitor C75 (Sigma-Aldrich, USA) or FAS
shRNA (60 nM) for 48 h.

2.5. Estimation of Fatty Acid Synthase Activity and Malonyl
CoA and Palmitate Levels. Free fatty acids (FFAs) in the
blood and HPASMC numbers were estimated via the proto-
col of a nonesterified FFA assay kit 96T (Nanjing Jiancheng
Company, China). FAS activity was estimated according to a
protocol previously described [15]. The level of malonyl
CoA was estimated using a commercially available kit
(CUSABIO, China), according to the manufacturer’s proto-
col for in vitro studies [10].

2.6. Fluorescence Detection of ROS and Mitochondrial
Superoxide. Intracellular reactive oxygen species (ROS)
levels in HPASMCs were estimated using dihydroethidium
(DHE) staining (Sigma-Aldrich, Germany). DHE powder
was dissolved in dimethyl sulfoxide and diluted with phos-
phate buffer saline (PBS) at 55°C. HPASMCs were incubated
with 1μM of DHE for 30min and observed using a laser

confocal microscope (Zeiss LSM710, Germany) at
488/610 nm. For the mitochondrial superoxide assay, 5mM
of MitoSOX reagent stock solution (Invitrogen, USA) was
diluted in PBS to make a 5μM MitoSOX reagent working
solution. HPASMCs were incubated with the MitoSOX
reagent working solution for 30min and observed under a
laser confocal microscope using an excitation/emission
wavelength of approximately 510/580 nm.

2.7. Real-Time PCR. Real-time PCR (RT-PCR) was used to
detect the mRNA levels of Hif1, caspase 3, and caspase 9
in mice and HIF1, CASPASE 3, and CASPASE 9 in
HPASMCs. Briefly, RNA from mouse lung tissues and
HPASMCs were extracted according to the manufacturer’s
protocol (Takara, Japan). The primer sequences are listed
in Table 1.

2.8. Mitochondrial Extraction. Trypsinize and centrifuge
HPASMCs for 5 minutes at 600 × g. Wash and resuspend
the cells in ice-cold PBS; count and centrifuge the cells for
5 minutes at 600 × g at 4°C. Discard the supernatant. Add
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Figure 2: C75 protected against hypoxia-induced lung mitochondrial dysfunction. The ultrastructure of the mice was examined by TEM. (a)
Representative of TEM images. Scale bar = 0:5μm. (b) Quantitative analysis of the mitochondria with disorganized cristae among the three
groups (n = 3).
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1.5mL of the prepared extraction buffer per 2-5 × 107 cells.
Incubate on ice for 10-15 minutes. Homogenize and transfer
the supernatant liquid to a fresh tube. Centrifuge at 11,000
× g for 10 minutes at 4°C. Carefully remove the supernatant;
for mitochondrial protein characterization, suspend the pel-
let with 100μL cell lysis reagent with protease inhibitor
cocktail (1 : 100 (v/v)).

2.9. Immunofluorescence Staining. HPASMCs were seeded
on confocal plates and pretreated with FAS (60 nM) lentivi-
rus or its negative control, then fixed with 4% paraformalde-
hyde for 10min, followed by permeabilization with 0.25%
Triton X-100. Next, confocal plates were blocked with 5%
bovine serum albumin for 60min at room temperature and

incubated with primary antibodies overnight at 4°C. Appro-
priate secondary antibodies were added and incubated for
1 h at room temperature. The images were captured by using
a Zeiss LSM880 microscope and analyzed using ZEN soft-
ware (Zeiss, Germany).

2.10. Cell Lysis and Western Blotting. To acquire protein for
Western blotting analysis, cells were washed twice in PBS
and incubated with cell lysate buffer at 4°C for 5min with
gentle rocking. The RIPA cell lysate buffer used contained
protease inhibitors and phosphatase inhibitors. Proteins
were resolved by SDS-PAGE and then transferred onto poly-
vinylidene fluoride membranes (Millipore, Bedford, MA,
USA). These membranes were incubated with primary
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Figure 3: C75 protected against hypoxia-induced apoptosis through PI3K/Akt signaling. (a–d) Representative Western blot images and
quantification of the expression of p-Akt, FAS, Bax, and Bcl-2 in the mouse tissues (n = 4).
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antibodies specific for Akt, p-Akt (Ser473), Bax, Bcl-2, Tom
20, and GAPDH (Cell Signaling Technology, USA), and
VDAC1 and AIF (Abcam, Cambridge, MA, USA) at dilu-
tions of 1 : 1000 in blocking buffer. Membranes were then
incubated with secondary antibodies in blocking buffer at
1 : 2000 using horseradish peroxidase- (HRP-) conjugated
secondary antibodies (Cell Signaling Technology, USA).
After washing, the membranes were visualized using a
chemiluminescent substrate (ECL). Densities of immunol-
ogy bands were analyzed using a scanning densitometer
(GS-800, Bio-Rad Laboratories, Hercules, CA, USA) coupled
with Bio-Rad personal computer analysis software.

2.11. Statistical Analysis. Results are expressed as the mean
± SEM. Statistical analyses were performed using SPSS soft-
ware, version 21.0 (SPSS, Inc., USA). Comparisons among
groups were performed by one-way ANOVA. Paired data
were evaluated by two-tailed Student’s t-test. Statistical sig-
nificance was defined as P < 0:05.

3. Results

3.1. Hypoxia-Induced PAH Mice Exhibit Cardiac
Dysfunction. Echocardiogram studies were performed to
check cardiac functions. Compared to control mice,
hypoxia-treated mice showed increased right ventricular
(RV) thickness and a reduction in LV ejection fraction
(Figures 1(b)–1(d)), which was reversed in the C75 treat-
ment group. The average heart rate among all three groups

was about 416 bpm, and there were no significant differences
between these groups (Figure 1(e)). Chronic hypoxia treat-
ment can induce pulmonary artery remodeling; the mouse
vascular medial thickness to total vessel size was much larger
than the control mice (Fig. s1). Compared to control mice,
the expression of FAS (one of the most important enzymes
of fatty acid synthesis) increased in the hypoxia groups,
which was partially reversed after C75 treatment
(Figure 1(f)).

3.2. Long Hypoxia Exposure Induces Lung Mitochondrial
Dysfunction. Next, mitochondrial ultrastructure was
detected using a TEM. The lungs of mice with long-term
exposure to hypoxia exhibited ultrastructural changes in
their mitochondria, including irregular arrangement, vacuo-
lation, and loss of cristae (Figure 2(a)). Compared to control
mice, the percentage of hypoxia-treated mice with mito-
chondria having disorganized cristae was significantly
higher, which was partially reversed in the C75 treatment
group (Figure 2(b)).

3.3. C75 Incubation Activated PI3K/Akt Signaling and
Apoptosis. Next, HPASMCs were used in vitro to detect the
effects of hypoxia on survival and apoptosis-related proteins
(PI3K/Akt signaling, FAS, Bax, and Bcl-2). In vivo experi-
ments showed that compared to the control group, p-Akt
(Ser473) and Bax signaling were decreased in the hypoxia
groups, which were reversed after C75 treatment
(Figures 3(a) and 3(c)). FAS and Bcl-2 (one of the key
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Figure 4: C75 played a protective role in mitochondria-independent apoptosis. (a) Quantification of FFA (palmitate) levels of mouse serum
samples (n = 4). (b–d) Quantification of mRNA levels of caspase 3, caspase 9, and Hif1 in the hypoxia-induced mice (n = 5).
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Figure 5: Continued.
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antiapoptosis proteins) increased in these hypoxia groups,
and this was reversed after C75 treatment (Figures 3(b)
and 3(d)).

3.4. C75 Incubation Activates Mitochondria-Dependent
Apoptosis. Compared with the control group, the FFA levels
(palmitate) were increased significantly after five weeks of
hypoxia treatment, which were partially reversed upon C75
treatment (Figure 4(a)), and the same tendency was
observed in hypoxic HPASMCs (Figure 5(a)). A concentra-
tion of 60 nM of shRNA decreased the enhanced FAS activ-
ity of hypoxic HPASMCs (Figure 5(b)). This increased FAS
activity was also supported by decreased malonyl-CoA levels
and increased FFA levels (palmitate level) in hypoxic
HPASMCs which were significantly attenuated by FAS inhi-
bition (Figures 5(a) and 5(c)).

Next, we found that the caspase family plays a crucial
role in mitochondria-dependent apoptosis of PAH. We
found that the mRNA levels of caspase 3 and caspase 9 were
both decreased in five-week hypoxia-treated mice, compared
with the relevant controls, which were partially reversed
upon C75 treatment (Figures 4(b) and 4(c)). In terms of
Hif1 that plays key roles in the regulation of hypoxia condi-
tion, we observed that C75 treatment could also decrease
Hif1 mRNA levels (Figure 4(d)).

We also used HPASMCs in vitro to test the protective
role of C75 in mitochondria-dependent apoptosis. We found
that both CASPASE 3 and CASPASE 9 mRNA levels were
decreased upon 48 h hypoxia induction and reversed after
C75 treatment of shFAS infection (Figures 5(d)–5(g)). Both
C75 treatment and 60nM shFAS infection could decrease
HIF1 mRNA levels in hypoxic HPASMCs (Figures 5(h)
and 5(i)). Meanwhile, we found that apoptosis inducing fac-
tor (AIF) and cytochrome C (Cyc) were released from mito-
chondria to cytoplasm after 60 nM shFAS infection via
immunofluorescent staining (Figures 6(a) and 6(b)) and
Western blotting (Figures 6(c) and 6(d)). 60 nM shFAS
infection increased the expression levels of Cyc and AIF in
cytoplasm (cyto) after chronic hypoxia treatment. The Cyc
and AIF levels were decreased significantly after hypoxia

pretreatment in mitochondria (mito), but there was no sig-
nificance between the 60 nM shFAS infection group and its
negative control (Figures 6(c) and 6(d)).

3.5. C75 Reversed Hypoxia-Induced Oxidative Stress. Mito-
chondrial dysfunction often results in an increase of ROS.
To quantify the level of ROS, a DHE fluorescence assay
was used. DHE intensity was elevated in the hypoxia groups
relative to that of the control, which was reversed after C75
treatment. After incubation with the PI3K/AKT inhibitor
Ly294002, the antioxidative effect of C75 was eliminated
(Figures 7(a) and 7(b)). Additionally, FAS was knocked
down via lentivirus, resulting in a decrease of DHE intensity
in hypoxia groups. Similarly, after incubation with
Ly294002, the antioxidative effect of C75 was eliminated
(Figure 7(c)). These results indicated that C75 could protect
against hypoxia-induced oxidative stress partially through
PI3K/AKT signaling.

Meanwhile, MitoSOX intensity was elevated in the hyp-
oxia group relative to that of the control, which was reversed
after C75 treatment. After incubation with Ly294002, the
antioxidative effect of C75 was eliminated (Figures 7(d)
and 7(e)). Additionally, when FAS was knocked down via
lentivirus, this resulted in the decrease of MitoSOX intensity
in the hypoxia group. After incubation with Ly294002, anti-
oxidative effects of C75 were eliminated (Figure 7(f)). These
data demonstrated that hypoxia may induce oxidative bur-
den and mitochondrial superoxide production that are cor-
related with mitochondrial dysfunction, and C75
incubation was able to partially prevent against hypoxia-
induced oxidative stress.

3.6. C75 Incubation Reverses Hypoxia-Induced
Mitochondrial Respiratory Disability. The effects of hypoxia
on mitochondrial respiratory capacity were then determined
via the Seahorse assay. Compared to the control group, the
HPASMCs of the hypoxia groups exhibited decreased ATP
production, which was reversed by C75 treatment. The basal
respiration and maximal respiration trends were not signifi-
cantly different among the three groups. After incubation
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Figure 5: Effect of C75 and FAS shRNA treatment on HPASMCs. (a) Quantification of FFA (palmitate) levels in HPASMCs (n = 8). (b, c)
Quantification of FAS activity and malonyl CoA levels in the HPASMCs (n = 7). (d–i) Quantification of mRNA levels of CASPASE 3,
CASPASE 9, and HIF1 upon C75 or shFAS treatment in the HPASMCs (n = 4).
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with Ly294002, the ability of C75 to enhance ATP produc-
tion remained (Figures 8(a) and 8(b)). Additionally, when
FAS was knocked down via lentivirus, it resulted in the
increase of ATP production in the hypoxia group, which

was reversed after incubation with Ly294002. The basal res-
piration and maximal respiration trends were not signifi-
cantly different between these three groups (Figures 8(c)
and 8(d)).
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Figure 6: FAS activated mitochondria-dependent apoptosis in HPASMCs. (a, b) Representative images of Cyc and AIF colocalization with
Tom 20 in HPASMCs (n = 6). Scale bar = 10 μm. (c, d) Cyc and AIF released from the mitochondria to the cytoplasm were analyzed by
Western blotting. VDAC1 was used as a loading control for mitochondria gradient. GAPDH for cytosolic gradient (n = 3). Values are
the mean ± SE. P < 0:05 was considered significant.
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Figure 7: C75 protected against hypoxia-induced oxidative stress. (a, b) Representative DHE images and quantitative analysis of DHE
intensity after incubation with C75 and Ly294002 in HPASMCs (n = 8). (c) Quantitative analysis of DHE intensity after transfection with
FAS knockdown virus in HPASMCs (n = 6). (d, e) Representative MitoSOX images and quantitative analysis of MitoSOX intensity after
incubation with C75 and Ly294002 in HPASMCs (n = 6). (f) Quantitative analysis of MitoSOX intensity after transfection with FAS
knockdown virus in HPASMCs (n = 6). C75: 25mM for 24 h; Ly294002: 10 μM for 24 h. Values are the mean ± SE. P < 0:05 was
considered significant.
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4. Discussion

There is increasing evidence that metabolic dysfunction
underlies the pathogenesis of PAH [6, 10, 11], particularly
altered lipid metabolism. However, there have been no stud-
ies on FAS inhibition in hypoxia-induced PAH mice. This
study demonstrated that pharmacological inhibition by
C75 can ameliorate right ventricle cardiac function in

hypoxia-induced PAH mice, as revealed by echocardio-
graphic analysis. TEM imaging and Seahorse assays revealed
that mitochondrial function was disturbed in the hypoxia
group, which was then partially reversed by C75 incubation.
In vitro, C75 incubation reversed hypoxia-induced oxidative
stress, activated PI3K/Akt signaling, and regulated
mitochondria-dependent apoptosis. In all, the inhibition of
FAS had a crucial role in shielding hypoxia-induced PAH.
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Figure 8: C75 protected against hypoxia-induced mitochondrial respiration dysfunction. (a, b) Measure of OCR and respective quantitative
analysis of HPASMCs after incubation with C75 and Ly294002 (n = 8). (c, d) Measure of OCR and respective quantitative analysis of
HPASMCs after transfection with FAS knockdown virus (n = 6). C75: 25mM for 24 h; Ly294002: 10 μM for 24 h; FCCP:
trifluoromethoxy carbonyl cyanide phenylhydrazone. Values are the mean ± SE. P < 0:05 was considered significant.
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This was partially accomplished through the activation of
PI3K/Akt signaling, indicating that the inhibition of FAS
may serve as a potential means for reversing PAH.

It has been reported that inhibiting FAO was beneficial
for right ventricle hypertrophy. FAO uses 12% more oxygen
than glucose oxidation to produce the same amount of ATP
[16]. Carnitine palmitoyltransferase-1 (CPT-1) is responsi-
ble for the transport of fatty acids into the mitochondria
for β oxidation [17]. Singh et al. showed that there was a sig-
nificant increase in CPT-1, indicating increased FAO in hyp-
oxia cardiomyocytes, which was attenuated by FAS
inhibition [11]. This reduced FAO could be the reason
behind the protective effect of FAS inhibition on cardiac
hypertrophy [11]. In our study, we also found that FAS sig-
nificantly increased in the lung tissue of hypoxia-treated
PAH mice and that its pharmacological inhibition using
C75 ameliorated the right ventricle cardiac function
(Figures 1(b)–1(f)). These data indicated that the FAS inhib-
itor C75 improved cardiac function in both MCT-induced
PAH rats and hypoxia-induced PAH mice.

The mitochondria are the main metabolic sensors of a
cell, which determine both ATP production and apoptosis
[18]. A disturbance in mitochondrial ROS generation and
energy production is a characteristic of PAH [19]. Singh
et al. pointed out that mitochondrial function improved
markedly with increased ATP levels following FAS inhibi-
tion in PAH rats [10]. Another feature of mitochondrial
impairment is the hyperpolarization of the mitochondrial
membrane. Singh et al. also reported that FAS inhibition
restored the mitochondrial membrane potential and
increased the translocation of apoptosis inducing factor anti-
body and Cyc from mitochondria, indicating the induction
of apoptosis in PAH rats [10]. We found that the mitochon-
drial function was disturbed in hypoxia-induced PAH mice.
The percentage of mitochondria with disorganized cristae
ultrastuctures significantly increased in the hypoxia group,
which was partially reversed after C75 injection
(Figures 2(a) and 2(b)). Our data on PAH mice agreed with
previous studies, wherein mitochondrial dysfunction was
demonstrated by the depolarization of the mitochondrial
membrane and impaired ATP generation in cardiac dys-
function [20, 21]. Meanwhile, we also noticed that oxidative
stress (including mitochondrial oxidative stress) products
were activated after long-term hypoxia, which was reversed
by C75 incubation (Figures 7(a)–7(c)). MitoSOX fluores-
cence intensity in hypoxic HPASMCs was increased, which
was decreased after C75 incubation or shFAS infection
(Figures 7(d) and 7(e)). This is in line with the latest reports;
Sheak et al. reported PKCβ and mitochondrial reactive oxy-
gen species signaling to increase pulmonary vasoconstrictor
reactivity in chronically hypoxic neonates [22]. Hang et al.
reported that hypoxia increased BPA levels of MitoSOX-
detected superoxide and caused changes in NOX2 and
SOD2 expression similar to COMP siRNA, and exogenous
COMP (0.5μM) prevented the effects of hypoxia [23]. This
indicated that C75 may protect against PAH through antiox-
idative stress and enhancement of mitochondrial function.
These results were also supported by the results of the
in vivo studies in which there was an increased expression

of the antiapoptotic gene Bcl-2 and a decreased expression
of the proapoptotic gene Bax in hypoxia-induced PAH mice.
Both effects were significantly reversed by FAS inhibition
(Figures 3(c) and 3(d)).

Mitochondria-dependent apoptosis is a potential target
for PAH [24]. The Bcl-2 family plays a crucial role in the
regulation of mitochondria-dependent apoptosis and inter-
acts with pro- and antiapoptotic members (such as Bax) in
deciding cell fate [25]. Singh et al. found an increased pres-
ence of cytosolic Cyc and caspase 3 activity in the right ven-
tricle of MCT-treated rats and hypoxic cardiomyocytes,
respectively, which was reversed by FAS inhibition [11].
We also found that caspase 3 and caspase 9 were decreased
upon hypoxia induction both in vitro and in vivo, which
were partially reversed by C75 treatment or shFAS infec-
tions. The expression levels of Cyc and AIF in cytoplasm
(cyto) were increased after 60 nM shFAS infection and
decreased significantly after hypoxia pretreatment in mito-
chondria (mito) (Figures 4–6). Based on the above literature
review and our results, C75 may play an important role in
mitochondria-dependent apoptosis of PAH. The protective
capacity of C75 in PAH needs further study.

Activation of PI3K/Akt has been shown to play a major
role in cardiomyocyte survival and function, as well as in the
prevention of apoptosis [26–28]. Singh et al. reported that there
was a significant decrease in p-PI3K and p-Akt expression in
hypoxia cardiomyocytes, which was significantly reversed by
FAS inhibition, and a significant increase in the expression
and activity of FAS in hypoxia primary cardiomyocytes, which
was attenuated by C75 treatment [10]. In the present study, we
also found that p-Akt activation was partially blocked in our
hypoxia-induced HPASMC model (Figure 3(a)). Interestingly,
the protective effects of C75 on oxidative stress were weakened
after incubation with Ly294002 (Figure 7). Moreover, the abil-
ity of C75 to protect mitochondrial respiratory ability was also
weakened (Figure 8). All of the above results suggested that the
inhibition of FAS had crucial roles in shielding cells from
hypoxia-induced PAH, and this occurs partially through the
activation of PI3K/Akt signaling.

5. Conclusions

In conclusion, the present study revealed that there was a
significantly increased expression of FAS in hypoxia-
induced mouse lung tissue, and its pharmacological inhibi-
tion using C75 ameliorated right ventricle cardiac and mito-
chondrial functions. In vitro, there was also a significant
increase in the expression of FAS in hypoxia HPASMCs,
which was attenuated by FAS shRNA as well as C75 treat-
ment. Meanwhile, C75 reversed hypoxia-induced oxidative
stress, activated PI3K/Akt signaling, and regulated
mitochondria-dependent apoptosis. All of these data indi-
cate that the inhibition of FAS played a key role in shielding
hypoxia-induced PAH, and it occurs partially through the
activation of PI3K/Akt signaling. The inhibition of FAS
may provide a potential future direction for reversing PAH.

5.1. Shortcoming. It is better to confirm the protective effects
of C75 on right ventricular pressure (RVP), which is caused
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by in hypoxia-induced PAH mice. It is difficult to measure
the pressure of the right ventricle in mice. By determining
the thickness of the tube wall and right ventricular remodel-
ing (Fig. s1), we suggested that the model of PAH was suc-
cessfully constructed. The lack of direct evidence of the
protective effects of FAS inhibitors on RVP is the biggest
defect of this work. Singh et al. reported that in a
monocrotaline-induced PAH model, there was an increase
in RVP of PAH rats (about 55mmHg), which was signifi-
cantly reversed by FAS inhibition (C75 treatment groups
were about 40mmHg) [10]. Singh et al. also showed that
cardiac hypertrophy markers were decreased following FAS
inhibition in MCT-induced pulmonary arterial hypertension
[10]. It is better to measure RVP levels among the three
groups: control, hypoxia, and hypoxia-C75. We will further
study the therapeutic effect of FAS and the protective effects
of C75 on RVP caused by in hypoxia-induced PAH.
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Inflammation and oxidative stress contribute to the progression of acute lung injury (ALI). MicroRNA-23a-5p (miR-23a-5p) has
been reported to regulate inflammation and oxidative stress; however, its role in ALI is still poorly elucidated. Mice were
intravenously treated with the miR-23a-5p antagomir, agomir, or the negative controls for 3 consecutive days and then received
a single intratracheal injection of lipopolysaccharide (LPS, 5mg/kg) to induce ALI. Pulmonary function, bronchoalveolar lavage
fluids (BALFs), arterial blood gas, and molecular biomarkers associated with inflammation and oxidative stress were analyzed.
In addition, murine peritoneal macrophages were isolated and treated with LPS to verify the role of miR-23a-5p in vitro. We
detected an elevation of miR-23a-5p expression in the lungs from ALI mice. The miR-23a-5p antagomir was prevented, whereas
the miR-23a-5p agomir aggravated inflammation, oxidative stress, lung tissue injury, and pulmonary dysfunction in LPS-treated
mice. Besides, the miR-23a-5p antagomir also reduced the productions of proinflammatory cytokines and free radicals in LPS-
treated primary macrophages, which were further augmented in cells following the miR-23a-5p agomir treatment. Additional
findings demonstrated that the miR-23a-5p agomir exacerbated LPS-induced ALI via activating apoptosis signal-regulating
kinase 1 (ASK1), and that pharmacological or genetic inhibition of ASK1 significantly repressed the deleterious effects of the
miR-23a-5p agomir. Moreover, we proved that the miR-23a-5p agomir activated ASK1 via directly reducing heat shock protein
20 (HSP20) expression. miR-23a-5p is involved in the regulation of LPS-induced inflammation, oxidative stress, lung tissue
injury, and pulmonary dysfunction by targeting HSP20/ASK1, and it is a valuable therapeutic candidate for the treatment of ALI.

1. Introduction

Acute lung injury (ALI) is a life-threatening respiratory dis-
order for which effective therapeutic methods are lacking.
Thus, the disease is associated with poor prognosis and high
mortality, especially in critically ill patients [1, 2]. During
ALI, the pulmonary structure and alveolar-capillary barrier
are destroyed, allowing inflammatory cells (e.g., neutrophils
and macrophages) to penetrate the lung tissue, where they
secrete numerous cytokines that amplify local proinflamma-
tory networks [3, 4]. Overproduction of reactive oxygen spe-
cies (ROS), which causes severe oxidative damage to
intracellular biomacromolecules, including DNA, protein,

and lipid, is also implicated in the pathogenesis of ALI. Upon
increased ROS, thioredoxin-interacting protein (TXNIP)
detaches from thioredoxin and activates the nucleotide-
binding domain-like receptor protein 3 (NLRP3) inflamma-
some, which helps to accelerate the maturation and release
of proinflammatory cytokines, such as interleukin-1β (IL-
1β) and IL-18 [5–7]. These findings indicate that inhibiting
inflammation and oxidative stress may be potential strategies
for the treatment of ALI.

Apoptosis signal-regulating kinase 1 (ASK1) belongs to
the ubiquitously expressed mitogen-activated protein kinase
family and is involved in the regulation of inflammation
and oxidative stress [5, 8]. Recent studies have demonstrated
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that ASK1 activation contributes to ALI progression, and that
inhibitors of ASK1 have potential benefits for themanagement
of ALI [5]. Immanuel et al. found that ASK1 promotedNLRP3
inflammasome priming in macrophages, thereby aggravating
the proinflammatory response. Conversely, ASK1-deficient
mice had significantly less inflammation and lung injury upon
lipopolysaccharide (LPS) inhalation [9]. Besides, ASK1 dele-
tion also decreased hyperoxia-induced inflammation, oxida-
tive stress, and pulmonary dysfunction in mice [10]. These
studies identify ASK1 as a critical molecular target in ALI
development, indicating that the identification of novel
ASK1 inhibitors is greatly needed.

MicroRNAs are short (~22 nucleotides) noncoding
RNAs that negatively regulate gene expression at the post-
transcriptional level via binding to the 3′ untranslated region
(UTR) of target messenger RNAs [11, 12]. Emerging evi-
dence has demonstrated the importance and necessity of
microRNAs in pulmonary developmental and pathological
processes [11]. Results from Wei et al. indicated that
microRNA-377-3p (miR-377-3p) stimulated protective
autophagy and suppressed LPS-induced inflammation and
lung injury [13]. In addition, Chen and colleagues demon-
strated the beneficial role of miR-199a-3p against LPS-
induced ALI, showing that miR-199a-3p downregulation
aggravated intrapulmonary inflammation and pathological
injury [14]. miR-23a-5p exhibits multiple biological functions,
such as the modulation of cell proliferation, differentiation,
senescence, survival, and oncogenesis [15–17]. miR-23a-5p
also regulates inflammation and oxidative stress [18, 19].
Moreover, Liu et al. detected increased miR-23a-5p levels in
serum, lung tissues, and macrophages after LPS stimulation
and proposed miR-23a-5p as a potential biomarker for
sepsis-induced acute respiratory distress syndrome at early
stage [20]. However, its therapeutic role in inflammation,
oxidative stress, and ALI remains elusive. In the present
study, we established an LPS-induced ALI mouse model
and investigated the role and underlying mechanism of
miR-23a-5p in ALI.

2. Materials and Methods

2.1. Animals. Male C57BL/6 mice (~25 g) were provided by
Beijing HFK Bioscience Co., Ltd. and intratracheally injected
with 5mg/kg LPS (from E. coli O111: B4; Sigma-Aldrich,
USA) dissolved in 50μL sterile saline. Mice in the control
group received an equal volume of intratracheal sterile saline
[7]. To clarify the role of miR-23a-5p, mice were pretreated
with miR-23a-5p antagomir (80mg/kg/day), antagomir neg-
ative control (AntagNC), agomir (30mg/kg/day), or agomir
negative control (AgNC) via tail vein injection for 3 consec-
utive days prior to LPS exposure as previously described
[21]. Antagomir, agomir, and negative controls were pur-
chased from RiboBio Co., Ltd. (Guangzhou, China). All mice
were euthanized 12 h post-LPS treatment with an overdose of
sodium pentobarbital. In the survival study, mice were
injected with a lethal dose of LPS (25mg/kg), and the survival
rate was monitored every 12 h [7]. To inhibit endogenous
ASK1, mice were treated daily with selonsertib (4mg/kg; Sell-
eck, USA) for 7 consecutive days prior to LPS injection [22].

In addition, 1 week before LPS treatment, mice were intratra-
cheally treated with recombinant adenoviral vectors (1 × 108
PFU per mouse) carrying short hairpin RNA targeting
HSP20 (shHSP20) to knock down pulmonary HSP20 expres-
sion or scramble RNA (shScramble) [5, 23]. The mouse
HSP20 targeting sequences were obtained from Santa Cruz
and then packaged into adenoviral vectors by Vigene Biosci-
ence (Rockville, USA). All animal procedures were approved
by the Animal Experimentation Ethics Committee of
Zhongnan Hospital of Wuhan University and are in strict
accordance with the Guides for the Care and Use of Labora-
tory Animals published by the US National Institutes of
Health (8th Edition, 2011).

2.2. Pulmonary Function Measurements. Mice were anesthe-
tized, tracheostomized, and mechanically ventilated using
the FlexiVent device (SCIREQ Inc., Canada). Invasive pul-
monary functional parameters were collected using the
forced oscillation technique and the constant-phase model.
Respiratory system resistance (Rrs), elastance (Ers), tissue
damping (Gtis), and tissue elastance (Htis) were determined
in a blinded manner [24]. Pulmonary function was also non-
invasively evaluated using the Buxco system (Buxco Electron-
ics, USA). Respiratory rate, tidal volume, lung compliance,
and pulmonary ventilation were detected in anesthetized mice
as previously described [7].

2.3. Bronchoalveolar Lavage Fluids (BALFs) Collection and
Analysis. BALFs were obtained from 3 intratracheal injec-
tions of 1.0mL of cooled phosphate buffer saline (PBS),
which were then centrifuged at 200 g for 10min at 4°C with
the supernatants collected for total protein quantification
using a BCA protein assay kit (Sigma-Aldrich, USA) [25].
The cell pellet was resuspended in 1mL PBS. Total leukocytes
were counted using a hemocytometer, and differential cell
counts were calculated by Wright-Giemsa staining under
the standard hematology criteria [6, 13].

2.4. Lung Wet-to-Dry (W/D) Weight Ratio. Fresh lung sam-
ples were weighed immediately to obtain the wet lung weight
and then dehydrated in an 80°C oven for 48h to obtain the
dry lung weight. The W/D ratio was calculated as a reflection
of pulmonary edema [26].

2.5. Arterial Blood Gas Analysis. The right common carotid
artery was isolated and cannulated, and blood samples were
collected using a heparinized polyethylene catheter (PE10,
Clay Adams; Parsippany, NJ, USA). Partial pressure of oxy-
gen (PaO2), partial pressure of carbon dioxide (PaCO2),
and sodium bicarbonate (HCO3

-) were determined using
an automatic blood gas analyzer [27].

2.6. Cytokine Detection. The levels of inflammatory cytokines
in the lungs, BALFs, or cell culture supernatants were
detected by enzyme-linked immunosorbent assay (ELISA).
IL-6, tumor necrosis factor-α (TNF-α), IL-10, IL-1β, and
IL-18 levels were determined using commercial ELISA kits
(Abcam, UK) following the manufacturer’s instructions.
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2.7. Evans Blue Dye (EBD) Extravasation Assay. EBD leakage
was used to evaluate pulmonary injury as previously
described [28]. In brief, mice were intraperitoneally injected
with EBD (30mg/kg; Sigma, USA), which was then allowed
to circulate for an additional 2 h. Then, the lung tissue was
perfused via the right ventricle with PBS containing
5mmol/L EDTA-2Na to remove the intravascular dye from
the lung. Lung tissue was then collected and homogenized
in formamide for 16 h at 60°C, and the Evans blue absorbance
was measured spectrophotometrically at 620 nm.

2.8. Western Blot. Total proteins in whole cell lysate (WCL)
were extracted from fresh lungs or cells using RIPA lysis buffer
and quantified using a BCA protein assay kit [29–31]. Nuclear
extracts (NE) were fractionated with NE-PER™ Nuclear and
Cytoplasmic Extraction Reagents (Thermo Fisher Scientific,
USA) [32]. Samples were then separated on SDS-PAGE gels
and transferred to PVDF membranes. Next, the membranes
were blocked with 5% BSA at room temperature for 1.5 h,
incubated with primary antibodies overnight at 4°C, and then
incubated with peroxidase-conjugated secondary antibodies
for an additional 1h at room temperature. Protein bands were
then scanned and analyzed using Image Lab software (Bio-
Rad, USA). The following primary antibodies were used:
anti-p-p65 (#ab76302, Abcam), anti-t-p65 (#ab16502,
Abcam), antiproliferating cell nuclear antigen (PCNA;
#ab29, Abcam), antinuclear factor E2-related factor 2 (NRF2;
#ab62352, Abcam), antiglyceraldehyde-3-phosphate dehydro-
genase (GAPDH; #2118S, CST), antiapoptosis-associated
speck-like protein (ASC; #ab47092, Abcam), anti-NLRP3
(#ab214185, Abcam), anti-capase-1 p10 (#sc-56036, Santa
Cruz), anti-TXNIP (#ab188865, Abcam), anti-p-ASK1
(#3765, CST), anti-t-ASK1 (#8662, CST), anti-p-p38 (#4511,
CST), anti-t-p38 (#8690, CST), and antiheat shock protein
20 (HSP20; #ab184161, Abcam).

2.9. Real-Time Quantitative Polymerase Chain Reaction.
Total RNA was extracted using TRIzol reagent and then
reverse transcribed to cDNA using standard protocols
[33–35]. Next, the samples were incubated with SYBR
Green Mix on a deep-well Real-Time PCR Detection Sys-
tem. Melting curve analysis was performed to examine
primer specificity, and relative gene expression was deter-
mined using the 2-ΔΔCt method.

2.10. Detection of Lactate Dehydrogenase (LDH), Nuclear
Factor-κB (NF-κB), Myeloperoxidase (MPO), Caspase-1, and
ASK1 Activity. LDH activity in the lungs and BALFs was
determined using an LDH assay kit (Abcam, UK) [36].
Nuclear proteins were extracted, and NF-κB activity was
determined using the TransAM kit according to the manu-
facturer’s instructions (Active Motif, USA). MPO activity
(Abcam, UK) in fresh lung homogenates was detected by
measuring absorbance at 412nm; this was used as a bio-
marker for neutrophil infiltration. Caspase-1 activity
(Abcam, UK) in the lungs or macrophages was detected
using the fluorescent substrate YVAD-AFC and quantified
by a multidetection reader. ASK1 activity was measured

using an immune complex kinase assay with a His-MKK6
substrate as previously described [37].

2.11. Intracellular ROS, Hydrogen Peroxide (H2O2), and
Superoxide Measurements. Intracellular ROS levels were
measured in the lungs or macrophages using 2′,7′-dichlor-
ofluorescin diacetate (DCFH-DA; Sigma, USA), which is oxi-
dized to form fluorescent DCF products by excessive free
radicals [38–42]. Briefly, the lung homogenates or cells were
incubated with DCFH-DA (20μmol/L) for 1 h at 37°C in the
dark, and then DCF fluorescence intensity was detected by a
multidetection reader at an excitation/emission wavelength
of 485/535 nm. The levels of H2O2 in the lungs or macro-
phages were determined by the Amplex™ Red Hydrogen Per-
oxide/Peroxidase Assay Kit (Thermo Fisher Scientific, USA)
according to the manufacturer’s instructions [43, 44]. The
absorbance was measured using a spectrophotometer at
560 nm. Superoxide production was quantified based on the
oxidation of luminol by superoxide as previously described
[45]. Samples were prepared and incubated with lucigenin
(5mmol/L; Sigma, USA) for 10min at 37°C in the dark,
and the luminescence intensity was measured at 30 sec inter-
vals for 3-5min.

2.12. Determination of the Levels of Oxidative Products. The
levels of protein carbonyls (PCs) were measured using a com-
mercial Protein Carbonyl Content Assay Kit (Abcam, USA)
as previously described [6]. In brief, fresh lung samples were
homogenized, treated with streptozocin to remove nucleic
acids, and incubated with DNPH (100μL), TCA (30μL), cold
acetone (500μL), and guanidine solution (200μL) following
the manufacturer’s instructions. Then, PCs were measured
spectrophotometrically at 375nm and expressed as pmol/mg
protein. The contents of 3-nitrotyrosine (3-NT), malondialde-
hyde (MDA), and 4-hydroxynonenal (4-HNE) were also
detected to assess protein and lipid peroxidation using
commercial kits (Abcam, USA). 8-hydroxy 2 deoxyguanosine
(8-OHdG) is produced by oxidative DNA damage, and 8-
OHdG levels in fresh lung homogenates were evaluated using
an 8-OHdG-coated plate and an HRP-conjugated antibody
according to the manufacturer’s instructions (Abcam, USA).
The absorbance was measured at 450nm and used to calculate
total protein concentrations as previously described.

2.13. Evaluation of DNA Fragmentation, Total Antioxidant
Capacity (TAOC), Total Superoxide Dismutase (SOD),
Catalase (CAT), and NRF2 Activity. Cytoplasmic histone-
associated DNA fragments were detected to further confirm
DNA damage using a commercial cell death detection ELISA
(Roche Applied Science, USA) at 405 nm as previously
described [46]. TAOC, total SOD, and CAT activities in the
lungs or macrophages were measured by commercial kits
according to the manufacturer’s instructions (Abcam,
USA). To evaluate NRF2 transcription activity, nuclear
extracts were prepared and incubated with the TransAM
NRF2 ELISA kit (Active Motif, USA) and then spectrophoto-
metrically detected at 450 nm.

2.14. Murine Peritoneal Macrophage Isolation and Treatment.
Primary murine macrophages were isolated from the
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peritoneal cavity via lavage. Cells were centrifuged at 1500g
for 10min at 4°C, resuspended in RPMI 1640 medium, and
seeded in 6-well plates at a density of 2 × 106 cells/well [7,
26]. The cells were transfected with miR-23a-5p antagomir
(50nmol/L), agomir (50nmol/L), or the negative controls
using Lipofectamine™ RNAiMAX Transfection Reagent
(Thermo Fisher Scientific, USA). Cells were incubated in
transfection medium for 24h, incubated in fresh medium for
an additional 24h, and then stimulated with LPS (100ng/mL)
for 6 h [47]. To silence ASK1, macrophages were infected for
6 h with a lentiviral vector carrying either a short hairpin
RNA targeting ASK1 (shASK1) or a scramble RNA
(shScramble) at a multiplicity of infection of 50. Cells were
then incubated in fresh medium for an additional 24 h prior
to miR-23a-5p overexpression. The mouse ASK1 targeting
sequences were obtained from Santa Cruz and then packaged
into lentiviral vectors by Vigene Bioscience (Rockville, USA).

2.15. Luciferase Reporter Assay. HEK293T cells were seeded
in 24-well plates at a density of 1 × 105 cells/well. 48 h later,
cells were cotransfected with a pGL3 plasmid (Promega,
USA) carrying either the wild type (WT) or mutant (MUT)
HSP20 3′ UTR with or without miR-23a-5p agomir using
Lipofectamine™ RNAiMAX Transfection Reagent [48–50].
The cells were incubated for 48 h, and then luciferase activi-
ties were measured using a luciferase reporter assay kit (Pro-
mega, USA).

2.16. Statistical Analysis. All data are presented as the
means ± SD and were analyzed using SPSS 23.0 software
(SPSS Inc., USA). Differences between two groups were com-
pared by an unpaired two-sided Student’s t-test. For multi-
group comparisons, one-way ANOVA followed by the
Newman–Keuls post hoc test was performed. A P value less
than 0.05 was considered statistically significant.

3. Results

3.1. miR-23a-5p Antagomir Ameliorates Pulmonary Injury
and Dysfunction in LPS-Treated Mice. We first investigated
whether miR-23a-5p expression was altered during ALI and
detected that miR-23a-5p levels were increased in the lungs
from LPS-treated mice (Figure 1(a)). We then used miR-
23a-5p antagomir to inhibit miR-23a-5p expression in vivo,
and the efficiency was confirmed in Figure 1(b). As shown
in Figure 1(c), LPS injection significantly decreased tidal vol-
ume, pulmonary ventilation, and lung compliance of mice
that were prevented by the miR-23a-5p antagomir. Com-
pared with saline-treated mice, the mice treated with LPS
displayed higher Rrs, Ers, Gtis, and Htis values, while miR-
23a-5p antagomir administration improved all measures of
lung function (Figure 1(d)) In addition, the miR-23a-5p
antagomir also restored respiratory rates in LPS-treated mice
(Figure 1(e)). In line with their compromised pulmonary
function, LPS-treated mice displayed decreased PaO2 and
increased PaCO2 and HCO3

- levels, which were attenuated
upon miR-23a-5p antagomir administration (Figures 1(f)
and 1(g)). LPS induced severe pulmonary edema and damage
in control mice, yet to a less extent in miR-23a-5p antagomir-

treated mice, as evidenced by decreased W/D ratio and LDH
activities in the lungs or BALFs (Figures 1(h)–1(j)). The
levels of BALFs proteins and EBD extravasation further clar-
ified the protective role of the miR-23a-5p antagomir against
LPS-induced ALI (Figures 1(k) and 1(l)). Moreover, we
found that treatment with the miR-23a-5p antagomir evi-
dently improved the survival rates of LPS-challenged mice
(Figure 1(m)). These findings demonstrate that miR-23a-5p
is increased in LPS-injured lungs and that pharmacological
inhibition of miR-23a-5p remarkably ameliorates LPS-
induced pulmonary injury and dysfunction in mice.

3.2. miR-23a-5p Agomir Exacerbates LPS-Induced ALI in
Mice. To examine whether miR-23a-5p upregulation would
exacerbate LPS-induced ALI, mice were treated with the
miR-23a-5p agomir to elevate pulmonary miR-23a-5p
expression (Figure 2(a)). As shown in Figures 2(b)–2(d),
the miR-23a-5p agomir further decreased tidal volume, pul-
monary ventilation, lung compliance, and respiratory rates
and increased Rrs, Ers, Gtis, and Htis values of LPS-treated
mice. Consistently, mice treated with the miR-23a-5p agomir
displayed increased gas exchange impairment following LPS
injection, as indicated by the decreased PaO2 and increased
PaCO2 and HCO3

- levels (Figures 2(e) and 2(f)). Besides,
the miR-23a-5p agomir exacerbated LPS-related pulmonary
edema, cellular injury, and structural destruction in mice
(Figures 2(g)–2(j)). Furthermore, mice treated with the miR-
23a-5p agomir had lower survival rates after LPS stimulation
(Figure 2(k)). Taken together, these results show that the
miR-23a-5p agomir exacerbates LPS-induced ALI in mice.

3.3. miR-23a-5p Antagomir Inhibits the Inflammatory
Response in ALI Mice. Next, we detected the effects of the
miR-23a-5p antagomir on the intrapulmonary inflammatory
response in ALI mice. We found that miR-23a-5p antagomir
treatment effectively reduced inflammation-associated genes
expression in the lungs, including inducible nitric oxide
synthase (iNOS, also known as NOS2), cyclooxygenase-2
(COX-2), IL-6, and TNF-α (Figure 3(a)). The miR-23a-5p
antagomir also decreased the levels of proinflammatory cyto-
kines (IL-6 and TNF-α) and increased the levels of anti-
inflammatory cytokines (IL-10) in the lungs and BALFs
(Figures 3(b) and 3(c)). Besides, the miR-23a-5p antagomir
suppressed the accumulation of total cells, macrophages,
and neutrophils in BALFs following LPS injection, which
was further confirmed by the decreased MPO activity in
murine lungs (Figures 3(d) and 3(e)). NF-κB is the most crit-
ical transcription factor involved in the inflammatory
response and is mainly sequestered in the cytoplasm under
physiological conditions. Upon LPS stimulation, it translo-
cates to the nucleus to trigger the expression of multiple
inflammatory cytokines [51, 52]. Herein, we observed that
the miR-23a-5p antagomir inhibited the phosphorylation
and nuclear accumulation of p65 in LPS-injured lungs
(Figures 3(f) and 3(g)). Accordingly, the LPS-induced
increase in NF-κB activity was also suppressed by the miR-
23a-5p antagomir (Figure 3(h)). Collectively, these data
indicate that the miR-23a-5p antagomir inhibits the inflam-
matory response in ALI mice.
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Figure 1: miR-23a-5p antagomir ameliorates pulmonary injury and dysfunction in LPS-treated mice. (a) Mice were intratracheally treated
with LPS (5mg/kg), and the level of miR-23a-5p in the lungs was measured at indicating times. (b) Mice were treated with the miR-23a-
5p antagomir (80mg/kg/day) or AntagNC for 3 consecutive days through tail-vein injections, and then the level of miR-23a-5p in the
lungs was measured. (c–e) Mice were pretreated with the miR-23a-5p antagomir (80mg/kg/day) or AntagNC for 3 consecutive days and
then intratracheally injected with 5mg/kg LPS. 12 h after LPS injection, the mice received pulmonary function measurements. Respiratory
system resistance (Rrs), elastance (Ers), tissue damping (Gtis), and tissue elastance (Htis) belong to the invasive pulmonary functional
parameters, as determined using the forced oscillation technique and the constant-phase model. (f and g) Arterial blood gas analysis of
PaO2, PaCO2, and HCO3

-. (h) Lung W/D ration in mice. (i and j) LDH activities in the lungs and BALFs. (k) Total protein concentrations
in BALFs. (l) EBD extravasation to the lungs. (m) Mice were pretreated with the miR-23a-5p antagomir or AntagNC for 3 consecutive
days and then exposed to a lethal dose of LPS (25mg/kg). Mice were observed every 12 h over 72 h with the percent survival calculated.
The data are expressed as the means ± SD (n = 6 per group). ∗P < 0:05 when compared with the matched group.
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Figure 2: miR-23a-5p agomir exacerbates LPS-induced ALI in mice. (a) Mice were treated with miR-23a-5p agomir (30mg/kg/day) or AgNC
for 3 consecutive days through tail-vein injections, and then the level of miR-23a-5p in the lungs was measured. (b–d) Mice were treated with
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Figure 3: miR-23a-5p antagomir inhibits the inflammatory response in ALI mice. (a) Relative mRNA levels of inflammatory markers in the
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3.4. miR-23a-5p Antagomir Decreases Oxidative Stress in ALI
Mice. Oxidative damage also contributes to the progression
of LPS-induced ALI; therefore, we examined whether the
miR-23a-5p antagomir could inhibit LPS-induced oxidative
stress in the lungs [26, 45]. As shown in Figure 4(a), ROS
generation was significantly increased in the lungs of ALI

mice, but was suppressed by miR-23a-5p antagomir treat-
ment. H2O2 and superoxide are two primary forms of ROS
that play vital roles in LPS-induced oxidative damage to the
lungs. Intriguingly, the miR-23a-5p antagomir significantly
decreased H2O2 and superoxide levels in LPS-treated lungs
(Figure 4(b)). ROS overproduction induces oxidative damage
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Figure 4: miR-23a-5p antagomir decreases oxidative stress in ALI mice. (a) Intracellular ROS amount. (b) Relative levels of H2O2 and
superoxide in the lungs. (c) Oxidative products from proteins in the lungs. (d) Oxidative products from lipids in the lungs. (e) Oxidative
products from DNA in the lungs. (f) Relative level of DNA fragmentation in the lungs. (g and h) Cellular antioxidant capacity is
determined by TAOC, total SOD, and CAT activities. (i) NRF2 protein levels. (j and k) Relative NRF2 activity and mRNA levels of the
downstream targets. The data are expressed as the means ± SD (n = 6 per group). ∗P < 0:05 when compared with the matched group.
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to biomacromolecules and elevates the levels of oxidative
products from protein (e.g., PCs and 3-NT), lipid (e.g.,
MDA and 4-HNE), and DNA (e.g., 8-OHdG). As expected,
LPS injection increased the levels of PCs, 3-NT, MDA, 4-
HNE, and 8-OHdG in the lungs, which were significantly
decreased by the miR-23a-5p antagomir (Figures 4(c)–4(e)).
Besides, the miR-23a-5p antagomir also reduced LPS-
induced DNA damage, as evidenced by lower DNA fragmen-
tation levels (Figure 4(f)). Cellular antioxidant capacity
confers protective effects against LPS-induced ALI; however,
our data found that TAOC and the antioxidant enzymes,
SOD, and CAT activities were significantly suppressed in the
lungs of ALI mice. Fortunately, the miR-23a-5p antagomir
restored the antioxidant capacity in LPS-injured lungs
(Figures 4(g) and 4(h)). Due to the pivotal role of NRF2 in reg-
ulating the expression of numerous antioxidant enzymes, we
investigated whether the miR-23a-5p antagomir could affect
the NRF2 pathway. As shown in Figure 4(i), the decreased
NRF2 protein level in LPS-treated lungs was prevented by
the miR-23a-5p antagomir. Moreover, the miR-23a-5p antag-
omir also preserved NRF2 transcription activity upon LPS
stimulation; this was further confirmed by the increased
mRNA levels of downstream targets, such as heme
oxygenase-1 (HO-1), NAD(P)H quinone dehydrogenase 1
(NQO1), glutamate-cysteine ligase catalytic subunit (GCLC),
and glutamate-cysteine ligase modifier subunit (GCLM)

(Figures 4(j) and 4(k)). These results suggest that the miR-
23a-5p antagomir decreases oxidative stress in ALI mice.

3.5. miR-23a-5p Antagomir Suppresses NLRP3 Inflammasome
Activation in ALI Mice. Increased ROS promotes the disasso-
ciation of TXNIP from thioredoxin and activates the NLRP3
inflammasome, which in turn amplifies the inflammatory
response via accelerating the maturation and release of proin-
flammatory cytokines [53–55]. Herein, we found that the LPS
challenge elevated the protein abundances of ASC, NLRP3,
TXNIP, and the active form of caspase-1 (p10), whereas these
alterations were remarkably blunted by the miR-23a-5p antag-
omir (Figures 5(a) and 5(b)). The miR-23a-5p antagomir also
suppressed caspase-1 activity and reduced the levels of IL-1β
and IL-18 in the lungs (Figures 5(c) and 5(d)). These data
imply that the miR-23a-5p antagomir suppresses NLRP3
inflammasome activation in ALI mice.

3.6. miR-23a-5p Agomir Aggravates Pulmonary Inflammation
in ALI Mice. In contrast, the miR-23a-5p agomir significantly
promoted the accumulation of leukocytes in BALFs upon LPS
stimulation; this was further verified by the increased pulmo-
nary MPO activity (Figures S1A-B). Besides, LPS-induced
increases in IL-6, TNF-α, and decrease of IL-10 in BALFs or
lungs were more pronounced following treatment with the
miR-23a-5p agomir (Figures S1C-D). As expected, NF-κB
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Figure 5: miR-23a-5p antagomir suppresses NLRP3 inflammasome activation in ALI mice. (a and b) ASC, NLRP3, p10, and TXNIP protein
levels. (c) Relative caspase-1 activity in the lungs. (d) The levels of IL-1β and IL-18 in the lungs. The data are expressed as the means ± SD
(n = 6 per group). ∗P < 0:05 when compared with the matched group.
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transcription activity was further enhanced in the miR-23a-5p
agomir-treated mice upon LPS injection (Figure S1E). These
results demonstrate that the miR-23a-5p agomir aggravates
pulmonary inflammation in ALI mice.

3.7. miR-23a-5p Agomir Increases Pulmonary Oxidative
Damage and NLRP3 Inflammasome Activation in ALI Mice.
The miR-23a-5p agomir also elevated pulmonary ROS,
H2O2, and superoxide levels in LPS-treated mice
(Figures S2A-B). Accordingly, LPS-associated generations
of the oxidative products from protein, lipid, and DNA
were further increased in mice treated with the miR-23a-5p
agomir (Figures S2C-G). Caspase-1 activation and IL-1β
and IL-18 overproduction were also augmented by the
miR-23a-5p agomir (Figures S2H-I). These findings show

that the miR-23a-5p agomir increases pulmonary oxidative
damage and NLRP3 inflammasome activation in ALI mice.

3.8. miR-23a-5p Antagomir Blocks LPS-Induced Inflammation
and Oxidative Stress in Macrophages. Based on the in vivo
findings, we then explored whether themiR-23a-5p antagomir
could block LPS-induced inflammation in primary macro-
phages in vitro. Consistent with the in vivo data, the miR-
23a-5p antagomir notably decreased IL-6 and TNF-α releases
from LPS-treated macrophages (Figure 6(a)). Besides, p65
phosphorylation, nuclear accumulation, and NF-κB activity
were also inhibited by miR-23a-5p antagomir treatment in
LPS-stimulated macrophages (Figures 6(b) and 6(c)). As
shown in Figures 6(d) and 6(e), primary macrophages treated
with the miR-23a-5p antagomir also showed lower levels of
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Figure 6: miR-23a-5p antagomir blocks LPS-induced inflammation and oxidative stress in macrophages. (a) Primary macrophages were
incubated with the miR-23a-5p antagomir (50 nmol/L) or AntagNC for 24 h and then incubated in fresh medium for additional 24 h
before LPS (100 ng/mL) stimulation for 6 h. The levels of IL-6 and TNF-α in the culture supernatants from LPS-treated macrophages were
determined. (b) The phosphorylation and nuclear accumulation of p65 were detected by western blot. (c) Relative NF-κB activity in
macrophages. (d) Intracellular ROS amount. (e) Relative levels of H2O2 and superoxide in macrophages. (f and g) Cellular antioxidant
capacity is determined by TAOC, total SOD, and CAT activities. (h) Relative caspase-1 activity in macrophages. (i) The levels of IL-1β
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without the miR-23a-5p antagomir treatment. The data are expressed as the means ± SD (n = 6 per group). ∗P < 0:05 when compared with
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Figure 7: miR-23a-5p agomir augments LPS-induced inflammation and oxidative stress via activating ASK1 in vitro. (a and b) Relative ASK1
phosphorylation and activity in macrophages with or without miR-23a-5p antagomir treatment upon LPS stimulation. (c and d) Relative
ASK1 phosphorylation and activity in macrophages with or without the miR-23a-5p agomir treatment upon LPS stimulation. (e) Relative
ASK1 mRNA level in macrophages. (f) Primary macrophages were incubated with the miR-23a-5p antagomir (50 nmol/L) or AntagNC
for 24 h and then incubated in fresh medium for additional 24 h before LPS (100 ng/mL) stimulation for 6 h. To silence ASK1,
macrophages were infected with shASK1 or shScramble at a multiplicity of infection of 50 for 6 h, which were then incubated in fresh
medium for additional 24 hours before miR-23a-5p agomir treatment. The levels of IL-6 and TNF-α in the culture supernatants were
measured. (g) Relative levels of H2O2 and superoxide in macrophages. (h) Intracellular ROS amount. (i) Relative caspase-1 activity in
macrophages. (j) The levels of IL-1β and IL-18 in the culture supernatants from LPS-treated macrophages. The data are expressed as the
means ± SD (n = 6 per group). ∗P < 0:05 when compared with the matched group.
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intracellular ROS, H2O2, and superoxide compared to those in
the LPS group.Meanwhile, antioxidant capacity was preserved
by the miR-23a-5p antagomir in LPS-treated macrophages
(Figures 6(f) and 6(g)). We also found that the miR-23a-5p
antagomir markedly inhibited LPS-induced activation of
caspase-1 and the releases of IL-1β and IL-18 in primary mac-
rophages (Figures 6(h) and 6(i)). The efficiency of the miR-

23a-5p antagomir was verified in Figure 6(j). Together, these
results suggest that the miR-23a-5p antagomir blocks LPS-
induced inflammation and oxidative stress in macrophages.

3.9. miR-23a-5p Agomir Promotes LPS-Induced Inflammation
and Oxidative Stress in Macrophages. We also treated macro-
phages with the miR-23a-5p agomir to determine whether
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Figure 8: ASK1 inhibition abrogates the deleterious effects of miR-23a-5p agomir in vivo. (a) Mice were treated with the miR-23a-5p agomir
(30mg/kg/day) or AgNC for 3 consecutive days and then intratracheally injected with 5mg/kg LPS. To inhibit endogenous ASK1, mice were
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Figure 9: miR-23a-5p agomir activates ASK1 via directly reducing HSP20 expression. (a) The predicted miR-23a-5p-binding sites within the
3′ UTR of HSP20. (b and c) HSP20 protein levels in the lungs with miR-23a-5p antagomir or agomir treatment upon LPS injection. (d)
Relative HSP20 mRNA level in the lungs. (e) Mice were pretreated with the miR-23a-5p antagomir (80mg/kg/day) or AntagNC for 3
consecutive days and then intratracheally injected with 5mg/kg LPS. To knock down endogenous HSP20, mice were intratracheally
injected with shHSP20 (1 × 108 PFU per mouse) or shScramble 1 week before LPS treatment. ASK1 phosphorylation was detected by
western blot. (f) Relative luciferase activity. (g) IL-6 and TNF-α levels in the lungs were measured. (h) Intracellular ROS amount. (i) Lung
W/D ration in mice. (j) EBD extravasation to the lungs. (k) Arterial blood gas analysis of PaO2 and PaCO2. The data are expressed as the
means ± SD (n = 6 per group). ∗P < 0:05 when compared with the matched group, n.s. indicates no significance.
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increased miR-23a-5p would aggravate inflammation and oxi-
dative stress in LPS-stimulated macrophages (Figure S3A). As
expected, the miR-23a-5p agomir further promoted the
releases of proinflammatory cytokines and the generation of
free radicals from LPS-treated primary macrophages
(Figures S3B-D). Endogenous antioxidant capacity was lower
LPS-stimulated macrophages treated with the miR-23a-5p
agomir than in those treated with the control agomir
(Figures S3E-F). Caspase-1 activation and the releases of IL-
1β and IL-18 from LPS-treated macrophages were further
augmented by the miR-23a-5p agomir (Figures S3G-H).
These findings strongly indicate that the miR-23a-5p agomir
promotes LPS-induced inflammation and oxidative stress in
macrophages.

3.10.mir-23a-5p Agomir Augments LPS-Induced Inflammation
and Oxidative Stress via Activating ASK1 In Vitro. We then
investigated whether ASK1 was involved in the deleterious
effects of the miR-23a-5p agomir in LPS-stimulated macro-
phages. As shown in Figures 7(a) and 7(b), the miR-23a-5p
antagomir inhibited both ASK1 phosphorylation and ASK1
activity in LPS-treated macrophages; this was further evi-
denced by decreased phosphorylation of the downstream
p38 kinase. Conversely, the miR-23a-5p agomir increased
ASK1 phosphorylation and activity in LPS-treated macro-
phages (Figures 7(c) and 7(d)). Next, ASK1 in macrophages
was knocked down by two different shASK1 vectors, and
the efficiency was verified in Figure 7(e). As shown in
Figures 7(f)–7(h), ASK1 silence decreased the levels of proin-
flammatory cytokines and oxidative stress in miR-23a-5p
agomir-treated macrophages upon LPS stimulation. Besides,
caspase-1 activation and the increased releases of IL-1β and
IL-18 from LPS-stimulated macrophages were also blocked
by ASK1 silence (Figures 7(i) and 7(j)). These results strongly
indicate that the miR-23a-5p agomir augments LPS-induced
inflammation and oxidative stress via activating ASK1
in vitro.

3.11. ASK1 Inhibition Abrogates the Deleterious Effects of the
miR-23a-5p Agomir In Vivo. Selonsertib, a potent ASK1
inhibitor, was then used to suppress ASK1 activity in mice
[22]. Consistent with the in vitro findings, selonsertib signif-
icantly reduced the levels of IL-6 and TNF-α, while elevated
IL-10 expression in the lungs (Figure 8(a)). Besides, miR-
23a-5p agomir-associated increases in intracellular ROS,
H2O2, and superoxide in response to LPS injection were
decreased by selonsertib treatment (Figures 8(b) and 8(c)).
NLRP3 activation was also blocked by ASK1 inhibition, as
evidenced by decreased levels of IL-1β, IL-18, and caspase-
1 activity (Figures 8(d) and 8(e)). Due to the alleviation of
inflammation and oxidative stress, mice treated with selon-
sertib also displayed reduced pulmonary edema and injury
(Figures 8(f) and 8(g)). The miR-23a-5p agomir-induced
impairment of pulmonary function and gas exchange was
also partially restored by selonsertib, as confirmed by the
increased tidal volume, PaO2, and decreased Rrs, Ers, and
PaCO2 of LPS-treated mice (Figures 8(h)–8(j)). These data
demonstrate that ASK1 inhibition abrogates the deleterious
effects of the miR-23a-5p agomir in vivo.

3.12. miR-23a-5p Agomir Activates ASK1 via Directly Reducing
HSP20 Expression. Previous studies have reported that HSP20
is required for ASK1 inhibition and that HSP20 protects
against LPS-induced organic injury, including ALI [8, 9, 56].
Herein, we identified two potential binding sites in the 3′
UTR of HSP20 using the online TargetScan software
(Figure 9(a)). Besides, we observed that the miR-23a-5p antag-
omir preserved HSP20 protein levels in LPS-treated lungs
(Figure 9(b)). While the miR-23a-5p agomir suppressed
HSP20 in the lungs with or without LPS injury (Figure 9(c)).
To clarify the involvement of HSP20, we knocked down
HSP20 expression in murine lungs and the efficiency was ver-
ified in Figure 9(d). As shown in Figure 9(e), the miR-23a-5p
antagomir significantly suppressed ASK1 phosphorylation in
shScramble-infected mice, yet failed to do so after HSP20
silence in response to LPS injection. A luciferase reporter assay
demonstrated that the miR-23a-5p agomir inhibited luciferase
activity in cells transfected with the WT HSP20 3′ UTR, but
did not alter luciferase activity in cells transfected with the
MUT HSP20 3′ UTR (Figure 9(f)). These results clearly dem-
onstrated that miR-23a-5p directly binds to the HSP20 3′
UTR. We found that HSP20 silence abrogated the anti-
inflammatory and antioxidant effects of the miR-23a-5p
antagomir in ALI mice, as confirmed by the unaffected IL-6,
TNF-α, and ROS levels in the lungs (Figures 9(g)–9(h)).
Accordingly, the improvements in pulmonary edema and
injury and gas exchange were blocked upon HSP20 knock-
down (Figures 9(i)–9(k)). These findings indicate that the
miR-23a-5p agomir activates ASK1 via directly reducing
HSP20 expression.

miR-23a-5p

3’ UTR

HSP20

ASK1

Inflammation Oxidative stress

NLRP3 inflammasome

ALI
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Figure 10: Schematic model of the role of miR-23a-5p on
HSP20/ASK1 signaling during ALI. miR-23a-5p directly binds to
the 3′ UTR of HSP20 and inhibits its protein expression, which
then activates ASK1 to augment inflammation and oxidative stress
in ALI.
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4. Discussion

The present study is aimed at investigating the role and
potential mechanism of miR-23a-5p in ALI development.
For this purpose, our results reveal that miR-23a-5p is upreg-
ulated in murine lungs in response to LPS injury, and that
miR-23a-5p antagomir significantly prevents LPS-induced
ALI in mice via inhibiting inflammation and oxidative stress.
Conversely, the miR-23a-5p agomir aggravates the inflam-
matory response and oxidative damage generated during
LPS-induced pulmonary injury. Besides, we also find that
the miR-23a-5p antagomir reduces, while the miR-23a-5p
agomir promotes LPS-associated proinflammatory cytokine
releases and ROS overproduction in primary macrophages.
Additionally, the deleterious effects of miR-23a-5p are medi-
ated through ASK1 activation, and these effects can be
blunted by pharmacological or genetic suppression of
ASK1. Moreover, we determine that miR-23a-5p directly
binds to the 3′ UTR of HSP20 and that HSP20 silence abro-
gates the anti-inflammatory and antioxidant effects of the
miR-23a-5p antagomir in ALI mice (Figure 10). Overall, this
study demonstrates for the first time the involvement of miR-
23a-5p in the regulation of LPS-induced ALI and identifies
miR-23a-5p as a potential therapeutic candidate for the treat-
ment of ALI.

Overproduction of the proinflammatory cytokines and
free radicals contributes to the initiation and development
of LPS-induced ALI [7, 26]. Upon LPS stimulation, normal
pulmonary structure and barrier function are disrupted,
and leukocytes subsequently migrate to lung tissues, where
they in turn recruit more inflammatory cells via producing
multiple proinflammatory cytokines [3, 4]. Accordingly, we
herein observed that pulmonary barrier function was mark-
edly compromised in ALI mice, as verified by the increased
EBD extravasation and leukocyte counts in BALFs; however,
miR-23a-5p antagomir treatment could ameliorate these
pathological alterations. LPS itself and the accumulated
inflammatory cells both contribute to the generation of free
radicals that ultimately overwhelm the endogenous antioxi-
dant capacity of the lungs and result in severe oxidative dam-
age to lung cells. In addition, it has been reported that ROS
acts as the primary activator of the NLRP3 inflammasome,
thereby accelerating the maturation and release of proinflam-
matory cytokines, including IL-1β and IL-18 [26]. In this
study, we observed that the miR-23a-5p antagomir preserved
the intracellular antioxidant capacity of LPS-treated lungs
and suppressed the activation of the NLRP3 inflammasome.
Various studies have revealed the indispensability of ASK1
in regulating inflammation and oxidative stress under differ-
ent pathological stimuli. Hayakawa et al. found that ASK1
deficiency increased susceptibility to colonic inflammation
in mice with inflammatory bowel diseases [57]. Data from
Qin and colleagues implied that ASK1 activation increased
NF-κB activity and inflammatory cytokine/chemokine
expressions during hepatic ischemia/reperfusion injury
[58]. Besides, ASK1 could enhance NF-κB activity via the
downstream p38 kinase, whereas attenuation of the
ASK1/p38 pathway remarkably decreased the expression of
proinflammatory cytokines [59]. ASK1 deficiency also less-

ened NADPH oxidase-mediated free radical production
and reduced aldosterone-induced cardiac oxidative stress
[60]. Moreover, ASK1 is also associated with various lung
diseases via the regulation of inflammation and oxidative
stress, such as pulmonary arterial hypertension, chronic
obstructive pulmonary disease, and ALI [5, 10, 61, 62]. Previ-
ous studies have identified HSP20 as an upstream inhibitor of
ASK1, and HSP20 overexpression rendered ASK1 inaccessi-
ble to activation, resulting in reduced activity of the
downstream p38 signaling cascade [8]. In this study, we
demonstrated that HSP20/ASK1 was involved in the regula-
tion of LPS-induced ALI by miR-23a-5p. Intriguingly, we
found that the miR-23a-5p antagomir conferred a partial,
not complete, reversal of some parameters (e.g., iNOS,
COX-2, and NF-κB). As we know, multiple complex mech-
anisms contribute to the pathogenesis of ALI. In the pres-
ent study, we investigated the possible involvement of
miR-23a-5p in LPS-induced ALI from the view of inflam-
mation and oxidative stress. As presented in our study,
the miR-23a-5p antagomir also failed to completely restore
LPS-induced pulmonary dysfunction. This phenomenon
can be ascribed to the existence of alternative pathogenic
factors to ALI independent of miR-23a-5p. Of course, the
insufficient efficiency of the miR-23a-5p antagomir may
also contribute to this result.

In summary, our findings suggest that LPS-induced
miR-23a-5p upregulation contributes to the development
of pulmonary injury and dysfunction. Inhibition of endoge-
nous miR-23a-5p provides pulmonary protection against
LPS-induced ALI. Collectively, our data indicate that miR-
23a-5p is a valuable therapeutic candidate for the treatment
of ALI.
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This study investigated whether the mitochondrial-targeted peptide SS-31 can protect against cigarette smoke- (CS-) induced
airway inflammation and oxidative stress in vitro and in vivo. Mice were exposed to CS for 4 weeks to establish a CS-induced
airway inflammation model, and those in the experimental group were pretreated with SS-31 1 h before CS exposure. Pathologic
changes and oxidative stress in lung tissue, inflammatory cell counts, and proinflammatory cytokine levels in bronchoalveolar
lavage fluid (BALF) were examined. The mechanistic basis for the effects of SS-31 on CS extract- (CSE-) induced airway
inflammation and oxidative stress was investigated using BEAS-2B bronchial epithelial cells and by RNA sequencing and
western blot analysis of lung tissues. SS-31 attenuated CS-induced inflammatory injury of the airway and reduced total cell,
neutrophil, and macrophage counts and tumor necrosis factor- (TNF-) α, interleukin- (IL-) 6, and matrix metalloproteinase
(MMP) 9 levels in BALF. SS-31 also attenuated CS-induced oxidative stress by decreasing malondialdehyde (MDA) and
myeloperoxidase (MPO) activities and increasing that of superoxide dismutase (SOD). It also reversed CS-induced changes in
the expression of mitochondrial fission protein (MFF) and optic atrophy (OPA) 1 and reduced the amount of cytochrome c
released into the cytosol. Pretreatment with SS-31 normalized TNF-α, IL-6, and MMP9 expression, MDA and SOD activities,
and ROS generation in CSE-treated BEAS-2B cells and reversed the changes in MFF and OPA1 expression. RNA sequencing
and western blot analysis showed that SS-31 inhibited CS-induced activation of the mitogen-activated protein kinase (MAPK)
signaling pathway in vitro and in vivo. Thus, SS-31 alleviates CS-induced airway inflammation and oxidative stress via
modulation of mitochondrial function and regulation of MAPK signaling and thus has therapeutic potential for the treatment of
airway disorders caused by smoking.

1. Introduction

Cigarette smoke (CS) contains thousands of toxins and is one
of the most important risk factors for the development of
chronic obstructive pulmonary disease (COPD), a progressive
lung condition characterized by persistent airway inflamma-
tion and irreversible restriction of airflow [1, 2]. COPD is a
major health concern worldwide because of its highmorbidity,
mortality, and associated healthcare costs [3, 4]. The patho-
genesis of COPD is complex and is not fully understood. CS
induces chronic airway inflammation, airway mucus hyperse-

cretion, and oxidative stress, leading to clinically significant
mechanical obstruction of small airways, reduced airflow,
and a progressive decline in lung function [5, 6].

Mitochondria are the organelles responsible for energy
metabolism and play an important role in maintaining cell
function. Recent studies have suggested that CS can cause
mitochondrial dysfunction and trigger inflammatory
responses and oxidative stress, which are linked to COPD
[7, 8]. SS-31, a novel mitochondrial-targeting antioxidant
compound, can eliminate reactive oxygen species (ROS)
and increase ATP production in mitochondria, thus
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restoring mitochondrial membrane potential [9]. SS-31 was
shown to protect cultured mouse microglial cells against
lipopolysaccharide-induced inflammation and oxidative
stress by stabilizing mitochondrial structure and reducing
mitochondrial fission (FIS) 1 protein expression [10]. It also
alleviated the inflammatory response and oxidative stress
and exerted beneficial effects on leukocytes in type 2 diabetes
patients [11]. In a mouse model of spinal cord injury-induced
lung impairment, SS-31 attenuated mitochondrial dysfunc-
tion and inflammation and reduced the severity of lung
damage [12]. However, it is unclear whether SS-31 can pro-
tect against CS-induced airway inflammation and oxidative
stress.

In this study, we investigated the effect of SS-31 on
inflammation and oxidative stress in the lung induced by
CS in vitro and in vivo along with the underlying molecular
mechanisms.

2. Materials and Methods

2.1. Animals.Male C57BL/6J mice (age 9–10 weeks, weighing
20–22 g) bred under specific pathogen-free conditions were
purchased from GemPharmatech (Nanjing, Jiangsu, China)
and housed at constant temperature of 23°C ± 2°C and 50%
± 10% humidity on a 12 : 12 h light/dark cycle (lights on
from 6:00 a.m. to 6:00 p.m.). The mice had free access to food
and water. Experimental procedures were conducted under
aseptic conditions. Chambers and cages were cleaned every
3 days. The mice were handled in accordance with the
ARRIVE guidelines developed by the National Center for
the Replacement, Refinement, and Reduction of Animals in
Research. The study protocol was reviewed and approved
by the Animal Ethics Committee of West China Hospital,
Sichuan University (approval no. 2020229A).

2.2. CS Exposure and Animal Treatment. Mice were divided
into 4 groups: a control group (n = 7) exposed to room air
without treatment, and 3 experimental groups exposed to
CS for 75min twice daily, 5 days per week for 4 weeks [13].
One experimental group (CS group, n = 7) received no treat-
ment; the SS-31 (L)+CS group (n = 8) was exposed to CS and
treated with a low dose of SS-31 (2.5mg/kg once daily) refer
to the slightly modified dosage [14]; and the SS-31 (H)+CS
group (n = 7) was exposed to CS and treated with a high dose
of SS-31 (5mg/kg once daily) [15, 16]. SS-31 (Topscience,
Shanghai, China) was intraperitoneally injected 1 h before
CS exposure [13, 17]. After 4 weeks, all mice were sacrificed
by intraperitoneal phenobarbital injection (Sigma-Aldrich,
St. Louis, MO, USA) followed by exsanguination from the
right ventricle and abdominal aorta. The heart was flushed
with 10mL sterile phosphate-buffered saline (PBS) from the
right ventricle until the lungs turned white to collect bron-
choalveolar lavage fluid (BALF) and lung tissue samples.

2.3. BALF Collection and Cell Counting. Right lungs were
washed 3 times with 0.5mL of sterile PBS, and >1.3mL of
BALF was recovered from each mouse and centrifuged at
1000×g for 5min. The supernatant was stored at −80°C for
analysis of cytokine levels by enzyme-linked immunosorbent

assay (ELISA). The cell pellet was resuspended in 0.2mL PBS,
and the total cell number was counted with a hemocytome-
ter. Differential cell counting was performed by cytocentrifu-
gation (Cytopro7620;Wescor, UT, USA) at 100×g for 10min
followed by Wright–Giemsa staining.

2.4. Histologic Examination of Lung Tissue. Left lungs with-
out lavage were fixed with 4% phosphate-buffered parafor-
maldehyde under a constant pressure of 25 cm H2O and
embedded in paraffin; 4mm thick sections were cut and
stained with hematoxylin and eosin. An experienced
pathologist who was blinded to the treatments scored lung
inflammation based on the severity of lung lesions including
peribronchiolar infiltrates, alveolar septal infiltrates,
perivascular infiltrates, and combined bronchus-associated
lymphoid tissue hyperplasia [13]. Giemsa staining was per-
formed to assess the density of inflammatory cells in alveoli.

Alcian blue- (AB-) periodic acid Schiff (PAS) staining
was performed to assess the levels of intracellular mucous
glycoconjugates. Immunohistochemical staining for Muc5ac
protein was performed using a kit (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA). Briefly, lung sections were
stained with anti-Muc5ac antibody (clone 45 M1, 1 : 100;
Genetex, Irvine, CA, USA) and the percentage of the total air-
way epithelial area that was positive for AB/PAS staining or
anti-Muc5ac immunoreactivity was quantified using Image-
Pro Plus v6.0 software (Media Cybernetics, Bethesda, MD,
USA).

2.5. CS Extract (CSE) Preparation. CSE was freshly prepared
as previously described [18], with a few modifications.
Briefly, the smoke of 6 Marlboro cigarettes was bubbled
through 20mL of Dulbecco’s modified Eagle’s medium
(DMEM) prewarmed at 37°C. The solution was passed
through a 0.22μm filter after adjusting the pH to 7.4, yielding
100% CSE. Serum-free DMEM was used to dilute the 100%
CSE to the working concentrations.

2.6. Cell Culture and Treatments. BEAS-2B normal human
bronchial epithelial cells (American Type Culture Collection,
Manassas, VA, USA) were cultured in DMEM supplemented
with 10% fetal bovine serum and 1% penicillin G sodium/-
streptomycin sulfate (Invitrogen, Carlsbad, CA, USA). The
effect of CSE on cell viability was evaluated with the Cell
Counting Kit- (CCK-) 8 assay (Dojindo Laboratories, Tokyo,
Japan). Cells (5 × 103/well) were seeded in 96-well plates and
allowed to attach overnight, then incubated for 24 h in
DMEM containing CSE (2%, 4%, 6%, 8%, and 10%). After
removing the supernatant, 10μL of CCK-8 reagent in a
serum-free medium (100μL/well) was added, followed by
incubation for 1 h at 37°C. Absorbance was measured on a
spectrophotometer at 450nm.

To evaluate the role of the mitogen-activated protein
kinase (MAPK) signaling pathway in the anti-inflammatory
and antioxidant effects of SS-31, BEAS-2B cells were pre-
treated with the MAPK activator anisomycin (20μg/mL/mL)
(APExBIO Technology, Houston, TX, USA) for 1 h [19]. The
cells were divided into 5 groups: control, CSE (incubation
with CSE for 24 h), anisomycin+CSE (incubation with CSE
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for 24 h following pretreatment with 20μg/mL anisomycin
for 1 h), anisomycin+SS-31+CSE group (treatment with
100μM SS-31 for 1 h followed by CSE for 24 h after pretreat-
ment with 20μg/mL anisomycin for 1 h), and SS-31+CSE
(incubation with CSE for 24 h following pretreatment with
100μM SS-31 for 1 h). Cells or the supernatants were har-
vested for analyses. The dose of SS-31 and incubation time
of CSE were selected based on previous studies [20–22].

2.7. Measurement of Inflammatory Cytokine Levels. BALF
levels of interleukin- (IL-) 6 and tumor necrosis factor-
(TNF-) α were measured with ELISA kits for mice
(NeoBioscience, Shenzhen, China) according to the manu-
facturers’ instructions. The level of matrix metallopeptidase
(MMP) 9 was measured with an ELISA kit for mice (R&D
Systems, Minneapolis, MN, USA) according to the
manufacturer’s instructions; the stated detection limits were
15 pg·mL−1 for TNF-α, 1.6 pg·mL−1 for IL-6, and
0.014 ng·mL−1 for MMP9. TNF-α, IL-6, and MMP9 levels
in culture supernatant were determined with ELISA kits for
humans (NeoBioscience) according to the manufacturers’
instructions; the stated detection limits were 7.8 pg·mL−1 for
TNF-α, 0.39 pg·mL−1 for IL-6, and 15.6 pg·mL−1 for MMP9.

2.8. Detection of Oxidative Stress and Intracellular ROS.Mal-
ondialdehyde (MDA), superoxide dismutase (SOD), myelo-
peroxidase (MPO) activities in mouse lung homogenate
and glutathione peroxidase (GSH-Px), MDA, and SOD activ-
ities as well as intracellular ROS production in cells were
determined according to commercial protocols (Nanjing
Jiancheng Bioengineering Institute, Jiangsu, China).

2.9. RNA Sequencing. RNA sequencing was performed as
previously described [23]. Briefly, total RNA from lung tissue
of the CS and SS-31 (H)+CS groups was isolated and the
quality was verified according to the protocols of Illumina
(San Diego, CA, USA). A total of 2μg RNA per sample was
used as input material for library construction. Strand-
specific sequencing libraries were generated by the dUTP
method with RNA obtained using the NEBNext Ultra
Directional RNA Library Prep Kit (Illumina) according to
the manufacturer’s instructions. RNA sequencing was per-
formed on an Illumina Hiseq 2000 platform by Genewiz
(Suzhou, China), generating 100 bp paired-end reads.
Adapter sequences were removed from the raw sequencing
data, and the individual libraries were converted to FASTQ
format. Sequence reads were aligned to the mouse genome
(mm10) with TopHat2 v2.0.9, and the resultant alignment
files were reconstructed with Cufflinks v2.1.1 and Scripture
(beta2). For mRNA analyses, the RefSeq database (Build
37.3) was used as the source of annotation references. The
read counts of each transcript were normalized to the length
of the individual transcript and to the total mapped fragment
counts in each sample and expressed as fragments per kilo-
base of exon per million fragments of mRNAmapped in each
sample. Differential expression analyses were conducted
using only samples from the CS and SS-31 (H)+CS groups.
P < 0:05 was used as the cutoff for differentially expressed
genes (DEGs).

2.10. Bioinformatic Analysis. Enrichment analysis of DEGs
was carried out to detect overrepresented functional terms
in the genomic background. Gene Ontology (GO) analysis
of biological processes, cellular components, and molecular
function was performed using the GO-seq R package [24].
Enriched DEG signaling pathway analyses were conducted
using the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database.

2.11. Western Blot. Protein samples were isolated from the
right lung of mice and from BEAS-2B cells with radioimmu-
noprecipitation assay lysis buffer supplemented with 1mM
phenylmethanesulfonyl fluoride (Cell Signaling Technology,
Danvers, MA, USA). Total protein was fractionated by 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred to a polyvinylidene difluoride membrane.
After blocking with 5% bovine serum albumin in Tris-
buffered saline at room temperature for 1 h, the membrane
was incubated overnight at 4°C with antibodies against optic
atrophy (OPA) 1 (mouse antibody from Cell Signaling Tech-
nology; human antibody from Proteintech, Rosemont, IL,
USA); mitochondrial fission factor (MFF) (mouse antibody
from Cell Signaling Technology; human antibody from Pro-
teintech); and extracellular signal-regulated kinase (ERK),
phosphorylated- (P-) ERK, P38, P-P38, and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) (all from Cell Signal-
ing Technology). They were then incubated with horseradish
peroxidase-conjugated secondary antibodies, and immune
complexes were detected with SuperSignal West Pico chemi-
luminescent substrate (Pierce, Rockford, IL, USA).

Cytoplasmic proteins were extracted using the Cytoplas-
mic Protein Extraction Kit (KeyGEN BioTech, Nanjing,
China), and mitochondrial proteins were extracted using
the Mitochondria Isolation Kit (Beyotime Biotech, Shanghai,
China). Cytoplasmic extracts were probed with antibodies
against cytosolic cytochrome c (Genetex) and GAPDH (Cell
Signaling Technology). Mitochondrial extracts were probed
with antibodies against mitochondrial cytochrome c (Gene-
tex) and cytochrome c oxidase (COX) IV (Proteintech). Each
experiment was repeated 3 times with different mice. The sig-
nal intensity of protein bands was quantified using ImageJ
software (National Institutes of Health, Bethesda, MD, USA).

2.12. Statistical Analysis. Data are expressed as mean ±
standard deviation, and group means were compared by
one-way analysis of variance followed by the least significant
difference test for multiple comparisons. Data were analyzed,
and figures were prepared using Prism 7 software (Graph-
Pad, San Diego, CA, USA). P < 0:05 was considered statisti-
cally significant.

3. Results

3.1. SS-31 Reverses the CS-Induced Increases in Inflammatory
Cell Numbers and Cytokine Release in Mouse Lung. Total cell,
neutrophil, and macrophage counts in mouse BALF were
increased in CS-exposed mice, which was abrogated by
pretreatment with SS-31 (Figures 1(a)–1(c)). Meanwhile, 4
weeks of CS exposure increased the levels of IL-6, TNF-α,
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and MMP9 in BALF, an effect that was abolished by SS-31
(Figures 1(d)–1(f)).

3.2. SS-31 Abrogates Histologic Changes in the Lung Induced
by CS. Four weeks of exposure to CS markedly increased
peribronchial inflammatory cell infiltration, airway epithelial
cell hyperplasia, airway epithelium thickening, and lumen
obstruction by mucus and cell debris (Figures 2(b) and
2(e)). These changes were abolished by low-dose (2.5mg/kg)
and high-dose (5mg/kg) SS-31 pretreatment, with the latter
yielding better results (P < 0:01; Figure 2(e)). Giemsa staining
showed that the number of neutrophils and macrophages
was increased in CS-exposed mice, but this was reversed by
SS-31 pretreatment (Figures 2(f)–2(i)).

3.3. SS-31 Suppresses CS-Induced Airway Mucus
Hypersecretion. Mucus proteins were stained with AB/PAS.
CS exposure significantly increased the secretion of airway
mucus proteins (Figure 3), but this was suppressed by high-
dose SS-31 pretreatment. Accordingly, the airway mucus
protein Muc5ac was upregulated after 4 weeks of CS expo-
sure (Figures 4(b) and 4(e)) compared to the control group
(Figure 4(a)), but this was abrogated by high-dose SS-31
(Figures 4(d) and 4(e)).

3.4. SS-31 Attenuates CS-Induced Oxidative Stress in Mouse
Lung. After 4 weeks of CS exposure, MDA and MPO activi-
ties were increased (Figures 5(a) and 5(c)) whereas SOD
activity was decreased (Figure 5(b)) in the lungs of mice,

CO
N CS

SS
-3

1 
(L

)+
CS

SS
-3

1 
(H

)+
CS

0

15

30

750

1500
BA

LF
 to

ta
l c

el
ls 

(1
04 /m

L)

⁎⁎⁎

##

#

(a)

1400

700

5.0

2.5

0.0

CO
N CS

SS
-3

1 
(L

)+
CS

SS
-3

1 
(H

)+
CS

BA
LF

 n
eu

tro
ph

ils
 (1

04 /m
L) ⁎⁎⁎

##

(b)

CO
N CS

SS
-3

1 
(L

)+
CS

SS
-3

1 
(H

)+
CS

0

15

30

45

60

BA
LF

 m
ac

ro
ph

ag
es

 (1
04 /m

L)

⁎⁎

#
#

(c)

CO
N

SS
-3

1 
(L

)+
CS

SS
-3

1 
(H

)+
CSCS

0

20

40

60

80

100

120
⁎⁎⁎⁎

BA
LF

 IL
-6

 (p
g/

m
L)

####

####
&&

(d)

CO
N CS

SS
-3

1 
(L

)+
CS

SS
-3

1 
(H

)+
CS

0

30

60

90

120

150

⁎⁎⁎⁎

##

(e)

⁎⁎⁎⁎

####

####
&&&

CO
N CS

SS
-3

1 
(L

)+
CS

SS
-3

1 
(H

)+
CS

0

1

2

3

4

BA
LF

 M
M

P9
 (n

g/
m

L)

(f)

Figure 1: SS-31 reduces CS-induced increases in inflammatory cell numbers and cytokine infiltration in mouse lung. (a–f) Total cell (a),
neutrophil (b), and macrophage (c) counts and IL-6 (d), TNF-α (e), and MMP9 (f) levels in mouse BALF (control: n = 7, CS: n = 5, SS-31
(L)+CS: n = 8, SS-31 (H)+CS: n = 5). ∗∗P < 0:01, ∗∗∗P < 0:001, and ∗∗∗∗P < 0:0001 vs. control; #P < 0:05, ##P < 0:01, and ####P < 0:0001 vs.
CS; &&P < 0:01, &&&P < 0:001, and SS-31 (L)+CS vs. SS-31 (H)+CS. Abbreviations: BALF: bronchoalveolar lavage fluid; CS: cigarette
smoke; SS-31 (H): high-dose SS-31 (5mg/kg); SS-31 (L): low-dose SS-31 (2.5mg/kg).
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Figure 2: Continued.
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Figure 2: SS-31 attenuates CS-induced histologic changes in mouse lung. (a–d) H&E staining of mouse lung tissue from control (n = 7) (a),
CS (n = 7) (b), SS-31 (L)+CS (n = 8) (c), and SS-31 (H)+CS (n = 7) (d) groups (200x magnification, scale bar = 50μm). (e) Inflammation
scores of mouse lungs. Bottom images depict an enlarged view of boxed areas in corresponding top images; red box: peribronchiolar
infiltrates; blue box: alveolar septal infiltrates; yellow box: perivascular infiltrates; green box: bronchus-associated lymphoid tissue
hyperplasia. (f–i) Giemsa staining of mouse lung tissue from control (f), CS (g), SS-31 (L)+CS (h), and SS-31 (H)+CS (i) groups (600x
magnification, scale bar = 100μm). Red arrow: neutrophils; black arrow: macrophages. ∗∗∗∗P < 0:0001 vs. control; ####P < 0:0001 vs. CS;
&&P < 0:01 SS-31 (L)+CS vs. SS-31 (H)+CS. Abbreviations: CS: cigarette smoke; H&E: hematoxylin and eosin; SS-31 (H): high-dose SS-31
(5mg/kg); SS-31 (L): low-dose SS-31 (2.5mg/kg).
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Figure 3: SS-31 attenuates CS-induced airway mucus hypersecretion. (a–d) Mouse lung tissue from control (n = 7) (a), CS (n = 7) (b), SS-31
(L)+CS (n = 8) (c), and SS-31 (H)+CS (n = 7) (d) groups after AB/PAS staining (400x magnification, scale bar = 20 μm). (e) The positive
percentage of epithelial area with AB/PAS staining. Bottom images depict enlarged views of boxed areas in corresponding top images.
∗∗∗∗P < 0:0001 vs. control; #P < 0:05 vs. CS. Abbreviations: AB/PAS: Alcian blue/periodic acid Schiff; CS: cigarette smoke; SS-31 (H):
high-dose SS-31 (5mg/kg); SS-31 (L): low-dose SS-31 (2.5mg/kg).
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Figure 4: SS-31 suppresses CS-induced airway mucus protein secretion. (a–d) Immunohistochemical detection of Muc5ac in mouse airway
epithelium (400x magnification, scale bar = 20 μm) from control (a), CS (b), SS-31 (L)+CS (c), and SS-31 (H)+CS (d) groups (n = 7 per
group). (e) The positive percentage of epithelial area with anti-Muc5ac immunoreactivity. Bottom images depict enlarged views of boxed
areas in corresponding top images. ∗∗∗∗P < 0:0001 vs. control; ##P < 0:01 vs. CS. Abbreviations: CS: cigarette smoke; SS-31 (H): high-dose
SS-31 (5mg/kg); SS-31 (L): low-dose SS-31 (2.5mg/kg).
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Figure 5: SS-31 attenuates CS-induced oxidative stress in mouse lung. (a–c) Effects of SS-31 on lung MDA (a), SOD (b), and MPO (c)
activities in CS-exposed mice (n = 7 per group). ∗∗∗∗P < 0:0001 vs. control; #P < 0:05, ##P < 0:01, ###P < 0:001, and ####P < 0:0001 vs. CS;
&P < 0:05, &&P < 0:01, and SS-31 (L)+CS vs. SS-31 (H)+CS. Abbreviations: CS: cigarette smoke; MDA: malondialdehyde; MPO:
myeloperoxidase; SOD: superoxide dismutase; SS-31 (H): high-dose SS-31 (5mg/kg); SS-31 (L): low-dose SS-31 (2.5mg/kg).
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indicating that oxidative stress was induced. SS-31 pretreat-
ment mitigated this effect in a dose-dependent manner
(Figure 5): SOD and MPO activities were significantly higher

in mice pretreated with 5mg/kg SS-31 as compared to
2.5mg/kg SS-31 before CS (Figures 5(b) and 5(c)), suggesting
that SS-31 has strong antioxidant activity. MPO activity in
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Figure 6: SS-31 prevents mitochondrial dysfunction in CS-induced mouse lung. (a–d) Protein levels of OPA1, MFF (a, b), and cytochrome c
(c, d) in lungs were evaluated by western blot following exposure to CS with or without SS-31 pretreatment. GAPDH or COX IV was used as a
loading control (n = 3 per group). ∗∗P < 0:01 and ∗∗∗P < 0:001 vs. control; #P < 0:05 vs CS. Abbreviations: COX IV: cytochrome c oxidase IV;
CS: cigarette smoke; Cyt c: cytochrome c; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; MFF: mitochondrial fission factor; mit:
mitochondrion; OPA1: optic atrophy 1; SS-31 (H): high-dose SS-31 (5mg/kg); SS-31 (L): low-dose SS-31 (2.5mg/kg).
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Figure 7: RNA sequencing in mouse lung. (a) Clustering of DEGs in the CS and SS-31 (H)+CS groups (n = 3 per group). (b) GO analysis of
DEGs. The figure is composed of 3 parts: molecular functions, cellular components, and biological processes. The significance level of
enrichment was set as a corrected P value < 0.05. (c) KEGG pathway analysis of DEGs. The bubble chart shows enrichment of DEGs in
signaling pathways. The y-axis label represents the pathway, and the x-axis label represents the enrichment factor—i.e., the number of DEGs
enriched in the pathway divided by the total number of genes in the background gene set. The size of each bubble represents the number of
DEGs enriched in the pathway, and the color represents the significance of enrichment. Abbreviations: CS: cigarette smoke; DEG:
differentially expressed gene; GO: Gene Ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes; SS-31 (H): high-dose SS-31 (5mg/kg).
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the lungs was positively correlated with neutrophil count
(Supplementary Figure 1).

3.5. SS-31 Protects against Mitochondrial Dysfunction in CS-
Exposed Mouse Lung. The levels of the mitochondrial fusion
protein OPA1 and fission protein MFF were assayed as
markers of mitochondrial function. CS exposure for 4 weeks
reduced the expression of OPA1 and increased that of MFF
in the lungs (Figures 6(a) and 6(b)). This was accompanied
by a decrease in mitochondrial cytochrome c but an increase
in the cytosolic pool (Figures 6(c) and 6(d)), which was
reversed by high-dose SS-31 pretreatment. The western blot
analysis and densitometry results are summarized in
Supplementary Table 1.

3.6. RNA Sequencing Analysis of Mouse Lung. DEGs were
defined as genes with a fold change ≥ 1:0 in the SS-31
(H)+CS group compared to the CS group. According to this
criterion, 4038 DEGs were identified (Figure 7(a)) including
2034 upregulated and 2004 downregulated genes; the top
10 of each are summarized in Supplementary Table 2. The
DEGs were categorized into 30 GO categories under 3
ontologies (Figure 7(b)) and 30 KEGG pathways
(Figure 7(c)). The KEGG pathway analysis revealed that
these genes were enriched in the MAPK, cyclic (c) AMP,
and 5′ AMP-activated protein kinase (AMPK) signaling
pathways and extracellular matrix-receptor interaction
(Figure 7(c)).

3.7. SS-31 Inhibits CS-Induced Phosphorylation of ERK and
P38. The signaling pathway potentially mediating the effects
of SS-31 was investigated by evaluating the expression of pro-
teins in mouse lung tissue samples by western blot. After 4
weeks of CS exposure, the phosphorylation of ERK and P38
was increased in mouse lung. High-dose SS-31 abrogated
the activation of both proteins (Figure 8). The western blot
analysis and densitometry results are summarized in
Supplementary Table 1.

3.8. SS-31 Prevents CSE-Induced Inflammatory Cytokine
Release via Inactivation of MAPK Signaling in Bronchial
Epithelial Cells. To confirm the in vivo finding that SS-31
attenuated CS-induced inflammation and oxidative stress
via inhibition of P38 MAPK signaling and to more closely
examine the underlying mechanism, we evaluated the effects
of anisomycin on BEAS-2B cells pretreated with CSE and SS-
31. We first assessed the toxicity of CSE with the CCK8 assay.
The cell viability in cells treated with 2%, 4%, 6%, and 8%
CSE was >80% compared to the control group, but 10%
CSE considerably decreased the percentage of living cells
(<80%) (Figure 9(a)). To establish a bronchial epithelial cell
model of CSE-induced airway inflammation, BEAS-2B cells
were treated with 8% CSE for 24h in the following
experiments.

The P38 MAPK activator anisomycin was used to stabi-
lize P38 at the protein level. Anisomycin significantly
increased P38 phosphorylation (Figure 9(b)). SS-31 reduced
the level of phosphorylated P38 MAPK in CSE-incubated
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Figure 8: SS-31 alleviates CS-induced phosphorylation of ERK and P38. (a) Protein levels of ERK, P-ERK, P38, and P-P38 were detected by
western blot. (b) Activation of these signaling molecules was evaluated based on the ratio of the density of phosphorylated protein to total
protein (n = 3 per group). ∗P < 0:05 and ∗∗∗P < 0:001 vs. control; #P < 0:05, ##P < 0:01, and ###P < 0:001 vs. CS. Abbreviations: CS:
cigarette smoke; ERK: extracellular signal-regulated kinase; P-ERK: phosphorylated extracellular signal-regulated kinase; P-P38:
phosphorylated P38; SS-31 (H): high-dose SS-31 (5mg/kg); SS-31 (L): low-dose SS-31 (2.5mg/kg).
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BEAS-2B cells, but this was blocked by anisomycin
(Figures 9(b) and 9(c)). Moreover, the levels of IL-6, TNF-
α, and MMP9 were higher in the anisomycin+CSE+SS-31
group than in the SS-31+CSE group (Figures 9(d)–9(f)).
These results imply that SS-31 inhibits MAPK signaling to
alleviate CSE-induced inflammation.

3.9. SS-31 Prevents CSE-Induced Oxidative Stress via
Inactivation of MAPK Signaling. ROS levels are an important
indicator of intracellular oxidative stress. Anisomycin pre-
treatment reduced the suppressive effect of SS-31 on CSE-
induced ROS production (Figure 10(a)) and abolished the

downregulation of MDA activity and upregulation SOD
activity in SS-31-treated BEAS-2B cells (Figures 10(b) and
10(c)), although it had no effect on GSH-Px activity
(Figure 10(d)). These results indicate that inactivation of
MAPK signaling is essential for the protective effect of SS-
31—which may be specific to antioxidant enzymes—against
oxidative stress induced by CSE.

3.10. SS-31 Prevents CSE-Induced Mitochondrial Dysfunction
via Inactivation of MAPK Signaling. The downregulation of
OPA1 and upregulation of MFF induced by CSE in BEAS-
2B cells were reversed by SS-31, but these changes were
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Figure 9: SS-31 inhibits CSE-induced inflammation and activation of MAPK signaling in BEAS-2B cells. (a) Cell viability was measured with
CCK-8 following treatment with indicated concentrations of CSE (n = 3 per group). (b, c) Phosphorylated and total P38 protein levels (n = 3
per group). (d–f) IL-6 (d), TNF-α (e), and MMP9 (f) levels in BEAS-2B cell supernatant (n = 3 per group). ∗∗P < 0:01, ∗∗∗P < 0:001, and
∗∗∗∗P < 0:0001 vs. control; #P < 0:05, ##P < 0:01, and ####P < 0:0001 vs. ani+CSE; &P < 0:05 and &&P < 0:01 vs CSE; $P < 0:05, $$P < 0:01,
and ani+SS-31+CSE vs. SS-31+CSE. Abbreviations: ani: anisomycin; CSE: cigarette smoke extract; P-P38: phosphorylated P38.
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abolished by the MAPK activator anisomycin (Figures 11(a)
and 11(b)). Thus, activation of the P38 MAPK signaling
pathway can block the protective effects of SS-31 against
CSE-induced mitochondrial dysfunction.

4. Discussion

SS-31 is a Szeto–Schiller peptide that selectively targets the
inner mitochondrial membrane and exerts protective effects
during inflammatory responses and oxidative stress [25–
27]. In the current study, we found that SS-31 attenuated
CS-induced airway inflammation, mucus hypersecretion,
and oxidative stress in mice. SS-31 also preserved mitochon-
drial function through up- and downregulation of mitochon-
drial proteins (OPA1 andMFF, respectively) and by blocking

the release of cytochrome c into the cytosol. The results of the
RNA sequencing analysis suggested that these effects may be
related to inhibition of CS-induced MAPK signaling. In vitro
experiments demonstrated that SS-31 protected BEAS-2B
cells from CSE-induced inflammation, oxidative damage,
and mitochondrial dysfunction via suppression of the MAPK
signaling pathway.

CS-induced mitochondrial oxidative stress amplifies
airway inflammation and airway mucus hypersecretion and
is closely associated with COPD progression [28, 29]. Anti-
oxidants are beneficial in COPD as they inhibit the inflam-
matory response [30]. SS-31 was shown to suppress
inflammation, as evidenced by the decreased levels of IL-6,
IL-1β [16, 31], TNF-α [31], and MMP9 [14]. Additionally,
SS-31 restored the activities of SOD, MDA [30], and MPA
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Figure 10: SS-31 suppresses CSE-induced oxidative stress via inhibition of MAPK signaling. (a) Intracellular ROS generation in BEAS-2B
cells. (b–d) Activities of MDA (b), SOD (c), and GSH-Px (d) in cells (n = 3 per group). ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001, and ∗∗∗∗P <
0:0001 vs. control; ##P < 0:01 and ###P < 0:001 vs. ani+CSE; &P < 0:05 and &&&P < 0:001 vs. CSE; $$P < 0:01 and ani+SS-31+CSE vs. SS-31
+CSE. Abbreviations: ani: anisomycin; CSE: cigarette smoke extract; GSH-Px: glutathione peroxidase; MDA: malondialdehyde; ROS:
intracellular reactive oxygen species; SOD: superoxide dismutase.
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[12] and mitigated ROS production [32], thereby balancing
oxidative status. These results provide novel evidence that
SS-31 has a protective role against CS-induced airway inflam-
mation and oxidative stress and thus has therapeutic potential
for the treatment of CS-related lung disorders such as COPD.

CS-induced mitochondrial dysfunction has been linked
to the initiation and progression of COPD [8], which may
be effectively treated with mitochondrial-targeting antioxi-
dants [28]. SS-31 restored the balance of cytochrome c levels
between mitochondria and the cytoplasm in renal fibrosis
[33] and obstructive nephropathy [34]. Pretreatment with
SS-31 also reversed alterations in the expression of the mito-
chondrial proteins dynamin-related protein (DRP) 1, FIS1,
mitofusin (MFN) 1, MFN2, and OPA1 in Alzheimer disease
[35]. Here, we demonstrate for the first time that SS-31 coun-
ters CS-induced airway inflammation and oxidative stress by
alleviating mitochondrial dysfunction.

The RNA sequencing analysis revealed that SS-31 altered
the expression of 4038 genes in mouse lung. Interestingly,
one of the genes that was upregulated was the circadian clock
gene nuclear receptor subfamily 1 group D member (NR1D)
1. The downregulation of NR1D1 has been linked to patho-
logic changes in the respiratory tract induced by CS [36].
Pretreatment with an NR1D1 agonist and antagonist blocked
IL-1β secretion and increased macrophage and neutrophil
infiltration, respectively [37], while mutation of the NR1D1
gene enhanced inflammation and chemokine release [38,
39]. NR1D1 regulates mitochondrial energy production and

enhances cellular antioxidant mechanisms to protect cells
against oxidative stress [40]. Thus, the modulation of mito-
chondrial oxidative stress and inflammation by SS-31 may
involve disruption of the circadian clock, with NR1D1 serv-
ing as a downstream target of SS-31.

The RNA sequencing results suggested that SS-31 regu-
lates many aspects of cell function including epithelial cilium
movement and cilium assembly. CS exposure was shown to
result in cilia loss and impaired beating [41], and alterations
in cilia structure or function have been implicated in COPD
pathogenesis [42]. Signaling molecules involved in the occur-
rence and development of COPD such as MAPK and cAMP
help regulate inflammation and airway remodeling, as does
extracellular matrix degradation [43]. AMPK modulates
inflammatory responses, senescence, mitochondrial dysfunc-
tion, and metabolic dysregulation [44]. There is increasing
evidence that constitutive or aberrant MAPK activation con-
tributes to several COPD-associated phenotypes including
mucus overproduction and secretion, inflammation, and
cytokine expression [45, 46]. Various small-molecule inhibi-
tors may exert lung-protective effects by blocking the ERK1/2
and MAPK signaling [43, 47]. It was previously reported that
SS-31 exerts antioxidant effects by suppressing the activation
of P38 MAPK [48–50]. This was confirmed by our observa-
tion that SS-31 treatment reversed the increases in ERK and
P38 phosphorylation in CS-exposed mice. Thus, SS-31 pro-
tects the lungs in COPD by attenuating CS-induced activa-
tion of the ERK/P38 MAPK pathway, which was supported
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Figure 11: SS-31 protects against CSE-induced mitochondrial dysfunction via suppression of MAPK signaling. (a, b) Protein levels of OPA1
and MFF detected by western blot in BEAS-2B cells (n = 3 per group). ∗∗P < 0:01, ∗∗∗P < 0:001, and ∗∗∗∗P < 0:0001 vs. control; #P < 0:05 and
##P < 0:01 vs. ani+CSE; &P < 0:05 vs. CSE. Abbreviations: ani: anisomycin; CSE: cigarette smoke extract; MFF: mitochondrial fission factor;
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by the finding that the MAPK activator anisomycin [51]
partly reversed the anti-inflammatory and antioxidant effects
of SS-31 in response to CSE in bronchial epithelial cells.

The current study had several limitations. Firstly, in
order to minimize the number of mice used, we did not
include a control group that was pretreated with SS-31 but
was not exposed to CS. Secondly, two BALF samples were
not lavaged successfully in the CS and SS-31 (high)+CS
groups; because of the small sample size, the inhibitory effect
of 5mg/kg SS-31 on the number of neutrophils in the BALF
may have been minimized. Thirdly, because of a lack of spe-
cific equipment, we did not examine the effect of SS-31 treat-
ment on lung function in mice exposed to CS. Finally, the
effects of anisomycin and SS-31 on mitochondrial cyto-
chrome c were not evaluated because of the difficulty of
extracting this protein. A major challenge of studies on CS-
induced inflammation is translating the experimental data
into clinically relevant studies. For the clinical application
of SS-31 in the treatment of CS-related disorders in humans,
additional studies are needed to determine the appropriate
dosing and potential adverse effects.

5. Conclusion

The results of this study demonstrate that SS-31 has thera-
peutic potential for the treatment of CS-induced lung disea-
ses—particularly COPD—based on its anti-inflammatory
and antioxidant properties in vitro and in vivo, which involve
the downregulation of MAPK signaling and modulation of
mitochondrial function.
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Background. Airway smooth muscle (ASM) remodeling is a hallmark in chronic obstructive pulmonary disease (COPD). NADPH
oxidase 4- (NOX4-) mediated reactive oxygen species (ROS) production plays a crucial role in cell differentiation and extracellular
matrix (ECM) synthesis in ASM remodeling. However, the precise mechanisms underpinning its pathogenic roles remain elusive.
Methods. The expression of NOX4 and TGF-β1 in the airway of the lung was measured in COPD patients and the control group.
Cigarette smoke- (CS-) induced emphysema mice were generated, and the alteration of α-SMA, NOX4, TGF-β1, and collagen I was
accessed. The changes of the expression of ECMmarkers, NOX4, components of TGF-β/Smad, andMAPK/Akt signaling in human
bronchial smooth muscle cells (HBSMCs) were ascertained for delineating mechanisms of NOX4-mediated ROS production on cell
differentiation and remodeling in human ASM cells. Results. An increased abundance of NOX4 and TGF-β1 proteins in the
epithelial cells and ASM of lung was observed in COPD patients compared with the control group. Additionally, an increased
abundance expression of NOX4 and α-SMA was observed in the lungs of the CS-induced emphysema mouse model. TGF-β1
displayed abilities to increase the oxidative burden and collagen I production, along with enhanced phosphorylation of ERK,
p38MAPK, and p-Akt473 in HBSMCs. These effects of TGF-β1 could be inhibited by the ROS scavenger N-acetylcysteine
(NAC), siRNA-mediated knockdown of Smad3 and NOX4, and pharmacological inhibitors SB203580 (p38MAPK inhibitor)
and LY294002 (Akt inhibitor). Conclusions. NOX4-mediated ROS production alters TGF-β1-induced cell differentiation and
collagen I protein synthesis in HBSMCs in part through the p38MAPK/Akt signaling pathway in a Smad-dependent manner.

1. Introduction

Chronic obstructive pulmonary disease (COPD) is a major
cause of chronic mortality, which accounts for over 3 million
annual deaths worldwide [1, 2]. Based on previous large epi-

demiological studies, the number of COPD cases was 384
million in 2010, with a global prevalence of 11.75% [1, 2].
Despite substantial advances in the pathophysiological
diagnostics and treatments of COPD, chronic airway
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inflammation, overwhelming oxidative stress, protease and
antiprotease imbalance, cell apoptosis, and airway remodel-
ing (ARM) have recently been suggested as main drivers in
the pathogenesis of COPD [3, 4]. However, the mechanism
underlying the pathogenesis of COPD is yet to be clarified.

Due to exposure to exogenous sources of reactive oxygen
species (ROS), such as cigarette smoke (CS), air pollutants, or
endogenously released ROS from leukocytes and macro-
phages involved in the inflammatory process, oxidative stress
was increased in patients with COPD [5, 6]. ROS function as
signaling molecules that play a major role in cell growth, dif-
ferentiation, apoptosis, gene expression, and activation of cell
signaling pathways [7, 8]. Excessive ROS accumulation can
also induce oxidative stress and result in cell damage. Lungs
are vulnerable to oxidative stress due to the relatively high-
oxygen environment, increased blood supply, and exposure
to environmental pathogens and toxins [9]. Several enzymes
have been identified to be involved in the generation of ROS.
Among these, the members of the nicotinamide adenine
dinucleotide phosphate oxidase (NOX) family were regarded
as the primary ROS-generating enzymes [8]. Although the
accumulation of O2- is the primary biological function of
NOX, the signaling is mediated by H2O2. Notably, NOX4 is
unique among NOX1–5 isoforms in generating H2O2.
Strikingly, NOX4 is mainly expressed in smooth muscle cells,
fibroblasts, and endothelial cells [10]; NOX4 exacerbates the
progression of COPD mainly through oxidative stress [10].
Our previous studies demonstrated that abundant NOX4
protein was detected in ASM cells of small airways in COPD
and was positively correlated with ASM cell proliferation and
the deposition of the extracellular matrix (ECM), while it was
inversely associated with pulmonary function [11]. However,
the role of NOX4 in the pathogenesis of COPD is yet unclear.

The normal structure and function of the airway are
important for respiratory and pulmonary physiology. The
dysfunctional narrowing of the conducting airways and
impaired relaxation occur in patients with COPD and
asthma [12–16]. Recently, accumulating evidence demon-
strated that the expression of NOX4 was significantly
elevated in airway smooth muscle (ASM), resulting in
enhanced ROS and oxidative stress in asthma patients and
COPD subjects [10]. Together with our previous findings
that NOX4 protein was elevated in ASM cells of small air-
ways along with the disease severity in COPD patients [11],
these studies implied that NOX4 plays a major role in ASM
hyperplasia and hypertrophy in the lungs of chronic pulmo-
nary diseases. However, the role of these molecules as a
modulator of ASM hyperplasia and hypertrophy in oxidative
stress is yet to be elucidated.

Accumulated evidence indicated that ECM protein is
implicated in multiple signaling pathways. It acts as a bioac-
tive entity that regulates many cellular activities able to affect
the pathogenesis of lung diseases [17, 18]. For instance, ASM
cells exhibited a proliferative phenotype in response to pep-
tide mitogens when they were seeded on substrates of either
fibronectin (FN) or collagen I (Col I) [19]. In a rat model of
COPD, the stimulation of ECM components, such as colla-
gen subtypes I and III, also displayed an ability to induce
the proliferation, migration, and adhesion of ASM cells

[20]. Therefore, we inferred that the changes in collagen I
affect lung function and cell biology. Importantly, the dysreg-
ulation of collagen I may provide a positive feedback loop to
drive airway remodeling. However, the underlying mecha-
nisms also need to be investigated further.

TGF-β regulates multiple cellular processes, such as
growth suppression of epithelial cells, alveolar epithelial cell
differentiation, fibroblast activation, and ECM organization,
which is tightly associated with tissue remodeling by enhanc-
ing oxidative stress in series airway disease [21–23]. Mecha-
nistically, TGF-β is cleaved to form a mature TGF-β dimer
noncovalently associated with latency-associated peptide
(LAP). Then, the secreted complex is bound by latent TGF-
β binding protein (LTBP), which can be stored in the extra-
cellular milieu [24]. In a dimeric form, TGF-β binds to the
type I receptor (TGF-βR-I, also known as ALK-5). TGF-
βR-I effectuates by regulating the canonical Smad-
dependent pathway. It phosphorylates the intracellular signal
transducers, Smad2 and Smad3. Phosphorylated Smad2 and
Smad3 interact with Smad4 and translocate into the nucleus.
In addition to this canonical pathway, TGF-β also activates
the mitogen-activated protein kinase cascades and RhoA-
GTPase [25]. Previously, we found that the expression of
TGF-β in both ASM cells and airway epithelial cells (AECs)
was increased along with the disease severity in COPD
patients, suggesting that the level of TGF-β protein in ASM
of small airways was correlated with the expression of
NOX4 [11]. However, the role of downstream molecules in
oxidative stress for ASM remodeling is still uncertain.

In view of the functions of NOX4 in ROS production and
ASM hyperplasia and hypertrophy in COPD airway remod-
eling, as well as the contribution of TGF-β in the disruption
of oxidant/antioxidant balance in ASM cells, we hypothe-
sized that TGF-β induces intracellular ROS production in
ASM cells through a mechanism by upregulating NOX4,
substantially leading to ASM hyperplasia and hypertrophy.

2. Materials and Methods

2.1. Ethics Statement. Human samples were collected with a
protocol approved by the Ethics Committee for the Conduct
of Human Research of Ningxia Medical University (NXMU-
2015-205).Written consent was obtained from every individ-
ual according to the Ethics Committee for the Conduct of
Human Research protocol. All participants signed informed
consent for scientific research of clinical data during hospi-
talization and were provided written informed consent for
the publication of the data. The Ethics Committee for the
Conduct of Human Research at General Hospital of Ningxia
Medical University approved the consent procedure for this
study (NXMU-2015-205).

2.2. Subjects and Data Collection. A total of 28 patients with
COPD and 21 of gender- and age-matched individuals with
normal lung function were recruited in the General Hospital
of Ningxia Medical University from March 2016 to Septem-
ber 2017. All enrolled individuals with or without COPD suf-
fered from a suspected early stage of non-small-cell lung
cancer (NSCLC) and undergone pneumonectomy or
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lobectomy. The diagnosis of COPD was essentially according
to the criteria of the Global Initiative for Chronic Obstructive
Lung Disease (GOLD 2015). The exclusion criteria were as
follows: patients accompanied with (1) other chronic lung
diseases, such as bronchial asthma, sleep apnea-hypopnea
syndrome, bronchiectasis, pulmonary fibrosis, and intersti-
tial lung disease, and (2) abnormal liver and kidney function,
known ischemic heart disease, congestive heart failure, struc-
tural heart disease, prior thromboembolic disease, cerebro-
vascular disease, peripheral arterial disease, hepatitis, and
autoimmune disease were excluded in this study.

Basic demographic information was collected using a
specifically designed questionnaire after written informed
consent was obtained. Standard pulmonary function testing
was performed on all subjects before the surgical perfor-
mance. The pulmonary function was ascertained by measur-
ing the postbronchodilator forced vital capacity (FVC) and
forced expiratory volume in one second (FEV1), using a
MasterScreen PFT spirometer system (CareFusion, San
Diego, CA, USA). The routine blood testing was performed
before antibiotic treatment and automated differential counts
including white blood cells, neutrophils, and lymphocytes.
The neutrophil-lymphocyte ratio (NLR) was calculated and
collected. The demographics and clinical data of individuals
were collected.

2.3. Animal Experiments. In order to exclude the impact of
sex hormones on the generation of the COPD mouse model,
male mice were employed in this study. C57BL/6 mice (male,
6–8 weeks old, and 18–22 g) were purchased from the Ani-
mal Center of Guangzhou University of Chinese Medicine
(Guangzhou, China) and housed in specific pathogen-free
environment conditions under 12 h light/dark cycles with
ad libitum access to standard food and water [26]. All exper-
imental protocols were approved by the Ethics Committee of
Animal Experiments of Guangzhou Medical University.
Mice were exposed to cigarette smoke (CS) as described
previously [27]. The control mice were exposed to clean air.

2.4. Histology. For human lung tissue, COPD and normal
lung tissues were collected and the analysis of the small
airway of histochemistry and immunohistochemistry was
according to our previous description [11, 28]. Parameters
of the ASM mass in the small airway were measured as an
index of the area of ASM/transverse area of the small airway
(WA%) as previously described [11, 28]. For the mouse
model, the enlargement of alveolar spaces was quantified by
the measure of the mean linear intercept (MLI) in the control
and CS-exposed groups of mice in a blinded manner, as pre-
viously described [26]. The thickness of the small airway wall
was analyzed according to methods described by our group
previously. In brief, small airways cut transversely and, with
a basement membrane perimeter less than 1000mm, were
examined. The indicator of airway remodeling was measured
as an index of the small airway wall area/length (mm2/mm).
At least five small airways were counted on each slide [26].
The histology was performed on 4.0μm thick paraffin sec-
tions of lung tissues of mice or human individuals. Sections
were incubated with NOX4 (1 : 100), α-SMA (1 : 500), anti-

TGF-β1 (1 : 250), and anti-collagen I antibodies (1 : 200)
(see supplementary data for details (available here)).

2.5. Preparation of Cigarette Smoke Extract. CS extract (CSE)
was prepared as described previously [27].

2.6. Cell Culture. Human bronchial smooth muscle cells
(HBSMCs) were purchased from ScienCell Research Labo-
ratories (Cat. No. 3400) (San Diego, CA, USA). After
starvation for 24 h in DMEM/F-12 with 0.5% FBS, the cells
were pretreated with PD98059 (10μM), SB203580 (10μM),
LY294002 (10μM), and N-acetylcysteine (NAC; 1, 5, and
10mM, respectively) for 1 h before the addition of TGF-β1
(2 ng/mL).

2.7. Western Blot Assay. Protein expression was ascertained
by an immunoblotting assay using the Criterion Western
Blot 132 system (Bio-Rad), and appropriate primary and
secondary antibodies were utilized: rabbit polyclonal anti-
NOX4 (1 : 500, Novus Biologicals, Littleton, CO, USA), rabbit
polyclonal anti-α-SMA (1 : 1000, Abcam, Cambridge, UK),
and rabbit polyclonal anti-collagen I (1 : 2000, Abcam). The
relative expression level of proteins of interest was normal-
ized to that of the GAPDH internal housekeeping control
protein. Data are represented as fold change over the control.

2.8. ELISA. The content of TGF-β1 in HBSMC supernatants
was measured by a commercial TGF-β1 human ELISA kit
(R&D Systems) per the manufacturer’s instructions. The
absorbance was read at 450nm on a microplate reader
(Thermo Fisher Scientific, Finland).

2.9. Measurement of Intracellular ROS. Intracellular ROS
levels were determined by measuring the mean fluorescence
intensity of 2′,7′-dichlorodihydrofluorescein diacetate
(H2DCFH-DA) per the manufacturer’s manual (Cat. No.
D399, Molecular Probes, USA).

2.10. Quantitative Real-Time PCR. Total RNA was extracted
from cultured HBSMCs. Reverse transcription was performed
using a PrimeScript RT Reagent Kit (Takara Bio, Kyoto,
Japan). The expression of NOX4, α-SMA, and GAPDH
mRNAs was determined by quantitative real-time PCR reac-
tion using the SYBR Green PCR system (Takara Bio, Kyoto,
Japan). The data were normalized to that of GAPDH and
expressed as fold change over the control.

2.11. Immunofluorescence Staining. The cells were fixed with
4% paraformaldehyde for 15min at room temperature,
followed by the staining protocol (see supplementary data
for details (available here)).

2.12. Small Interfering RNA (siRNA) Transfection. NOX4,
Smad3, and sham control (NC) siRNA were obtained from
GenePharma (Suzhou, China) and transfected into HBSMCs
using Lipofectamine™ RNAiMAX (Thermo Fisher Scientific)
for 6 h. Then, the cells were stimulated with 2ng/mL TGF-β1
for the indicated time points.

2.13. Statistical Analysis. All data are presented as means ±
standard deviations ðSDÞ and analyzed using GraphPad
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Prism 7.0 software (GraphPad Software Inc., La Jolla, CA,
USA). ANOVA with LSD was used for multiple compari-
sons. P value < 0.05 was considered statistically significant.

3. Results

3.1. Demographic Data. Twenty-eight patients with COPD
were enrolled in this study, including 20 males and 8 females
with a mean age of 59:68 ± 9:43 years. And twenty-one non-
COPD patients were enrolled in this study, included 9 males
and 12 females with a mean age of 55:43 ± 7:65 years. The
WBC, neutrophils, and neutrophil-lymphocyte ratio (NLR)
were significantly increased in the sera of COPD patients
(6:72 ± 2:28, 4:20 ± 1:84, and 2:56 ± 1:22) compared to
non-COPD patients (5:34 ± 1:08, 2:87 ± 0:71, and 1:72 ±
0:94), respectively (P < 0:01), but there was no difference in
the lymphocytes between the COPD patients and the control.
The value of parameters of pulmonary functions including
FEV1, FEV1%pred, and FEV1/FVC% was significantly
different in patients with COPD compared with non-COPD
subjects (Table 1).

3.2. Elevated Expression of NOX4, α-SMA, and TGF-β1 in the
Small Airways of COPD Patients. Emerging research con-
firmed that the elevated expression of the TGF-β1 is evident
in the airway smooth muscle of COPD patients [11, 29, 30].
Furthermore, TGF-β1 is a potent inducer of expression of
NOX4, which triggers reactive oxygen species production,
proliferation, and hypertrophy in cultured human airway
smooth muscle cells [28]. We investigated the role of TGF
and prooxidant enzyme NOX4 in COPD patients. The mor-
phological analysis by HE staining revealed that an index of
the area of airway smooth muscle (ASM)/transverse area of
the small airway (WA%) in COPD patients was thicker than
that in control patients (Figures 1(a)–1(c)). The expression of
α-SMA (Figures 1(d)–1(f)) was increased in ASM cells of the
lungs of COPD patients than the lungs of non-COPD
individuals. More abundant NOX4 (Figures 1(g)–1(i)) and
TGF-β1 (Figures 1(j)–1(l)) proteins in the epithelial cells
and ASM cells were observed in the lungs of COPD patients
than the lungs of control individuals by immunohistochem-
ical staining (IHC).

3.3. Enhanced NOX4 and TGF-β1 Expression in Both
Emphysematous Animal Models Induced by Cigarette Smoke
(CS) and Cell Exposure to Cigarette Smoke Extract (CSE). To
explore the role of the interaction between NOX4 and TGF-
β1 in CS-induced COPD mice, the COPD mouse model
exposed to CS with severe enlargement and destruction of
alveoli in CS-exposed mice was firstly generated (Figure 2(a),
n = 5 for both groups). Histological analysis showed that the
mean linear intercept (MLI) in the lungs of the CS-exposed
mice was significantly larger than that of the clean air-
exposed mice (Figure 2(b), n = 5 for both groups), indicative
of emphysematous lungs in the CS-exposed mice. The thick-
ness of airway walls was quantified using the indicator of the
small airway wall area/length (mm2/mm), which did not show
statistical significance between CS-induced mice and control
mice (P > 0:05) (Figure 2(e)). Immunoblotting assay results

showed that compared with clean air-exposed mice, the
expression of NOX4 and Smad3 phosphorylation was remark-
ably elevated in CS-exposed mice; the expression of TGF-β1
and α-SMA was increased but not statistically significant in
CS-exposed mice (Figures 2(c) and 2(d), n = 6 for both
groups). IHC showed that the immunoreactivity of NOX4,
TGF-β, and α-SMA was increased in small airways of the
CS-exposed mouse lungs as compared to that of the control
group mice (Figure 2(e), n = 5 for both groups). In addition,
the expression ofNOX4 and TGF-β1mRNAs was upregulated
under stimulation with various concentrations of CSE
(Figures 2(f) and 2(g)) for 24h; and the increased levels of
TGF-β1 protein induced by various concentrations of CSE
for the indicated time in cell supernatants were assessed by
ELISA (Figures 2(h) and 2(i)). These findings suggested that
an increased level of NOX4 and TGF-β1 is found in the lungs
of CS-induced emphysema mice and in HBSMC treatment
with CSE.

3.4. NOX4 Is a Target of the Canonical TGF-β Pathway, along
with α-SMA and Col I in HBSMCs. Previously, we reported a
correlation between increased expression of NOX4 and TGF-
β and ASM remodeling of small airways in patients with
COPD [11]. TGF-β1 contributes to airway remodeling by
driving ECM production and deposition [31]. To further
investigate the effect of TGF-β1 on the expression of NOX4,
α-SMA, and Col I in HBSMCs, cells were treated with various
concentrations of TGF-β1 for the indicated time points. The
results showed that 2 ng/mL TGF-β1 significantly upregu-
lated the levels of NOX4 mRNA in HBSMCs at 4 h, which
peaked at 12h and remained high at 36h (Figure 3(a)), and
the increased expression of NOX4 mRNA was induced by
0.5-10 ng/mL TGF-β1 for 24 h (Figure 3(b)). Simultaneously,
the level of α-SMA mRNA was significantly increased after
incubation with 2ng/mL TGF-β1 at the indicated time
(Figure 3(c)), and the upregulated expression of α-SMA
mRNA was induced by 0.5-10 ng/mL TGF-β1 for 24 h in
HBSMCs (Figure 3(d)). Furthermore, the abundance of

Table 1: Demographics of COPD patients and healthy cohorts.

Demographics Control (n = 21) COPD (n = 28) P values

Age 55:43 ± 7:65 59:68 ± 9:43 0.10

Gender
(male/female)

9/12 20/8

WBC (×109/L) 5:34 ± 1:08 6:72 ± 2:28 0.01

Neutrophils
(×109/L) 2:87 ± 0:71 4:20 ± 1:84 ≤0.01

Lymphocytes
(×109/L) 1:87 ± 0:58 1:76 ± 0:52 0.48

NLR 1:72 ± 0:94 2:56 ± 1:22 0.01

FEV1 2:70 ± 0:68 2:18 ± 0:72 0.02

FVC 3:40 ± 0:86 3:55 ± 0:88 0.55

FEV1/FVC% 79:74 ± 3:31 60:95 ± 10:57 ≤0.01

FEV1%pred 101:95 ± 19:60 82:09 ± 26:53 0.04

FEV1: forced expiratory volume in one second; FVC: forced vital capacity;
NLR: neutrophil-lymphocyte ratio; WBC: white blood cell.
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Figure 1: Elevated expression of NOX4, α-SMA, and TGF-β1 in the smooth muscle of the small airway of the human COPD lung. (a, b)
Representative images depicted morphological changes as determined by HE staining of the lungs of the non-COPD lung (a) and COPD
lung (b). (c) An increased area of airway smooth muscle (ASM)/transverse area of the small airway (WA%) in COPD patients (n = 28)
compared to the non-COPD control small airway (n = 21). (d–f) Representative images of immunohistochemical staining (IHC) of α-
SMA in the lungs of non-COPD patients (d) and COPD patients (e), and more abundant α-SMA was detected in COPD lungs over non-
COPD lungs (f). (g–i) Representative images of immunohistochemical staining (IHC) of NOX4 in the lungs of non-COPD patients (g)
and COPD patients (h), and more abundant NOX4 was detected in the airway smooth muscle cell (i) and airway epithelial cell (l) in
COPD patients’ lungs over non-COPD patients’ lungs. (j–l) Representative images of immunohistochemical staining (IHC) of TGF-β1 in
the lungs of non-COPD patients (j) and COPD patients (k), and more abundant TGF-β1 was observed in the airway smooth muscle cell
(i) and airway epithelial cell (l) in COPD lungs relative to non-COPD lungs. Data was presented as mean ± SD.
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Figure 2: Elevated expression of NOX4 and TGF-β1 in CS-induced emphysema mice and CSE-treated HBSMCs. (a) Representative images
depicted morphological changes as determined by HE staining of the lungs of mice exposed to clean air or CS. (b) The mean linear intercept
of alveoli. (c) Protein expression of NOX4, TGF-β1, and α-SMA was measured by Western blot in the lungs of mice exposed to clean air
(n = 6) or CS-induced mice (n = 6). (d) Relative to the expression of indicated proteins. (e) Representative images of HE staining and
immunohistochemical staining of α-SMA, NOX4, TGF-β1, and collagen I in the lungs of mice exposed to clean air (n = 5) or CS-induced
mice (n = 5). (f, g) The mRNA expression of NOX4 and TGF-β1 induced by indicated concentrations of CSE for 24h. (f) NOX4 mRNA
expression. (g) TGF-β1 mRNA expression. (h, i) The protein content of TGF-β1 induced by various concentrations of CSE for the indicated
time points. (h) The levels of TGF-β1 induced by different concentrations of CSE. (i) The levels of TGF-β1 induced by 0.5% CSE at the
indicated time points. Data was represented as mean ± SD. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 compared to the control. CS: cigarette
smoke; CSE: cigarette smoke extract.
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Figure 3: Continued.
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NOX4, α-SMA, and Col I proteins was significantly increased
after incubation with 2ng/mL TGF-β1 for the indicated time
(Figures 3(e) and 3(g)), and the increased expression of
NOX4, α-SMA, and Col I proteins was induced by various
concentrations TGF-β1 (Figures 3(f) and 3(h)). Double
immunofluorescence staining demonstrated that the expres-
sion of NOX4 and α-SMA was markedly increased in TGF-
β1 as compared with the control (Figure 3(i)), and the immu-
nofluorescence result further demonstrated the increased
expression of α-SMA and the excess production of Col I
induced by TGF-β1 compared with the control (Figure 3(j)).
Therefore, TGF-β1 was able to upregulate the expression of
NOX4, along with the expression of α-SMA and the excess
production of Col I.

3.5. NOX4-Derived ROS Was Required for TGF-β1-Induced
α-SMA and Col I Expression in HBSMCs. Oxidative stress is
a critical amplifying mechanism in COPD, and the core
factor is the increased ROS [5, 32]. Next, we accessed the
intracellular ROS levels triggered by TGF-β1 by DCFH-DA
staining in HBSMCs. As shown in Figure 4(a), TGF-β1

increases the intracellular ROS to a maximal level of 2.5-fold
at 18 h. To determine the effect of ROS on HBSMCs, we pre-
treated the cells with NAC, a scavenger of ROS (1–10mM),
for 1 h before the TGF-β1 treatment, and then detected that
the levels of intracellular ROS and the protein and mRNA
levels of NOX4, α-SMA, and Col I in HBSMCs. The results
showed that NAC (5 and 10mM) significantly reduced the
intracellular ROS (Figure 4(b)), downregulated the expres-
sion of NOX4, α-SMA, and Col I proteins (Figures 4(c)–4(f
)) and the mRNA level of α-SMA (Figure 4(h)), but did not
alter the expression of NOX4 mRNA (Figure 4(g)). Conse-
quently, these results indicated that ROS mediated the
TGF-β1-induced expression of NOX4, α-SMA, and Col I in
HBSMCs.

Next, we explored the correlation between NOX4 and
intracellular ROS as well as the effect of oxidative stress on
ECM deposition and HBSMC proliferation. First, the effi-
ciency of the knockdown of four duplexes of human NOX4
siRNA sequences was evaluated by real-time PCR and West-
ern blot in HBSMCs (Suppl. Fig. S1A-B) and NOX4-4 siRNA
was selected as the target sequence of the knockdown of the
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Figure 3: Effects of TGF-β1 on the expression of NOX4, α-SMA, and collagen type I in HBSMCs. (a, c, e) Cells were incubated with TGF-β1
(2 ng/mL) for the indicated time. (b, d, f) Cells were stimulated with various concentrations of TGF-β1 (0.5-10 ng/mL) for 24 h (mRNA levels)
or 36 h (protein levels). (a, b) The mRNA levels of NOX4 were determined by real-time Q-PCR. (c, d) The mRNA levels of α-SMA were
determined by real-time Q-PCR. (e–h) The protein expression of NOX4, α-SMA, and collagen I was determined by Western blot. (i)
Double immunofluorescence staining for colocalization of NOX4 (green) and α-SMA (red) in HBSMCs. DAPI (blue) labeled the nuclei.
(j) Representative images of immunofluorescence staining of α-SMA (green) and collagen I (green) expression. Nuclei were labeled with
DAPI (blue) in cells treated with/without 2 ng/mL TGF-β1 for 36 h. Data was represented as mean ± SD from three independent
experiments and presented as mean ± SD. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 compared to the unstimulated control. #P < 0:05
compared to the unstimulated control. &P < 0:05 compared to the unstimulated control.
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NOX4 gene (Figures 5(a), 5(e), and 5(h)). Next, we trans-
fected NOX4 siRNA to the knockdown of the NOX4 gene,
followed by treatment with or without TGF-β1 (2 ng/mL)
for 24 or 36 h. We found that the knockdown of the NOX4
gene significantly suppressed the TGF-β1-induced protein
and mRNA expression of α-SMA (Figures 5(b), 5(e), and
5(i)) and inhibited the protein expression of Col I
(Figures 5(e) and 5(g)). Furthermore, the flow cytometry con-
firmed that TGF-β1-induced production of intracellular ROS
was inhibited by NOX4 siRNA transfection (Figure 5(j)).
These results suggested that NOX4mediated TGF-β1-induced
α-SMA and Col I expression and the production of ROS in
HBSMCs.

Smad is activated by TGF-β1 enrolled in various signal
pathways, and Smad3 is the key downstream transcript factor
of the TGF-β1 signaling cassette [25, 30]. In this study, we
observed that TGF-β1 activated Smad3 phosphorylation at
30min, which decreased gradually over a 24 h period (Suppl.
Fig. S2A). To confirm the involvement of Smad3 in TGF-β1-
induced NOX4, α-SMA, and Col I gene expression and the
production of ROS in HBSMCs, the Smad3 expression was
knocked down by transfection of Smad3 siRNA in HBSMCs.
The result of Western blot showed that the abundance of
Smad3 protein was reduced by 84:53 ± 1:67% after the trans-
fection of Smad3 siRNA as compared with cells transfected
with the control siRNA, and the knockdown blocked the
TGF-β1-induced phosphorylation of Smad3 (Suppl. Fig.
S2B). The specific knockdown of Smad3 significantly
decreased the TGF-β1-induced mRNA expression of NOX4
(Figure 5(c)) and α-SMA (Figure 5(d)), suppressed the expres-
sion of NOX4, α-SMA, and Col I proteins (Figures 5(f) and
5(k)–5(m)), and inhibited TGF-β1-induced intracellular ROS
production in HBSMCs (Figure 5(n)). As to the previous
report, the phosphorylation of Smad3 was mediated by ROS,

but the effect of NOX4 on the phosphorylation of Smad3
was unclear. Our study showed that NOX4 siRNA
(Figure 5(o)) and NAC treatment (Figure 5(p)) significantly
inhibited the TGF-β1-mediated phosphorylation of Smad3.
Consequently, these results suggested that TGF-β1-induced
NOX4 and α-SMA expression and Col I synthesis of HBSMCs
were dependent on Smad3, and the production of ROS had a
positive feedback effect on the phosphorylation of Smad3.

3.6. ROS-Mediated Activation of p38MAPK/Akt SignalingWas
Responsible for TGF-β1-Induced α-SMA and Col I Expression.
As a Smad3-independent pathway, the activation of the
MAPK or Akt pathway is known to participate in the effect
of TGF-β1-induced cell differentiation and ECM synthesis in
airway structure cells. We further detected the activation of
MAPK and Akt pathways in response to TGF-β1. We found
that TGF-β1 increased phosphorylation of ERK, p38MAPK,
and p-Akt473 in a time-dependent manner but has no effect
on p-Akt308 in HBSMCs (Suppl. Fig. S3A-D). The pretreat-
ment with various inhibitors PD98059 (10μM), SB203580
(10μM), and LY294002 (10μM) for 1h before TGF-β1 treat-
ment has no effect on the expression of NOX4 in protein
(Figure 6(a)) and mRNA levels (Figure 6(d)). PD98059, an
ERK1/2 MAPK inhibitor, had no effect on the expression of
α-SMA and collagen I in mRNA and protein levels induced
by TGF-β1 in HBSMCs (Figures 6(b), 6(c), and 6(e)). How-
ever, SB203580 (p38MAPK inhibitor) and LY294002 (Akt
inhibitor) notably suppressed the TGF-β1-increased expres-
sion of α-SMA and collagen I in HBSMCs (Figures 6(b),
6(c), and 6(e)). To clarify the detailed correlation between
the activated signal molecules (p38MAPK and p-Akt473)
and NOX4 or Smad3, we further transfected specific NOX4
or Smad3 siRNA before TGF-β1 treatment. The results
showed that NOX4 or Smad3 siRNA could block the
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Figure 4: NAC scavenges ROS and attenuates TGF-β1-induced NOX4, α-SMA, and collagen type I expression in HBSMCs. (a, b) The
intracellular ROS levels were determined by flow cytometry in HBSMCs. (a) Cells were incubated with 2 ng/mL TGF-β1 for the indicated
time points. (b) Cells were pretreated with different concentrations of NAC (1-10mM) for 1 h and incubated with 2 ng/mL TGF-β1 for
18 h. (c–h) The protein and mRNA expression of NOX4, α-SMA, and collagen I in HBMSCs. Cells were pretreated with NAC (1-10mM)
for 1 h, then incubated with 2 ng/mL TGF-β1 for 24 h (mRNA expression) or 36 h (protein expression); the protein expression of NOX4,
α-SMA, and collagen I was determined by Western blot (c–f), and the mRNA expression of NOX4 and α-SMA was determined by real-
time PCR (g, h). Data was represented as mean ± SD from three independent experiments and presented as mean ± SD. ∗P < 0:05, ∗∗P <
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Figure 5: The effect of NOX4 siRNA and Smad3 siRNA on TGF-β1-induced expression of NOX4, α-SMA, and collagen I and the ROS
production in HBSMCs. Cells were transfected with either nontargeting (control) siRNA or NOX4 siRNA and Smad3 siRNA for 24 h and
then incubated with/without TGF-β1 (2 ng/mL) for 18 h (ROS levels), 24 h (mRNA levels), or 36 h (protein levels). (a–d) The mRNA level
of NOX4 (a, b) and α-SMA (c, d) was analyzed by real-time PCR. (e, f) The protein expression of NOX4, α-SMA, and collagen I was
analyzed by Western blot. (g–n) The immunoreactivity of NOX4 (h, l), α-SMA (i, m), and collagen I (g, k) was measured by ImageJ
software. (j, n) Intracellular ROS levels were detected by flow cytometry measuring DCF mean fluorescence intensity and fold change of
intracellular ROS levels. (o, p) Cells were transfected with siRNA for 24 h or pretreated with NAC (10mM) for 1 h. Treatment with TGF-
β1 for 0.5 h. The effect of Smad3 siRNA (j) and NAC (k) on the TGF-β1-induced level of basal and phosphorylation of Smad3 protein.
Data was represented as mean ± SD from three independent experiments and presented as mean ± SD. ∗∗P < 0:01, ∗∗∗P < 0:001, #P < 0:05,
##P < 0:01, and ##P < 0:001 compared to the control siRNA with/without TGF-β1.
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Figure 6: Continued.

14 Oxidative Medicine and Cellular Longevity



phosphorylation of p38MAPK and Akt (Figures 6(f) and
6(g)). The addition of NAC (10mM) also inhibited the phos-
phorylation of p38MAPK and Akt (Figures 6(h) and 6(i)).
Taken together, these data suggested that TGF-β1-induced
α-SMA and α-collagen I production in HBSMCs was medi-
ated by the Smad3-dependent NOX4-activated p38MAPK or
Akt signaling pathway.

4. Discussion

Our previous works revealed an increased expression of
NOX4 and TGF-β in the ASM of the small airway of the
human COPD lung, which was positively correlated with
the severity of airflow limitation [11]. In the present study,
we found that the expression of NOX4 and α-SMA was
markedly elevated in the small airway of COPD patients
and CS-induced emphysema mice. These data imply that

NOX4 may be a key player in the ASM remodeling during
the course and pathogenesis of COPD. In addition, we
further revealed that the feedback loop of NOX4-derived
ROS/Smad was involved in TGF-β1-mediated HBSMC
differentiation and collagen I production. Mechanistically,
the NOX4-derived ROS activated p38MAPK and Akt signal-
ing and substantially mediated TGF-β1-induced HBSMC
differentiation and collagen I production.

Interestingly, in this study, we observed the small airway
wall thickness in COPD patients compared with the control
group, but we failed to observe the airway wall thickness in
CS-induced COPD mice. In addition, we observed the
elevated expression of α-SMA and TGF-β1 in small airway
walls in COPD patients but not significantly in CS-induced
mice. However, we observed the remarkably elevated expres-
sion of the phosphorylated level of Smad3 in CS-inducedmice.
According to Tam et al.’s report [33], they focus on the impact
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Figure 6: ROS-mediated activation of p38MAPK/Akt signaling was responsible for TGF-β1-induced α-SMA and Col I expression. (a–e) Cells
were pretreated with different signaling pathway inhibitors PD98059 (10mM), SB203580 (10mM), and LY294002 (10mM) before exposure
to TGF-β1 (2 ng/mL). (a–c) The impact of inhibitors on the protein expression of NOX4 (a), α-SMA (b), and collagen I (c) after treatment
with 2 ng/mL TGF-β1 for 36 h, as determined by Western blot. (d, e) The impact of inhibitors on the mRNA levels of NOX4 (d) and α-
SMA (e) after incubation with 2 ng/mL TGF-β1 for 24 h; the mRNA levels were determined by real-time PCR. (f, g) Cells were transfected
with scramble control, NOX4, and Smad3 siRNA for 24 h and treated with 2 ng/mL TGF-β1 for 12 h; the protein levels of p-p38MAPK (f)
and p-Akt473 (g) were determined by Western blot. (h, i) Cells were pretreated with NAC (10mM) before exposure to TGF-β1 (2 ng/mL)
for 12 h; the protein levels of p-p38MAPK (h) and p-Akt473 (i) were detected by Western blot. Data was represented as mean ± SD from
three independent experiments and presented as mean ± SD. CON: control. For (a–e) and (h, i): ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001
compared to the control; #P < 0:05 and ##P < 0:01 compared to TGF-β1. For (f, g):

∗P < 0:05, ∗∗P < 0:01, and #P < 0:05 compared to the
control siRNA with/without TGF-β1.
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of female sex hormones on chronic cigarette smoke-induced
airway remodeling and emphysema in a mouse model of
COPD; their results showed that small airway wall remodeling
was increased in females but not males and was associated
with increased distal airway resistance and activation of
TGF-β1. In our study, the C57BL/6 mice were selected as
CS-induced COPDmice and control mice were all male mice;
this may be the reason why we did not observe the airway
remodeling in the CS-induced mouse model. Based on the
above conflicting data, we reasoned that the discrepancy of
the expression of TGF-β reported in different studies might
be caused by different sample collections and the proportion
of male and female subjects and the exposure factor or dura-
tion. These results and our findings merit further investigation
into the roles of TGF-β activities in the pathogenesis of
COPD. In addition, the cellular location of NOX4 was differ-
ent in the human lung biopsy determined by IHC assay and
the primary cells accessed by IF assay. We reasoned that the
discrepancy might be caused by means of staining and/or
the tissues used for this particular antibody.

TGF-β1 is a growth factor and cytokine involved in the
pathogenesis of asthma and other airway diseases [30]. It is
elevated in the lungs of COPD patients [29] and plays a role
in airway remodeling by enhancing ASM proliferation and
ECM deposition [34, 35]. In COPD patients, there was an
elevated expression of NOX4 and TGF-β1 in the small air-
ways accompanied with small airway remodeling, which
was consistent with an elevated expression of NOX4 and
phosphorylation of Smad3 in the lungs of CS-induced mice.
This result was divergent from the finding reported in a pre-
vious study by Hoang et al. [36], whose data showed that CS
reduced the level of TGF-β1 and increased that of TGF-β2
after 12 weeks of smoke exposure in rats. In a clinical study,
Llinàs et al. [37] observed a decreased TGF-β1 mRNA expres-
sion in the peripheral lungs of patients with severe stable
COPD as compared to the control nonsmoking subjects. In
contrast, Vignola et al. [38] demonstrated increased TGF-
β1 immunostaining in the bronchial biopsy samples of
patients with chronic bronchitis as compared to the control
young nonsmoking subjects.

A previous cross-sectional study demonstrated that the
progression of COPD is associated with increased inflamma-
tion and an abnormal tissue repair process [4]. In COPD, it is
believed that changes in major lung ECM components are
involved in the loss of elasticity during emphysema progression
[5, 6]. Notably, there is no consensus on the number of ECM
components in the airways and parenchyma in COPD patients
[39]. For example, Annoni et al. observed a decreased abun-
dance of elastic fibers, collagen subtype I, and versican in small
and large airways of moderate COPD patients [40]. However,
no significant difference in the collagen biomarker levels was
determined in lungs between healthy smokers, healthy non-
smokers, and COPD patients in another study by Bihlet et al.
[39]. Several lines of studies demonstrated in vitro that ASM
cells from COPD patients stimulated with cigarette smoke
(CS) extract have higher deposition of collagen type VIII alpha
I, but there were no differences in the deposition of collagen V
and fibronectin [41, 42]; ASM is the main effector in ARM,
which secretes ECM components and, in turn, is functionally

responsive to the ECM composition [40]. In the present study,
we found that the Col I synthesis in ASM is markedly elevated
by TGF-β stimulation in a time- and concentration-dependent
manner. These data imply that ASM plays a major role in ECM
and remodeling via Col I degradation and formation. A previ-
ous study showed that there are differences in the ECM fiber
remodeling patterns between experimental models of emphy-
sema compared to different experimental models of emphy-
sema. Lopes et al. showed that there was an increase in
collagen III but not in collage I in both the CS model and the
porcine pancreatic elastase model of emphysema [43]. In
COPD patients, Harju et al. showed that the amounts of
precursors of collagen I and III were increased in smokers
and stage I-II COPD but tended to decline in either large or
small airways in stage IV COPD [42]. Annoni et al. showed a
decrease in elastic fibers, collagen subtype I, and versican, in
small and large airways, associated with a higher fibronectin
fractional area; the divergence of results may be attributed to
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Figure 7: Schematic representation of Smad3-NOX4-derived ROS-
mediated p38MAPK/Akt signaling in TGF-β1-induced ECM
production of HBSMCs. We previously demonstrated an increased
expression of NOX4 and TGF-β1 with the severity of remodeling
in ASM of the small airway of the COPD lung, which was
inversely associated with the pulmonary function. The findings in
the present study demonstrated that NOX4 mediated TGF-β1-
induced ECM protein synthesis and differentiation in HBSMCs;
NOX4-derived ROS in response to TGF-β1 may activate the
p38MAPK or Akt pathway, resulting in the differentiation and
ECM protein synthesis based on the Smad3 canonical pathway.
And NAC, a scavenger of ROS, attenuates HBSMC remodeling by
scavenging intracellular ROS to inhibit NOX4 expression and
block the Smad3 and MAPK pathways. Current findings indicated
that NOX4 is critical for modulation in TGF-β1-induced ECM
synthesis in HBSMCs, which contributes to airway remodeling in
the pathogenesis of COPD, and the antioxidant (NAC) might
serve as a valuable therapeutic strategy.
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the different ECM components and limitations of the lung
sample obtained from biopsy or resection [40].

The imbalance of oxidative stress responses in ASM has
been shown in patients with COPD and chronic airway
inflammation, where it affects the function of ASM [10].
Notably, the subcellular localization and distribution of
NADPH oxidases are cell type-dependent [44, 45]. In ASM
cells, NOX4 is the main NOX isoform and plays a critical role
in ASM remodeling. NOX4 was elevated in the ASM layer of
small airways in both COPD patients [11] and CS-exposed
mice. In addition, correlation analysis demonstrated that
the level of NOX4 in ASM was inversely associated with the
pulmonary function but positively correlated with the abun-
dance of ECM markers and TGF-β in the small airways of
COPD lungs [11]. In this context, NOX4 might be the main
regulator in ARM where it was regulated by TGF-β signaling
[11]. Indeed, TGF-β1 was able to induce α-SMA expression
and ECM protein production in ASM cells. This effect could
be reversed by ROS scavenger NAC and NOX4 silencing.
These data imply that oxidative stress was elevated in ASM
in the pathophysiological process of COPD, which is tightly
correlated with the prooxidant effect of TGF-β.

Emerging evidence indicated that NADPH oxidases as
downstream mediators in TGF-β induced profibrotic effects
[43]; there is also evidence suggesting that redox pathways
may regulate TGF-β/Smad signaling in a feed-forward man-
ner [43]. ROS molecules may have critical roles in facilitating
TGF-β-induced Smad2/3 activation [43]. The mechanism of
the enhancing effect of ROS on TGF-β-induced Smad phos-
phorylation is currently unclear. In this study, we showed
that the overproduction of NOX4-derived ROS could be
abolished by siRNA to Smad3. In addition, the TGF-β-
induced Smad2/3 phosphorylation could be blocked by
NAC. These data imply that redox pathways may regulate
TGF-β/Smad signaling in a feed-forward manner. Moreover,
the activation of MAPK is identified as a critical molecular
mechanism for ARM in the small airway [46].

Phosphorylation of Smad3 by TGF is important for the
induction of NOX4. Martin-Garrido et al. reported that
NOX4-mediated activation of p38MAPK leads to the phos-
phorylation and activation of serum response factor (SRF),
increases SRF-dependent transcriptional activity, and
increases smooth muscle α-actin (SMA) expression [47]. It
was previously reported that TGF-βmay activate other signal-
ing pathways including the mitogen-activated protein kinase
(MAPK) members, such as c-Jun N-terminal kinase (JNK)
and p38. Additionally, JNK and p38 may in turn enhance
the transcriptional activities of Smad proteins by direct phos-
phorylation of Smad3 or indirectly promoting Smad3 associa-
tion with the transcriptional coactivator p300 [48]. Jiang et al.
found that both JNK and p38 can be activated by ROS in the
cytoplasm [49]. Although our data showed that TGF-β1
significantly upregulated the levels of NOX4 mRNA and
NOX4 protein in HBSMCs at 4h and at 24h, respectively,
the increase of NOX4 protein was lagged to the activation of
Smad3, p38MAPK, and Akt. We speculated there was a
crosslink between the Smad3-dependent pathway and the
p38MAPK or Akt signaling pathway and this crosslink might

relate to ROS. The divergence of results may be attributed to
the time point we selected and may need further investigation.

Taken together, the present study suggested that TGF-β1
increased the oxidative stress by regulating NOX4-derived
generation of ROS via phosphorylation of Smad3 and subse-
quently activating MAPK/Akt transduction (Figure 7). This
overwhelming NOX4 further promoted the differentiation
and ECM production in HBSMCs and effectuated the ARM
in COPD lungs. These data thus implied that NOX4 signal-
ing might be a promising target for developing strategies
and agents for COPD prevention and treatment, which also
provide an insight into the underlying mechanism of NOX4
in airway remodeling.
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mRNA expression of NOX4 was determined by Q-PCR. (B)
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of NOX4 protein was determined by Western blot. Data was
presented as mean ± SD. ∗∗∗P < 0:001 compared to the con-
trol. S1.2. Suppl. Fig. S2: the expression of the phosphorylation
of Smad3 induced by TGF-β1 in HBSMCs. (A) The phosphor-
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Smad3 induced by TGF-β1 after transfected with Smad3
siRNA. Data was presented as mean ± SD. ∗∗∗P < 0:001 com-
pared to NC without TGF-β1 treatment. NC: nontargeting
control siRNA. S1.3. Suppl. Fig. S3: the phosphorylated levels
of ERK1/2, p38MAPK, and Akt473 induced by TGF-β1 in
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the indicated time; the expression of total and phosphorylated
levels of ERK1/2, p38MAPK, and Akt was determined by
Western blot. (A) The expression of ERK1/2 and p-ERK1/2.
(B) The expression of Akt and p-Akt473. (C) The expression
of p38MAPK and p-p38MAPK. (D) The fold change of
phosphor-protein compared to the total protein. Data was
presented as mean ± SD. ∗P < 0:05, #P < 0:05, &P < 0:05, ∗∗P
< 0:01, and ##P < 0:05 compared to the control. S2: detailed
methods. Described the detailed information on the reagents
and methods employed in this study. (Supplementary
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Chronic obstructive pulmonary disease (COPD) is a progressive and disabling disorder marked by airflow limitation and extensive
destruction of lung parenchyma. Cigarette smoke is the major risk factor for COPD development and has been associated with
increased oxidant burden on multiple cell types in the lungs. Elevated levels of reactive oxygen species (ROS) may significantly
affect expression of biological molecules, signaling pathways, and function of antioxidant defenses. Although inflammatory cells,
such as neutrophils and macrophages, contribute to the release of large quantities of ROS, mitochondrial dysfunction plays a
critical role in ROS production due to oxidative phosphorylation. Although mitochondria are dynamic organelles, excess
oxidative stress is able to alter mitochondrial function, morphology, and RNA and protein content. Indeed, mitochondria may
change their shape by undergoing fusion (regulated by mitofusin 1, mitofusin 2, and optic atrophy 1 proteins) and fission
(regulated by dynamin-related protein 1), which are essential processes to maintain a healthy and functional mitochondrial
network. Cigarette smoke can induce mitochondrial hyperfusion, thus reducing mitochondrial quality control and cellular stress
resistance. Furthermore, diminished levels of enzymes involved in the mitophagy process, such as Parkin (a ubiquitin ligase E3)
and the PTEN-induced putative kinase 1 (PINK1), are commonly observed in COPD and correlate directly with faulty removal
of dysfunctional mitochondria and consequent cell senescence in this disorder. In this review, we highlight the main
mechanisms for the regulation of mitochondrial quality and how they are affected by oxidative stress during COPD
development and progression.

1. Introduction

Chronic obstructive pulmonary disease (COPD) is a slowly
progressive pulmonary disorder that affects over 300 million
people worldwide. The Global Initiative for Chronic Obstruc-
tive LungDisease currently estimates that 3million people die
annually due to COPD, a proportion that is expected to rise
over the following 40 years as smoking becomes more preva-
lent in developing countries and populations grow older in
high-income countries. COPD is an avoidable, treatable
disease, which is characterized by progressive airflow limita-
tion thatmay be fully or partly irreversible [1]. Corticosteroids
are considered the gold-standard therapy forCOPD; they alle-
viate patients’ symptoms and increase the interval between

exacerbations, with a potential delay in the decline of lung
function. However, corticosteroids do not prevent disease
progression, and a portion of patients do not benefit from
these therapies due to smoking-induced steroid resistance [2].

Airflow limitation is frequently associated with an aug-
mented, chronic inflammatory response and tissue remodel-
ing in both airways and lung parenchyma, and occurs due to
exposure to noxious particles or gases. Furthermore, comor-
bid disorders and exacerbations are directly linked to COPD
severity [1, 3]. Cigarette smoke is the predominant risk factor
for COPD, as it contains a large amount of substances that
stimulate the production of reactive oxygen species (ROS),
thus inducing an oxidant burden [4, 5]. In nonsmokers,
COPD results from a complex interplay between long-term
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exposure to noxious particles and gases (e.g., occupational
exposures to vapors, gases, dusts, or fumes) and individual
genetic susceptibility (e.g., α-1 antitrypsin deficiency) [6].

Oxidative stress originates from an imbalance between
oxidants derived from ROS and endogenous antioxidant pro-
duction. In COPD, endogenous and exogenous oxidants are
related to disease development [7]. In the chemical process
of oxidation, electrons are withdrawn frommolecules; leaked
electrons then lead to the synthesis of reactive free radicals.
Environmental pollutants and inhaled toxic gases, including
industrial pollution, car exhaust fumes, occupational expo-
sure to dusts, and cigarette smoking, are major exogenous
sources of ROS production [8].

Among the endogenous sources of ROS, mitochondria
are one of the main components involved in oxidant produc-
tion. Mitochondrial ROS may be derived from up to 12
potential sites associated with nutrient oxidation and the
electron transport chain (ETC), divided into two subgroups:
the reduced nicotinamide adenine dinucleotide/nicotina-
mide adenine dinucleotide (NADH/NAD+) isopotential
group and the ubiquinol/reduced ubiquinone (UQH2/UQ)
isopotential group. These different sites make variable contri-
butions to the overall release of O2

−/H2O2 depending on cell
type and tissue, which seems to be related to substrate avail-
ability and mitochondrial bioenergetics (Table 1) [9, 10]. In
the ETC, electrons are transported through four respiratory
chain complexes: complex I (NADH-coenzyme Q reduc-
tase), complex II (succinate dehydrogenase), complex III
(coenzyme Q-cytochrome c reductase), and complex IV
(cytochrome c oxidase), finally reacting with molecular
oxygen, resulting in superoxide (O2

−) production. Energy
produced while electrons are carried through the ETC is used
to pump protons into the intermembrane space, creating an
electrochemical proton gradient (Δψm) that is used by ATP
synthase to generate ATP. Some electrons leak into the
matrix and react with molecular oxygen to generate O2

−, at
several different sites, such as the oxoacid dehydrogenase
complexes (which feed electrons to NAD+), ETC complexes
I and III, and dehydrogenases, including ETC complex II.
Thereafter, O2

− is further converted into hydrogen peroxide
(H2O2) by superoxide dismutase (SOD). In the mitochondria,
H2O2 is buffered by glutathione (GSH), thioredoxin/peroxir-
edoxins, and catalase systems [10]. Hence, high concentra-
tions of O2

− play a key role in excess ROS production.

2. Neutrophil-Derived ROS in COPD

The cell damage and death observed in COPD airways have
been attributed to oxidative stress triggered after smoking
or air pollution exposure [11]. In a proportion of smokers
who develop COPD, smoking cessation does not halt the
disease progression, suggesting that an endogenous source
promotes self-perpetuation of inflammation and tissue injury
in these susceptible individuals [12–14]. The continuous
release of inflammatory mediators (e.g., leukotriene B4 and
interleukin-8) induces the recruitment and activation of
additional inflammatory cells (especially neutrophils) into
the lungs, which release further proteases, free radicals, and

cytokines that promote destruction of the lung parenchyma,
loss of lung elasticity [15], and hypersecretion of mucus [16].

Neutrophils from COPD patients exhibit several abnor-
mal features, including secretion of elevated levels of ROS
[17–19], high speed and low migration accuracy [20], and
high levels of activation and degranulation of surface markers
(CD63 expression) [21]. Indeed, degranulation products
(e.g., inflammatory cytokines, ROS, and neutrophil elastase)
increase inflammatory signaling and protease load in the
lung tissue of individuals with COPD. Cigarette smoke
increases IL-8 production in lung epithelial cells, acting as a
chemoattractant for neutrophils, which release neutrophil
elastase and promote degradation of the extracellular matrix
components of lung tissue [22]. Neutrophil elastase not only
digests extracellular matrix protein components [23] but also
contributes to the loss of bronchial epithelial cells [22] and
mucus hypersecretion by goblet cells [24]. Although α1AT
is a hepatic antielastase that is physiologically able to inhibit
neutrophil elastase [25], excess ROS can promote oxidation
of the methionine residue at position 358 of the α1AT poly-
peptide chain [26, 27], resulting in its inactivation and
leading to lung inflammation and tissue destruction. Further-
more, neutrophil myeloperoxidase catalyzes the oxidation
reaction of chloride ions (Cl−) by hydrogen peroxide to
generate the anionic ROS hypochlorite or hypochlorous acid
(HClO); in turn, HClO reacts with low-molecular-weight
amines (e.g., nicotine) to produce chloramines, which lead
to cellular protein damage [28].

3. Oxidative Mitochondrial
Dysfunction in COPD

A reduction in mitochondrial function—characterized by
lower mitochondrial membrane potential, changes in ETC
complex activities, diminished ATP synthesis, inefficient
Ca2+ buffering, increased ROS production, altered mitochon-
drial dynamics, or release of proapoptotic factors—is
observed during aging and in the course of many chronic dis-
eases, including COPD. At baseline, as a result of mitochon-
drial oxidative phosphorylation, cells produce ROS from a
minimal level of residual, unreduced molecular oxygen
[29]. However, in the presence of harmful stimuli, the
amount of mitochondrial ROS (mtROS) increases substan-
tially. Each puff of cigarette smoke carries ~1017 oxidant
molecules [5], including ROS such as superoxide, hydrogen
peroxide, and hydroxyl anion, which may cause extensive
damage to DNA, proteins, lipids, and organelles such as
mitochondria. There is also degradation of mitochondrial
DNA (mtDNA), which is much more likely to suffer oxida-
tive damage than nuclear DNA and lacks elaborate repair
machinery [30, 31]. The lipophilic fraction of cigarette smoke
(including polycyclic aromatic hydrocarbons, aldehydes,
amines, heavy metals, and phenolic compounds) is responsi-
ble for a reduction in mitochondrial membrane potential and
ATP production, as well as concomitant generation of
mtROS [32]. Adverse effects of cigarette smoke on mitochon-
drial respiratory function have already been described in
several cell types, including cardiomyocytes (decrease in
maximum respiration) [33], lymphocytes (reduction in
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complex IV activity) [34], and monocytes (impairment of
mitochondrial membrane potential and apoptosis) [35].
Similarly, cigarette smoke causes direct damage to airway
epithelial cells, resulting in airway inflammation involving
several immune cells (e.g., neutrophils, macrophages, and
lymphocytes) [1, 36]. Stress induced-mtROS also stimulate
the release ofmitochondrial damage-associatedmolecular pat-
terns (mt-DAMPs) into the cytosol or extracellular space [37,
38] and activate the innate immune responses in lung tissue
via pattern recognition receptors (PRRs) on the plasma mem-
brane of alveolar epithelial cells and macrophages, resulting
in further production of inflammatory cytokines via a caspase
1-dependent mechanism and formation of the nucleotide-
binding oligomerization domain like receptor (NLR) P3
inflammasome, which induces the secretion of multiple inter-
leukins related to type-1 airway inflammation [39, 40].

Long-term exposure to cigarette smoke leads to dysfunc-
tional, elongated mitochondria, with fragmentation and dis-
ruption of mitochondrial cristae in COPD bronchial
epithelial cells, resulting in extensive apoptosis and cellular
senescence [41]. Alteration of mitochondrial biogenesis and
mitophagy in the skeletal muscle cells of COPD patients
may also contribute to loss of muscle strength [42], playing
a role in the reduction in exercise endurance. COPD patients
may exhibit reduced mitochondrial biogenesis, dysfunctional
oxidative phosphorylation, and augmented mtROS produc-
tion and diminished mitochondrial uncoupling protein-3 in
skeletal muscle and airway smooth muscle (ASM) cells [43,
44]. In addition to an increased amount of mtROS, ASM cells
from COPD patients also exhibit reduced mitochondrial
membrane potential, ATP content, and basal and maximum
respiration levels, which are associated with increased levels
of biomarkers of inflammation (e.g., interleukin-6 and -8)
and cell proliferation (granulocyte-macrophage colony-
stimulating factor) [42].

Short-term exposure to cigarette smoke has been demon-
strated to upregulate the expression of complexes II, III, IV,
and V and the activity of complexes II, IV, and V in pulmo-
nary cell mitochondria, which are slightly reduced compared

to control values after removing smoking stimuli. However,
cigarette smoking irreversibly decreases the expression and
activity of complex I after an 8-week exposure [45]. This
reduction suggests a complex II-driven oxidative phosphory-
lation induced by cigarette smoke. Indeed, this metabolic
profile is accompanied by a redox response, which encom-
passes changes in the cellular and mitochondrial levels of
pyridine nucleotides (oxidized and reduced nicotinamide
adenine dinucleotides in their unphosphorylated—NAD+

or NADH—and phosphorylated—NADP+ or NADPH—-
states) and glutathione. Cigarette smoke exposure also
induces a highly reduced environment in the mitochondrion,
which is related to increased expression of the mitochondrial
NADPH-generating enzymes isocitrate dehydrogenase-2
(IDH2) and nicotinamide nucleotide transhydrogenase
(NNT) [45]. Accordingly, Cormier et al. [46] demonstrated
that nicotine—the primary addictive component of tobacco
smoke—binds to ETC complex I and inhibits its NADH-
ubiquinone reductase activity in brain mitochondria. Nico-
tine binding results in inhibition of electron flow from
NADH to complex I [46], which is associated with a detect-
able decrease in oxygen consumption by mitochondria.
Several studies have demonstrated that nicotine may affect
other ETC complexes (II-IV) as well [47–49], but the poten-
tial inhibitory effects of nicotine on these other complexes
have yet to be completely elucidated. Primary human lung
epithelial cells (SAEC and NHBE) are also sensitive to
cigarette smoke extract; 15-day treatment in vitro promoted
a significant reduction in levels of ETC complexes I, II, III,
and IV, while protein expression of complex V remained
unaffected [50].

Mitochondria also seem to be an intracellular target for
cadmium, a heavy metal that is found in tobacco smoke. In
renal epithelium, cadmium directly compromised mitochon-
drial function by increasing mitochondrial permeability and
swelling, thus inhibiting respiration and increasing ROS
production [51]. Although the pathological mechanisms of
cadmium toxicity in mitochondria have not been completely
elucidated, it has been reported to accumulate intracellularly

Table 1: Mitochondrial sources of ROS production.

Isopotential group Enzyme Site of production Tissue/organ

NADH/NAD+

α-Ketoglutarate dehydrogenase (KDGH) FAD Liver, skeletal muscle

Pyruvate dehydrogenase (PDH) FAD Liver, skeletal muscle

Branched-chain keto acid dehydrogenase FAD Skeletal muscle

2-Oxoadipate dehydrogenase FAD Skeletal muscle

Complex I FMN Cardiac muscle

UQH2/UQ

Complex I UQ binding site Skeletal muscle

Complex II FAD Skeletal muscle, cardiac muscle, liver

Complex III UQ binding site Skeletal muscle, cardiac muscle, liver

Electron transfer flavoprotein: ubiquinone oxidoreductase FAD Undetermined

sn-Glycerol-3-phosphate dehydrogenase (3GPDH) FAD Skeletal muscle, cardiac muscle, liver

Proline dehydrogenase FAD Undetermined

Dihydroorotate dehydrogenase FAD Undetermined

NADH/NAD+: reduced nicotinamide adenine dinucleotide/nicotinamide adenine dinucleotide isopotential group; UQH2/UQ: ubiquinol/reduced ubiquinone
isopotential group; FAD: flavin adenine dinucleotide.
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and affect both mitochondrial ETC and membrane perme-
ability [52]. In addition, cadmium is a powerful uncoupling
agent that inhibits succinate- and malate/pyruvate-stimu-
lated respiration. Cadmium interacts with complex I at the
ubiquinone and NADH sites, resulting in complex I inhibi-
tion in rat hepatic mitochondria. Finally, cadmium exposure
inhibits complex IV (cytochrome c oxidase) by inhibiting
ETC downstream ubiquinone [53].

3.1. Altered Mitochondrial Dynamics. Mitochondrial mor-
phology is maintained within a fine balance between two
opposite processes: fusion and fission [54, 55]. Proteins
involved in the regulation of mitochondrial morphology
and maintenance of the fission-fusion balance are necessary
for overall cellular health. Mitochondrial fission is necessary
to preserve an ideal number of mitochondria during cellular
growth and division processes, while fusion enables the uni-
fication of mitochondrial compartments. Mitochondrial
fusion has been reported as a strategy to protect cells against
mitochondrial DNA (mtDNA) mutations by allowing func-
tional complementation of mtDNA genes [56]. Elongated
mitochondria are preserved from mitophagy, exhibit more
cristae and augmented ATP synthase activity, and are able
to ensure ATP production [57]. Nevertheless, prolonged
permanence of mitochondria in the elongated state may
contribute to higher intracellular ROS and lower mitochon-
drial respiration, leading to cellular senescence—a major
factor in the pathogenesis cascade of COPD [58].

There are three large guanosine triphosphatases
(GTPases) responsible for the mitochondrial fusion process:
mitofusion (Mfn) 1 and Mfn2 (both in the mitochondrial
outer membrane), and optic atrophy protein 1 (Opa1), in
the mitochondrial inner membrane. Long-term exposure to
cigarette smoke has been shown to induce morphologic
changes in the mitochondrial structure of human bronchial
epithelial cells, including fragmentation, branching, and
altered number of cristae, accompanied by a significant
increase in fission and fusion markers, oxidative phosphory-
lation proteins, and oxidative stress markers (e.g., manganese
superoxide dismutase) [41]. In baseline conditions, Mfn2
helps to maintain mitochondrial networks with elongated
branching, while fission proteins have a less prominent role.
Following cigarette smoke exposure, Mfn2 expression and
function are diminished in human airway smooth muscle
cells, while an increase in expression of mitochondrial fis-
sion protein (dynamin-related protein 1, Drp1) is observed
[59]. On the other hand, cigarette smoke has been shown
to markedly increase expression of Mfn1, Mfn2, and Opa1
in airway epithelial cells [41]. Elongated mitochondria have
also been observed in alveolar epithelial cells and lung fibro-
blasts [60, 61], accompanied by reduced ATP levels [60] and
cellular senescence.

Exposure to cigarette smoke facilitates mitochondrial
fission in human smooth muscle cells, which may contribute
to cellular apoptosis and mitophagy in COPD [59]. The most
relevant mediator in this process is the fission protein
dynamin-related protein 1 (Drp1). Drp1 translocates from
the cytosol to the outer mitochondrial matrix, where it inter-
acts with the human fission protein-1, mitochondrial fission

factor, and mitochondrial dynamics proteins of 49 kDa and
51 kDa, and oligomerizes to form a spiral that leads to
constriction and breakage of mitochondrial membranes.
Mitochondrial fission ensures equal division of mitochon-
drial numbers during cell division and mediates the selective
removal of damaged mitochondria by mitophagy. Sundar
et al. [50] showed that, in vitro, cigarette smoke extract-
treated primary human lung epithelial cells developed an
imbalance of proteins involved in mitochondrial fission (aug-
mented Drp1) and fusion (diminished Mfn2). Additionally,
Aravamudan et al. [59] found that cigarette smoking-
induced mitochondrial ROS accelerates the course of phos-
phorylation of Drp1 in human airway smooth muscle cells,
leading to mitochondrial fragmentation. Drp1 inhibition
prevented the effects of cigarette smoke on mitochondrial
morphology changes, which are mediated by multiple signal-
ing and transcriptional pathways that are relevant to COPD
pathogenesis. These include activation of extracellular
signal-regulated kinase (ERK), phosphatidylinositol 3-
kinase (PI3K)/protein kinase B (Akt), protein kinase C
(PKC), and proteasome pathways, as well as transcriptional
regulation via factors such as NF-κB and nuclear erythroid
2-related factor 2 [59].

3.2. Impaired Mitophagy. Mitochondrial autophagy, known
as mitophagy, plays a pivotal role in the removal of damaged
mitochondria. However, several reports have demonstrated
that cigarette smoke may lead to impaired mitophagy, result-
ing in accumulation of damaged mitochondria in the cyto-
plasm, where they are able to form a perinuclear cluster
and induce damage to nuclear DNA (due to excess mtROS)
and cellular senescence [60, 62]. Mitophagy is an important
process to maintain a healthy intracellular environment by
removing damaged or dysfunctional mitochondria [63–65].
The maintenance of the Δψm is a sine qua non condition
for mitochondrial ATP synthesis. Membrane depolarization
below a certain Δψmmay signal dysfunctional mitochondria
and is a prerequisite for mitophagy [66–68] (Figure 1).
Although essential, mitochondrial depolarization alone does
not initiate mitophagy, which only begins when mitochon-
dria are depolarized and fail to regain their membrane poten-
tial to protect themselves from detrimental effects. This
process engages the translocation of cytosolic proteins that
tag mitochondria for mitophagy. These include an E3 ubiqui-
tin ligase (Parkin) and the PTEN-induced putative kinase 1
(PINK1), an upstream regulator of Parkin [69, 70]. In the
mitochondria, Parkin mediates degradation of Mfn2, which
prevents mitochondrial fusion. During this process, damaged
mitochondria are encompassed in microtubule-associated
protein 1 light-chain 3 (LC3) mediated autophagosomes
[71], which fuse with lysosomes to be sequentially eliminated
from the cell [63–65, 71, 72].

In isolated mitochondria from human fetal lung fibro-
blasts (HLF), carbonyl cyanide m-chlorophenyl hydrazine
(CCCP, a Parkin mitochondrial translocation agent) was
used to induce mitochondrial depolarization and to test
whether cigarette smoke could impair Parkin mitochondrial
translocation (Figure 2). Ahmad et al. [60] reported that
cigarette smoke extract not only leads to permanent
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mitochondrial dysfunction, inducing defective mitophagy by
altering cytosolic Parkin levels and translocation in HLF, but
also induces perinuclear mitochondrial accumulation, result-
ing in DNA damage and cellular senescence. Another cyto-
solic protein that can interact with Parkin, resulting in its
inhibition, is p53. In one study, exposure to cigarette smoke
for 15 days induced an increase in cytosolic levels of p53,
resulting in its increased association with Parkin, reduced
mitochondrial translocation of Parkin and, ultimately,
impaired mitophagy [60].

Both PINK1 and Parkin have been associated with the
pathogenesis cascade of COPD with respect to the regulation
of mitophagy. However, the existing data are still conflicting
regarding the status of mitophagy and its role in disease pro-
gression. Previous studies reported elevated mitochondrial
accumulation of PINK1 and reduction of Parkin expression
in COPD lungs, but not in non-COPD smokers, suggesting
that an increase in PINK1/Parkin ratio is not only dependent
on smoking status but correlates with COPD pathogenesis
(Figure 3) [41, 60, 62]. Airway epithelial cells from Parkin
knockout mice exposed to cigarette smoke demonstrated
accumulation of damaged mitochondria and increased
mtROS accompanied by accelerated cellular senescence
[73]. However, additional studies have found that mitophagy

activation is not sufficient to decelerate cellular senescence in
COPD pathogenesis [60, 62]. In vitro overexpression of
Parkin, but not of PINK1, attenuated mtROS production
and cellular senescence, suggesting that Parkin levels can be
the rate-limiting factor in PINK1/Parkin-mediated mito-
phagy during cigarette smoke exposure [73]. Accordingly,
Ito et al. demonstrated that cigarette smoke induces mito-
chondrial damage, increases mtROS production, and
initiates senescence of primary human bronchial epithelial
cells (HBECs), which may be reversed by inducing overex-
pression of Parkin in HBECs [62]. Conversely, Ahmad et al.
suggested that Parkin overexpression can restore mitochon-
drial mass accumulation but does not have a significant
impact on cellular senescence when cigarette smoke (15-day
exposure) has already established cellular senescence [60].

Besides PINK1/Parkin, which are required for mitochon-
drial degradation via mitophagy, there are also proteins
responsible for mitochondrial biogenesis and maintenance
of cellular energetics, such as peroxisome proliferator-
activated receptor γ coactivator 1α (PGC-1α), which has
been implicated in mitochondrial dysfunction associated
with chronic lung diseases. PGC-1α is an integrator of multi-
ple signaling pathways and plays a central role in the regula-
tion of mitochondrial biogenesis and oxidative stress by

OPA1
MFN1

MFN2

DRP1
Surface receptors

Outer mitochondrial
membraneFission

Fragmented mitochondria

Fusion

Elongated mitochondria

Eukaryotic cell 

Figure 1: Mitochondrial dynamics in eukaryotic cells. Diverse processes contribute to generation and degradation of mitochondria within
cells. During fission, recognition of activated dynamin-related protein 1 (DRP1) by surface receptors (fission protein 1, mitochondrial
fission factor, mitochondrial dynamic protein 49, and mitochondrial dynamic protein 51) leads to fragmentation of the outer
mitochondrial membrane (OMM) and formation of a new mitochondrion. Mitochondria may acquire an elongated design by fusion,
where mitochondrial membranes tether through fusion proteins in the inner mitochondrial membrane (IMM), such as optic atrophy 1
(OPA1), and OMM, such as mitofusin 1 (MFN1) and MFN2.
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Figure 2: Mitophagy regulation. In healthy mitochondria, the kinase PINK1 is constitutively repressed by import into the inner
mitochondrial membrane (IMM) and degradation by the rhomboid protease PARL. In uncoupled mitochondria, import of PINK1 into
the IMM is avoided, so PINK1 is bypassed from PARL and accumulates in the outer mitochondrial membrane (OMM), acting as a signal
to mark dysfunctional mitochondria for Parkin, which then conjugates ubiquitin (Ub) to several proteins on the OMM and mediates
proteasomal degradation of mitofusins 1 and 2. Finally, Parkin induces engulfment of the damaged mitochondria by autophagy
compartments. Several proteins, including autophagy-related genes (ATGs), beclin-1, microtubule-associated protein 1 light-chain 3
(LC3), and p62, facilitate the formation of autophagosomes.

PINK1 stabilization at OMM

PINK1

Ubiquitination of
OMM proteins

by parkin

CS-induced stress

Phagosome formation
Lysosome

Autophagosomal
degradation

Adequate mitophagy

Phagophore

COPD

↓↓↓ Ubiquitination of
OMM proteins

↓↓↓ Phagosome formation

Phagophore

↑↑↑ Parkin

↑ PINK buildup in
the OMM

PINK1

↓ Parkin levels

Insufficient mitophagy

↑ p53 levels

Lysosome

↓↓↓ Autophagosomal degradation

Ubiquitination of
OMM proteins

by parkin

↓↓↓ Ub
↑ PINK buildup in

the OMM
PINK1

↓ Parkin levels ↑ p53 levels

Figure 3: Impaired mitophagy in COPD. In regular conditions, cigarette smoke- (CS-) induced mitochondrial damage stabilizes PINK1 on
the outer mitochondrial membrane (OMM), which signals for Parkin recruitment to the mitochondrion from an abundant cytosolic pool,
leading to sufficient mitophagy, preventing the accumulation of dysfunctional mitochondria, and slowing cellular senescence. In COPD,
decreased levels of cytosolic Parkin seem to be related to insufficient mitophagy, which increases the number of damaged mitochondria
with stabilized PINK1, leading to further PRKN reduction by PINK1-mediated proteasomal degradation. In COPD, increased levels of
p53, a cytosolic protein capable of inhibiting Parkin, may contribute to the reduced availability of Parkin molecules for proteasomal
degradation of PINK1.
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mitochondrial transcription factor A (TFAM), which ensures
mitochondrial DNA replication during mitochondrial bio-
genesis. Konokhova et al. [74] demonstrated that transcript
levels of regulators of mitochondrial biogenesis and oxidative
metabolism are upregulated in COPD; however, single-fiber
analyses of oxidative-deficient fibers (cytochrome c oxidase-
deficient and succinate dehydrogenase-positive fibers) and
normal fibers revealed an impairment in mitochondrial
biogenesis in COPD. While healthy individuals exhibit an
increase in mtDNA and TFAM protein in oxidative-
deficient muscle fibers compared to regular muscle fibers,
which suggests a compensatory attempt to increase energy
levels in oxidative-deficient cells, COPD patients present
similar levels in both oxidative-deficient and regular muscle
fibers. Such findings indicate that, although there is an
increase in signaling factors for mitochondrial biogenesis in
the muscle of patients with COPD, impairment in the trans-
lation of such signals precludes the recovery of normal oxida-
tive capacity [74].

4. Antioxidant Defenses in COPD

A series of antioxidant defenses, such as reduced GSH, has
been developed by the lungs as the respiratory tract is perma-
nently exposed to external and endogenous oxidative stress.
A significant portion of the total GSH produced within the
mitochondria is intended to balance endogenous production
of ROS as a metabolism byproduct [75]. The enzyme
glutamate-cysteine ligase is responsible for regulating the
synthesis of GSH [76]. Nevertheless, bronchial epithelial cells
and alveolar macrophages of smokers and patients with
COPD have demonstrated low levels of GSH [77] and other
GSH-dependent antioxidant enzymes (e.g., class-pi glutathi-
one S-transferase, glutathione S-transferase mu 1, and gluta-
thione peroxidase) [78]. The oxidative stress state of COPD
induces the occurrence of critical events, such as epithelial
permeability, lipid peroxidation, and cellular antioxidant
GSH depletion in the alveolar epithelium, leading to apopto-
sis and inflammation characteristics in the pathological
cascade of this disorder. As a protective mechanism against
environmental oxidants, the lung epithelial lining fluid con-
tains several antioxidants, including ascorbic acid (vitamin
C), α-tocopherol (vitamin E), and uric acid. Levels of these
antioxidants in the lungs appear to correlate inversely with
pulmonary dysfunction in COPD (Figure 4). In addition,
long-term antioxidant supplementation has been shown to
minimize the risk of chronic lung disease development by
10%, as well as to reduce pulmonary carbonyl stress [79,
80]. Lung tissue from COPD patients often exhibits elevated
expression of transforming growth factor-β (TGF-β), which
can inhibit expression of several antioxidant enzymes in air-
way smooth muscle cells, including catalase and superoxide
dismutase 2 (SOD2) [81]. These enzymes are regulated by
the transcription factor FOXO3 and play a key role in main-
taining a balance in mtROS production. Deficient FOXO3
activity has been reported in association with cigarette
smoke-induced inflammation and airspace enlargement in
COPD [82]. Furthermore, recent evidence demonstrated that
serum antioxidant levels from smokers without COPD are

significantly increased compared to those of smokers with
COPD, suggesting that low antioxidant defenses may be
related to COPD onset and progression [73]. Nevertheless,
further studies are needed to clarify these differences, as no
correlation was found between spirometric data and antioxi-
dant levels in healthy nonsmokers, smokers, and COPD
patients [83–86].

5. Conclusion

In this concise review, we have provided an overview of some
key endogenous sources of oxidative burden and their role in
COPD pathogenesis. The oxidative/antioxidative balance is
finely maintained by a functional antioxidant system (e.g.,
GSH, ascorbic acid), aimed at neutralizing ROS production
by inflammatory cells (particularly neutrophils) and mito-
chondria. Prolonged exposure to cigarette smoke induces
massive infiltration of neutrophils and an imbalance in mito-
chondrial function, leading to excessive production of ROS,
alteredmitophagy, and perinuclear accumulation of defective

↑ Endogenous
ROS

↑ Exogenous
ROS ↓ Antioxidant

enzymes

↓ Protein and
nonprotein thiols

↓ Vitamins
↓ Uric acid

Altered mitochondrial dynamics
Impaired mitophagy

Perinuclear accumulation of damaged mitochondria
DNA damage

Cellular senescence

COPD

Figure 4: Role of oxidative stress in COPD pathogenesis. Cigarette
smoke-induced oxidant burden activates intracellular signaling
pathways that result in oxidant-antioxidant imbalance, leading to
harmful lung cellular damage. The reduction of pulmonary
antioxidant defenses induces changes in mitochondrial dynamics
(e.g., elongated mitochondria), impaired clearance of damaged
mitochondria (mitophagy), accumulation of dysfunctional
mitochondria in the perinuclear region of lung cells, DNA damage,
and subsequent cell senescence during COPD pathogenesis.
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mitochondria, which result in DNA damage and cellular
senescence in COPD. Conversely, antioxidant levels are
drastically reduced in COPD, predisposing to tissue oxida-
tive damage. Although oxidative stress has been correlated
with pulmonary and systemic features of COPD, the
evidence is still controversial and insufficient to demonstrate
whether boosting antioxidant mediators might indeed
reverse cellular senescence. Considering the impact of oxida-
tive load on the lives of patients with COPD, antioxidant-
target therapies should be further studied with a view to
identifying therapeutic strategies with potential impact on
quality of life and life expectancy.
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Asthma is a chronic inflammatory disease of the airways related to epithelial damage, bronchial hyperresponsiveness to contractile
agents, tissue remodeling, and luminal narrowing. Currently, there are many data about the pathophysiology of asthma; however, a
new aspect has emerged related to the influence of reactive oxygen and nitrogen species (ROS and RNS) on the origin of this disease.
Several studies have shown that an imbalance between the production of ROS and RNS and the antioxidant enzymatic and
nonenzymatic systems plays an important role in the pathogenesis of this disease. Considering this aspect, this study is aimed at
gathering data from the scientific literature on the role of oxidative distress in the development of inflammatory airway and lung
diseases, especially bronchial asthma. For that, articles related to these themes were selected from scientific databases, including
human and animal studies. The main findings of this work showed that the respiratory system works as a highly propitious
place for the formation of ROS and RNS, especially superoxide anion, hydrogen peroxide, and peroxynitrite, and the epithelial
damage is reflected in an important loss of antioxidant defenses that, in turn, culminates in an imbalance and formation of
inflammatory and contractile mediators, such as isoprostanes, changes in the activity of protein kinases, and activation of cell
proliferation signalling pathways, such as the MAP kinase pathway. Thus, the oxidative imbalance appears as a promising path
for future investigations as a therapeutic target for the treatment of asthmatic patients, especially those resistant to currently
available therapies.

1. Introduction

Asthma is a chronic inflammatory disease of the airways in
which many cells of the innate and adaptive immune system
act together with epithelial cells to cause bronchial hyperre-

activity, overproduction of mucus, remodeling of the wall,
and narrowing of the airways. In this inflammatory context,
a series of reactive species are produced, leading to changes
in the function of the epithelium, smooth muscle cells, and
the immune system and in the structure of the airway wall,
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leading to the pulmonary limitations that characterize this
disease [1].

The oxidative stress resulting from an imbalance between
oxidants, such as reactive oxygen and nitrogen species (ROS
and RNS), and antioxidants, in favor of oxidants, has been
called oxidative distress, a condition known to lead to biolog-
ical damage. ROS refer to radicals derived from O2 metabo-
lism, as well as to nonradical derivatives reactive to O2 (for
example, hydrogen peroxide), and the term RNS refer to
radicals of nitrogen reactive to other molecules in which the
reactive center is nitrogen [2].

The most common ROS and RNS, in the order of reactive
capacity, are as follows: superoxide anion (O2

-•), hydrogen
peroxide (H2O2), hydroxyl radical (HO•), singlet oxygen
(1O2), peroxyl radical (HO2

•), nitric oxide (•NO), peroxyni-
trite (ONOO-), perhydroxy radical (HO2

•), hydroperoxyl
radical (ROOH•), hypochlorous acid (HClO), ozone (O3),
and nitric dioxide (NO2) [3].

Although the generation of oxidative molecules is part
of normal metabolism, the intracellular levels of ROS and
RNS are kept at low levels of concentrations under normal
physiological conditions, acting as important mediators
involved in the regulation of some cellular processes, such
as growth, adhesion, cell differentiation and death, modula-
tion of gene expression, and signalling of cellular transduc-
tion pathways [4, 5].

The involvement of reactive species in the regulation of
intracellular signalling occurs through posttranslational
modification of proteins sensitive to redox alteration,
including several receptor and ion channels, kinases and
phosphatases, caspases, and transcription factors, which
have functionally significant cysteine residues, liable of
undergoing oxidation [6]. Thus, ROS can oxidize cysteine
sulfhydryl groups (Cys-SH) with the formation of sulfenic
(Cys-SOH) and then sulfinic (Cys-SO2H) and sulfonic acids
(Cys-SO3H), resulting in the alteration of activity and func-
tioning of the protein participating in signal transduction
pathways [7].

The lungs are continuously exposed to a variety of oxi-
dants that differ in type and degree, and can easily overcome
the resulting oxidative stress with the help of an enzymatic
and nonenzymatic antioxidant network. The main antioxi-
dant enzymes include superoxide dismutase (SOD), catalase
(CAT), and glutathione-dependent enzymes, such as gluta-
thione peroxidase (GSH-Px), glutathione S-transferase
(GST), glutathione reductase (GSH), and glutathione synthe-
tase [8].

While airway inflammation and asthma tend to increase
the production of ROS and RNS, mainly through the activity
of eosinophils and neutrophils [9], accumulated evidences
suggest the participation of oxidative stress in asthma genesis
and modulation [10, 11].

Thus, this work is aimed at exploring the respiratory sys-
tem as a place for the production of reactive species. It also
explores the role of pulmonary antioxidant systems in rela-
tion to the origin of inflammatory diseases of the respiratory
system, particularly bronchial asthma. In addition, it explores
the mechanisms involved with these effects mediated by
oxidative imbalance.

2. Origin of ROS in the Respiratory System and
Its Antioxidant Barrier

The respiratory system is an environment that presents an
increased risk of suffering from damage caused by oxidative
stress due to the high susceptibility to interactions with envi-
ronmental factors. The lungs are exposed to exogenous ROS,
originating from pollutants and cigarette smoke, and endog-
enous ROS, produced diffusely as a by-product of cell metab-
olism [12], mainly by inflammatory cells, such as eosinophils,
macrophages, and neutrophils [13], as well as by fibroblasts
and epithelial cells [2, 12]).

The production of ROS in the respiratory system occurs
at cellular sites, such as mitochondria, microsomes, and
enzymes (such as xanthine oxidase, monooxygenase P450,
cyclooxygenase, lipoxygenase, indolamine dioxygenase, and
monoamine oxidase) [14, 15]. Of these, mitochondria are
the major contributors to the formation of ROS; it is esti-
mated that 1 to 3% of the electron flow in this organelle forms
a superoxide anion [16].

The initial step for the formation of these free radicals
is the activation of the enzyme complex of nicotinamide
adenine dinucleotide reduced phosphate (NADPH) oxi-
dase, present in the cell membrane, and the generation of
the superoxide anion [17]. This compound can be sponta-
neously or enzymatically dismuted to H2O2 and molecular
oxygen (O2). Both O2

- and H2O2 can react, in the presence
of iron or other metals, to form the most potent OH°

radical [18].
In the context of asthma, inflammatory cells are the main

sources of ROS. Granulocytes contain peroxidases (such as
myeloperoxidase and eosinophilic peroxidase), which cata-
lyze the reaction of H2O2 with halides, leading to the forma-
tion of hypohalides, such as hypochlorous acid (HClO) [19].
Antigenic challenges in asthmatic patients increase the for-
mation of ROS by eosinophils [20]. In addition, leukocytes
circulating in the blood increase the production of superox-
ide anion, indicating that both pulmonary and intravascular
inflammatory cells contribute to oxidative stress in asthma
[21]. In this case, the airway epithelium of asthmatics pro-
duces few antioxidants, which explains the loss of the epithe-
lium effectiveness in maintaining airway homeostasis [22].

To counterbalance the formation of these ROS, the respi-
ratory system has enzymatic and nonenzymatic antioxidant
systems, in order to maintain normal levels of these free rad-
icals, necessary for the perfect cellular functioning. The major
enzyme systems in the airways are the SOD complex, which
converts the superoxide anion into hydrogen peroxide; cata-
lase, which converts hydrogen peroxide into water and
molecular oxygen; and glutathione peroxidase (GSH-Px)
and reductase (GR), which inactivate hydrogen peroxide
and other hydroperoxides [23–26]. Among these antioxidant
systems, SOD is highly expressed extracellularly in the lungs,
around the airways and smooth muscle, being abundant in
the epithelium [27], and plays an important role in combat-
ing oxidative stress in asthma. In this context, asthmatic
patients are deficient in antioxidant defenses, with the result-
ing burden of oxidative stress contributing to pulmonary
dysfunction [28].
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The main aspects related to the formation of reactive
species in the respiratory system associated with diseases
such as asthma are shown in Figure 1.

3. Nitric Oxide: Good Guy or Villain in
the Airways?

Nitric oxide (NO) has been well described in the literature as
an important signalling molecule involved in the regulation
of many mammalian physiological and pathophysiological
processes, particularly in the lung [29]. It plays a role in reg-
ulating both pulmonary vascular tone and bronchomotor
tone in the airways. In addition, NO participates in the host’s
inflammation and defense against infection through changes
in vascular permeability, changes in epithelial barrier func-
tion and repair, cytotoxicity, ciliary motility regulation,
mucus secretion, and inflammatory cell infiltration [30].
Thus, these multiple NO functions have been implicated in
the pathogenesis of chronic inflammatory diseases of the air-
ways [31].

NO is produced by a family of nitric oxide synthases
(NOS), which metabolize L-arginine through the N-
hydroxy intermediate L-arginine (NOHA) to form NO and
L-citrulline using molecular oxygen and NADPH as cofactor.
Three NOS isoenzymes have been identified in mammals,
with variable distributions. Neuronal NOS (nNOS or NOS
I) and endothelial NOS (eNOS or NOS III) are the constitu-
tively expressed forms in the airway epithelium, nonadrener-
gic noncholinergic neurons (iNANC) and in endothelial cells
of the airway vessels. Its activity is regulated by intracellular
calcium, with rapid onset of activity and production of small
amounts of NO in the order of magnitude of picomoles, that
play an important role in maintaining respiratory homeosta-
sis. Otherwise, the inducible NOS (iNOS or NOS II) is tran-
scriptionally regulated by proinflammatory stimuli, with the
ability to produce large amounts (nanomolar concentra-
tions) of NO for a long period of time [30, 32]. About iNOS,
its positive regulation is observed in the lungs of asthmatics,

and the increased levels of exhaled NO are well described in
patients with asthma, being a marker of the severity of the
disease [33].

In the early phase of the asthmatic response, NO plays
an important role in reducing airway hyperresponsiveness
(AHR), and the hyperreactive response is related to NO
deficiency, either due to the greater activity of the enzyme
arginase, which prevents the conversion to NO and L-
citrulline by NOS, or due to the lower activity of NOS con-
stitutive isoforms. In this sense, the decrease in eNOS or
nNOS expression has already been observed in guinea pigs
exposed to repeated allergenic challenge and in asthmatic
patients, respectively [34, 35]. In contrast, in the late phase
of the asthmatic response, the increased activity of iNOS,
which produces large amounts of NO, is responsible for
AHR [36, 37].

This increased activity (or increased expression) of iNOS
occurs due to the action of inflammatory cytokines [29, 33].
Corroborating these propositions, it was observed in models
of acute asthma in guinea pigs that, in the rapid phase of the
asthmatic response, the levels of exhaled NO decrease, and
the iNOS expression is not altered as well; this is in contrast
to the late phase, in which exhaled NO levels are high, as well
as iNOS expression [37–39].

Inflammation and AHR in asthma are not the result of
increased production of NO itself, but are due to the forma-
tion of the free radical, strong oxidizing agent, peroxynitrite,
resulting from the reaction of NO with the superoxide anion
in the airways [40, 41]. Peroxynitrite activates eosinophils,
increases mucin 5AC (MUC5AC) expression, increases
microvascular permeability, induces epithelial damage, and
increases contraction of smooth muscle in the airways [42–
44]. In this context, studies have shown that airway epithelial
cells and bronchial biopsy inflammatory cells from asthmatic
patients, as well as from sensitized guinea pigs, show an
increase in nitrotyrosine labeling (a marker of tyrosine resi-
due nitrosylation in proteins), which is also correlated with
the increase of exhaled NO, expression of iNOS and AHR,

Catalase

SOD

NOX
XO O2

–

H2O2
GSH-Ox + 2H2O

GSH-Px
Fe2+, O2

–

OH°

H2O + ½O2

Figure 1: Formation of ROS by inflammatory cells and the antioxidant defenses on airways. Created with BioRender.com.
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and eosinophilic inflammation, having as an intermediary
the action of free radicals and oxidative stress [41, 43, 45].

Recent studies have described a new source of superoxide
anion, the decoupled endothelial nitric oxide (eNOS) syn-
thase, a process that occurs when eNOS is not associated with
cofactor or substrate [46]. This process can occur due to the
oxidative action of peroxynitrite on the tetrahydrobiopterine
cofactor [47] or by a reduction in the availability of L-argi-
nine, common in asthma due to the increased expression of
the enzyme arginase [31].

A summary of the multiple NO functions in the airways
are presented in Figure 2.

The formation of the peroxynitrite radical, by itself,
already produces harmful effects on the respiratory system
that contribute to inflammatory damage, as well as reducing
the availability of NO that has a role in regulating airway
smooth muscle tone. A key molecule in increasing oxidative
stress and decreasing NO availability is asymmetric dimethy-
larginine (ADMA). It is a product of posttranslational meth-
ylation of L-arginine, synthesized by the protein arginine
methyltransferase (PRMT) and degraded by dimethylamino
hydrolase (DDAH). ADMA binds to different NOS iso-
forms, inhibiting them and competing with NO for their
binding site. Asthmatic subjects have high levels of ADMA,
which may be one of the factors responsible for the asth-
matic worsening [47].

4. Assessment of Oxidative Stress in the
Respiratory System

The increase in ROS production enhances lipid peroxidation,
as well as damage to proteins, aggravating airway inflamma-
tion through multiple mechanisms, including the release of
inflammatory mediators and effects on mucus production
and smooth muscle [48]. On the other hand, impaired anti-
oxidant defense mechanisms contribute to oxidative damage
in asthma [49]. Among the markers of oxidative stress are
those specific to the lungs [50–53]. In this context, while
increased levels of these markers in the plasma indicate
systemic oxidative damage, which may or may not have orig-
inated from the respiratory system, the measurement of these
markers in lung samples more accurately reflects the oxida-
tive stress that occurs in the respiratory system [54].

The markers of pulmonary oxidative stress, determined
in rodents and human subjects, are aldehyde products
from the oxidative decomposition of polyunsaturated fatty
acids in the membrane, such as malondialdehyde (MDA),
hexanal, heptanal, nonanal, acrolein, 4-hydroxyhexanal
(4-HHE), and 4-hydroxinonenal (4-HNE) [55], in addition
to isoprostane, a product of the peroxidation of arachi-
donic acid by ROS, responsible for producing prostanoids
in a pathway independent of cyclooxygenase, for example
the 8-iso-PGF2α [56–58].

In this context, an increase in MDA levels in a model of
chronic allergic asthma in mice (an indicator of elevated oxi-
dative damage [59, 60]) and the rise in MDA levels have also
been reported in other studies as a characteristic of oxidative
damage caused by asthma, both in mice and rats [61–63].
Additionally, the increased levels of 8-iso-PGF2α have been

described in a guinea pig model of chronic allergic lung
inflammation [64]. Furthermore, Pinkerton et al. [65] evi-
denced increased levels of 3-nitrotyrosine and 8-isoprostane
markers in a murine model of Chlamydia-induced steroid-
resistant asthma.

5. Actions of Reactive Species in the
Respiratory System

Several studies have already reported the effects of reactive
species on the functioning of airway smooth muscle, involv-
ing numerous cells and signalling pathways being activated
and/or inhibited by it. These effects are related to exacerbated
production of ROS and RNS caused by the chronic inflam-
matory condition [66, 67], deficiency of intrinsic (for exam-
ple, glutathione) or extrinsic (for example, natural vitamins
and antioxidants in the diet) antioxidants [68–70], decreased
activity or dysfunction of antioxidant enzymes [71], or exces-
sive activity of prooxidative enzymes [72].

Hydrogen peroxide and increased oxygen levels have
been shown to induce contraction of the guinea pig trachea
[73] and to stimulate MAPKs involved in regulating the pro-
liferation of tracheal myocytes [74]. In addition to its direct
effects, studies show that ROS also influences airway reactiv-
ity to contractile and relaxing agonists; among them, the
increased contractile response to acetylcholine and metha-
choline [75], histamine [42], serotonin [76], and the sub-
stance P [77], and the decrease in the number and function
of β2 adrenergic receptors can be cited [78, 79].

Isoprostanes, such as 8-iso-PGF2α [80], are considered
markers of oxidative stress in asthmatic patients and can
induce contraction of airway smooth muscle [58, 59]. In this
sense, the participation of 8-iso-PGF2α in the increase of air-
way resistance associated with oxidative stress has already
been evidenced in previous studies [81, 82].

In an ovalbumin-induced asthma model, Vasconcelos
et al. [64] demonstrated that the airway smooth muscle
hyperreactivity was due to an increase in the formation of
superoxide anion and hydrogen peroxide, in addition to a
greater expression of iNOS, which culminated in a greater
production of peroxynitrite radical and, as a consequence,
8-iso-PGF2α. In addition, it was shown that the antioxidant
defenses in the asthmatic animals were impaired, contribut-
ing to oxidative stress.

Another marker of oxidative stress is 3-nitrotyrosine (3-
NT), which is formed from the nitration of the amino acid
tyrosine and has already been found in the airway epithe-
lium, lung parenchyma, and inflammatory cells of asthmatic
individuals at high levels [41, 83]. Tyrosine nitration can
inhibit protein kinase phosphorylation, thereby interfering
with the signal transduction mechanism [84], in addition to
this role in increasing eosinophil chemotaxis by RANTES
and IL-5 [85].

In vitro studies also demonstrated that the nitration of a
specific tyrosine residue inactivated superoxide dismutase
[86, 87], causing a reduction in its activity and generating
an increase in the concentration of ROS and RNS, with con-
sequent tissue damage [88]. Sugiura and Ichinose [89] also
described a positive correlation between 3-nitrotyrosine,
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iNOS, and xanthine oxidase (XO) activity, indicating that
together, iNOS and XO may be associated with the genera-
tion of RNS in the airways of patients with asthma.

The targets of ROS include catalytic receptors, phospha-
tases, and phospholipids, in addition to proteins from the
MAPK pathway [90]. ROS comprise a type of damage-
associated molecular pattern molecules (DAMP), which
can activate dendritic cells, stimulating nuclear factor-κB
(NF-κB) and triggering the inflammatory response [91]. In
addition, the production of ROS by NADPH oxidase is
related to the proliferation of airway smooth muscle in
response to growth factors, followed by the activation of
NF-κB, culminating in tissue remodeling and narrowing of
the air lumen [92].

Neutrophils also play an important role in the production
of ROS. Stimulated by various respiratory inflammatory dis-
eases, such as asthma and chronic obstructive pulmonary
disease (COPD), after activation, they release proinflamma-
tory ROS and serine proteases, including neutrophil elastase
and proteinase-3. These proteins degrade pulmonary elastin
fibers, induce mucus production, and stimulate the secretion
of metalloproteinase (MMP) subtypes 8 or 9 that break down
elastin and collagen, worsening respiratory symptoms.
Through positive feedback, neutrophils themselves also
release factors, such as leukotriene B4 (LTB4) acting as a
bronchoconstrictor, and IL-8, in which both attract other
neutrophils and perpetuate chronic inflammation [93, 94].

Another important cellular signalling covers the activity
of the nuclear factor erythroid 2-related factor (Nrf2), which
is a transcription factor that regulates the expression of genes
involved in the protection against oxidative damage [95, 96].
Physiologically, Nrf2 is bound and inhibited by Kelch-like
ECH-associated protein 1 (Keap1), which prevents its bind-
ing to the antioxidant response element and is continuously
degraded by the proteasome pathway. However, in the pres-

ence of ROS, increased during asthma, Keap1 inhibition
occurs and Nrf2 migrates to the nucleus, increasing the syn-
thesis of antioxidant enzymes that include GSH- and thyro-
doxin- (TXN-) dependent systems [97, 98].

Changes and increased activity of Nrf2 are associated
with several respiratory diseases. In asthma, there has been
an increase in susceptibility, severity, and inflammation
caused by it in mice [99], as well as an increase in the pro-
liferation of smooth muscle cells in the airways in case of
alteration [100]. Similarly, in COPD, a reduction in Nrf2
expression in pulmonary macrophages is reported [101],
as well as a relationship between genetic alterations of this
protein and the induction of disease onset, as well as
emphysema [102].

Furthermore, activation of toll-like receptors (TLRs) was
also reported in pulmonary inflammation in mice [103].
These receptors are expressed in several cells in the airways,
including epithelial cells, macrophages, mast cells, and den-
dritic cells (DCs). The stimulation of TLRs by infectious
agents activates antigen-presenting cells (APC) and controls
the differentiation of T helper immune cells (Th1, Th2, and
Th17) in a context-dependent manner, together with the
activation of mast cells for the production of cytokines
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Figure 2: Summarized schema of the multiple NO functions in the airways. Created with BioRender.com.

Table 1: Summary of main cells or effector systems altered in the
airways due to increase of reactive species.

Cell or effector system Effect

MAPK Cell proliferation

Hydrogen peroxide Smooth muscle contraction

8-Iso-PGF2α Increase of airway resistance

3-Nitrotyrosine Increase of airway inflammation

Neutrophil Increase of airway inflammation

Nrf2/Keap1 Decrease of antioxidant activity
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[104], which increase the production of ROS. In addition to
the inflammatory component, bronchial hyperresponsive-
ness has also been associated with activity especially of
TLR2 and TLR4 [105].

A summary of the mechanisms of cell damage in the
respiratory system by reactive species is presented in Table 1.

6. Conclusions and Perspectives

Oxidative stress is a fundamental physiological cellular
process related to several adaptations; however, when
deregulated, it can lead to exacerbated cellular damage, cul-
minating in the development of chronic diseases. The respi-
ratory system is an environment susceptible to the action of
reactive species by its close contact with air particles, aller-
gens, pollutants, and pathogens capable of triggering inflam-
matory diseases, such as asthma. In this sense, the compiled
data collected demonstrated a possible key role of ROS and
RNS in the genesis of allergic inflammatory diseases of the
respiratory system, especially the superoxide anion, hydro-
gen peroxide, and peroxynitrite, and how altered epithelial
and pulmonary antioxidant systems play an important role
in this process. However, additional studies, especially in
humans, are necessary in order to make it possible to
extrapolate these results obtained from animal models for
asthmatic patients.

It has been shown that adult asthma is associated with a
low dietary intake of fruits rich in antioxidant nutrients and
low plasma vitamin C levels, suggesting that diet may be a
potentially modifiable risk factor for the development of
asthma [106]. The use of thiol compounds such as antioxi-
dants in antiasthmatic therapy should be explored, due to
the possible ability to mimic the endogenous effects pro-
moted by GSH, as well as the use of plant-derived polypheno-
lic compounds, such as flavonoids. Furthermore, in this
perspective, modulating the oxidative balance appears as a
new perspective of therapeutics for the treatment of chronic
respiratory diseases, such as asthma, and new research is
needed to better explore it.
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Dysregulation of matrix metalloproteinase- (MMP-) 9 is implicated in the pathogenesis of acute lung injury (ALI). However, it
remains controversial whether MMP-9 improves or deteriorates acute lung injury of different etiologies. The receptor for
advanced glycation end products (RAGE) plays a critical role in the pathogenesis of acute lung injury. MMPs are known to
mediate RAGE shedding and release of soluble RAGE (sRAGE), which can act as a decoy receptor by competitively inhibiting
the binding of RAGE ligands to RAGE. Therefore, this study is aimed at clarifying whether and how pulmonary knockdown of
MMP-9 affected sepsis-induced acute lung injury as well as the release of sRAGE in a murine cecal ligation and puncture (CLP)
model. The analysis of GEO mouse sepsis datasets GSE15379, GSE52474, and GSE60088 revealed that the mRNA expression of
MMP-9 was significantly upregulated in septic mouse lung tissues. Elevation of pulmonary MMP-9 mRNA and protein
expressions was confirmed in CLP-induced mouse sepsis model. Intratracheal injection of MMP-9 siRNA resulted in an
approximately 60% decrease in pulmonary MMP-9 expression. It was found that pulmonary knockdown of MMP-9
significantly increased mortality of sepsis and exacerbated sepsis-associated acute lung injury. Pulmonary MMP-9 knockdown
also decreased sRAGE release and enhanced sepsis-induced activation of the RAGE/nuclear factor-κB (NF-κB) signaling
pathway, meanwhile aggravating sepsis-induced oxidative stress and inflammation in lung tissues. In addition, administration of
recombinant sRAGE protein suppressed the activation of the RAGE/NF-κB signaling pathway and ameliorated pulmonary
oxidative stress, inflammation, and lung injury in CLP-induced septic mice. In conclusion, our data indicate that MMP-9-
mediated RAGE shedding limits the severity of sepsis-associated pulmonary edema, inflammation, oxidative stress, and lung
injury by suppressing the RAGE/NF-κB signaling pathway via the decoy receptor activities of sRAGE. MMP-9-mediated sRAGE
production may serve as a self-limiting mechanism to control and resolve excessive inflammation and oxidative stress in the
lung during sepsis.

1. Introduction

Sepsis, which is defined as a syndrome of systemic inflamma-
tion in response to infection, often leads to life-threatening

multiorgan dysfunction [1]. In particular, the lungs are sus-
ceptible to sepsis and more than 50% septic patients develop
acute lung injury (ALI) or acute respiratory distress syn-
drome (ARDS) [2, 3]. However, despite the development of
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clinical practices in critical care medicine for the treatment of
ALI/ARDS, there still remains a mortality rate as high as
45%, and the prognosis of ALI/ARDS in patients with sepsis
is still poor [4, 5]. It is requisite to understand the precise
mechanisms underlying sepsis-induced lung injuries and dis-
cover effective new therapeutic methods to improve survival
in ARDS patients, especially those with sepsis.

Matrix metalloproteinases (MMPs) are a family of zinc-
dependent endoproteases that are involved in degradation
and remodeling of the extracellular matrix (ECM) [6].
Among MMPs, MMP-9 is of particular interest, because it
is elevated in patients with ALI and ARDS and correlates
positively with lung injury severity [7–10]. However, it
remains controversial whether MMP-9 improves or deterio-
rates acute lung injury of different etiologies. For example,
inhibition of MMP-9 attenuates neutrophilic inflammation
and pulmonary injury in ventilator-induced lung injury
model [11] and improves survival in rodent models of cecal
ligation and puncture- (CLP-) induced sepsis [12]. In con-
trast, MMP-9 deficiency is found to worsen the inflammatory
responses induced by abdominal sepsis, mechanical ventila-
tion, and allergen challenge, suggesting that MMP-9 protects
against inflammatory lung injury [13–15]. Hence, further
investigations are warranted to explore whether and how
MMP-9 is involved in the pathophysiology of sepsis-
induced ALI/ARDS.

The receptor for advanced glycation end products
(RAGE) is a cell-surface membrane protein of the immuno-
globulin superfamily expressed by many cell types including
endothelial cells, macrophages/monocytes, and epithelium
[16, 17]. RAGE plays a critical role in inflammation and oxi-
dative stress processes and has been implicated in the patho-
genesis of various lung diseases including pulmonary fibrosis,
asthma, pneumonia, and acute lung injury [18]. For example,
RAGE/nuclear factor-κB (NF-κB) signaling mediates lipo-
polysaccharide- (LPS-) induced ALI in neonate rat model
[19]. Anti-RAGE antibodies protect mice from lethality in a
CLP model of polymicrobial sepsis [20].

Soluble receptor for advanced glycation end product
(sRAGE), the isoform of RAGE found in human serum, is
formed by proteolytic cleavage of RAGE on cell surfaces
[21, 22]. Because this isoform lacks a transmembrane
domain, sRAGE is secreted and acts as a decoy receptor
[23]. A previous study has shown that MMPs mediate RAGE
shedding and release of sRAGE from lung epithelial cells
after LPS challenge [24]. In addition, sRAGE has been proved
to significantly attenuate lung inflammation in LPS-induced
lung injury model [25]. Notably, MMP-9 has been demon-
strated to be involved in PMA and TNF-α-induced RAGE
shedding [23, 26]. These findings raise an intriguing possibil-
ity that MMP-9 may exert protective effects against sepsis-
induced ALI via promoting the release of sRAGE.

Therefore, this study first clarified whether and how pul-
monary knockdown of MMP-9 affected sepsis-induced acute
lung injury as well as the release of sRAGE in a murine CLP
model. It has been well recognized that RAGE mediates
inflammation and oxidative stress mainly by activating the
NF-κB-dependent signaling pathways. We then examined
the effects of MMP-9 knockdown and sRAGE on sepsis-

induced pulmonary inflammation, oxidative stress, and the
related signaling pathways.

2. Materials and Methods

2.1. Microarray Data Collection. The Gene Expression Omni-
bus (GEO) databases GSE15379, GSE52474, and GSE60088
(http://www.ncbi.nlm.nih.gov/geo/) were used to analyze
the expression of MMP-9 in sepsis-induced lung injury.
The search terms used were sepsis and lung.

2.2. Animals. Male Institute of Cancer Research (ICR) mice
weighing approximately 25-30 g were used in this study. Ani-
mals were housed in cages and given access to food and water
ad libitum at a constant ambient temperature and humidity
with 12h day-night cycling. All experimental procedures
were approved by the Animal Ethics Committee of Xinhua
Hospital, Shanghai Jiaotong University School of Medicine.

2.3. Cecal Ligation and Puncture-Induced Sepsis Model and
sRAGE Treatment. The CLPmodel is widely used and known
to closely mimic septic human patients. We performed the
CLP model primarily based on procedures of Rittirsch et al.
[27]. Briefly, mice were anesthetized by intraperitoneal
administration of mixed ketamine (70mg/kg) and xylazine
(10mg/kg). Then, a 1 cm midline incision was made in the
lower abdomen. Cecum was identified and ligated at half dis-
tance between the distal pole and base of the cecum; cecal
puncture involves a through and through puncture (two
holes) with a 21-gauge needle. Be careful when extruding a
droplet of feces through each puncture site to ensure patency.
Then, the cecum was returned to the abdominal cavity; the
peritoneum and skins were closed by simple sutures. Animals
were rewarmed until fully conscious and then returned to
free food and water. The sham group received exactly the
same procedures except for the CLP. Anesthesia and analge-
sics were used for all surgical experiments to avoid unneces-
sary suffering of the mice. The response of mice during
experiments was monitored carefully to maintain adequate
depth of anesthesia. Mice were humanely sacrificed by CO2
inhalation when they met the following humane-endpoint
criteria: prostration, significant body weight loss, breathing
difficulty, rotational motion, and body temperature drop
[28]. Recombinant sRAGE protein (Adio Bo Biological Ltd.,
Beijing, China) was administrated intratracheally 10 minutes
before the initiation of CLP, and lung tissues were collected
24 h after CLP.

2.4. Histopathological Evaluation of the Lung Tissue. The
lungs were fixed with 4% formalin, embedded in paraffin,
and cut into 4μm slices. After hematoxylin and eosin
(H&E) staining, pathological changes of lung tissues were
observed under a light microscope. Lung injury score was
assessed by two blinded pathologists who are expert in lung
pathology. To examine the extent of lung injury, we consid-
ered its five pathological features: (1) presence of exudates,
(2) infiltration of neutrophils, (3) intra-alveolar hemorrha-
ge/debris, (4) cellular infiltration, and (5) cellular hyperpla-
sia. The severity of each of these pathological features was
evaluated by a score indicating 0 as absent/none, 1 as slight,
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2 as to show mild, 3 for moderate, 4 as moderate to severe,
and finally 5 for severe injury [29, 30].

2.5. Immunofluorescence. Paraffin sections (4μm) of lung tis-
sues were rehydrated and microwaved in citric acid buffer to
retrieve antigens. After incubation with 10% BSA for 1 h, the
sections were incubated with primary antibodies against
F4/80 (cat. no. GB11027, 1 : 300; Servicebio Technology,
Wuhan, China) and 8-hydroxy-2′-deoxyguanosine (8-
OHdG) (cat. no. ab48508, 1 : 200; Abcam, Cambridge, MA,
USA) overnight. Subsequently, tissue slices were incubated
with secondary antibody corresponding to each primary
antibodies (CY3: goat anti-rabbit, cat. no. GB21303, 1 : 300;
Servicebio; Alexa Fluor 488: goat anti-mouse, cat. no.
GB25301, 1 : 400; Servicebio) in dark for 1 h and counter-
stained with 4′,6-diamidino-2-phenylindole (DAPI) (cat.
no. C1005, Beyotime Institute of Biotechnology, Shanghai,
China). Stained slices were observed using an Olympus fluo-
rescence microscope.

2.6. Quantitative Real-Time Polymerase Chain Reaction
(PCR) Analysis. Total RNA was extracted from lung tissues
using RNAiso Plus reagent (Takara Biotechnology, Dalian,
China) and processed into cDNA according to the manufac-
turer’s protocol. Quantitative real-time PCR was performed
by monitoring the increase in fluorescence using 2×One Step
SYBR® Green Mixa (Vazyme Biotech, Nanjing, Jiangsu,
China) with the use of StepOnePlus system (Applied Biosys-
tems, Foster City, CA). The comparative threshold cycle (Ct)
method with arithmetic formulae (2-ΔΔCt) was used to deter-
mine the relative quantization of gene expression. The
primer sequences of related genes are shown in Supplemental
Table 1.

2.7. Western Blotting. Proteins were extracted from lung tis-
sues (25mg) using RIPA (Beyotime) containing protease
and phosphatase inhibitor cocktail (Beyotime) according to
the manufacturer’s instructions. Protein concentrations were
determined by the BCA protein assay kit (Beyotime). Equal
amounts of proteins (40μg) were separated with 10% SDS-
PAGE, transferred to PVDF membrane (Millipore, Billerica,
MA, USA), and blocked with 5% nonfat milk. Membranes
were incubated overnight with specific primary antibody
against MMP-9 (Abcam), RAGE (Abcam), NF-κB p65 (Cell
Signaling Technology, Danvers, MA, USA), phosphorylated
p65 (Cell Signaling Technology), inhibitor of κB-α (IκB-α)
(Cell Signaling Technology), and β-actin (Sigma-Aldrich,
Mo, USA).

2.8. In Vivo MMP-9 siRNA Transfection. The small inter-
fering RNA (siRNA) sequences directed against mouse
MMP-9 were constructed by GenePharma Corp (Shanghai,
China). To locally knockdown pulmonary MMP-9 expres-
sion, 1mg/kg MMP-9 siRNA or control siRNA was diluted
in vivo jetPEI® (Polyplus, NY, USA). Aliquots of 30μl siR-
NA/jetPEI mixture were injected intratracheally into the lung
48 hours before the onset of sepsis. The siRNA sequences
used in this study were provided in Supplemental Table 2.

2.9. Bronchoalveolar Lavage. Bronchoalveolar lavage (BAL)
fluid was collected via tracheal catheter using three sequential
1ml aliquots of sterile saline. Cell pellets were collected by
centrifugation (4°C, 1500 rpm, 10min) and then resuspended
in PBS for total cell counting. Protein concentration was
determined by BCA protein assay kit.

2.10. ELISA. The concentrations of IL-6 (Cusabio Biotech,
Wuhan, China), MCP-1 (Cusabio Biotech), MDA
(Elabscience Biotechnology, Wuhan, China), and sRAGE
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Figure 1: Pulmonary level of MMP-9 is upregulated in the CLP-induced sepsis model. (a) mRNA expression levels of MMP-9 in septic mouse
lung tissues. Data were obtained from the following Gene Expression Omnibus datasets: GSE15379, GSE52474, and GSE60088. (b) Mice were
subjected to CLP or sham surgery. mRNA and protein expression levels of MMP-9 were verified by RT-PCR and western blotting in lung
tissues (n = 7). Representative protein bands were presented on the top of the histograms. Data are presented as the mean ± SEM. ∗p <
0:05 and ∗∗p < 0:01 vs. the control or sham group. MMP-9: matrix metalloproteinase-9; CLP: cecal ligation and puncture.
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Figure 2: Pulmonary knockdown of MMP-9 increases mortality of sepsis and exacerbates sepsis-associated acute lung injury. Mice were
intratracheally injected with MMP-9 siRNA or control siRNA (1mg/kg). Forty-eight hours later, mice were subjected to CLP or sham
surgery. (a) Mice were carefully monitored for 24 h after CLP or sham surgery, and survival rates at the indicated times were recorded. (b)
Cell count and (c) protein concentration in BAL fluid. Histopathological examination using hematoxylin and eosin staining (d). Original
magnification, ×200. Scale bars correspond to 50 μm. The severity of lung injury was scored by a pathologist blinded to group allocation
(e). Data are presented as the mean ± SEM (n = 7). ∗p < 0:05 and ∗∗p < 0:01 vs. the sham+control siRNA group. ##p < 0:01 vs. the CLP
+control siRNA group. BAL: bronchoalveolar lavage.
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Figure 3: Pulmonary knockdown of MMP-9 decreases sRAGE release and enhances sepsis-induced activation of the RAGE/NF-κB signaling
pathway in lung tissues. Mice were intratracheally injected with MMP-9 siRNA or control siRNA (1mg/kg). Forty-eight hours later, mice
were subjected to CLP or sham surgery. (a) sRAGE concentrations in BAL fluid. (b) Protein levels of RAGE, phosphorylated NF-κB p65
subunit (p-p65), and IκB-α were determined by western blot analysis. p-p65 levels were normalized to total p65 expression. Representative
protein bands were presented on the left of the histograms. Data are presented as the mean ± SEM (n = 7). ∗p < 0:05 and ∗∗p < 0:01 vs. the
sham+control siRNA group. ##p < 0:01 vs. the CLP+control siRNA group. BAL: bronchoalveolar lavage.
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(R&D Systems, Minneapolis, MN, USA) in the lung tissues
and BAL fluid were measured by ELISA kits according to
the instruction recommended by the manufacturers.

2.11. Statistical Analysis. The results are expressed as mean
± SEM. Statistical significance in experiments comparing
only two groups was determined by two-tailed Student’s
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Figure 4: Pulmonary knockdown of MMP-9 aggravates sepsis-induced oxidative stress in lung tissues. Mice were intratracheally injected
with MMP-9 siRNA or control siRNA (1mg/kg). Forty-eight hours later, mice were subjected to CLP or sham surgery. (a) MDA levels in
lung tissues. (b, c) 8-OHdG immunoreactivity (green) was measured as the index of oxidative DNA damage. Nuclei were counterstained
with 4′,6-diamidino-2-phenylindole (DAPI) (blue). Areas in white boxes were shown enlarged (b). Original magnification, ×200. Scale
bars correspond to 50μm. (c) The ratio of 8-OHdG-positive cells to the total cell number (%). Data are presented as the mean ± SEM
(n = 7). ∗p < 0:05 and ∗∗p < 0:01 vs. the sham+control siRNA group. ##p < 0:01 vs. the CLP+control siRNA group. 8-OHdG: 8-hydroxy-2′
-deoxyguanosine.

6 Oxidative Medicine and Cellular Longevity



0
Control siRNA MMP‑9 siRNA

5

10

15

20

25

Sham
CLP

Re
la

tiv
e I

L‑
6 

m
RN

A
 le

ve
l

(fo
ld

 ch
an

ge
s)

⁎⁎

⁎⁎##

(a)

0
Control siRNA MMP‑9 siRNA

5

10

15

20

Sham
CLP

IL
‑6

 p
ro

te
in

 co
nc

en
tr

at
io

n
(p

g/
m

g)

⁎⁎

⁎⁎##

(b)

0
Control siRNA MMP‑9 siRNA

5

10

15

25

20

Sham
CLP

Re
la

tiv
e M

CP
‑1

 m
RN

A
 le

ve
l

(fo
ld

 ch
an

ge
s)

⁎⁎

⁎⁎##

(c)

0
Control siRNA MMP‑9 siRNA

200

400

600

800

Sham
CLP

M
CP

‑1
 p

ro
te

in
 co

nc
en

tr
at

io
n

(p
g/

m
g)

⁎⁎
⁎

#

(d)

Control siRNA MMP‑9 siRNA
Sham CLP

F4
/8

0
M

er
ge

Sham CLP

(e)

Figure 5: Continued.
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t-test. The comparison among multiple groups was esti-
mated by one-way analysis of variance followed by post hoc
analysis using Student-Newman-Keuls test. To determine
statistical significance between survival curves, the Kaplan–
Meier test was used. A p value of <0.05 was considered signif-
icant. All statistical analyses were done with SPSS 22.0 (SPSS
Inc., Chicago, USA).

3. Results

3.1. Pulmonary Level of MMP-9 Is Upregulated in the CLP-
Induced Sepsis Model. To evaluate the MMP-9 expression
in the lung of septic mice, we analyzed the gene expression
profiles of mouse sepsis-induced lung injury datasets
GSE15379 [31], GSE52474 [32], and GSE60088 [33]. Infor-
mation regarding the mouse sepsis datasets is presented in
Supplementary Table 3. Collectively, the analysis of these
data revealed that MMP-9 mRNA expression was
significantly upregulated in lung tissues of septic mice
(Figure 1(a)). To verify these results, pulmonary MMP-9
expression was determined by RT-PCR and western
blotting in the CLP-induced mouse sepsis model. As shown
in Figure 1(b), both mRNA and protein levels of MMP-9
were significantly increased in the CLP group compared
with those in the sham group.

3.2. Pulmonary Knockdown of MMP-9 Increases Mortality of
Sepsis and Exacerbates Sepsis-Associated Acute Lung Injury.
We then investigated whether MMP-9 upregulation was
involved in sepsis-induced lung injury. As shown in Supple-
mentary Figure 1, intratracheal injection of MMP-9 siRNA
(1mg/kg) resulted in an approximately 60% decrease in
pulmonary MMP-9 expression. We found that survival of
MMP-9 siRNA-treated mice that underwent CLP operation
was significantly lower than survival of control siRNA-
treated mice that underwent CLP operation (Figure 2(a)).

The lung injury was evaluated at 24 h after challenge with
CLP or a sham operation. As shown in Figures 2(b) and
2(c), mice subjected to CLP operation exhibited significant
lung injury as indicated by increases in cell count and
protein content in BAL fluid. MMP-9 siRNA-treated mice
had a significantly higher BAL cell count and protein levels
than control siRNA-treated mice after CLP challenge.
Histological characteristics showed that CLP challenge led
to obvious interstitial tissue edema and inflammatory cell
infiltration both in control siRNA-treated and MMP-9
siRNA-treated mice. Pulmonary knockdown of MMP-9 led
to more severe lung damage than control siRNA-treated
mice after CLP challenge, which was also demonstrated by
quantitative analysis of lung injury score (Figures 2(d) and
2(e)). Notably, we found that pulmonary knockdown of
MMP-9 per se led to a mild but significant lung injury as
illustrated by elevated BAL cell count and protein levels, as
well as increased lung injury score.

3.3. Pulmonary Knockdown of MMP-9 Decreases sRAGE
Release and Enhances Sepsis-Induced Activation of the
RAGE/NF-κB Signaling Pathway in Lung Tissues. Previous
studies have shown that sheddase MMP-9 can cleave trans-
membrane RAGE to produce a soluble form of RAGE [23,
26]. As shown in Figure 3(a), we found that sRAGE release
in BAL fluid was obviously enhanced in the CLP group com-
pared with that in the sham group. Pulmonary knockdown of
MMP-9 significantly decreased sRAGE release in the sham
group. Moreover, CLP-induced increase of sRAGE release
in BAL fluid was largely prevented by MMP-9 knockdown.

Accumulating studies have shown the activation of
RAGE and the downstream NF-κB signaling pathway during
the development of sepsis-induced acute lung injury [34–36].
We found that protein levels of RAGE and phosphorylated
NF-κB p65 subunit in lung tissues were increased, whereas
IκB-α was decreased in the CLP group compared with the
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Figure 5: Pulmonary knockdown of MMP-9 aggravates sepsis-induced inflammation in lung tissues. Mice were intratracheally injected with
MMP-9 siRNA or control siRNA (1mg/kg). Forty-eight hours later, mice were subjected to CLP or sham surgery. Levels of (a) IL-6 mRNA,
(b) IL-6 protein, (c) MCP-1 mRNA, and (d) MCP-1 protein in lung tissues. (e, f) Lung tissues were stained with fluorophore-labeled
antibodies against macrophage marker F4/80 (red). Nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) (blue).
Original magnification, ×200. Scale bars correspond to 50μm (e). (f) The proportion of F4/80-positive cells in total cells (%). Data are
presented as the mean ± SEM (n = 7). ∗p < 0:05 and ∗∗p < 0:01 vs. the sham+control siRNA group. #p < 0:05 and ##p < 0:01 vs. the CLP
+control siRNA group.
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Figure 6: Continued.
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sham group. Notably, pulmonary knockdown of MMP-9 sig-
nificantly aggravated the CLP-induced RAGE/NF-κB activa-
tion as indicated by augmented RAGE and phosphorylated
p65 levels and decreased IκB-α expression in lung tissues of
septic mice (Figures 3(b) and 3(c)).

3.4. Pulmonary Knockdown of MMP-9 Aggravates Sepsis-
Induced Oxidative Stress and Inflammation in Lung Tissues.
Activation of the NF-κB signaling pathway plays a critical
role in RAGE-mediated oxidative stress and inflammation
[37, 38]. We then investigated the effect of pulmonary knock-
down of MMP-9 on sepsis-induced oxidative stress and
inflammation. MDA content and 8-OHdG immunoreactiv-
ity were measured as the index of membrane lipid peroxida-
tion activity and oxidative DNA damage, respectively. As
shown in Figure 4, significant increases in lung MDA level
and 8-OHdG-positive cells were observed in the CLP group
compared with the sham group. Pulmonary knockdown of

MMP-9 significantly aggravated the CLP-induced pulmo-
nary oxidative stress as indicated by augmented MDA levels
and 8-OHdG immunoreactivity in lung tissues of septic mice.
In addition, it was found that pulmonary knockdown of
MMP-9 per se led to mild but significant increases in lung
MDA level and 8-OHdG immunoreactivity.

We then investigated the effect of pulmonary knockdown
of MMP-9 on the proinflammatory cytokine IL-6, chemo-
kine MCP-1, and macrophage infiltration in lung tissues.
As shown in Figure 5, CLP operation caused significant
increases in mRNA and protein levels of IL-6 (Figure 5(a))
and MCP-1 (Figure 5(b)), which were significantly aggra-
vated by MMP-9 knockdown. There were very few F4/80-
positive staining cells in the lung tissues of the sham group.
Mice that underwent CLP operation developed severe infil-
tration of F4/80+ macrophages. The quantification analysis
showed that the percentage of F4/80+ macrophages in lung
tissues was further augmented by MMP-9 knockdown
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Figure 6: Administration of sRAGE attenuated oxidative stress and inflammatory response induced by intrapulmonary knockdown of
MMP-9. Mice were intratracheally injected with MMP-9 siRNA or control siRNA (1mg/kg). Forty-eight hours later, mice were
administrated with recombinant sRAGE protein. (a) MDA levels in lung tissues. (b) 8-OHdG immunoreactivity (green) was measured as
the index of oxidative DNA damage. (c) The ratio of 8-OHdG-positive cells to the total cell number (%). (d) MCP-1 levels in lung tissues.
(e) Lung tissues were stained with fluorophore-labeled antibodies against macrophage marker F4/80 (red). (f) The proportion of F4/80-
positive cells in total cells (%). Nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) (blue). Areas in white boxes were
shown enlarged. Original magnification, ×200. Scale bars correspond to 50μm. Data are presented as the mean ± SEM (n = 7). ∗∗p < 0:01
vs. the control siRNA group. ##p < 0:01 vs. the MMP-9 siRNA group.
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(Figure 5(f)). Moreover, pulmonary knockdown of MMP-9
per se led to mild but significant increases in lung MCP-1
protein level and macrophage infiltration.

Taken together, these results indicate that pulmonary
knockdown of MMP-9 aggravates sepsis-induced oxidative
stress and inflammation in lung tissues.

3.5. Administration of sRAGE Attenuates Oxidative Stress,
Inflammatory Response, and Lung Injury Induced by
Intrapulmonary Knockdown of MMP-9. There is growing

evidence that sRAGE acts as a decoy receptor and exerts pro-
tective effects against acute lung injuries [25, 39]. In the pres-
ent study, we found that administration of recombinant
sRAGE protein significantly attenuated oxidative stress and
inflammatory responses induced by intrapulmonary knock-
down of MMP-9, as evidenced by the reduction inMDA level
(Figure 6(a)), 8-OHdG-positive cells (Figures 6(b) and 6(c)),
MCP-1 level (Figure 6(d)), and macrophage infiltration
(Figures 6(e) and 6(f)) in lung tissues. Furthermore, intrapul-
monary knockdown of MMP-9-induced increases in BAL
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Figure 7: Administration of sRAGE attenuated lung injury induced by intrapulmonary knockdown of MMP-9. Mice were intratracheally
injected with MMP-9 siRNA or control siRNA (1mg/kg). Forty-eight hours later, mice were administrated with recombinant sRAGE
protein. (a) Cell count and (b) protein concentration in BAL fluid. (c) Representative hematoxylin- and eosin-stained sections of lung
tissue were shown. (d) The severity of lung injury from different groups was scored by a pathologist blinded to group allocation. Original
magnification, ×200. Scale bar indicates 50 μm. Data are presented as the mean ± SEM (n = 7). ∗∗p < 0:01 vs. the control siRNA group.
##p < 0:01 vs. the MMP-9 siRNA group.
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cell count (Figure 7(a)) and protein levels (Figure 7(b)) as
well as lung injury score (Figures 7(c) and 7(d)) was also
markedly alleviated by administration of sRAGE.

3.6. Administration of sRAGE Suppresses the Activation of the
RAGE/NF-κB Signaling Pathway and Ameliorates Oxidative
Stress and Inflammation in Lung Tissues of CLP-Induced
Septic Mice. It has been well recognized that sRAGE can act
as a decoy receptor by competitively inhibiting the binding
of RAGE ligands to RAGE, accordingly attenuating the
downstream signaling pathways [25, 40]. As shown in
Figure 8(a), the present study found that the CLP-induced
increase of phosphorylated NF-κB p65 subunit was largely
reduced, whereas the inhibition of IκB-αwas profoundly pre-
vented by intratracheal instillation of recombinant sRAGE
protein (200μg/kg). These findings indicate that administra-
tion of sRAGE can suppress the activation of the RAGE/NF-
κB signaling pathway in lung tissues of CLP-induced septic
mice.

Intratracheal instillation of recombinant sRAGE protein
significantly ameliorated oxidative stress in lung tissues of
CLP-induced septic mice, as indicated by reduced lung
MDA level and 8-OHdG-positive cells (Figures 8(b)–8(d)).
Moreover, CLP-induced increases in pulmonary levels of
IL-6 and MCP-1 as well as macrophage infiltration were also
significantly attenuated by intratracheal instillation of
sRAGE (Figure 9).

3.7. Administration of sRAGE Attenuates Sepsis-Associated
Acute Lung Injury. As shown in Figures 10(a) and 10(b), we
found that intratracheal instillation of recombinant sRAGE
protein significantly reduced cell count and protein content
levels in BAL fluid of CLP-induced septic mice. Histological
analysis of lung sections revealed that CLP-induced lung
injury was significantly attenuated by intratracheal instilla-

tion of sRAGE, as indicated by improved interstitial edema,
enlarged alveolar air space, and decreased infiltration of
inflammatory cells. As shown in Figure 10(c), the lung injury
score was reduced from 3:29 ± 0:53 (CLP only) to 1:86 ± 0:38
(CLP plus sRAGE). However, administration of recombinant
sRAGE resulted in a slight but not significant improvement
in survival of CLP-induced septic mice (Supplementary
Figure 2), although it attenuated sepsis-associated acute
lung injury.

4. Discussion

Dysregulation of MMP-9 has been reported during the path-
ogenesis of acute lung injury [41]. In the present study, the
gene expression profiles from three datasets generated in
lung tissues obtained from septic mice were analyzed and
exhibited elevated mRNA expression levels of MMP-9. Using
a CLP-induced sepsis model, it was observed that both
mRNA and protein expression levels of MMP-9 in lung tis-
sues were increased in the CLP group compared to the sham
group. Consistent with our results, it has been demonstrated
that pulmonary MMP-9 is upregulated in experimental ALI
animal models induced by cardiopulmonary bypass (CPB)
[42] and in patients with sepsis [9, 43].

There are conflicting data regarding the roles of MMP-9
in the development and full manifestation of acute lung
injury of diverse etiologies. For example, MMP-9 knockout
mice develop more severe distant organ damage during
infection [13] and enhanced allergen-induced airway inflam-
mation [15]. In contrast, nonspecific inhibition of MMPs
prevents neutrophilic inflammation in ventilator-induced
lung injury model [43] and improves survival in sepsis-
associated lung injury model [12]. Moreover, Rahman et al.
report that pulmonary neutrophil infiltration, edema forma-
tion, and lung injury are markedly decreased in septic mice
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Figure 8: Administration of sRAGE suppresses the activation of the RAGE/NF-κB signaling pathway and ameliorates oxidative stress in lung
tissues of CLP-induced septic mice. Mice were subjected to CLP or sham surgery. Recombinant sRAGE protein (200 μg/kg) was
intratracheally injected immediately before the onset of sepsis, with an equivalent volume of saline intratracheally injected in other groups.
(a) Protein levels of phosphorylated NF-κB p65 subunit (p-p65) and IκB-α were determined by western blot analysis. p-p65 levels were
normalized to total p65 expression. Representative protein bands were presented on the left of the histograms. (b) MDA levels in lung
tissues. (c, d) 8-OHdG immunoreactivity (green) was measured as the index of oxidative DNA damage. Nuclei were counterstained with
4′,6-diamidino-2-phenylindole (DAPI) (blue). Areas in white boxes were shown enlarged (c). Original magnification, ×200. Scale bars
correspond to 50 μm. (d) The ratio of 8-OHdG-positive cells to the total cell number (%). Data are presented as the mean ± SEM (n = 7).
∗∗p < 0:01 vs. the sham group; ##p < 0:01 vs. the CLP group.
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lacking MMP-9 [44]. Considering that MMP-9 is a widely
expressed matrix metalloproteinase, global blockade or
knockout of MMP-9 may not well reflect the local effects of
MMP-9 in the development of acute lung injuries. Thus,
siRNA-based technology was used in the present study to
locally knockdown pulmonary MMP-9 expression. Our
results demonstrated that intrapulmonary knockdown of
MMP-9 significantly aggravated sepsis-associated ALI as
indicated by increased pulmonary edema, inflammation, oxi-
dative stress, and lung injury score. Notably, local suppres-
sion of MMP-9 in the lung led to a significant increase in
sepsis-induced mortality. Taken together, these findings
suggest that pulmonary upregulation of MMP-9 may be
recognized as part of a self-protective response to sepsis-
associated ALI.

MMP-9 belongs to a family of zinc-dependent endopep-
tidases that can cleave a variety of substrates, ranging from
extracellular matrix to cell surface proteins and a number of
cytokines [6, 45]. MMP-9 has been found to cleave IL-1β,
thus negatively regulating the activity of IL-1β [46]. In
abdominal sepsis, MMP-9 controls the shedding of platelet-
derived CD40L, which is known to regulate neutrophil
recruitment and lung damage in sepsis [44]. Furthermore,
MMP-9 is identified to be involved in RAGE shedding stim-
ulated by PMA [26] or TNF-α [23], which leads to a release of
sRAGE, a decoy receptor neutralizing RAGE ligands. In the
present study, we found that intrapulmonary knockdown of
MMP-9 significantly decreased sRAGE release and enhanced
sepsis-induced activation of the RAGE signaling pathway in
lung tissues. In addition, administration of sRAGE sup-
pressed the activation of the RAGE signaling pathway and
attenuated ALI induced by intrapulmonary knockdown of
MMP-9 and CLP-induced sepsis. These findings suggest that
MMP-9-mediated RAGE shedding may contribute to the
self-protective effects of pulmonary MMP-9 upregulation
against lung injuries during sepsis.

Activation of the RAGE-dependent NF-κB signaling
pathway has been implicated in acute lung injury of diverse
etiologies including acid aspiration [47], endotoxin [48],
hyperoxia [49, 50], traumatic brain injury [51], and sepsis
[34, 35]. The NF-κB signaling has been well recognized as a
critical inducer of inflammatory responses [52]. Evidence
from both in vitro and in vivo studies has shown that down-
regulation of RAGE is associated with decreased levels of
proinflammatory cytokines, concomitant with reduced NF-
κB signaling in alveolar type I epithelial cells [53] and lung
tissues [54]. In recent years, accumulating studies report that
activation of RAGE also induces oxidative stress via NF-κB-
dependent pathways [38, 55]. In line with these findings, this
study found that sepsis-associated inflammation and oxida-
tive stress in the lung were accompanied by activation of
the RAGE/NF-κB signaling pathway. In addition, intra-
pulmonary knockdown of MMP-9 aggravated, whereas
administration of recombinant sRAGE attenuated sepsis-
associated activation of the RAGE/NF-κB signaling pathway,
consequently resulting in the exacerbation or improvement
of pulmonary inflammation and oxidative stress, respec-
tively. Our results suggest that MMP-9-mediated RAGE
shedding might limit the severity of sepsis-associated lung
damage by suppressing the RAGE/NF-κB signaling pathway
in the lung via the decoy receptor activities of sRAGE.

sRAGE has been reported to exert potent protection
against lung injuries induced by LPS [56], acid instillation
[39, 54], sepsis [57], and mechanical ventilation [58]. How-
ever, the mechanisms responsible for the pulmonary protec-
tive effects of sRAGE remain largely unknown. sRAGE has
been shown to attenuate LPS-induced inflammation, hyper-
permeability, and apoptosis in the lung by inhibiting NF-κB
activation [25]. In acid-injured lungs, administration of
sRAGE exerts protective effects through a decrease in alveo-
lar type 1 epithelial cell injury as shown by restored alveolar
fluid clearance (AFC) and lung aquaporin- (AQP-) 5
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Figure 9: Administration of sRAGE suppresses inflammation in lung tissues of CLP-induced septic mice. Mice were subjected to CLP or
sham surgery. Recombinant sRAGE protein (200 μg/kg) was intratracheally injected immediately before the onset of sepsis, with an
equivalent volume of saline intratracheally injected in other groups. Levels of (a) IL-6 mRNA, (b) IL-6 protein, (c) MCP-1 mRNA, and (d)
MCP-1 protein in lung tissues. (e, f) Lung tissues were stained with fluorophore-labeled antibodies against macrophage marker F4/80
(red). Nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) (blue). Original magnification, ×200. Scale bars correspond
to 50μm (e). (f) The proportion of F4/80-positive cells in total cells (%). Data are presented as the mean ± SEM (n = 7). ∗p < 0:05 and ∗∗p
< 0:01 vs. the sham group; #p < 0:05 and ##p < 0:01 vs. the CLP group.
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expression [54]. In this study, we provided the in vivo evi-
dence that sRAGE treatment alleviated CLP-induced RAGE
expression, NF-κB p65 subunit phosphorylation, downregu-
lation of IκBα, macrophage infiltration, production of proin-
flammatory cytokines, and oxidative stress in lung tissues.
Collectively, these findings suggest that inhibition of the
RAGE/NF-κB signaling pathway as well as pulmonary
inflammation and oxidative stress may contribute to the pro-
tection against CLP-induced lung injury afforded by sRAGE.

Notably, administration of recombinant sRAGE had no
significant effect on the mortality of CLP-induced septic
mice, although it suppressed sepsis-induced activation of
RAGE/NF-κB, inflammation, and oxidative stress in lung tis-
sues. There is growing evidence that administration of
recombinant sRAGE can prevent a variety of organ injuries
including myocardial ischemia/reperfusion injury [59, 60],
chronic intermittent hypoxia-induced renal injury [61],

CCl4-induced liver injury [62], and acute lung injuries [39,
54]. On the other hand, recent clinical trials report that
increased levels of sRAGE are associated with higher risks
of mortality in frail older adults [63], hemodialysis and peri-
toneal dialysis patients [64], cardiovascular diseases [65, 66],
and ARDS [67]. Collectively, these findings let us suggest that
increased MMP-9-mediated sRAGE production may repre-
sent a self-protective mechanism in response to sepsis,
whereas exogenous enhancement of sRAGE levels is not suf-
ficient to improve survival.

5. Conclusions

In conclusion, this study demonstrated that pulmonary
upregulation of MMP-9 might be recognized as part of a
self-protective response to sepsis-associated lung injury.
MMP-9-mediated RAGE shedding limited the severity of
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Figure 10: Administration of sRAGE attenuates sepsis-associated acute lung injury. Mice were subjected to CLP or sham surgery.
Recombinant sRAGE protein (200 μg/kg) was intratracheally injected immediately before the onset of sepsis, with an equivalent volume of
saline intratracheally injected in other groups. (a) Cell count and (b) protein concentration in BAL fluid. Histopathological examination
using hematoxylin and eosin staining (c). Original magnification, ×200. Scale bars correspond to 50μm. The severity of lung injury was
scored by a pathologist blinded to group allocation (d). Data are presented as the mean ± SEM (n = 7). ∗p < 0:05 and ∗∗p < 0:01 vs. the
sham group; #p < 0:05 and ##p < 0:01 vs. the CLP group.
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sepsis-associated pulmonary edema, inflammation, oxidative
stress, and lung injury by suppressing the RAGE/NF-κB sig-
naling pathway via the decoy receptor activities of sRAGE.
Our data indicate that MMP-9-mediated sRAGE production
may serve as a self-limiting mechanism to control and resolve
excessive inflammation and oxidative stress in the lung dur-
ing sepsis.
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Inflammatory lung disease results in a high global burden of death and disability. There are no effective treatments for the most
severe forms of many inflammatory lung diseases, such as chronic obstructive pulmonary disease, emphysema, corticosteroid-
resistant asthma, and coronavirus disease 2019; hence, new treatment options are required. Here, we review the role of oxidative
imbalance in the development of difficult-to-treat inflammatory lung diseases. The inflammation-induced overproduction of
reactive oxygen species (ROS) means that endogenous antioxidants may not be sufficient to prevent oxidative damage, resulting
in an oxidative imbalance in the lung. In turn, intracellular signaling events trigger the production of proinflammatory
mediators that perpetuate and aggravate the inflammatory response and may lead to tissue damage. The production of high
levels of ROS in inflammatory lung diseases can induce the phosphorylation of mitogen-activated protein kinases, the
inactivation of phosphoinositide 3-kinase (PI3K) signaling and histone deacetylase 2, a decrease in glucocorticoid binding to its
receptor, and thus resistance to glucocorticoid treatment. Hence, antioxidant treatment might be a therapeutic option for
inflammatory lung diseases. Preclinical studies have shown that antioxidants (alone or combined with anti-inflammatory drugs)
are effective in the treatment of inflammatory lung diseases, although the clinical evidence of efficacy is weaker. Despite the high
level of evidence for the efficacy of antioxidants in the treatment of inflammatory lung diseases, the discovery and clinical
investigation of safer, more efficacious compounds are now a priority.

1. Introduction

Airway inflammation is now acknowledged to have a causa-
tive role in the pathophysiology of several major lung dis-
eases, including asthma, chronic obstructive pulmonary
disease (COPD), acute respiratory distress syndrome
(ARDS), allergic rhinitis, cystic fibrosis, cough, emphysema,
and lung fibrosis. The development of inflammation is a
complex series of events that involves the release of proin-
flammatory cytokines and then the recruitment of polymor-
phonuclear neutrophils, eosinophils, and/or mononuclear
cells in the lung tissue [1]. For example, the chronic inflam-
mation in COPD involves the infiltration of the main types

of inflammatory cell (including neutrophils, monocytes/ma-
crophages, and lymphocytes) into the airway and the lung
tissue; the cells can be detected in bronchoalveolar fluid and
induced sputum [2]. Nevertheless, there are a number of
disease-specific differences in the inflammatory pathophysio-
logical processes. For example, chronic airway inflammation
of the central and peripheral airways in chronic severe
asthma is typically characterized by the same pathological
features as in mild-to-moderate persistent asthma, with
increased numbers of activated T lymphocytes (particularly
CD4+ Th2 cells) and (sometimes) eosinophils and mast cells
[3]. The most notable difference between chronic severe
asthma and mild-to-moderate persistent asthma is the
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elevated neutrophil count in the former context. In stable
COPD, chronic airway inflammation of both central and
peripheral airways is characterized by increased numbers of
T lymphocytes (particularly CD8+ cells), macrophages, and
neutrophils. The macrophage and neutrophil counts increase
with the disease progression and severity.

It is generally acknowledged that persistent chronic
inflammation contributes to both parenchyma remodeling
and bronchial remodeling [4]. Remodeling has been
observed in central airways, distal airways, and the lung
parenchyma. This process of structural changes involves
hyperplasia of the airway epithelial cells, thickening of the
reticular basement membrane, deposition of collagen, peri-
bronchial fibrosis, airway epithelial-to-mesenchymal transi-
tion, and bronchial smooth muscle cell hyperplasia [5]. The
inflammatory reaction is followed by damage to the base-
ment membrane through at least two different mechanisms:
the production of reactive oxygen species (ROS) and the syn-
thesis of proteases. In a healthy lung, the intactness of base-
ment membrane reflects the dynamic balance between
synthesis and degradation of its components—mainly prote-
ases and antiproteases. These enzymes are synthesized con-
stitutively by mesenchymal cells (such as fibroblasts,
macrophages, endothelial cells, and epithelial cells) and
inflammatory cells (such as monocytes/macrophages, neu-
trophils, and eosinophils) [6].

When treating respiratory disease, the main objectives
are to reduce symptoms and prevent and decrease the num-
ber of exacerbations by reducing inflammation. Although
today’s treatments (e.g., a combination of a corticosteroid
anti-inflammatory and a β2 agonist bronchodilator) achieve
these goals to a certain extent in asthma, it is still not possible
to prevent a decline in lung function. Moreover, the efficacy
of anti-interleukin (IL)-5 and anti-IL-13 antibodies in severe
asthma clearly demonstrates the need for both careful patient
phenotyping and the need for reliable biomarkers of patient
phenotypes and drug efficacy [7, 8].

Furthermore, it is thought that specific cytokines control
the corticosteroid insensitivity, fibrosis, and remodeling
observed in COPD, ARDS, and fibrosis. Hence, targeting these
cytokines might usefully reverse these changes. Although there
is a large body of literature data on the roles of various cyto-
kines in inflammatory disorders (except asthma), the effect
of specific cytokine blockade in inflammatory respiratory dis-
orders has not been extensively investigated. The list of cyto-
kines and chemokines implicated in the many facets of
COPD pathogenesis is very long. Some have been identified
in genome-wide association studies of COPD, lung function,
and the complications of COPD. The two largest studies pub-
lished to date involved the use of anti-TNF-α and CXCL8 (IL-
8) blocking antibodies, respectively; neither provided clinical
benefit [9]. Specific groups of COPD patients should be tar-
geted with a specific anticytokine therapy if there is evidence
of (i) high expression of that cytokine and (ii) potentially
responsive clinical features of disease [10]. The effects of
anti-IL-5 and anti-IL-5R antibodies elicited a beneficial effect
against the risk of exacerbation in phenotype patients. Thus,
patients can be taken off a treatment if it is ineffective to reduce
the risk of any possible side effects [11].

In contrast, several studies have suggested that inflamma-
somes (and particularly the NLRP3 inflammasome) might be
involved in the pathogenesis of fibrotic lung diseases, includ-
ing idiopathic pulmonary fibrosis (IPF) and diseases elicited
by known environmental exposure (e.g., asbestosis and sili-
cosis) [12]. More recent data in mice favor a role for
inflammasome-independent induction of IL-1β in driving
smoke-induced inflammation [10]. This is in line with a
recent study that showed that a monoclonal antibody neu-
tralizing IL-1β was ineffective in the treatment of stable
COPD [11].

Recently, literature data have suggested that the combi-
nation of oxidative stress and chronic inflammation in the
lungs is associated with aging and may contribute to age-
related immune dysfunction and the risk of death in older
adults infected by respiratory viruses such as severe acute
respiratory syndrome coronavirus 2 [13]. The objective of
the present chapter is to assess the involvement of oxidative
imbalance and ROS in the development of respiratory dis-
eases and review new potential treatments or adjunct thera-
pies based on antioxidant compounds.

2. The Role of ROS in the Development of
Lung Disease

ROS are ions or small molecules that contain oxygen and an
unpaired electron conferring high reactivity. In mammals,
ROS are produced by endogenous prooxidant enzymes such
as nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase (NOX), xanthine oxidase (XO), peroxisomal
enzymes, and cytochrome P-450 (CYP450) [14]. A difference
between ROS production and removal results in a redox
imbalance, which can be controlled by treatment with exog-
enous antioxidants such as vitamins C and E, polyphenols,
carotenes, flavonoids, omega-3 fatty acids, and N-
acetylcysteine (NAC). Patients with respiratory diseases like
asthma and COPD show elevated levels of ROS production
and oxidative stress—suggesting that their endogenous anti-
oxidants may not be sufficient to prevent oxidative damage
by cigarette smoke exposure [6, 15–17]. Furthermore, the
inflammatory processes associated with the recruitment and
activation of phagocytic cell types (namely, neutrophils and
mononuclear cells) may also have a role in generating endog-
enous oxidative stress. Oxidants are known to interfere with
the protease/antiprotease imbalance, leading to airway
remodeling and emphysema [6, 18]. Indeed, components of
the lung matrix (such as elastin and collagen) can be directly
degraded by oxidants. We previously demonstrated the
inability of phagocytes from p47phox-/- knockout mice to
produce large quantities of ROS via the NOX pathway, which
inhibits the development of bleomycin-induced pulmonary
fibrosis. This inhibition is associated with changes in IL-6
production and in the molar ratio of matrix metalloprotein-
ase 9 (MMP-9) to tissue inhibitors of metalloproteinases
(TIMP-1)—both of which are probably key factors in airway
remodeling and fibrosis [19].

Oxidative imbalance is reportedly an important factor in
the pathogenesis of asthma [20], COPD [16], acute lung
injury [21], pulmonary fibrosis [21], and COVID-19 [13].
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Cells and tissues are steadily exposed to oxidants generated
by endogenous metabolic reactions (e.g., via mitochondrial
respiration or phagocyte activation) or absorbed from the
environment (e.g., air pollutants and cigarette smoke) [22].

Under physiological conditions, the level of intracellular
oxidant species is dynamically stabilized by enzymatic and
nonenzymatic cellular processes that produce or eliminate
ROS [23]. Enzymatic antioxidants work by breaking down
and removing free radicals: the main enzymes are ascorbate
peroxidase (APx), glutathione peroxidase (GPx),
metallothionein-3 (MT-3), ferritin heavy chain (FHC), dihy-
drodiol dehydrogenase (DD), catalase (CAT), and superox-
ide dismutase (SOD) [24]. Intrinsic nonenzymatic
antioxidants work by interrupting free radical chain reac-
tions and notably include metal-binding proteins, glutathi-
one, uric acid, melatonin, bilirubin, and polyamines [25].

An oxidative imbalance results in the generation of ROS
and intracellular signaling events that trigger the production
of proinflammatory mediators and thus stimulate the devel-
opment of histological changes in the lung. Although the oxi-
dant agents and mechanisms are highly diverse, several
common features have emerged. It is well established that
the accumulation of highly reactive molecules causes general-
ized damage to DNA and increases lipid peroxidation and
protein carbonyl formation in lung tissue [26]. Thus, ROS
directly impact cell proliferation, cell differentiation, immune
function, and vasoregulation—all of which are involved in
the progression of lung diseases. These effects are exerted
through distinct enzymatic complexes (such as kinases, G
protein-coupled receptors, ion channel function, and tran-
scription factors) and lead to onset and progression of lung
diseases [27].

One of the first consequences of an oxidative imbalance is
lipid degradation, resulting from reactions between free rad-
icals and lipids containing carbon-carbon double bonds
(especially polyunsaturated fatty acids). If this reaction is
not limited, it can permanently damage cell membranes
due to the accumulation of lipid peroxidation end products
[28]. Levels of the end product malondialdehyde are predic-
tive of COPD exacerbations [29]. Furthermore, malondialde-
hyde levels are positively correlated with increased
expression of Toll-like receptor 4 (TLR4) and factor nuclear
kappa B (NF-κB)—signaling pathways involved in lung dis-
eases [30]. This relationship is further illustrated by data
from animal experiments in which blockade of the
TLR4/NF-κB pathway restored both functional and morpho-
logical features of the lungs in asthma [31], COPD [32], acute
lung injury [30], and pulmonary fibrosis [33] models.

A growing body of research data has evidenced the rela-
tionship between ROS and classical intracellular signaling
pathways, such as those involving mitogen-activated protein
kinase (MAPK), nuclear factor erythroid 2-related factor 2-
(Nrf2-) ARE, phosphoinositide-3-kinase- (PI3K-) Akt, and
Ca2+ in lung diseases [33, 34]. Even though it is not fully clear
how ROS activate these pathways, the oxidative imbalance
has been directly implicated in the pathogenesis of asthma
[35], COPD [36], and IPF [37].

Over the last decade, a body of scientific data has
highlighted the involvement of other important molecular

targets in the pathogenesis of pulmonary diseases, such as
endoplasmic reticulum (ER) stress (the accumulation of mis-
folded proteins in the ER), the inflammasome, and the P2X7
purinergic receptor. The ER has a major role in the synthesis,
folding, and structural maturation of many proteins made in
the cell [38]. When misfolded proteins accumulate in the ER,
the intracellular signaling pathway called the unfolded pro-
tein response (UPR) induces a set of transcriptional and
translational events that restore ER homeostasis [39]. If high
levels of ER stress persist, a terminal UPR program prompts
cells to increase ROS production; this disturbance leads to
self-destruction of the cell [40]. All the events triggered by
UPR have been linked to the pathogenesis of distinct respira-
tory conditions, including cystic fibrosis, COPD, asthma,
IPF, and lung infections [17, 38, 40].

Inflammasomes are intracellular multiprotein innate
immune complexes. Once activated, the inflammasome’s
enzymatic activity is mediated by the recruitment and activa-
tion of caspase-1 [41]. These multiprotein complexes can
influence oxidative imbalance and have emerged as an
important regulator of lung disease [42]. Activation of the
best-studied inflammasome (the NLR protein
NLRP3/NALP3) triggers the production of proinflammatory
mediators and ROS associated with lung injury [43–45]. The
involvement of oxidative imbalance in this mechanism is fur-
ther emphasized by the antioxidant-induced inhibition of
inflammasome activation—suggesting that redox signaling
is involved in NLRP3/NALP3 activation [46].

The P2X7 purinergic receptor (P2X7R) is an important
ATP-responsive immunomodulator. It has been implicated
in the development of inflammatory respiratory diseases
[47]. The receptor’s key role has been characterized in
models of pulmonary fibrosis, lung inflammation, asthma,
and COPD [48]. P2X7R is constitutively expressed by many
cell types (including respiratory tract epithelial cells) and par-
ticipates in the release of proinflammatory cytokines, colla-
gen deposition in the lung, activation of the NLRP3-
inflammasome pathway, and ROS production. These data
highlight P2X7R as a potential therapeutic target in lung dis-
ease. Indeed, P2X7R antagonists reduce neutrophil infiltra-
tion and proinflammatory cytokine levels in acute lung
injury [49, 50]. Various P2X7R antagonists are currently
under clinical development. Furthermore, other purinergic
receptor (P2R) agonists and antagonists have been a drug
candidate for the treatment of COPD and chronic cough; in
particular, an antagonist at P2X2/3R antagonists and some
of (P2R) agonists and antagonists might also be relevant for
the treatment of other lung diseases [51, 52].

3. The Impact of ROS on Glucocorticoid
Resistance in Inflammatory Lung Diseases

Local and systemic treatments with glucocorticoids are not
effective in some patients with inflammatory lung disea-
se—especially those with severe disease or those exposed to
respiratory viruses, cigarette smoke, or air pollution [53,
54]. In clinical terms, glucocorticoid resistance is defined as
a failure to raise forced expiratory volume in the first second
(FEV1) by 15% following a 7-day course of oral
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corticosteroid at a daily prednisolone dose equivalent of
20mg. Although these patients do not benefit from cortico-
steroid therapy, they nevertheless experience the characteris-
tic adverse drug reactions linked to systemic glucocorticoid
treatment [55].

Several mechanisms have been linked to the development
of corticosteroid resistance, including immune-mediated
dysregulation of cytokines, excessive activation of mitogen-
activated MAPK, activating peptide-1 (AP-1) and factor
nuclear kappa B (NF-κB), defects in the ability of the gluco-
corticoid receptor (GR) to bind the drug and translocate into
the nucleus, amplified GRβ isoform expression, and abnor-
mal histone acetylation [54]. The Th17 immune response
appears to have a key role in steroid resistance in inflamma-
tory lung diseases because there is a correlation between
Th17 cell-induced elevation of IL-17 and steroid-resistant
disease through neutrophil accumulation [55]. Nevertheless,
merely preventing neutrophilic inflammation may not be
effective in corticosteroid-resistant lung diseases because
the neutralization of TNF-α (a powerful inducer of neutro-
phil chemotaxis) did not improve FEV1 in patients with
severe asthma after high-dose corticosteroid treatment [56].

Some of the cytokines produced in excess by patients
with severe asthma (including IL-2, IL-4, and IL-13) enhance
p38MAPK activity. The MAPK-induced phosphorylation of
serine 134 on the GR leads to steroid resistance by impeding
nuclear translocation, protein stabilization, and DNA bind-
ing [57–59]. We showed previously that repeated allergen
exposure induces glucocorticoid-insensitive asthma,
increased phosphorylation of GATA-3 and p38MAPK, and
reduced GR availability in A/J mice [60].

The inactivation of GR by MAPKs decreases the recep-
tor’s ability to induce histone acetylation, which in turn pre-
vents the interaction with proinflammatory transcription
factors AP-1 and NF-κB [61]. Additional steroid resistance
mechanisms include the reduction of histone deacetylase
(HDAC) 2 activity by phosphoinositide 3-kinase (PI3K) δ
[62]. Lastly, numbers of inflammatory cells expressing GRβ
isoform immunoreactivity are higher in glucocorticoid-
resistant patients than in glucocorticoid-sensitive patients.
Although the β isoform of the GR only differs from the α iso-
form at its carboxyl-terminal region, this is enough to pre-
vent glucocorticoids from binding. Nevertheless, the GRβ is
able to bind to the glucocorticoid response element—even
in the absence of the ligand—but cannot activate the pro-
moter of glucocorticoid-responsive genes. When GRβ is
strongly expressed, activation of GRα by glucocorticoids does
not therefore result in gene transactivation; consequently,
glucocorticoid resistance is observed [63].

Levels of ROS and their metabolites are higher in patients
with COPD and severe asthma than in healthy subjects [64,
65]. Furthermore, the in vitro activation of peripheral blood
neutrophils or mononuclear cells obtained from patients
with COPD or asthma increased ROS production and serves
as a severity marker for these two inflammatory lung diseases
[66–69]. Therefore, elevated ROS production in these dis-
eases might be linked to glucocorticoid resistance. The crea-
tion of prooxidant cellular environment in vitro (achieved
by treatment with tertiary butyl hydroperoxide, an organic

hydroperoxide) prevented glucocorticoids from inhibiting
IL-8 production by macrophages [69]. Furthermore, H2O2
also decreases glucocorticoid response element activation in
human lung epithelial BEAS-2B cells in vitro—suggesting
that glucocorticoid resistance had been induced [70].

In a murine model of asthma, ozone-induced exacerba-
tion of asthma is accompanied by elevated levels of oxidative
stress, IL-17 production, airway neutrophilia, and the devel-
opment of glucocorticoid resistance. This glucocorticoid
insensitivity on the murine asthma model was associated
with an increase in the phosphorylation of p38MAPK and
the reduction of MKP-1 activation. In addition, the inhibi-
tion of MAPK by SB239063 in this model reversed the ability
of glucocorticoid to inhibiting inflammatory response and
airway hyperresponsiveness through the reduction in
p38MAPK phosphorylation and increase in MKP-1 activa-
tion [71]—suggesting that ROS may provoke corticosteroid
resistance by excessive activation of p38MAPK. Indeed,
in vitro ROS-induced glucocorticoid resistance in monocytes
and macrophages was related to an increase in p38MAPK
phosphorylation and a reduction in HDAC activity, respec-
tively [69, 72].

Nitrosylation and oxidation of the GR reduce the gluco-
corticoid binding, nuclear translocation, and DNA binding
[73, 74]. The ROS-induced impaired nuclear translocation
of GR appears to be mediated by the oxidation of the recep-
tor’s Cys-481 residue [74]. Furthermore, nitrosylation can
modulate GR expression. For instance, neuronal nitric oxide
synthase is an endogenous inhibitor of GR expression in the
hippocampus [75]. Nevertheless, this action is subject to
debate because inhaled NO restored endotoxin-induced
downregulation of the GR expression in the lung, liver, and
kidney [76]. In severe asthma and COPD, inducible nitric
oxide synthase is upregulated [21]. The high resulting NO
production might explain the decrease in glucocorticoid
responsiveness. Although this mechanism might be relevant
in glucocorticoid-resistant patients, selective inducible nitric
oxide synthase inhibitors have not yet been evaluated in the
clinic.

Tyrosine nitration of HDAC2 results in its inactivation,
ubiquitination, and degradation [77]. ROS also increased
the activity of PI3Kδ, which leads to the phosphorylation
and inactivation of HDAC2 [62]. Furthermore, H2O2
induced steroid insensitivity and reduced β2 adrenoceptor-
dependent cAMP production via the inhibition of PI3Kδ sig-
naling in U937 cells in vitro [78]. HDAC2 inactivation is
related to glucocorticoid insensitivity in COPD patients [79,
80], suggesting that ROS have a fundamental role in the
development of glucocorticoid resistance.

4. Could Antioxidant Treatment Be Effective in
Lung Diseases?

As discussed above, oxidative imbalance and the generation
of ROS are known to contribute to the pathogenesis of a
number of important lung diseases. Hence, several therapeu-
tic strategies have been suggested for eliminating ROS and/or
restoring the redox balance. Here, we summarize current
knowledge on ROS and oxidative imbalance as therapeutic
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targets. Antioxidant drugs can be divided into three large
groups, as a function of their mechanism of action: (i) those
that functionally enhance endogenous antioxidant enzymes
such as SOD, CAT, and GPx, which accelerates the conver-
sion and inactivation of free radicals; (ii) nonenzymatic scav-
engers of excess free radicals and lipid peroxyl radicals, which
keep the cell membrane intact; and (iii) drugs with other
mechanisms.

4.1. Antioxidant Drugs Can Enhance the Function of the
Endogenous Antioxidant Enzyme System. NAC is a classical
antioxidant that provides cysteine for the increased intracel-
lular production of glutathione. In fact, NAC is a pleiotropic
drug with various pharmacologic characteristics. It was
developed as a mucolytic agent, since it breaks down mucin
disulfide cross-links, reduces the viscosity of mucus and lung
secretions, and reestablishes oxygen saturation in the blood
[77]. NAC also directly inactivates reactive electrolytes and
free radicals in a nonenzymatic manner and maintains the
oxidant/antioxidant balance in cells. At higher doses, NAC
reduces the formation of proinflammatory cytokines, such
as IL-9 and TNF-α [81] [82]. For years, it was believed that
NAC’s beneficial effects on the lung were predominantly
due to its mucolytic property. Nevertheless, this belief is out-
dated, and more prominence has been given to NAC’s anti-
inflammatory effects [82]. The results of several studies have
indicated that NAC reduces COPD exacerbations [83, 84],
although further analysis of these data showed that this
reduction was greatest in current smokers and patients not
treated with inhaled corticosteroids [85]. The beneficial effect
of NAC observed in several studies might correspond to the
sum of these characteristics. Several studies also have
addressed NAC’s ability to relieve IPF. Despite encouraging
results in animal models of fibrosis [86], NAC supplementa-
tion has not been highly effective in the clinic [87].

The membrane-bound complex NADPH oxidase (NOX)
is a major source of ROS. In COPD and IPF, the principal
cellular sources of ROS are NOXes and the mitochondria
[88]. There are several isoforms of the catalytic component
of NOX, including NOX1-5 and the dual oxidases DUOX1
and 2 [89]. Several NOX inhibitors have been developed to
counteract oxidative stress [88]. Various studies indicate that
NOX inhibitors may be beneficial in lung disease [90]. Apoc-
ynin is a nonselective NOX inhibitor; in cigarette-smoke-
exposed mice, it reduced the levels of inflammatory cytokines
and chemokines in bronchoalveolar fluid [91]. When admin-
istered by nebulization to COPD patients, apocynin reduced
H2O2 and nitrite reduction in the exhaled breath condensate
of COPD patients but no clinical parameters were reported
[92]. Furthermore, recent studies have suggested that
NOX4 is an important factor in the development of IPF,
based on the enzyme’s ability to induce alveolar epithelial cell
death, (myo)fibroblast differentiation, and collagen deposi-
tion [93]. Setanaxib is a dual NOX1/4 inhibitor currently
clinical development in an indication of IPF; it has demon-
strated excellent tolerability and a reduction in various
markers of chronic inflammation [94].

SODs are the only enzymes that can convert superoxide
radicals to H2O2. There are three types of SOD: cytosolic

copper-zinc SOD (cytosolic Cu/ZnSOD), mitochondrial
manganese SOD (MnSOD), and extracellular SODs
(ECSOD). In human studies, SOD activity in the bronchial
epithelium, in the cells in bronchoalveolar fluid, and in bron-
chial brushings is lower in patients with asthma than in con-
trol subjects [95]. The role of SOD in the progression of IPF is
less well understood. In fact, SOD1 is reportedly elevated in
patients with IPF [96], and SOD1 knockout mice developed
less oxidative stress and were protected from asbestos-
induced pulmonary fibrosis, relative to wild-type littermates
[97]. Although many previous antioxidant therapies have
disappointed, newly characterized SOD mimetics appear to
protect against oxidant-related lung disorders in animal
models.

CAT is an antioxidant enzyme found almost in all living
tissues that utilize oxygen. The enzyme uses either iron or
manganese as a cofactor and catalyzes the degradation or
reduction of hydrogen peroxide (H2O2) to water and molec-
ular oxygen, consequently completing the dismutation reac-
tion that occurs enzymatically by SOD [98]. Different lines
of evidence have indicated that under inflammatory condi-
tions, the levels of gene expression and the enzyme activities
of CAT can be improved under treatment with metformin
[99] [100]. Metformin, a biguanide derivate, is commonly
used to treat patients with type 2 diabetes mellitus [101]
and possesses its activities dependent of AMP-activated pro-
tein kinase (AMPK) [102]. It has been reported that AMPK
activation acts via multiple mechanisms to reduce oxidative
stress and is associated with increased levels of the antioxi-
dant enzymes, including catalase [103]. Although the precise
molecular mechanisms of AMPK have not been fully eluci-
dated, there is cumulative evidence suggesting that AMPK
activation protects against the development of emphysema
and COPD by regulating Nrf2 activation [104].

GPx activity is significantly reduced in subjects with
asthma or COPD that indicates its prominent role in lung
antioxidant defense [105] [106]. In addition, there is a direct
relationship between systemic GPx activity and FEV1 [107],
and oxidative stress correlates with both lung function and
body mass index in COPD [108]. Strategies to enhance the
GPx-like activity have been used in the treatment of distinct
pathological conditions, including COPD [109]. Ebselen is
an organoselenium compound with hydroperoxide- and
peroxynitrite-reducing activity that acts as an GPx mimetic
being effective in reducing airway inflammation induced by
ozone in rats [110] and inflammatory cytokines in the lungs
of cigarette-smoke-exposed mice [91]. Ebselen has been used
in clinical trials of acute ischemic stroke [111]; however, no
studies have yet been reported on its protective role in
asthma or COPD yet.

Myeloperoxidase is produced in neutrophils and macro-
phages. It has a damaging effect not only on bacteria but also
on tissue. Thus, the selective, irreversible myeloperoxidase
inhibitor 2-thioxanthine inactivated NF-κB and reduced oxi-
dative stress and the development of emphysema in guinea
pigs exposed to cigarette smoke [112].

Antioxidant enzyme defense systems (including SOD,
CAT, GPx, reduced glutathione, and heme oxygenase-1) are
directly regulated by Nrf2. Thus, owing to its antioxidant
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effect, Nrf2 is a potential therapeutic target in lung disease
[113]. Sulforaphane (a compound extracted from broccoli)
was found to be a Nrf2 activator; experiments on human
macrophages or mouse models suggest a preventive effect
on COPD exacerbation [114]. Clinical studies have evi-
denced elevated Nrf2 expression in the lungs of patients with
IPF [115]. However, further research on Nrf2 as a target in
IPF treatment is needed.

4.2. Nonenzymatic Antioxidant Drugs. Dietary antioxidants
(including vitamin C (ascorbic acid), vitamin E (α-tocoph-
erol), resveratrol, and flavonoids) have been suggested as
antioxidant treatments [116, 117]. The antioxidant and
anti-inflammatory effects of these compounds have been
demonstrated in the in vitro and in vivo model of inflamma-
tion induced by bleomycin, lipopolysaccharide, and cigarette
smoke, among others [116]. Nevertheless, dietary antioxi-
dant intake has not been shown to improve lung function
or relieve clinical features in COPD. Furthermore, other
researchers have shown that an antioxidant diet protects
against emphysema but increases mortality in cigarette-
smoke-exposed mice [117]—suggesting that the indiscrimi-
nate use of antioxidant dietary supplementation is even risk-
ier. Unfortunately, large randomized clinical trials have
yielded disappointing results, and recent meta-analyses con-
cluded that indiscriminate, high-dose vitamin E supplemen-
tation results in increased mortality [118]. Indeed, we
showed previously that supplementation with NAC and vita-
min E was associated with elevated plasma levels of cortico-
sterone in the rat [119].

4.3. Other Drugs That Affect Oxidative Stress. The treatments
of COPD include oxygen supplementation, as well as oral,
inhaled, or transdermal bronchodilators and/or inhaled cor-
ticosteroids [120]. These treatments may work together by
affecting the redox imbalance. The results of clinical trials
indicate that symptom relief alone might not be directly
linked to a better prognosis. This is probably because treat-
ment with a bronchodilator alone may fail to fully prevent
ischemia; hence, ROS will still be generated and cause inflam-
mation, due to the ischemic cascade or ischemia-reperfusion
injury [121]. The disparities in the effects on symptoms and
the prognosis suggested that oxygen supplementation has
more direct disease-modifying action in COPD than bron-
chodilators do.

Pirfenidone is one of only two drugs approved by the US
Food and Drug Administration in an indication of IPF. This
compound is thought to have antioxidative, anti-inflamma-
tory, and antifibrotic effects, although the exact mechanisms
in IPF have not been clearly characterized. In vivo studies of
bleomycin-induced murine pulmonary fibrosis indicate that
pirfenidone reduces markers of oxidative stress, decreases
the secretion of proinflammatory cytokines, and inhibits
fibroblast proliferation, myofibroblast differentiation, and
TGF-β-induced collagen production [122].

ROS may have a role (either directly or via the formation
of lipid peroxidation products such 4-hydroxy-2-nonenal
and F(2)-isoprostanes) in enhancing the inflammation
through the activation of stress kinases (JNK, MAPK, p38,

and PI3K) and thus increased activity of transcriptional fac-
tors such as NF-κB, AP-1, and Nrf2. These enhanced intra-
cellular signals are associated with the pathogenesis of
COPD, IPF, and asthma. Thus, agents that modify these tar-
gets are the drug candidates for various lung diseases [123].

The association between corticosteroid resistance and
PI3K inhibition was discussed above. Hence, treatment with
a combination of a PI3K inhibitor and a corticosteroid
should be a practical means of resolving inflammation in
COPD. p38 MAPK inhibitors are capable of suppressing
the release of proinflammatory mediators from alveolar mac-
rophages and other immune/inflammatory cells taken from
patients with COPD [124]. The dual p38α/β oral inhibitor
losmapimod has also been investigated: it decreased the
number of moderate-to-severe COPD exacerbations in
patients with blood eosinophil counts ≤ 2% [125]. Further-
more, it was recently shown that the orally administered
p38 MAPK inhibitor acumapimod decreased the number of
hospital readmissions for COPD exacerbation [126]. More-
over, the p38αMAPK inhibitor can reinstate corticosteroid
sensitivity in alveolar macrophages obtained from patients
with asthma [58, 127]. Nevertheless, one should bear in mind
that the p38MAPK inhibitor has potential negative effects. In
particular, abrogation of the physiologic functions exerted by
p38 MAPK (notably with regard to innate immunity and
antibacterial surveillance) could increase the patient’s risk
of infections, skin rash, and gastrointestinal, hepatic, cardiac,
and central nervous system toxicity. Taken as a whole, these
data suggest that there are still several barriers to the use of
p38 MAPK inhibitors in IPF or COPD [128].

In the setting of chronic inflammatory lung disease, oxi-
dative stress activates kinases and redox-sensitive transcrip-
tion factors and modulates epigenetic chromatin
modifications—resulting in changes in gene transcription.
Recent studies have focused on identifying genes that
undergo epigenetic modifications. In patients with asthma,
microarray profiling of genes expressed in peripheral blood
mononuclear cells can predict glucocorticoid sensitivity
[129]. Novel means of circumventing steroid-refractory dis-
ease are currently being developed. Activation of HDAC2
and the reversal of oxidative posttranslational modifications
of HDAC2 constitute other possible epigenetic-based thera-
peutic principles for severe asthma and COPD [130]. In the
future, epigenetic profiling might be used to choose the best
treatment option for lung disease [131]. However, the treat-
ment of nonneoplastic lung diseases with epigenetic modify-
ing drugs is in its infancy, with preclinical studies in vitro and
in vivo models [132–134].

Another point to bear in mind is that although many
studies have found that the accumulation of oxidative dam-
age in cellular macromolecules is immensely toxic, the ROS
produced by normal cell metabolism are vital for cellular
homeostasis—especially for immune competence and the
activation of several signal transduction pathways. Lastly,
several different approaches to antioxidant treatment of lung
disease have been explored in vitro and in vivo models but
few have been clinically effective—perhaps because the oxi-
dative stress (but not disease onset or progression) was
affected in the preclinical studies. Nevertheless, today’s
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knowledge of mechanisms of ROS regulation might lead to
the pharmacological manipulation of antioxidants and the
development of novel, truly effective drugs. The antioxidant
treatment approach might provide a ray of hope in the other-
wise difficult setting of COPD, asthma, and IPF. However,
much work remains to be done.

5. Concluding Remarks

A growing body of evidence shows that oxidative imbalance
has several pivotal roles in the pathophysiology of inflamma-
tory lung diseases. Elevated ROS levels directly or indirectly
affect a variety of receptors, other signaling molecules, pro-
teins, and ion levels. The depletion of antioxidants and the
accumulation of ROS reduce the cell’s ability to mount an
effective antioxidant response and thus contribute to the
development of inflammatory lung and airway diseases.
Therefore, a better understanding of the mechanisms
through which the ROS affect intracellular homeostasis, cell
signaling, and thus the onset and/or aggravation of inflam-
matory lung diseases may aid in the identification of new
molecular pathways and the development of innovative,
effective therapeutic strategies.
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The phenomenon of oxidative stress, characterized as an imbalance in the production of reactive oxygen species and antioxidant
responses, is a well-known inflammatory mechanism and constitutes an important cellular process. The relationship of viral
infections, reactive species production, oxidative stress, and the antiviral response is relevant. Therefore, the aim of this review is
to report studies showing how reactive oxygen species may positively or negatively affect the pathophysiology of viral infection.
We focus on known respiratory viral infections, especially severe acute respiratory syndrome coronaviruses (SARS-CoVs), in an
attempt to provide important information on the challenges posed by the current COVID-19 pandemic. Because antiviral
therapies for severe acute respiratory syndrome coronaviruses (e.g., SARS-CoV-2) are rare, knowledge about relevant
antioxidant compounds and oxidative pathways may be important for understanding viral pathogenesis and identifying possible
therapeutic targets.

1. Introduction

1.1. Oxidative Stress and Reactive Oxygen Species. The
concept of oxidative stress, an established term widely used
in scientific and medical niches, was proposed in 1985 by Sies
[1, 2]. Oxidative stress is a biological process that occurs
naturally during metabolism and plays several roles, such as
maintaining the balance between oxidant and antioxidant
molecules and the homeostasis of cells, tissues, and organs
[3, 4]. The main elements involved in oxidative stress are
reactive oxygen species (ROS), characterized as reactive
chemical species containing oxygen, such as superoxide
anion (O2

•−), hydrogen peroxide (H2O2), hydroxyl radical
(•OH), and singlet oxygen (O2) [5].

Through the adenosine triphosphate (ATP) synthesis
process of ATP synthase, a concentration gradient of protons
is established in mitochondria. In situations of cellular stress,
this gradient may collapse the electron transport chain

formed with electrons donated mainly from the reduced
form of nicotinamide adenine dinucleotide (NADH), leading
to the formation of ROS [6, 7]. In the transfer of electrons to
molecular oxygen, 1 to 5% of electrons in the respiratory
chain are lost, resulting mostly in the formation of superox-
ides (O2

•−). Therefore, any molecular process that decreases
the proficiency of electron chain transport may increase the
production of O2

•− and consequently the formation of other
ROS if more electrons are integrated into the O2

•− molecule
(Figure 1) [8]. Among the ROS-producing enzymes,
NADPH oxidase (NOX), an important immune mediator
enzyme highly expressed in granulocytes and monocytes/-
macrophages, has been reported to produce ROS more than
any other enzyme, including lipoxygenase [9]. However,
inducible nitric oxide synthase (iNOS) is capable of producing
nitric oxide (NO), a molecule involved in host defense and
immune regulation [10]. Under an inflammatory state, the
combination of nitric oxide and superoxide in large amounts
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results in the formation of peroxynitrite, which is produced by
immune cells and is a strong oxidant agent [11, 12].

The most common issue caused by the overproduction of
superoxide and hydrogen peroxide lies in the tissue damage
that these molecules may induce, which frequently involves
the generation of highly reactive hydroxyl radicals [13].
ROS produced in excessive amounts may be deleterious.
However, their production is indispensable for important

immunological responses against viruses and bacteria, estab-
lishing healthy cellular growth and differentiation processes
and modulating the gene expression of downstream targets
involved in DNA repair [14–16].

1.2. Antioxidant Response and Nrf2. ROS production, and
thus oxidative stress, is crucial for many biological processes,
including metabolism. However, it simultaneously induces
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Figure 1: The process of reactive oxygen species formation in SARS-CoV-2 infection. The virus is able to enter the cell through the ACE2
receptor, and the serine protease TMPRSS2 is located on the membrane of some cell types. This leads to the recognition of the pathogen
by a PRR, the recruitment of immune cells, and an increase in proinflammatory cytokines, thus leading to the production of reactive
oxygen species and oxidative stress, representing an important immune response of the host cell. In parallel to these processes, regulation
of the renin-angiotensin system (RAS) is also demonstrated, which, in this case, contributes to the increased inflammatory response and
the production of ROS. NADPH oxidase (NOX), the main enzyme expressed by granulocytes and macrophages, induces the production of
ROS, starting with reactive oxygen species formed from two oxygen molecules and an unpaired electron, superoxide anion (O2

-). From
there, the decreased proficiency of electron chain transport leads to the generation of other ROS in sequence, such as H2O2 and OH-. In
response to the peroxidation of polyunsaturated fatty acids and tissue damage generated by oxidative stress, expression of the nuclear
factor Nrf2 occurs along with the sMAF proteins, leading to the expression of antioxidant response elements (AREs) and consequently the
production of antioxidant enzymes, such as superoxide dismutases (SODs), in response to exacerbated O2

- production. Glutathione
peroxidases (GPXs) and catalase (CAT) act mainly by converting ROS into molecular water. Under homeostatic conditions, KEAP1
represses Nrf2 activity by marking Nrf2 for rapid degradation through the ubiquitin-proteasome system, thus preventing Nrf2 from
reaching the cell nucleus and transcribing antioxidant response genes.
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an antioxidant response, primarily represented by antioxi-
dant enzymes: superoxide dismutase (SOD), responsible for
the catalysis of the conversion of superoxide radicals (O2

•−)
to hydrogen peroxide (H2O2), which is then converted into
molecular water (H2O) by glutathione peroxidase (GPx)
and by catalase (CAT) [17]. Importantly, three isoforms of
SOD have been described in humans to date, and they are
characterized by different locations: cytosolic Cu/Zn-SOD
(SOD1), mitochondrial Mn-SOD (SOD2), and extracellular
SOD (SOD3). These enzymes have the potential to neutralize
superoxide ions by engaging in successive oxidative and
reductive cycles in conjunction with transition metal ions
[18]. Similarly, mammals express eight isoforms of GPx,
but only GPx1, GPx2, GPx3, GPx4, and GPx6 are selenopro-
teins in humans [19]. Curiously, antioxidants may be
recruited as direct scavengers of ROS or even as inhibitors
of primary superoxide formation (and that of other individ-
ual ROS) [20].

Glutathione (GSH), a well-described intracellular antiox-
idant, is a potential redox regulator molecule and is responsi-
ble mostly for cellular protection from damage by free
radicals, peroxides, and toxins [21]. In this context, glutathi-
one is a potential target for investigation regarding SARS-
CoV-2 infection.

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a
master transcription regulator of genes related to the antiox-
idant response [22]. Nrf2 is involved in a system associated
with Kelch-like ECH-associated protein 1 (Keap-1). In this
system, environmental stresses, including ROS production
and electrophiles, lead to the decoupling of Keap-1. This pro-
cess therefore allows Nrf2 accumulation in the cell nucleus
and the formation of a heterodimer with small musculoapo-
neurotic fibrosarcoma (sMAF) proteins, which bind to a cis-
acting element named the antioxidant responsive element
(ARE), thus conferring protection against oxidative insults
and cytotoxic molecules [23].

Nrf2 may prevent tissue and cell damage and decrease the
production of danger-associated molecular patterns
(DAMPs), which are released by necrotic cells and are immu-
nologically important for amplifying the inflammatory
response [24]. Nrf2 is an important regulator of inflamma-
tion, an essential part of innate immunity induced by infec-
tion and/or tissue injury. Protective responses are induced
by Nrf2 to remove deleterious signals and initiate wound
healing by the coordinated delivery of blood components
(plasma and leukocytes) to the location of infection or injury
caused by viruses, bacteria, or parasites [25]. However, in
exacerbated inflammatory responses, the production of dele-
terious free radicals begins in an unbalanced way, leading to
oxidative stress and the activation of different cell signaling
pathways [26].

1.3. Oxidative Stress in Respiratory Viral Infections. Viruses
are obligate intracellular parasites and hijack host cell
machinery to replicate. Viral infection causes a substantial
imbalance in the intracellular microenvironment, which
affects, among other systems, the redox system [27]. Previous
studies have already discussed the damage caused by oxida-
tive stress in pulmonary diseases and the repercussions that

develop in SARS-CoV-2 infection, showing the importance
of this topic in relation to COVID-19 [28, 29], as well as apo-
ptosis and autophagy in the same background [12].

Respiratory viruses, comprising human respiratory syn-
cytial virus (RSV), influenza (IV), human rhinovirus
(HRV), human metapneumovirus (HMPV), parainfluenza,
and adenoviruses and coronaviruses (CoVs), may infect the
upper and/or lower respiratory tract in humans and are the
causes of the common cold (the most prevalent disease in
the world). In some cases, the disease can worsen and cause
other complications, such as fever and pneumonia, especially
in high-risk populations, such as elderly individuals, chil-
dren, and immunosuppressed patients [30].

Respiratory viruses induce ROS-generating enzymes,
such as nicotinamide adenine dinucleotide phosphate oxi-
dases (NADPH oxidase, Nox) and xanthine oxidase (XO),
while creating unbalanced antioxidant levels. Murine cells
infected in vitro with IV show a reduction in ROS production
after NOx inhibition [31].

Depending on their production, ROS may play ambigu-
ous roles during viral infections. Excess ROS, namely, super-
oxide and its derivatives, is the main cause of lung injury
caused by influenza virus infection. Nox1 or Nox2 is also
important for inducing epithelial apoptosis and lung damage
by the virus [32]. Oxidative imbalance, in addition to causing
tissue damage, can contribute to cell-to-cell viral transmis-
sion [33] and robust cytokine and chemokine production,
leading to cytokine storms [34].

The increase in ROS production during influenza infec-
tion can activate the JNK/ERK/p38 MAPK and NF-κB path-
ways and lead to lung damage [35]. Furthermore, an increase
in nitric oxide synthase 2 (iNOS) has also been found in the
lungs of patients who died from IV [33].

Increased ROS production is also observed in RSV, which
causes the accumulation of lipid peroxidation products and
oxidized glutathione (GSH) in the plasma of children with
RSV-induced acute bronchiolitis [35, 36]. In HRV, this
ROS increase is induced by enhanced O2 production and
depleted intracellular GSH levels [37–39]. Antioxidant
capacity is also suppressed in RSV-infected children and in
HMPV-infected respiratory cells [40, 41].

RSV decreases Nrf2 mRNA levels in respiratory epithelial
cells [42]. In addition, RSV is capable of inducing Nrf2 dea-
cetylation and subsequent proteasomal degradation, which,
in turn, leads to the downregulation of antioxidant enzyme
expression [43].

The expression of antioxidants varies according to the
stage of infection. In a cell culture model, during the first
hours after infection, SOD1, SOD2, glutathione S-
transferase (GST), CAT, and GPx are induced. With the evo-
lution of the infection, only SOD2 continues to increase,
resulting in enhanced H2O2 production, whereas other anti-
oxidant enzymes, including those that are critical for neutral-
izing H2O2, are suppressed [42, 44]. The antioxidant system
is also affected by IV infection, showing a decrease in SOD
expression mediated by the proteasomal degradation of tran-
scription factors that drive SOD production [45, 46]. How-
ever, no differences in SOD, CAT, or IDO expression
during IV infection have been described [47]. There are,
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however, reports of increased SOD expression in asymptom-
atic IV-infected individuals [48].

Few studies have evaluated the role of the redox system in
infection with HRV or human metapneumovirus (HMPV).
HMPV has been shown to increase SOD2 levels and decrease
SOD3, CAT, glutathione S-transferase, and peroxiredoxin 1,
3, and 6 levels [49]. HRV increases the levels and activity of
SOD1 but does not affect the activity of SOD2, catalase, or
GPx [50].

Antioxidant capacity is also suppressed in RSV-infected
children and in HMPV-infected respiratory cells [40, 41].
In a recent study involving RSV, which promotes an infec-
tion largely related to oxidative lung injury, the degradation
of Nrf2, and consequently decreased levels of antioxidant
enzymes, researchers found that single-nucleotide polymor-
phisms (SNPs) in the catalase enzyme promoter gene
provided antioxidant protection against severe RSV bronchi-
olitis in samples of nasopharyngeal secretions from children
with the disease [51]. In agreement, in vivo models of RSV-
infected mice treated with polyethylene glycol-conjugated
catalase showed increased catalase activity and reduced
H2O2 damage, neutrophil elastase, and inflammation in the
airways. RSV decreases Nrf2 mRNA levels in respiratory epi-
thelial cells [42]. In addition, RSV is capable of inducing Nrf2
deacetylation and subsequent proteasomal degradation,
which in turn leads to the downregulation of antioxidant
enzyme expression [43].

In viral infection, Nrf2 exerts multiple effects. Nrf2 has
been described as having protective and antioxidant potential
against virus-induced cell damage and viral replication of
influenza A in vitro [52]. In contrast, Nrf2 was also described
as being a negative regulator of the stimulator of IFN
(STING) gene, a critical signaling molecule involved in the
innate response to cytosolic nucleic acid ligands in human
cells. STING is an important molecule that is also a focus of
our group studying the innate immunity of HIV-infected
mothers [53, 54].

1.4. Oxidative Stress in SARS-CoV Infections. Coronaviruses
(CoVs) constitute a single-stranded RNA virus family with
the largest viral genome ever described (approximately
30,000 nucleotides) [55]. Severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) is the newest member of the
coronavirus family. Reported as a zoonotic virus, it likely
emerged in China in the province of Hubei, where it jumped
from bats and/or pangolins to humans [56]. Three months
after the first reports of human infection, SARS-CoV-2 infec-
tion became a pandemic and proved to be far more lethal
than its predecessors, killing more than 1.2 million people
in eleven months [57].

In addition to SARS-CoV-2, six other coronaviruses can
cause respiratory and intestinal diseases in humans. Four
coronaviruses induce mild respiratory disease in immuno-
suppressed individuals or severe respiratory disease in chil-
dren and elderly individuals (HCoV-NL63, HCoV-229E,
HCoV-OC43, and HKU1). Two others, Middle East respira-
tory syndrome coronavirus (MERS-CoV) and severe acute
respiratory syndrome coronavirus-1 (SARS-CoV-1), cause
more severe respiratory disease and have led to major out-

breaks in recent decades that combined to kill approximately
2,000 people [58, 59]. SARS-CoV-2 shares genetic similarities
with SARS-CoV-1 and MERS, with 79% and 50% similarity,
respectively, and all three cause respiratory disease [60].

Coronavirus disease 2019 (COVID-19) is caused by
SARS-CoV-2 infection and mainly affects the respiratory
system, but COVID-19 is also capable of inducing damage
to other organs. Viral transmission between humans occurs
by direct contact or by contact with droplets produced by
coughing or sneezing. In the lung, the virus targets type 2
alveolar cells with an affinity tenfold greater than that of
SARS-CoV-1. The new coronavirus enters the host cell
through the angiotensin-converting enzyme 2 (ACE2) recep-
tor [61] (Figure 2).

Cellular invasion is also dependent on the serine protease
TMPRSS2, which primes the viral spike protein [62, 63].
Cells in other organs can also express the ACE2 receptor,
such as cells in the esophagus and kidneys and enterocytes
in the small intestine and heart [64, 65]. ACE2 deficiency
impairs endothelial function in cerebral arteries and is related
to oxidative stress and aging in cerebrovascular dysfunction
[66]. Angiotensin-converting enzyme 2 also has protective
effects on endothelial cells through the miR-18a/Nox2/ROS
pathway, as shown by ROS overproduction and the upregu-
lation of Nox2 related to the downregulation of ACE2 [67].
Similar results have been found in renal ACE2 deficiency,
which was related to increased superoxide generation [68].
Considering these findings, the relationship between the
ACE2 receptor, oxidative stress, and coronaviruses should
be further investigated.

After virus recognition by a pattern recognition receptor
(PRR), the intracellular signaling cascade leads to type I IFN
production, which in turn induces the expression of sev-
eral antiviral factors that stop viral replication [54, 69].
Coronaviruses, such as SARS-CoV-1 and MERS, employ
escape mechanisms to suppress the response of cytosolic
and type I IFN sensors, promoting ubiquitination, inhibit-
ing nuclear factor translocation, and/or decreasing STAT1
phosphorylation [70].

Faced with an aggressive agent, such as infection or
trauma, the body may produce an exaggerated response in
an attempt to locate and eliminate the damage. This process
is known as systemic inflammatory response syndrome
(SIRS) or, if the source is infection, sepsis [71]. Moreover,
several immunological, hematological, and endocrine
changes are initiated that lead to acute-phase protein release
and cytokine storms. Although the objective is to eliminate
the offending agent, this exacerbated response can lead to tis-
sue damage and death [72].

The increases in several cytokines (such as IL-6, TNF,
and IL-10), neutrophils, and C-reactive protein are correlated
with disease severity. Increased inflammatory cytokine levels
are correlated with CD4+ and CD8+ T lymphocyte decreases
and decreased IFN-γ production [73]. This immunological
profile observed in patients indicates that COVID-19, like
SARS, is caused by an intense inflammatory process and that
this increase in cytokine levels may be involved in disease
pathogenesis [56]. A recent study proposed that the devastat-
ing production of ROS, increased formation of neutrophil
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extracellular traps (NETs), and, consequently, the suppres-
sion of the adaptive immune system are major causes of local
or systemic tissue damage that leads to severe COVID-19
[74]. Complementing this hypothesis, another study sug-
gested that impaired redox balance, and thus excessive ROS
production, leads to red blood cell membrane peroxidation,
which in turn perpetuates neutrophil activation [75].

Taking oxidative stress into consideration, granulocytes
play a relevant role in viral infections, even COVID-19
[76]. Neutrophils may represent the most important cell type
in this context, since they produce significant superoxide free
radicals and H2O2, constituting an important mechanism in
the elimination of pathogens [77]. However, the overproduc-
tion of reactive oxygen species leads to tissue damage and
consequently denotes the severity of viral infections, as
previously mentioned. The activation of agranulocytes,
such as macrophages, leads to a respiratory burst in
response to infection with SARS-CoV-2 and may also
induce ROS production and therefore tissue oxidative
damage, contributing to the severity of the disease and a
chronic stage of infection [78].

In the lung, cytokine storms are produced mainly by
highly activated macrophages and can cause complications,
such as acute respiratory distress syndrome (ARDS) and
respiratory and cardiac failure [79, 80]. Studies in mice
infected with SARS-CoV-1 have demonstrated that cytokine
storms also dampen adaptive immunity [81].

During SARS-CoV-1 infection in mice, the imbalance in
antioxidant production and ROS is exacerbated [82]. Some
viral proteases are able to stimulate ROS production, which
in turn activates NF-κB [83]. Mitogen-activated protein
kinases (MAPKs) constitute a family of serine/threonine
kinases that are activated (phosphorylated) during SARS-
CoV-1 infection. As previously described, this activation is
dependent on the cellular microenvironment state, and
oxidative stress can be one of the triggers for MAPK pathway
activation [27]. Moreover, in vitro assays have shown that
SARS-CoV-1 replication is inhibited by NO in a
concentration-dependent manner [84].

Although the focus of this review is pulmonary disease
and its sequelae mainly caused by oxidative stress, cardiac
manifestations in COVID-19 are systemically relevant and
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represent a result of cytokine storms in response to viral
infection. Oxidative stress also plays an important role in this
regard considering the direct viral invasion of cardiomyo-
cytes, as well as typical respiratory damage from the virus
that causes hypoxia and leads to redox imbalance and injury
to cardiomyocytes [85]. Cardiologically, another significant
consideration refers to NADPH oxidase-2 (NOX-2), which
is one of the most important sources of superoxide anion
in humans, appears to be increased in patients with pneu-
monia and is associated with an increase in troponin. These
data involving the NOX-2 enzyme have been suggested as a
possible cause of myocardial damage, even for COVID-19
patients [86, 87].

Several factors can contribute to disease severity, such as
hypertension, asthma, heart disease, diabetes, obesity, and
age [88]. The COVID-19 mortality rate is higher in elderly
individuals for several reasons, such as negative ACE2 regu-
lation; homeostatic maintenance of the renin-angiotensin
system (RAS) as a negative regulator; and immunosenescent
status, which consists of a loss of replicative capacity, cell
apoptosis, and adverse structural changes in immune cells
[89]. Although ACE2 expression is necessary for viral entry
into the host cell, ACE2-knockout mice are resistant to
SARS-CoV infections [90, 91], and an increase in or
unchanged level of expression of this enzyme has been asso-
ciated with a protective role against disease severity. In fact,
ACE2 downregulation after viral entry may be involved in
the pathogenesis of COVID-19. In an animal model, ACE2
depletion or inactivation after SARS-CoV infection pro-
moted greater severity of the respiratory syndrome than that
observed in wild-type animals. The loss of ACE2 led to
increased vascular permeability, lung edema, and neutrophil
accumulation. However, when treated with catalytically
active recombinant ACE2 protein, these symptoms were
ameliorated [92].

ACE2 is a component of the RAS, which regulates blood
pressure as well as inflammation and oxidative stress [93, 94].
RAS regulation is initiated when angiotensinogen (Ang),
produced by the liver and adipocytes, is cleaved by renin to
form angiotensin I. The cleaved form may follow two main
axes: the first is dependent on ACE and leads to Ang II for-
mation, and the second depends on both ACE and ACE2
and leads to Ang1-7 formation. Ang II may act by binding
to two receptors, the Ang II type 1 receptor (AT1R) and
Ang II type 2 receptor (AT2R). AT1R signaling induces
mechanisms that increase blood pressure and inflammation,
while AT2R induction has the opposite effect. On the other
hand, Ang1-7 binds to the receptors AT2R, MasR, and
MRgD, resulting in antagonistic effects on the Ang II/AT1R
axis [95]. The relationship between the RAS, mainly the
ACE/Ang II/AT1R axis, and ROS production has been
described. Ang II may indirectly increase ROS production
by the induction of proinflammatory cytokines, such as
TNF-α, IL-1β, and IL-6. Furthermore, Ang II binding to
AT1R promotes ROS production by NOX protein activation
through the mediators protein kinase C (PKC) and Src
kinases. In turn, ROS cause mitochondrial dysfunction and,
consequently, further ROS production [94, 96]. Ang II also
inhibits antioxidant molecules. The treatment of rat cardiac

fibroblasts with Ang II increased the production of superox-
ide ions and decreased the activity of Mn-SOD and Cu/Zn-
SOD [97]. Supporting these findings, fimasartan, an AT1R
blocker, inhibits Nox expression and increases the expression
of Nrf2 and antioxidant enzymes, such as CuSOD, Mn-SOD,
and catalase [98].

Since the global spread of COVID-19, several reports
about neurological symptoms have emerged [99, 100]. The
detection of SARS-CoV [101] and SARS-CoV-2 [102] in
cerebrospinal fluid has confirmed that coronaviruses can
invade the central nervous system (CNS). Some mechanisms
have been proposed to explain CNS damage by SARS-CoV-2,
such as hypoxia, direct viral injury, immune-mediated dam-
age, and ACE2 shedding [103]. It is possible that oxidative
stress is elicited at least in the proposed mechanisms of
immune-mediated damage and ACE2 shedding. In fact,
because of the large amounts of polyunsaturated fatty acids,
the brain is particularly vulnerable to ROS [104], and oxida-
tive stress is suggested to be involved in several neurodegen-
erative and neuropsychiatric disorders, ranging from
depression to Alzheimer’s disease [105]. Again, imbalanced
RAS activation in the brain may be related to encephalopathy
in COVID-19. The ACE2/Ang1-7/Mas axis is reported to
confer protection against cerebrovascular diseases, such as
ischemic stroke, eliciting antithrombotic, anti-inflammatory,
and antioxidative effects [106]. In an experimental model of
Ace2-knockout mice infused with Ang II, gene therapy with
an adenovirus vector expressing ACE2 in the hypothalamus
was able to reduce NOX activity and normalize autonomic
function [107]. Furthermore, another study showed that
treatment with Ang1-7 attenuated neuronal apoptosis, which
was accompanied by elevated SOD activity and reduced
NOX gp91phox levels in the brains of spontaneously hyper-
tensive rats [108].

1.5. Therapeutic Strategies. Cytokine storms lead to leukocyte
accumulation and activation in the lungs; thus, ROS and
proteases are produced in large amounts, leading to damage
to the capillary endothelium and alveolar epithelium [109].
Many studies have shown that natural products, vitamins,
and compounds are important agents with anti-
inflammatory and antioxidant properties that might provide
promising treatment and/or prevention of the progression of
COVID-19 [110–112].

In the immune system, vitamins, such as C, D, and E,
seem to play an important role against SARS-CoV2 infection.
Vitamin D (25-hydroxyvitamin D (25(OH)VD) comprises a
number of fat-soluble secosteroids and has been increasingly
described due to its anti-inflammatory and epigenetic regula-
tor potential [113–115]. In immune cells, vitamin D is able to
regulate effector T cell differentiation by modulating antigen-
presenting dendritic cells (DCs) and by decreasing the syn-
thesis of IL-12, a cytokine that promotes Th1 cell responses
[116]. Additionally, this component showed the ability to dif-
ferentiate naive T cells into the Th17 cell type [117], as well as
potential to stimulate the production of IFN-I and cathelici-
dins and defensins (AMPs), which are molecules with impor-
tant antiviral action in this context [118, 119]. Previous
studies have shown positive associations between vitamin D
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deficiency and mortality in subjects with severe forms of
pneumonia [120] and with the severity of COVID-19 [121],
especially in elderly individuals [122, 123]. In this regard,
vitamin D supplementation promotes binding of the SARS-
CoV-2 cell entry receptor ACE2 to AGTR1 (angiotensin II
receptor type 1), thus creating fewer opportunities for the
virus to attach to ACE2 and enter the cell [124]. Considering
oxidative stress, vitamin D also has relevance. The antioxi-
dant enzyme glutathione (GSH) is required to maintain cir-
culating levels of 25-hydroxyvitamin D (25(OH)VD) [125].
Therefore, viral infection-mediated excess oxidative stress
might be considered a relevant target in this therapeutic
approach.

Vitamin E is a lipid-soluble compound with relevant
antioxidant properties and has eight distinct groups, known
as α-, β-, γ-, and δ-tocopherols and α-, β-, γ-, and δ-tocotrie-
nols [126]. The most biologically available isoform is α-
tocopherol, which is found in hazelnuts, peanuts, and avo-
cado, among other foods. This micronutrient is described
as an effective antioxidant considering its capacity to coun-
teract free radicals and ROS by donating a hydrogen ion from
its chromanol ring [127]. One of the most damaging effects of
ROS is lipid peroxidation of the cell membrane, and vitamin
E plays an important role in this regard by protecting polyun-
saturated fatty acids in the membrane from oxidation [128,
129]. Immunologically, α-tocopherol plays many roles in dif-
ferent cell types. Considering the importance of pulmonary
diseases in coronaviruses, the immunomodulatory effects
highlighted are decreased production of prostaglandin E2
(PGE2), cyclooxygenase 2 COX2, and nitric oxide (NO) by
macrophages; increased T cell proliferation and natural killer
cell (NK) activity; and the intensification of the antibody
response by B cells [130].

Moreover, a study involving a murine model showed that
vitamin E (α-tocopherol) in combination with oseltamivir
(neuraminidase inhibitor) reduced the mortality rate of
infection with influenza virus, decreased infectious virus con-
tent when analyzing lung parameters and showed a marked
diminishment in the lung index and pathology [131]. L-
ascorbic acid (vitamin C) showed antiviral immune
responses against IV in a mouse model through increased
production of IFN-α/β [132].

Resveratrol is a polyphenolic compound found in red
wine, grapes, cocoa, and other foods. It presents anti-
inflammatory properties by interfering with immune cell reg-
ulation and proinflammatory cytokine synthesis. In addition,
resveratrol has a protective role against several diseases, such
as cancer, cardiovascular disease, and respiratory illness
[133–136]. In a mouse model, resveratrol administration
resulted in ACE2 dysregulation and abdominal aortic aneu-
rysm growth inhibition [137]. Moreover, resveratrol treat-
ment resulted in significantly improved survival and
decreased pulmonary viral titers in IV-infected mice [138].

GSH has also shown promise in assays conducted with
mice in vitro. The addition of GSH to drinking water
decreased the viral titers in the lung and trachea in animals
infected with IV [139]. Glutathione assumes a protective role
against peroxynitrite-mediated DNA damage during acute
inflammation, supporting a potential therapeutic strategy in

severe COVID-19 cases [140]. Ebselen, an organoselenium
compound, mimics glutathione peroxidase and peroxire-
doxin enzyme activity [141]. This compound protects the
lung against oxidative stress-induced lung inflammation
in vivo, mainly caused by the enhanced presence of neutro-
phils and macrophages, proteolytic burden, and IL-17
expression in bronchoalveolar lavage fluid [142]. Ebselen
uses a glutathione peroxidase-1 (GPx1) mimetic to reduce
influenza A virus-induced lung inflammation [143]. Given
that GSH is important for immune responses due to the acti-
vation of antioxidant mechanisms and optimal functioning
of lymphocytes and other immune cells [144], natural com-
pounds that activate the Nrf2-antioxidant response element
(ARE) pathway and thus glutathione and other antioxidant
elements may be promising targets.

Naringenin is a flavonoid abundantly found in citrus
fruits and has shown prominent therapeutic potential in a
variety of diseases, especially due to its anti-inflammatory
and antioxidant activities [145]. A study using lipopolysac-
charide- (LPS-) induced injury in a normal human bronchial
epithelium model indicated that naringenin was able to
attenuate mitogen-activated protein kinase (MAPK) activa-
tion by inhibiting the phosphorylation of ERK1/2, c-Jun
NH(2)-terminal kinase (JNK), and p38 MAPK. These
findings suggest that naringenin reduces secretion of the pro-
inflammatory cytokines TNF-α and IL-6 and mRNA expres-
sion, likely by blocking activation of the NF-κB and MAPK
pathways [146]. Furthermore, naringenin is capable of
activating Nrf2 and consequently inducing the production
of antioxidant enzymes, including GPX [147].

Most studies involving antioxidant therapeutic
approaches are directed against IV and HSRV in cell or
mouse models. N-acetylcysteine (NAC), an analog and pre-
cursor of reduced glutathione, has shown promise against
the effects of IV infection. Long-term treatment (6 months)
with NAC resulted in a significant decrease in the frequency
of influenza-like episodes, the severity of the symptoms, and
the length of time confined in bed [148]. In another in vitro
assay, adding zinc to the culture medium after RSV infection
led to significant inhibition of RSV titers [149].

Another antioxidant with antiviral activity is CAT. In
mice, CAT was able to suppress the inflammatory response
by promoting a protective role against pneumonia [150].
The survival time and rates of mice with H1N1-induced
pneumonia were increased by treatment with recombinant
human CAT [151].

Thioredoxin (Trx) is a ubiquitous thiol oxidoreductase
system that has different isoforms: thioredoxin, thioredoxin
reductase, and NADPH. This system plays a role in a variety
of biological processes related to defense against oxidative
stress [152]. Trx is widely expressed in type II pneumocytes,
macrophages, and bronchial epithelial cells and may be regu-
lated by Nrf2 and thus express AREs [153]. In patients with
acute lung injury, extracellular thioredoxin levels were
increased, indicating acute lung injury [154]. A study involv-
ing a murine model of influenza pneumonia showed that
Trx-1 significantly enhanced the survival rate and attenuated
lung histological changes, suggesting a pharmacological
strategy for severe influenza virus infection [155]. A
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recombinant human serum albumin-thioredoxin 1 (Trx)
fusion protein has also been demonstrated as an interesting
therapeutic approach by inhibiting inflammatory cell
responses and suppressing the overproduction of NO in the
lung [156].

Protein disulfide isomerases (PDIs) constitute a super-
family of redox chaperones that participate in important cel-
lular redox state processes, such as the modulation of cellular
oxidative stress mediating homeostasis of the antioxidant
glutathione [157], modulation of endoplasmic reticulum
stress, the unfolded protein response, communication
between endoplasmic reticulum and mitochondria, and the
balance between cell proliferation and apoptosis [158]. A
pulmonary fibrosis study showed that a domain of PDI
(TXNDC5) was highly upregulated in patients with idio-
pathic pulmonary fibrosis as well as a mouse model of this
injury, suggesting that this protein could be a novel therapeu-
tic target in the treatment of pulmonary fibrosis [159]. There
are currently no studies showing the effects of PDIs on
COVID-19. However, the deletion of PDIA3 (a member of
the PDI family) in mice is associated with decreased viral
burden and proinflammatory responses from lung epithelial
cells in influenza A virus infection [160].

Our suggestion, therefore, is to evaluate foods that con-
tain these antioxidants and vitamins as both nutrients and
quality agents for preventing severe SARS-CoV-2 infection,
since prevention through balanced eating and healthy habits
is more important than therapeutic treatment. Considering
critically ill patients, we consider a potential therapeutic
strategy for COVID-19 to include compounds that have
anti-inflammatory and antioxidant actions, highlighting
those capable of decreasing the effects of the cytokine storm,
activating Nrf2-ARE and blocking activation of the NF-κB
pathway, as well as presenting antiviral activity by enhancing
the production of IFN-I. Nevertheless, taking into consider-
ation that some compounds may increase the production of
antibodies, their use or vitamin supplementation may be a
strategy to enhance vaccine efficacy.

2. Conclusion

Respiratory viruses lead to many deaths and can spread
worldwide. In addition to pronounced inflammation, they
also cause changes in the redox system. Little is known about
the mechanisms involved in this imbalance, but oxidative
stress likely contributes to the increased inflammation and
tissue damage caused by the infection. The roles of antioxi-
dants may be instrumental in balancing the expression of
ROS and regulating inflammation. However, tests to prove
the effectiveness of antioxidants are limited to in vitro and
animal models. Clinical studies are required to try to restore
the oxidative system in humans with viral infections.
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Silicosis is a chronic fibrotic lung disease caused by the accumulation of silica dust in the distal lung. Canonical Wnt signaling and
NADPH oxidase 4 (NOX4) have been demonstrated to play a crucial role in the pathogenesis of pulmonary fibrosis including
silicosis. However, the underlying mechanisms of crosstalk between these two signalings are not fully understood. In the present
study, we aimed to explore the interaction of Wnt/β-catenin and NOX4 of human epithelial cells in response to an exposure of
silica dust. Results demonstrated an elevated expression of key components of Wnt/β-catenin signaling and NOX4 in the lungs
of silicon dioxide- (SiO2-) induced silicosis mice. Furthermore, the activated Wnt/β-catenin and NOX4 signaling are
accompanied by an inhibition of cell proliferation, an increase of ROS production and cell apoptosis, and an upregulation of
profibrogenic factors in BEAS-2B human lung epithelial cells exposed to SiO2. A mechanistic study further demonstrated that
the Wnt3a-mediated activation of canonical Wnt signaling could augment the SiO2-induced NOX4 expression and reactive
oxygen species (ROS) production but reduced glutathione (GSH), while Wnt inhibitor DKK1 exhibited an opposite effect to
Wnt3a. Vice versa, an overexpression of NOX4 further activated SiO2-induced Wnt/β-catenin signaling and NFE2-related factor
2 (Nrf2) antioxidant response along with a reduction of GSH, whereas the shRNA-mediated knockdown of NOX4 showed an
opposite effect to NOX4 overexpression. These results imply a positive feed forward loop between Wnt/β-catenin and NOX4
signaling that may promote epithelial-mesenchymal transition (EMT) of lung epithelial cells in response to an exposure of silica
dust, which may thus provide an insight into the profibrogenic role of Wnt/β-catenin and NOX4 crosstalk in lung epithelial cell
injury and pathogenesis of silicosis.

1. Introduction

Silicosis is a fatal occupational chronic fibrotic lung disease
caused by long-term exposure to respirable crystalline silica
(silicon dioxide (SiO2)) dust that was ultimately deposited
in distal airways [1, 2]. Due to the negligence and failure to
control the risk of excessive silica exposure in modern indus-
try and working activities using high-powered hand tools,

such as denim sandblasting, jewellery polishing, artificial
stone engineering, dental trimming, building constructing,
and highway repairing, many developing countries including
China are experiencing the reemergence of silicosis [3–5].
Unlike silicosis derived from the long-term silica exposure
in traditional occupations such as mining, silica-related dis-
eases in modern industries are characterized by an acute
and accelerated progression owing to high-intensity silica
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dust concentrations and oxidative stress over a short time
period [3].

Silicosis is currently an incurable disease, and its patho-
genesis remains incompletely understood. Etiologically, the
inhalation and deposition of silica dust induce inflammatory
responses and the production of reactive oxygen species
(ROS), which in turn lead to the epithelial-mesenchymal
transition (EMT) and development of pulmonary fibrosis,
which can be characterized by massive extracellular matrix
(ECM) deposition and fibroblast proliferation, and myofi-
broblast differentiation [6]. Similar to that demonstrated in
other chronic lung diseases, the pathogenesis of silicosis is
controlled by interactions between various cellular signaling
pathways [7–10]. Among them, the wingless-type MMTV-
integration site (Wnt)/β-catenin signaling, a well-known
critical cellular signaling pathway in embryonic development
and tissue homeostasis, is reactivated in many chronic pul-
monary diseases, including silicosis [8, 9, 11–13]. A blocking
of Wnt/β-catenin signaling alleviated the lung inflammation
and fibrosis in silica-induced mouse and rat silicosis models
[14–16]. These studies suggested that Wnt/β-catenin is a
key driver in the initiation and development of silicosis.

In addition to the dysregulation of cellular signaling
activities, the inhalation of silica dust also causes oxidative
stress by the production of reactive oxygen species (ROS)
that contributes to chronic airway inflammation and epithe-
lial cell injury [17]. Indeed, ROS are important mediators
with a variety of biological functions, such as cell prolifera-
tion and differentiation, cell migration, and immune regula-
tion [18]. ROS are also required for the maintenance and
differentiation of primary lung fibroblasts for lung tissue
homeostasis [19]. However, a continuously excessive produc-
tion of ROS (oxidative stress) in the lung by nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase (NOX)
may result in tissue injury and dysregulated injury/repair
and ultimately lead to chronic pulmonary diseases, such as
pulmonary fibrosis [19, 20]. In addition, exposure to silica
dust was demonstrated to induce ROS production and lung
injury in animal models [17, 21], suggesting a pathogenetic
role of ROS in the development of silicosis.

The major ROS are generated by NOXs, membrane-
bound enzyme complexes present in both phagocytes and
nonphagocytic cells [22]. There are seven NOX homologs
identified to date, namely, the NOX1-5 and dual oxidases 1
and 2 (DUOX1 and DUOX2) [18]. Despite the fact that these
NOX proteins have abilities to produce superoxide anions,
they possess distinct roles. Among them, NOX4 has a unique
role and is broadly expressed in pulmonary artery endothelial
cells and smooth muscle cells, airway epithelial cells, and pul-
monary interstitial myofibroblasts. NOX4 is able to produce
superoxide and generate extracellular H2O2 after a catalase
activity [23, 24]. Moreover, NOX4 is most commonly impli-
cated in profibrotic processes of multiple organs, including
the liver and lung. In this regard, NOX4 is the only isoform
of NOX proteins highly upregulated in the epithelial cells
and myofibroblasts of lungs in idiopathic pulmonary fibrosis
(IPF) patients [25, 26]. These clinical findings were corrobo-
rated by the fact that NOX4-deficient mice developed signif-
icantly less bleomycin-induced pulmonary fibrosis and

alveolar epithelial cell death [25], suggesting the importance
of NOX4 in the pathogenesis of pulmonary fibrosis. In addi-
tion, the inhibition of NOX4 attenuated pulmonary fibrosis
in a bleomycin-induced rat lung fibrosis model [27]. Mecha-
nistically, the excessive expression of NOX4 and production
of ROS induce epithelial cell death, myofibroblast differenti-
ation, and ECM deposition [23, 25].

In view of the widespread evidence for hyperactivated
NOX4 and Wnt/β-catenin signaling in pulmonary fibrotic
procession, and involvements of silica-induced ROS
production in pathogenesis of silica-related diseases, we
hypothesized that the interaction between the NOX4 and
Wnt/β-catenin signaling may contribute to the pathogenetic
process of silica-related lung disease. However, the link
between Wnt/β-catenin signaling and NOX4-mediated ROS
in the development of silicosis has not been established. Here,
we demonstrate that a positive feed forward loop of NOX4
and Wnt/β-catenin signaling promotes the fibrotic property
in airway epithelial cells in response to silica dust exposure.

2. Materials and Methods

2.1. Preparation of Silica (SiO2) Particles. Silica (SiO2, meso-
porous, 2μm particle size, CAS number 7631-86-9) and sili-
con dioxide (~99% SiO2, 0.5-10μm particle size, 14808-60-7)
were products of Sigma-Aldrich (St. Louis, MO, USA). The
SiO2 particles were baked at 200°C for 2 h to inactivate endo-
toxin prior to being suspended in saline at a concentration of
100mg/mL. The SiO2 saline stock was further dispersed for
15min in a water bath sonicator followed by being triturated
through a 25G needle before use as described in the previous
report [28].

2.2. Generation of SiO2-Induced Silicosis Mouse Model. The
protocol and use of mice were approved by the Laboratory
Animal Committee of College of Life Science at Ningxia
University, in accordance with guidelines of the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals (NXULS20180123-3). For the generation of silicosis
lungs in mice, the protocol, dose, and delivery method
described in the previous study were employed with a slight
modification [28]. Twelve healthy C57BL/6 mice with 6-8
weeks of age, male and female by half, were purchased from
Beijing Vital River Laboratory Animal Technology Co. Ltd.
(Beijing, China). All of the mice were housed in a Special
Pathogen-Free (SPF) facility with a 12/12 h light/dark cycles
and water ad libitum at Ningxia Medical University (Yin-
chuan, China). The male and female mice were randomly
divided into two groups (3 male and 3 female mice per
group): (1) saline control group: mice were intratracheally
instilled 50μL of saline and (2) silica group: animals were
intratracheally instilled 50μL of 50mg/mL silica in saline
(>99% SiO2, the dust particle size was 0.5–10μm, and 80%
of the particles were 1–5μm). The mice were euthanized at
2 weeks (14 days) after the exposure of silica dust for patho-
histological and molecular analysis [28].

2.3. Cell Cultures and Infection of Recombinant Adenovirus.
A human bronchial epithelial cell line, BEAS-2B (ATCC
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CRL-9609), was purchased from American Type Culture
Collection (ATCC) (Manassas, VA, USA). Cells were
cultured in DME/F12 (50%/50% volume) basal medium
(HyClone) supplemented with 10% Fetal Bovine Serum
(FBS) (Ausbian, Cat No. VS500T, Australia) in a humidified
atmosphere of 95% air-5% carbon dioxide (CO2) at 37°C.
When cells reached ~80% confluence, they were utilized for
infection with adenoviral vectors and/or exposed to different
concentrations of SiO2 dust for various time periods for
analysis. Adenoviral vectors expressing mouse Wnt3a
(AdWnt3a), Ad.shRNA-NOX4 and adenoviral backbone
vector control (AdC) were kindly provided by Dr. John F.
Engelhardt at the University of Iowa (Iowa City, Iowa,
USA) [29]. Adenoviral vector expressing human NOX4
(AdNOX4) was a product of Applied Biological Materials
Inc. (Cat. No. 114456A; Richmond, Canada). Adenoviral
vector AdDKK1, which expressed mouse DKK1, was gener-
ated by Shanghai Genechem Co., Ltd. (Shanghai, China).
BEAS-2B cells were infected with adenoviral vectors at a
multiplicity of infection of 1000 for 24h before they were
cultured for an additional 48 h in the presence or absence of
SiO2 (2μm in size) at a concentration of 100μg/cm2. The
cells were then harvested for analysis. For the treatment of
ROS scavenger N-acetyl-L-cysteine (NAC), cells were
refreshed with media containing 10mmol/L of NAC for 2 h
before SiO2 was added into the culture media. The cells were
then continuously cultured in the presence of NAC for an
additional 24 h or 48h prior to being harvested for analysis.

2.4. Cell Viability Assay. The cell viability was accessed using
the Cell Counting Kit- (CCK-) 8 as per the manufacturer’s
instruction (Dojindo Molecular Technologies, Kumamoto,
Japan). Briefly, the cells (5 × 103/well) were seeded in a 96-
well plate and grown overnight prior to exposure to silica
dust (2μm particle size) at a density of 0, 50, 100, 150, or
200μg/cm2 for 24 or 48 h. Subsequently, 10μL of CCK8
solution was added to each well, and the plates were incu-
bated at 37°C for an additional 2 h. The absorbance of wave-
length at 450 nm was read on a microplate reader (BioTek,
Winooski, VT, USA). The relative cell viability was expressed
as the percentage of ðODSiO2−cells −ODSiO2−mediumÞ/ðODcells −
ODmediumÞ × 100, where the ODSiO2−cells, ODSiO2−medium,
ODcells, and ODmedium represented the values of OD450 nm of
wells of SiO2-treated cells, medium containing SiO2,
untreated control cell culture, and blank medium alone,
respectively. All experiments were performed with biological
triplicates, and data were representative of at least three inde-
pendent experiments.

2.5. Western Blotting Analysis. The total protein of cells was
extracted from cells treated with 100μg/cm2 of SiO2 for
48 h using cell lysis buffer (Kaiji Biotech Ltd., Beijing, China).
The nuclear protein was extracted with a NE-PER™ Nuclear
Extraction kit (Thermo Fisher Scientific China, Shanghai,
China). The total protein of the mouse lung was isolated by
homogenizing the tissue in Enhanced RIPA Lysis Buffer
(Leagene Biotech Ltd., Beijing, China), followed by centrifu-
gation. The cell lysate or homogenized lung tissue was then
centrifuged at 12,000 × rpm for 20min at 4°C; the superna-

tants were collected as total proteins. The concentration of
protein was detected using the BCA Protein Assay Kit (Kaiji
Biotech Ltd., Beijing, China). The proteins (30μg) were
resolved by 8%-10% sodium dodecyl sulfate- (SDS-) poly-
acrylamide gel (SDS-PAGE) and transferred to a PVDF
membrane (Millipore, Billerica, MA, USA). The membrane
was then blocked in 5% nonfat milk in TBS for 1 hour at
room temperature (RT). The protein of interest was probed
with its specific antibodies, and the blots were then developed
using the enhanced chemiluminescence (ECL) reagent
(Amersham Biosciences, Piscataway, NJ, USA) as described
elsewhere. The levels of protein expression were semiquanti-
fied by optical densitometry using ImageJ Software version
2.0.0 (http://rsb.info.nih.gov/ij/). The ratio between the net
intensity of each sample divided by the GAPDH internal
control was calculated as a densitometric arbitrary unit
(A.U.), which served as an index of the relative expression
of the protein of interest. The use and information of primary
antibodies employed in the present study are listed in Suppl.
Tables S1 and S2.

2.6. Histological and Immunofluorescent Staining. In order to
histologically examine the pathology of the lungs of mice
exposed to silica, the lung tissue of mice was fixed in 10%
neutral formalin and processed paraffin embedding and sec-
tion for pathohistological analysis by hematoxylin and eosin
(HE) staining. Meanwhile, a part of the lung tissue was fixed
in 4% paraformaldehyde (PFA) in PBS for 2 days prior to
being embedded in an Optimal Cutting Temperature
(OCT) compound for immunofluorescence (IF) staining on
10μm frozen tissue sections. For IF staining cells on cover-
slips, cells were seeded in the Glass Bottom Cell Culture Dish
(diameter of 15mm) at a density of 5 × 104 cells/dish and cul-
tured overnight prior to exposure to silica dust (100μg/cm2)
for an additional 24 h or 48h. Then, the cells were fixed with
4% PFA for 15min. For IF staining, the 4% PFA-fixed slides
were permeabilized by 0.2% TritonX-100/PBS for 20min at
RT, followed by being blocked with 5% normal donkey
serum in PBS for 1 h at RT. The appropriately diluted pri-
mary antibody to the protein of interest was then applied to
the section and incubated at 4°C overnight. The binding of
primary antibody was detected by Alexa Flour fluorescence
(488 or 565)-conjugated secondary antibodies. The EdU cor-
poration assay was performed using the Click-iT™ EdU Cell
Proliferation Kit as per the manufacturer’s instruction (Cat#
C10340, Thermo Fisher Scientific China, Shanghai, China).
The slides were mounted with VectShield with DAPI
medium (H-1200, Vector Laboratories, Burlingame, CA)
for visualizing and imaging using a Leica TCS SP2 A0BS
Confocal System and processed on Leica Confocal Software
v.2.6.1 (Leica, Germany).

2.7. Flow Cytometry Analysis of ROS. Cells (1 × 105 cells/well)
cultured in a 6-well plate were infected with adenoviral vector
for 24 h and/or treated with or without silica for an additional
48 h before the intercellular ROS was assessed by a flow
cytometry assay. Briefly, the cells were dissociated from the
plate and washed with 1x PBS, followed by being incubated
with the CellROX® Orange Reagent (CellROX® Oxidative
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Stress Reagents, C10443, Invitrogen) at a final concentration
of 5μM that was prediluted in phenol red-free DMEM in the
dark at 37°C for 30min. After the incubation, the CellROX®
Orange Reagent solution was removed, and the removed
medium and the cells were washed with PBS three times
prior to being resuspended in PBS for flow cytometry analy-
sis on a BD FACSCanto II. At least 10,000 events were
analyzed for each condition. For ROS staining, cells were
incubated with a 5mmol/L CellROX® Orange Reagent in
the dark at RT for 30min, before they were imaged under
fluorescence microscopy. All experiments were performed
with biological triplicates, and data are representative of at
least three independent experiments.

2.8. Measurement of Reduced Glutathione (GSH). Cells were
rinsed with PBS and lysed with 1% TritonX-100 in PBS for
30min at 4°C. The lysis was collected and centrifuged at
3500 rpm for 10min. The supernatant was harvested for
analysis. A total of 100μL supernatant was employed to mea-
sure the value of OD405 nm using the GSH Assay kit per the
manual provided by the manufacturer (Jiancheng Institute
of Biotechnology, Nanjing, China). The reduced GSH were
normalized by protein concentrations. All experiments were
performed with biological triplicates, and data are represen-
tative of at least three independent experiments.

2.9. Wnt/TCF Signaling Dual Luciferase Reporter Assay. The
Wnt signaling TCF Reporter Plasmid (TopFlash) was a prod-
uct of Millipore (Burlington, MA, USA), and the pCMV-
renilla luciferase plasmid was purchased from Promega
(Madison, WI, USA). In order to access the Wnt/β-catenin
activity, BEAS-2B cells cultured in 12-well plates were
cotransfected with TCF Reporter Plasmid (TopFlash) and
pCMV-renilla luciferase plasmid (for internal control for
normalization of transfection efficiency) at a ratio of 50 : 1
using X-tremeGENE HP (Roche, Penzburg, Germany). The
cells were exposed to silica dust (2.0 nm size) at 24 h post
the transfection and continued to culture for an additional
24 h or 48 h before they were harvested for analysis. The cells
were lysed in 1x Passive Reporter Lysis Buffer (Promega).
Protein concentrations were determined using the Bradford
method, and all lysates were normalized to the same protein
concentration using the lysis buffer. Two microliters of nor-
malized cell lysate was used for measurement of the relative
luciferase activity units (RLU), for both firefly and renilla
luciferase, using the dual luciferase assay kit (Promega).
Transfection efficiencies were normalized by dividing the
relative firefly luciferase units by the relative renilla luciferase
units. Following normalization, values were represented as
RLU. All experiments were performed with biological tripli-
cates, and data are representative of at least three indepen-
dent experiments.

2.10. Statistical Analysis. All of the experiments were
performed for at least three biological repeats. Data are
presented as the mean ± standard error of themean ðSEMÞ.
All analyses were assessed using GraphPad Prism version 5
software (version 5.0, GraphPad Software Inc., La Jolla, CA,
USA). Statistical significance was defined as p < 0:05.

3. Results

3.1. An Enhanced Wnt/β-Catenin Signaling Activity and
Robust Expression NOX4 in Lungs of SiO2-Induced Silicosis
Mice. In order to understand the potential roles of
Wnt/beta-catenin signaling and NOX4 in the development
and progression of a silicotic lung, the expression of several
key components of Wnt/β-catenin signaling cascade and
NOX4 protein and the fibrotic and fibrogenic factors in the
lungs of SiO2-induced silicosis mice were ascertained by
immunoblotting (IB) and immunofluorescent staining (IF)
assays. The mice that intratracheally received silica dust exhib-
ited abundant silicosis nodules in the parenchyma of lungs as
evaluated byHE histological staining (Figures 1(a)–1(c)). Such
silicosis nodule was not observed in lungs of control mice
challenged with saline (Figures 1(d)–1(f)). Of note, no dif-
ference in the pathogenesis of silicosis between male and
female mice was observed. Molecular analysis using an
immunoblotting assay uncovered that the NOX4 and
Wnt/β-catenin signaling were elevated in silica-challenged
lungs as accessed by an increased abundance of NOX4,
active β-catenin (ABC), and Axin2 but decreased Wnt
inhibitor DKK1 protein (Figures 1(g) and 1(h)). The
enhanced activity of NOX4 and Wnt signaling was accom-
panied by an increased production of profibrogenic proteins
alpha smooth muscle actin (α-SMA) and vimentin, in lungs
exposed to silica (Figures 1(g) and 1(h)). Moreover, the
increased abundances of Wnt3a, NOX4, α-SMA, and
vimentin were further corroborated to be predominantly
expressed in the silicosis nodules of silica-challenged lungs
as determined by the immunofluorescent staining (IF) assay
(Figure 1(i)). These results evidenced an involvement of
NOX4 and Wnt/β-catenin signaling in the pathogenesis of
the silicosis mouse lung.

3.2. SiO2 Activates Wnt/β-Catenin Signaling and Augments
NOX4 in Lung Epithelial Cells. Since the epithelial-
mesenchymal transition (EMT) or myofibrogenesis of lung
epithelial cells is a hallmark of pulmonary fibrosis, a feature
of silicosis [30], the alteration of Wnt/β-catenin signaling
activity and NOX4 expression of BEAS-2B lung epithelial
cells in response to silica dust was examined. The cell viability
assay suggested a 50% decrease of cell viability in lung epithe-
lial BEAS-2B cells exposed to 200μg/cm2 of SiO2 and
revealed a dose-dependent inhibition of cell proliferation in
cells exposed to SiO2 for 24 h and 48 h in a range of 0-
200μg/cm2 (Figure 2(a)). As expected, the exposure of SiO2
(100μg/cm2) led to a significantly enhanced activation of
Wnt/β-catenin signaling in BEAS-2B cells compared to the
saline control (p < 0:01), as assessed by IF staining of Wnt3a
ligand in the cytoplasm and ABC in nuclei (Figure 2(b)),
the Wnt/Tcf-Lef transcriptional activity using a dual lucifer-
ase reporter assay, a readout of Wnt/β-catenin signaling
(Figure 2(c)), and immunoblotting (IB) assay (Figures 2(d)
and 2(e)). The elevated Wnt activity was accompanied by
an increased abundance of Wnt/β-catenin signaling ligand
Wnt3a and mediator nuclear active β-catenin (ABC), which
was corroborated by the IF staining (Figure 2(b)) and IB
assay (Figures 2(d) and 2(e)).
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In order to examine the potential of SiO2 in the induction
of ROS production and EMT of epithelial cells, we examined
the expression of NOX proteins and EMT-related molecules
in cells exposed to silica for both 24 h and 48 h, although a

significant reduction of cell viability was induced by the
exposure of SiO2 at 100μg/cm2 for 48 h. As expected, a
dose-dependent increase of ROS production was observed
in BEAS-2B cells treated with SiO2 for 48 h, but not 24 h post
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Figure 1: An elevated Wnt/β-catenin signaling activity and expression of NOX4 in lungs of mice exposed to silica (SiO2) dust. The lungs of
C57BL/6 mice were harvested at 2 weeks post the exposure of saline control or silica dust (sizes ranged 0.5-10μm) for histological analysis by
HE staining (a–f), examining alternations of the expression of signaling molecules by immunoblotting assay (g) and immunofluorescent
staining (h). (a–f) Representative images of lungs of mice exposed to saline control (a–c) and silica dust (d–f). Abundant silicosis nodules
were observed in lungs of mice challenged with silica dust (a–c), but not in the saline control group (d–f). (B, C, E, and F) Frame insets
depict the regions of corresponding images shown in (b, c, e, f). (g) Immunoblotting analysis demonstrated an increased expression of
NOX4 protein and an enhanced Wnt/β-catenin signaling activity as accessed by the increased abundance of active β-catenin (ABC) and
Axin2 but a decreased Wnt inhibitor DKK1, accompanied by increased deposition of profibrogenic epithelial-mesenchymal transition
(EMT) proteins alpha smooth muscle actin (α-SMA) and vimentin, in lungs exposed to silica. (h) Semiquantitative analysis of the
expression of indicated proteins in (g) by evaluating the relative densitometric densities. (i) The increased expression of Wnt/β-catenin
signaling ligand Wnt3a, NOX4, α-SMA, and vimentin was also predominantly detected in the silicosis nodules of silica-challenged lungs
(top panel), compared to the saline (bottom panel) as ascertained by immunofluorescent staining (IF). DAPI was used for nuclear
staining. Vmt: vimentin in (h). Bars in (a, d) 100μm; (b, e) 40 μm; (c, f) 20 μm; (i) 50 μm. Data in (h) represented the mean ± SEM of 9
mice from 3 independent experiments. Compared to the control group, ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001.

5Oxidative Medicine and Cellular Longevity



the exposure of silica dust relative to the saline (Figure 3(a)),
suggesting inhibition of cell proliferation in cells exposed to
SiO2. As NOX proteins were the major source of intracellular
ROS [31], alterations of several NOX family proteins were
examined in BEAS-2B cells upon SiO2 stimulation. Indeed,
the increase of ROS production was along with an increased
abundance of NOX4 and profibrogenic factors α-SMA and a
reduction of E-cadherin protein (Figures 3(b)–3(d)). Of note,
SiO2 failed to induce the expression of NOX1 and NOX5 as
determined by the IB assay (Figures 3(b) and 3(c)). The
SiO2-induced expression of NOX4 and α-SMA and another
profibrogenic protein vimentin was further validated by IF
in BEAS-2B cells (Figure 3(e)).

Intriguingly, the ROS scavenger N-acetyl-L-cysteine
(NAC) (10mmol/L) exhibited a capacity to diminish SiO2-
activated Wnt/β-catenin signaling as determined by the
altered abundance of nuclear ABC protein, although no sig-
nificant change of nuclear ABC was detected in cells treated
with NAC alone (Figure 4(a) ). Notably, the NAC treatment
also displayed the ability to reduce SiO2-induced EMT and
fibrogenic proteins MMP2, α-SMA, and vimentin and EMT

suppressor E-cadherin, despite the fact that SiO2 or NAC
alone failed to significantly alter the expression of these pro-
teins in BEAS-2B cells (Figure 4). Of note, in addition to the
inhibition of cell proliferation, the exposure of SiO2 also
induced cell apoptosis as determined by an increased expres-
sion of caspase-3-mediated proapoptotic proteins including
cleaved caspase-3 and BAX, but a reduced expression of anti-
apoptotic protein relative to the saline control (Figures 4(a)
and 4(d)). The presence of NAC could reduce the expression
of SiO2-induced apoptotic proteins (Figures 4(a) and 4(d)),
suggesting that the exposure of silica could inhibit cell prolif-
eration and induce cell apoptosis in BEAS-2B cells. Together,
these data suggested that the SiO2-induced NOX4 and ROS
generation played a pivotal role in the EMT and fibrogenesis
in lung epithelial cells during silicosis, which also implied an
underlying mechanism by which interaction between the
Wnt/β-catenin signaling and NOX4 of lung epithelial cells
was implicated in the pathogenesis of silicosis lungs.

3.3. Wnt/β-Catenin Signaling Alters NOX4-Mediated ROS
Production in Lung Epithelial Cells. In order to investigate
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Figure 2: SiO2 activatesWnt/β-catenin signaling in lung epithelial BEAS-2B cells. The lung epithelial BEAS-2B cells were exposed to different
doses of SiO2 (2 nm in size) for 24 h or 48 h, the cell viability (a) and Wnt/β-catenin signaling activity were examined. (a) A dose-dependent
inhibition of cell viability was observed in BEAS-2B cells exposed to SiO2 for 24 h and 48 h as determined by a CCK8 assay. (b)
Immunofluorescent staining further corroborated the increased expression of Wnt3a and active β-catenin (ABC) proteins in cells treated
with 100 μg/cm2 of SiO2 for 48 h in comparison with the saline control. (c) Dual luciferase reporter assay demonstrated a significantly
enhanced SiO2-activated Wnt/β-catenin signaling in BEAS-2B cells exposed to 100 μg/cm2 of SiO2 for 48 h compared with the saline
control (CTRL) (p < 0:01). (d) Immunoblotting assay also revealed an increased abundance of Wnt3a and ABC in BEAS-2B cells exposed
to 100μg/cm2 of SiO2 for 48 h relative to that of CTRL. (e) Semiquantitative analysis of the expression of indicated proteins in (d) by
evaluating the relative densitometric densities. Bars in (b) 20 μm. Compared to the CTRL, ∗p < 0:05 and ∗∗p < 0:01.
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Figure 3: SiO2 alters the NOX-mediated ROS production and promotes EMT and cell apoptosis in lung epithelial BEAS-2B cells. The lung
epithelial BEAS-2B cells were exposed to different doses of SiO2 (2 nm in size) for 24 h or 48 h; the alteration of ROS production (a) and
expression of NOX and EMT proteins were examined. (a) A dose- and time-dependent increase of ROS production induced by SiO2 was
determined in BEAS-2B cells at 48 h but not 24 h post exposure to silica dust. (b) Immunoblotting assay revealed an increased expression
of NOX4 and α-SMA but reduced expression of E-cadherin in BEAS-2B cells exposed to 100μg/cm2 of SiO2 for 48 h relative to the saline.
(c) Semiquantitative analysis of the expression of NOX1, NOX4, and NOX5 proteins in (b) by evaluating the relative densitometric
densities. (d) Semiquantitative analysis of the expression of EMT-related proteins E-cadherin, α-SMA, and vimentin in (b) by evaluating
the relative densitometric densities. (e) Representative images of IF exhibited more abundant NOX4, α-SMA, and vimentin proteins in
BEAS-2B cells exposed to 100μg/cm2 of SiO2 for 48 h as compared with the saline control. Bars in (c) 20μm. Compared to the CTRL,
∗∗p < 0:01; ∗∗∗p < 0:001.
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the interaction between the Wnt/β-catenin signaling and
NOX4 in lung epithelial cells, the signaling activity was
altered in BEAS-2B cells by the infection of adenoviral vector

expressing mouse Wnt3a (AdWnt3a) or DKK1 (AdDKK1),
and the change of ROS production in response to SiO2 expo-
sure was measured. The IB assay showed a robust expression
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Figure 4: ROS scavenger NAC inhibits SiO2-induced Wnt/β-catenin signaling activity and expression of fibrogenic factors. The lung
epithelial BEAS-2B cells were exposed to 100 μg/cm2 of SiO2 (2 μm in size) for 48 h in the presence or absence of ROS scavenger NAC; the
abundance of the indicated Wnt/β-catenin signaling key molecules, fibrogenic factors, and signaling of caspase-3-mediated cell apoptosis
were examined by an immunoblotting assay. (a) Representative immunoblots showed that the presence of NAC reduced the SiO2-induced
Wnt/β-catenin signaling ligand Wnt3a and mediator nuclear ABC but increased the expression of Wnt inhibitor DKK1 (top panel);
suppressed the SiO2-induced fibrogenic factors MMP2, vimentin, and α-SMA but increased the abundance of epithelial cell marker E-
cadherin (middle panel); and decreased the SiO2-induced abundance of cleaved caspase-3 and BAX but increased the expression of
antiapoptotic protein Bcl-2 in BEAS-2B cells exposed to 100 μg/cm2 of SiO2 for 24 h relative to the saline control (bottom panel). (b)
Semiquantitative analysis of the expression of Wnt signaling proteins Wnt3a, ABC, and DKK1 in (a) by evaluating the relative
densitometric densities using arbitrary units (A.U.). (c) Semiquantitative analysis of the expression of fibrogenic factors MMP2, vimentin,
α-SMA, and E-cadherin in (a) by evaluating the relative densitometric densities using arbitrary units (A.U.). (d) Semiquantitative analysis
of the expression of apoptotic marker cleaved caspase-3 and BAX and antiapoptotic protein Bcl-2 in (a) by evaluating the relative
densitometric densities using arbitrary units (A.U.). Data were expressed as the mean ± SEM from three independent experiments.
Compared to the CTRL, ∗∗p < 0:01; ∗∗∗p < 0:001. WL-ABC: whole cell lysate active beta-catenin; Nu-ABC: nuclear active beta-catenin.

8 Oxidative Medicine and Cellular Longevity



of Wnt3a and DKK1 proteins in cells infected with AdWnt3a
and AdDKK1, along with an increase and decrease of ABC
protein in comparison to cells infected by control AdC
vector, respectively (Figures 5(a) and 5(b)). Notably, the
AdWnt3a-mediated activation of Wnt/β-catenin signaling
resulted in an increased α-SMA and vimentin proteins, but
a reduced E-cadherin (Figures 5(a) and 5(c)). Of note, the
Wnt3a or DKK1 alone was able to alter the NOX4 expression
and ROS productions in BEAS-2B cells, regardless of the
exposure of SiO2 (Figures 5(a)–5(e) ), despite the fact that
SiO2 alone also significantly induced ROS generation, as
demonstrated by both the fluorescent staining with Cell-
ROX® Orange Reagent (Figure 5(d)) and FACS quantitative
assay (Figure 5(e)). In addition, the activated Wnt signaling
also inhibited the production of reduced glutathione (GSH)
compared to AdC-infected cells (Figure 5(f)). As expected,
the AdDKK1-mediated inhibition of Wnt/β-catenin signal-
ing led to an opposite effect to Wnt3a (Figure 5). These
results suggested a mechanism by which the SiO2-activated
Wnt/β-catenin signaling induced NOX4 expression, which
substantially increased the ROS production and the expres-
sion of EMT and fibrogenic proteins in lung epithelial cells.

3.4. NOX4 Enhances Wnt/β-Catenin Signaling and Promotes
EMT in Lung Epithelial Cells. Next, we sought to explore
whether NOX4 was able to alter Wnt/β-catenin signaling in
lung epithelial cells in response to silica dust. To this end,
the function of NOX4 in BEAS-2B cells was altered by infec-
tions of adenoviral vectors expressing NOX4 (AdNOX4) or
short hairpin RNA (shRNA) to NOX4 gene (AdshRNA). As
expected, an increased abundance of NOX4 protein was
found in cells infected with AdNOX4, and a decreased
NOX4 protein was detected in cells infected with AdshRNA,
suggesting that these adenoviral vectors were capable of over-
expressing and knocking down NOX4 in BEAS-2B cells
(Figures 6(a) and 6(b)). Consequentially, the AdNOX4-
mediated overexpression of NOX4 activated Wnt/β-catenin
signaling as determined by an increased abundance of
Wnt3a, ABC, cyclin D1, and Axin2. The activation of
Wnt/β-catenin signaling was further corroborated by IF of
ABC (Figure 6(c)), and the expression of NOX4 increased
the EdU incorporation in BEAS-2 cells, implying that
NOX4 was able to promote epithelial cell proliferation
(Figure 6(c)). Of interest, the overexpression of NOX4 signif-
icantly inhibited DKK1 protein in BEAS-2 cells (Figures 6(a)
and 6(b)). As seen in the above AdWnt3a-infected cells, the
NOX4-activated Wnt/β-catenin signaling also increased the
expression of fibrogenic factors, and oxidative stress-related
proteins NFE2-related factor 2 (Nrf2) in BEAS-2B cells, but
the expression of Nfr2-regulated gene heme oxygenase-1
(HO-1) has not altered the ectopic expression of NOX4
(Figures 6(a) and 6(b)). In contrast to that seen in cells over-
expressing NOX4, the expression of the above-examined
proteins in cells with shRNA-mediated NOX4 knockdown
was opposite (Figures 6(a)–6(c)). Consistent with the
Wnt3a-mediated Wnt activation, the overexpression of
NOX4 increased the ROS production (Figures 6(d) and
6(e)), while suppressing the production of reduced glutathi-
one (GSH) (Figure 6(f)), and a knockdown of NOX4 reduced

ROS production but induced GSH production in BEAS-2B
cells regardless of SiO2 stimulation (Figures 6(d)–6(f)). These
data suggested that the SiO2-induced NOX4 expression
could enhance Wnt/β-catenin signaling activity, which in
turn increased ROS generation and reduced GSH, which ulti-
mately induced cell injury and promoted the EMT in lung
epithelial cells.

4. Discussion

Silicosis is characterized as a chronic fibrotic lung disease
caused by repeated inhalation of excessive silica dust. The
exposure of silica insults induces sustained inflammations
and oxidative stress, resulting in a direct or indirect injury
to the alveolar epithelium in distal lungs. In response to the
injury, the epithelial cells are able to repair by initiating the
injury/repair processes that are tightly regulated by interac-
tions between varied cellular signaling pathways. However,
dysregulation of these signaling may lead to the initiation of
fibrotic response in pulmonary fibrosis [32]. Among these
signaling, the Wnt signaling was linked with the develop-
ment of fibrosis [9] and was altered by silica dust in lung epi-
thelial cells in vitro and silicosis animal model in vivo,
through mechanisms by which it interacted with other sig-
naling or molecules and contributed to profibrogenic and
inflammatory responses in lung epithelial cells [13–15, 33].

In the present study, the interaction between the Wnt/β-
catenin signaling and NOX4 in the proliferation and profi-
brogenic response to SiO2 in human epithelial cells was
interrogated. The results demonstrated that both Wnt/β-
catenin and NOX4 signaling were elevated in the lungs of
SiO2-induced silicosis mice. The exposure of SiO2 led to an
inhibition of cell proliferation and induction of cell apopto-
sis, activation of Wnt/β-catenin signaling, induction of the
NOX4 and ROS production, and the expression of EMT-
related proteins in BEAS-2B human lung epithelial cells.
Molecular analysis further revealed that the Wnt3a-
mediated activation of Wnt/β-catenin further increased the
SiO2-induced NOX4 expression and ROS production but
reduced GSH, while Wnt inhibitor DKK1 exhibited an
opposite effect to Wnt3a. Vice versa, an ectopic expression
of NOX4 enhanced the activity of Wnt/β-catenin signaling
and reduction of GSH, whereas the shRNA mediated knock-
down of NOX4-enervated Wnt signaling activity and
increase of GSH. Mechanistically, the NFE2-related factor
2 (Nrf2) antioxidant response was involved in the crosstalk
between the Wnt/β-catenin and NOX4 signaling in BEAS-
2B cells in response to SiO2 challenge.

Wnt signaling is pivotal to lung development and homeo-
static maintenance of the mature lung, by mediating stem cell
self-renewal, turnover, and injury/repair of epithelia [34, 35].
However, accumulating evidences have shown that Wnt has
been implicated in many types of pulmonary diseases, and a
dysregulated Wnt signaling in mature lungs was recognized
as a driver that leads to excessive cell proliferation and
improper cell differentiation for fibrotic repair [36, 37].
Indeed, a reactivated Wnt was identified as a key contribu-
tor in the initiation and development of hyperproliferative
chronic pulmonary diseases [9, 12], such as idiopathic
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Figure 5: Impacts of Wnt/β-catenin signaling on the expression of NOX4 and ROS production in lung epithelial cells in response to SiO2
exposure. The lung epithelial BEAS-2B cells were infected with adenoviral vectors at multiplicity of infection of 1000 for 24 h before they
were exposed to SiO2 and cultured for additional 48 h, the abundance of NOX4 and fibrogenic factors were examined by an
immunoblotting assay (a–c), and production of ROS (d, e) and GSH (f) was determined by FACS and/or fluorescent staining. (a)
Representative images of immunoblots of indicated proteins of interest showed the, respectively, increased and decreased expression of
NOX4 and fibrogenic factors in cells infected with AdWnt3a and AdDKK1 regardless of SiO2 exposure, in comparison with cells infected
by AdC control virus (CTRL). (b) Semiquantitative analysis of the expression of Wnt signaling proteins Wnt3a, ABC, DKK1, and NOX4
in (a) by evaluating the relative densitometric densities using arbitrary units (A.U.). (c) Semiquantitative analysis of the expression of
fibrogenic factors α-SMA and vimentin in (a) by evaluating the relative densitometric densities using arbitrary units (A.U.). (d)
Representative images of cells treated with indicated conditions and stained with 5mmol/L CellROX® Orange Reagent images displayed
more robust ROS staining in cells exposed to SiO2 compared to cells without SiO2 exposure; a, respectively, increased and decreased
intensive ROS staining was observed in AdWnt3a and AdDKK1-infected cells relative to AdC-infected cells. (e) Quantitative analysis
showed that the Wnt3a-mediated activation of Wnt/β-catenin signaling increased the ROS production in lung epithelial cells, regardless of
the exposure to SiO2, and inhibition of the Wnt signaling by AdDKK1 infection dramatically reduced the ROS production, including the
SiO2-induced ROS in these cells, as compared with the AdC-infected cell controls. (f) Effects of Wnt/β-catenin signaling in the production
of reduced glutathione (GSH) in lung epithelial cells. In addition to the reduction of GSH by SiO2, an activation of Wnt/β-catenin
signaling by Wnt3a further reduced the production of GSH, and the DKK1-mediated inhibition of Wnt signaling increased the GSH
production in lung epithelial cells, regardless of the exposure to SiO2, as compared with the AdC-infected cells. Data are presented as the
mean ± SEM of at least three repeat experiments. ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001 compared with AdC-infected cells without SiO2
exposure; #p < 0:05, ##p < 0:01, and ###p < 0:001 compared to AdC-infected cells with SiO2 exposure. Bars in (d) 50μm.
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Figure 6: Continued.
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pulmonary fibrosis (IPF) [11, 38], asthma [39], and COPD [8,
11, 34, 40]. With respect to silicosis, both β-catenin-mediated
canonical signaling and β-catenin-independent noncanonical
signaling were altered in human airway epithelial cells upon
silica stimulation; the Wnt inhibitor SFRP1 and noncanonical
ligand Wnt5a were downregulated, while another Wnt inhib-
itor DKK1 was upregulated [13], despite the fact that the
canonical Wnt/β-catenin signaling was reactivated in silicosis
lungs [14, 15]. Therefore, inhibition of Wnt/β-catenin signal-
ing by shRNA to β-catenin [14, 15] displayed a capability to
dramatically alleviate silica-induced fibrosis in a silicosis
mouse model [16]. Such attenuation of silica-induced pulmo-
nary fibrosis by targeting Wnt/β-catenin signaling was also
reported in silicosis rats that were administrated with rat bone
marrowmesenchymal stromal cells (BMSCs) [16]. In line with
the above findings, an enhanced Wnt/β-catenin signaling,
along with the increased abundance of NOX4 and profibro-
genic proteins but reduced DKK1, was also observed in a
SiO2-induced silicosis mouse lung, and BEAS-2B human lung
epithelial cells exposed to SiO2.

Repeated oxidative stress is one of the detrimental factors
of lung injury. The NOX-mediated overproduction of ROS
due to excessive stimulation of proinflammatory cytokines
or environmental insults such as silica dusts causes a major
part of oxidative stress in the lungs. Among different iso-

forms of NOXs, the pathophysiological roles of NOX4 iso-
form have a great implication in lung epithelial cell death,
(myo)fibroblast differentiation, and collagen deposition [23,
25, 41]. In this regard, an elevated NOX4 was observed in
hyperplastic alveolar type II cells and contributed to the cell
death and robustly expressed in pulmonary fibroblasts of
IPF patients and epithelial cells [25, 26]. Experimentally,
mice with deficient NOX4 exhibited a significantly less severe
fibrotic phenotype in the lungs of a bleomycin-induced pul-
monary fibrosis mouse model [25], suggesting that NOX4
was a potential target for treatment of pulmonary fibrosis
including silicosis. Indeed, in a previous study examining
the effect of Tanshinone IIA (Tan IIA), a natural compound
of traditional Chinese medicine in a silicosis rat model, Feng
et al. found that Tan IIA could significantly alleviate the
silica-induced pulmonary fibrosis, by reducing the silica-
augmented NOX4 and enhancing Nrf2/ARE antioxidant
activity in the lung of silicosis rats [42]. In this report, an
increased expression of NOX4 and ROS production was also
observed in BEAS-2B lung epithelial cells in response to SiO2
stimulations. Of note, the shRNA-mediated knockdown of
NOX4 led to a significant decrease of SiO2-induced profibro-
genic molecules (α-SMA, vimentin) in lung epithelial cells.

An increasing number of evidences have demonstrated a
crosstalk of Wnt/β-catenin and ROS in the regulation of cell
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Figure 6: Effects of NOX4 on Wnt/β-catenin signaling and EMT of lung epithelial cells in response to SiO2 exposure. The lung epithelial
BEAS-2B cells were infected with indicated adenoviral vectors at multiplicity of infection of 1000 for 24 h before they were exposed to
SiO2 and cultured for additional 48 h; the expression of Wnt/β-catenin signaling key molecules and fibrogenic factors (a, b) and the
production of GSH (c) were examined. (a) Representative images of immunoblots of indicated proteins of interest. An overexpression of
NOX4 in BEAS-2B cells resulted in an increased abundance of Wnt/β-catenin signaling proteins Wnt3a, ABC, cyclin D1, and Axin2, but
less abundant Wnt inhibitor DKK1, along with an increased expression of fibrogenic factors, and oxidative stress-related proteins HO-1
and Nrf-2. A shRNA-mediated knockdown of NOX4 led to an opposite effect of the overexpression of NOX4. (b) Semiquantitative
analysis of the expression of proteins of Wnt signaling cassette (top panel), NOX4, HO-1, and Nrf-2 (bottom left panel) and fibrogenic
factors (bottom right panel) in (a) by evaluating the relative densitometric densities using arbitrary units (A.U.). (c) Representative images
of IF exhibited an activation of Wnt signaling mediated by NOX4 in BEAS-2B cells regardless of the exposure of SiO2 as ascertained by
the expression of ABC and cell proliferation by EdU incorporation, while shRNA-mediated knockdown of NOX4 acted an opposite effect,
as compared with the AdC control. (d) Representative images of ROS staining showed more robust ROS staining in cells infected with
AdNOX4, while shRNA-mediated knockdown of NOX4 exhibited an opposite effect to AdNOX4, as compared with the saline and AdC
controls. (e) Quantitative analysis showed the NOX4 further SiO2-induced increased the ROS production in lung epithelial cells infected
with AdNOX4, while shRNA-mediated knockdown of NOX4 exhibited an opposite effect to AdNOX4, as compared with the saline and
AdC controls. (f) Impacts of NOX4 in the production of reduced glutathione (GSH) in lung epithelial cells. The overexpression of NOX4
further reduced the production of GSH, and the shRNA-mediated suppression of NOX4 increased the GSH production in lung epithelial
cells, as compared with the saline treatment and AdC-infected cells. Data are presented as the mean ± SEM of at least three repeat
experiments. ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001 compared with AdC-infected cells without SiO2 exposure;

#p < 0:05, ##p < 0:01, and
###p < 0:001 compared to AdC-infected cells with SiO2 exposure.
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proliferation and differentiation [43–46]. For example, a
previous study has shown that Wnt/β-catenin was able to
modulate redox regulatory protein p66(Shc), which in turn
regulate a NOX4-mediated ROS and ultimately lead to
vascular endothelial dysfunction [43]. In this context, the
Wnt3a-induced Wnt signaling, NOX4 expression, and ROS
production could be inhibited by p66(Shc) knockdown and
antioxidant NAC, whereas an overexpression of p66(Shc)
enhanced Wnt signaling. A constitutive activation of Wnt/β-
catenin in the endothelium resulted in an increased vascular
ROS production and endothelial dysfunction [43]. In contrast,
ROS also show a capacity in modulating Wnt/β-catenin
signaling in mouse extraembryonic endoderm patterning; a
sustained exposure of H2O2 (ROS) enhanced Wnt/β-catenin
activity in retinoic acid-treated F9 teratocarcinoma cells
and promoted cell differentiation into primitive endoderm,
while exposure of these cells to antioxidant NAC impeded
cell differentiation [44]. Similarly, the cell oxidative injury
induced by a reactivation of Wnt/β-catenin signaling was
also observed in podocyte dysfunction, and a podocyte-
specific knockout of β-catenin protected podocytes from
injury and albuminuria induced by advanced oxidation pro-
tein products in mice. Mechanistically, the Wnt/β-catenin
exerted its function by inducing the receptor of advanced gly-
cation end products- (RAGE-) mediated NOX expression,
ROS production, and activation of nuclear factor-kappaB
(NFκB) [45]. Such a NOX-mediated regulation of Wnt/β-
catenin was also reported in intestinal and colon epithelial
cells, in which the NOX1 regulated Wnt signaling in a
redox-dependent manner [46]. In consonance with the above
findings, in the present study, the crosstalk of Wnt/β-catenin
and NOX4 was also found in BEAS-2B lung epithelial cells in
response to silica dust exposure. The Wnt3a-activated
Wnt/β-catenin signaling augmented NOX4 expression and
ROS production and reduced GSH production, accompanied
by an increased expression of profibrogenic proteins; con-
versely, the DKK1-mediated inhibition of Wnt/β-catenin
exerted an opposite effect of Wnt3a on lung epithelial cells
exposed to SiO2. Vice versa, an overexpression of NOX4
enhanced Wnt/β-catenin signaling activity, along with an
augmentation of profibrogenic proteins in cells. NOX4 also
reduced GSH production and increased the expression of
Nrf2, a key intracellular antifibrotic factor that maintains
the homeostasis of ECM [47], while the shRNA-mediated
knockdown of NOX4 demonstrated an opposite effect of
NOX4 overexpression. This result was in agreement with
the finding in cystic fibrosis transmembrane conductance
regulator (CFTR) defected cells with ROS overproduction
[48]. It is worthwhile to note that the overexpression of
NOX4 suppressed the DKK1 expression. This observation
was in line with the result of the reduction of DKK1 in the
lung of silicosis mice (Figure 1(b)), implying that the over-
whelming silica-induced NOX4 in the silicotic lungs might
inhibit the DKK1 expression. This result thus suggests that
DKK1 may be a novel target in silicosis, which requires fur-
ther investigation.

In addition, reduced glutathione (GSH) is a ubiquitous
tripeptide thiol, which has been recognized as a protective
antioxidant against oxidative stresses [49]. A deficiency of

GSH in the lower respiratory tract was thought to have an
important implication in the progression of IPF [50]; it was
downregulated in bleomycin-induced lung fibrosis in a
mouse [51] and PM2.5-induced pulmonary fibrosis lung in
rats [52]. In this study, a Wnt/β-catenin-mediated decline
of reduced glutathione (GSH) was also determined in lung
epithelial cells, which was in line with findings in lens
epithelial cells [53], zebrafish ZF4 cells [54], and murine
macrophage-like RWA264.7 cells [55]. Taken together, these
data suggest that a positive forward loop between Wnt/β-
catenin and NOX4 promotes the EMT and fibrogenesis in
lung epithelial cells in response to the exposure of silica dust.

5. Conclusion

Collectively, in the present study, the crosstalk between
canonical Wnt signaling and NOX4 was investigated in
BEAS-2B human lung epithelial cells in response to SiO2 par-
ticles. The in vivo results demonstrated an enhanced activity

NOX4WNT

SiO2

ROS
β-Catenin

β-Catenin

Gene
expression

Cyclin D1 MMP2

β-Catenin

AXIN2

Nrf2

NOX4

Vimentin

Proliferation
Injury-repair

ECM deposition
Fibrosis

Lung epithelial cells

𝛼-SMA

Figure 7: A schematic mechanism of interaction between Wnt/β-
catenin and NOX4 signaling in SiO2-induced epithelial-
mesenchymal transition in lung epithelial cells. The exposure of
silica dust activated Wnt/β-catenin signaling and induced NOX4
expression in lung epithelial cells, substantially promoted the
expression of Wnt target genes for epithelial cell proliferation and
injury repair, and increased ROS production and expression of
extracellular matrix (ECM) and fibrogenic factors to promote
fibrogenesis. However, the activation of Wnt/β-catenin signaling
also induced NOX4 expression that resulted in an overwhelming
ROS production and further caused epithelial cell injury. Vice
versa, the NOX4 (or ROS) was able to in turn enhanced Wnt/β-
catenin signaling which further induced NOX4 expression. In this
context, the Wnt/β-catenin signaling and NOX4 formed a positive
forward loop to promote lung epithelial injury and EMT, ECM
deposition, and fibrogenesis in response to a continuous exposure
of silica dust.
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of Wnt/β-catenin and NOX4 signaling in SiO2-induced
mouse silicosis lungs. The in vitro study revealed the inhibi-
tion of cell proliferation, along with enhanced Wnt/β-
catenin signaling activity, increased ROS production,
expression of NOX4, and profibrogenic proteins in BEAS-
2B cells exposed to SiO2. A molecular study further demon-
strated the crosstalk between canonical Wnt/β-catenin
signaling and NOX4 in lung epithelial cells exposed to silica
dust; an activation of Wnt/β-catenin signaling increased
NOX4 and ROS production but reduced GSH; vice versa,
an increased NOX4 enhanced the canonical Wnt signaling.
Mechanistically, the Nrf2-mediated antioxidant activity
may be involved in the interaction between the Wnt/β-
catenin and NOX4 signaling and play roles in the EMT
and fibrogenic processes of lung epithelial cells in response
to a silica exposure (Figure 7). These findings imply that a
positive feed forward loop between Wnt/β-catenin and
NOX4 signaling promotes EMT property in BEAS-2B cells
exposed to silica stimulation, which thus emphasize the pro-
fibrogenic role of the crosstalk of Wnt and NOX-mediated
ROS in lung epithelial cell injury and development of silico-
sis, which warrants further investigations.
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Pulmonary fibrosis is a progressively aggravating lethal disease that is a serious public health concern. Although the incidence of
this disease is increasing, there is a lack of effective therapies. In recent years, the pathogenesis of pulmonary fibrosis has become
a research hotspot. p53 is a tumor suppressor gene with crucial roles in cell cycle, apoptosis, tumorigenesis, and malignant
transformation. Previous studies on p53 have predominantly focused on its role in neoplastic disease. Following in-depth
investigation, several studies have linked it to pulmonary fibrosis. This review covers the association between p53 and
pulmonary fibrosis, with the aim of providing novel ideas to improve the clinical diagnosis, treatment, and prognosis of
pulmonary fibrosis.

1. Introduction

Pulmonary fibrosis is a group of chronic, irreversible, and
fatal interstitial lung diseases that occur mostly in middle-
aged and elderly people [1]. It mainly presents as fibrosis
and honeycomb changes of the subpleural and basement
membranes, as well as the deposition of collagen and extra-
cellular matrix (ECM) around the fibrotic foci. Pulmonary
fibrosis ultimately leads to life-threatening structural changes
in lung tissue and loss of pulmonary ventilation and diffusion
[2]. The most common type of pulmonary fibrosis is idio-
pathic pulmonary fibrosis (IPF). The median survival for
IPF is only 2-4 years [3]. Thus, it is a serious lung disease that
threatens human health. The incidence of pulmonary fibrosis
is increasing with the aging of the population. Unfortunately,
the pathogenesis of pulmonary fibrosis is still poorly under-
stood and there are no effective therapeutic drugs [4]. There-
fore, it is important to elucidate the pathogenesis of
pulmonary fibrosis and identify suitable therapeutic drugs.

It is currently accepted that the development and pro-
gression of pulmonary fibrosis are attributable to aberrant
repair following repeated alveolar epithelial cell (AEC) inju-
ries in response to various stimuli [5]. The injured alveolar

epithelial cells (AECs) can secrete various cytokines, such as
transforming growth factor-β1 (TGF-β1), tumor necrosis
factor-α (TNF-α), and platelet-derived growth factor (PDGF)
[6–8]. These cytokines may facilitate the development of a
fibroblast focus through multiple pathways, such as pulmo-
nary epithelial-mesenchymal transformation (EMT), the
proliferation of mesenchymal cells, and the recruitment of
cycling fibroblasts [9]. This leads to mass deposition of colla-
gens and eventually affects the normal structure and function
of lung tissue [10] (Figure 1).

For a long time, the function of the inflammatory
response in pulmonary fibrosis remained debatable. Conven-
tionally, pulmonary fibrosis is believed to be a chronic
inflammation-related response [11]. Inflammatory responses
are induced mediated by alveolar epithelial cells in response
to injury [12]. Inflammatory factors can act directly on pul-
monary alveoli; this may aggravate the injury, but may also
form part of a vicious cycle through the activation of relevant
inflammatory cells and lymphocytes [13] (Figure 1). How-
ever, an inflammatory response is probably not necessary
for the development and progression of pulmonary fibrosis.
It may only occur in the early stage of pulmonary fibrosis
[14]. However, evidence supporting the involvement of the
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inflammatory response in pulmonary fibrosis is still lacking.
The mechanisms of injury and maladjusted repair during
pulmonary fibrosis have not been defined. Therefore, it is
too early to draw the conclusion that the inflammatory
response does not participate in the genesis and development
of pulmonary fibrosis.

During the development and progression of pulmonary
fibrosis, the protection of AECs, inhibition of EMT, removal
of lung fibroblasts, inhibition of lung fibroblast proliferation
and collagen secretion, and the alleviation of inflammatory
reactions are crucial to retard the progression of pulmonary
fibrosis [15–17]. In-depth studies have revealed multiple pro-
teins and signaling pathways that are dysregulated in pulmo-
nary fibrosis. According to recent findings, p53 is believed to

play a pivotal role in the development and progression of pul-
monary fibrosis through the modulation of apoptosis, aging,
oxidative stress, EMT, and other cellular processes. This
review discusses the role of p53 in pulmonary fibrosis.

2. p53

The p53 gene is an important tumor suppressor gene, located
on human chromosome 17P13.1, which consists of 11 exons
and 10 introns. Since it was first discovered in 1979, this gene
has been a research “hotspot” [18]. The p53 protein mono-
mer contains 393 amino acid residues [19]. The N-terminus
contains a transactivation domain (TAD) and a proline-
rich domain (PRD), and the C terminus (CT) is a free
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Figure 1: Pathogenesis of pulmonary fibrosis. The pathogenesis of pulmonary fibrosis originates after damage to the alveolar epithelial cells
(AECs). Damaged AECs can induce the relevant inflammatory cells to secrete inflammatory factors. These inflammatory factors can stimulate
the transition of bone marrow (BM) fibrocytes to lung fibroblasts, accelerate the EMT process, induce the transition of AECs to lung
fibroblasts, and promote the transition of lung fibroblasts to myofibroblasts. Myofibroblasts can secrete a large amount of collagen, which
further accelerates the progression of pulmonary fibrosis.
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unfolding domain that can bind to DNA in an unspecific
manner [20]. The two termini are connected by a core
DNA-binding domain and a relatively short tetramerization
domain (TD) [21]. The wild-type p53 gene can undergo
several mutations, including point mutation, deletion, frame-
shift, and rearrangement [22–24]. Detection of the wild-type
p53 protein is difficult owing to its short half-life [25]. The
spatial conformations of mutant p53 proteins differ, and they
have longer half-lives. Therefore, they can be observed using
immunohistochemical methods.

The p53 gene is one of the most important and well-
studied tumor suppressor genes to date [26]. Owing to its
critical role in normal cell growth, inhibition of malignant
tumor growth, and regulation of the cell cycle, p53 is usually
considered a guard gene [27]. p53 is activated in response to
various stimuli and can be attuned to stress in a
transcription-dependent or -independent manner [28].
Through extensive research, p53 was found to play a critical
role, not only in cancer, but also in the regulation of pulmo-
nary fibrosis.

3. Relationship between p53 and
Pulmonary Fibrosis

In one study, researchers collected the lung tissues of 10
patients with pulmonary fibrosis and examined p53 for
single-strand conformation polymorphism (SSCP). Nine
point mutations were found in ten lung tissue samples. Most
of the mutations occurred in the central area of the p53 gene
[29]. In another study, researchers collected lung tissues from
14 patients with idiopathic pulmonary fibrosis (IPF) and 19
healthy individuals. They found that the p53 gene was highly
expressed in the lung tissues of patients with IPF, and the
main form observed was the wild-type p53 gene. It is there-
fore speculated that the enhancement of the wild-type p53
gene is probably a compensatory response of the body to
injury. The p53 protein may prevent the proliferation of
injured or aberrant cells and alleviate lung tissue injury by
regulating the cell cycle [30]. Korthagen et al. analyzed single
nucleotide polymorphisms (SNPs) in the p53 gene from the
lung tissues of 66 patients with IPF and 353 healthy controls
and found that rs12951053 and rs12602273 were signifi-
cantly correlated with the survival of patients with IPF. The
four-year survival rate of carriers was 22% and that of non-
carriers was 57% [31].

Some research studies have addressed the relationship
between p53 and pulmonary fibrosis. Of the numerous
methods to produce in vivo models of pulmonary fibrosis,
the most commonmethod is the injection of drugs, including
bleomycin (BLM), amiodarone, and asbestos [32]. A single
intratracheal instillation of BLM is the most popular. Ini-
tially, this administration damages AECs, and these damaged
cells release a variety of inflammatory factors, including
TGF-β1, to accelerate the EMT process and the proliferation
of lung fibroblasts. This leads to the secretion of more colla-
gen, which further accelerates pulmonary fibrosis. Many pre-
liminary studies of pulmonary fibrosis have utilized this
model [33, 34]. Following the intratracheal injection of
BLM in mice, a successful pulmonary fibrosis model was

established after 28 days, and it was found that the p53
protein expression was significantly elevated in lung tissues
of these mice [35]. In other studies, mouse models of pulmo-
nary fibrosis were established through the intratracheal injec-
tion of BLM into WT and p53-deficient mice. These studies
reported significant reductions in the amount of lung tissue
damage and collagen deposition in p53-deficient mice
compared with that in the wild type (WT) mice [36]. This
finding suggests that inhibition of p53 expression can slow
down the progression of pulmonary fibrosis.

4. Potential Mechanisms Involved in p53-
Mediated Regulation of Pulmonary Fibrosis

4.1. Cell Apoptosis. Cell apoptosis is a type of programmed
cell death and a key process that regulates homeostasis at
the organizational, tissue, and internal environment level
[37]. There are currently three pathways for cell apoptosis:
the death receptor apoptosis pathway, the mitochondrial
apoptosis pathway, and the endoplasmic reticulum apoptosis
pathway [38]. Although these three apoptosis pathways are
not exactly the same, apoptosis is ultimately completed by
cysteinyl aspartate proteinase-related proteins [39]. It has
been proven that excessive alveolar epithelial cell apoptosis
occurs during the development and progression of pulmo-
nary fibrosis, and during this stage, lung fibroblasts have a
major function in apoptosis resistance [40, 41]. Therefore,
the alleviation of AEC apoptosis or the enhancement of lung
fibroblast apoptosis can effectively reduce the degree of pul-
monary fibrosis (Table 1).

Researchers have constructed a mouse model of pulmo-
nary fibrosis using a one-off intratracheal instillation of
BLM. The results showed that apoptosis of type II AECs in
the lung tissues of mice with pulmonary fibrosis was clearly
enhanced, whereas the expression of the p53 protein was
markedly increased. In contrast, knockout of the p53 protein
effectively attenuated pulmonary fibrosis, and the extent of
type II alveolar epithelial cell (AECII) apoptosis was also
markedly alleviated, suggesting that the p53 protein probably
accelerated the development and progression of pulmonary
fibrosis by inducing AEC apoptosis [42]. In a clinical study
that performed TdT-mediated dUTP Nick-End Labeling
(TUNEL) staining of tissues, AEC apoptosis was markedly
enhanced in the lung tissues of patients with IPF compared
with the lung tissues of normal controls. Further study indi-
cated that the expression of the p53 protein and apoptosis-
related proteins caspase-3 (CASP3) and Bax was increased
significantly and that of the antiapoptotic protein Bcl-2 was
reduced substantially. This suggested that the p53 protein
promoted AEC apoptosis during pulmonary fibrosis, which
is presumably related to p53-mediated mitochondrial apo-
ptosis [43]. Recently, the p21 protein was discovered. The
p21 protein is an important member of the cyclin-
dependent kinase inhibitor family [44]. The p21 protein has
two main functional domains: a C-terminal PCNA-binding
domain and an N-terminal CDK-cyclin inhibitory domain.
PCNA can bind to DNA polymerase δ and many other pro-
teins that are involved in DNA synthesis to promote DNA
synthesis. p21 directly inhibits DNA synthesis by competing
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with PCNA to bind with other DNA synthesis proteins [45].
Many studies have demonstrated the important regulatory
role of p21 in the origin and development of pulmonary
fibrosis as a key downstream protein of p53. The successful
regulation of apoptosis and cellular senescence by p53 often
requires the involvement of p21. It was also found that
AEC apoptosis and the expression of the p53 protein and
the p21 protein in lung tissues of patients with IPF were
markedly increased compared with the normal lung tissues.
It was further confirmed that this process was probably
related to Fas/Fasl-mediated receptor apoptosis [46]. The
aforementioned studies suggested that the effect of the p53
protein on AEC apoptosis during the development and pro-
gression of pulmonary fibrosis was probably involved in the
mitochondrial and death receptor apoptosis pathways
(Figure 2).

In addition, some studies have documented that the p53
protein could induce apoptosis in lung fibroblasts and myo-
fibroblasts during the progression of pulmonary fibrosis,
which may further delay the progression of pulmonary fibro-
sis. The effects of astaxanthin on myofibroblast apoptosis
were also studied. The results indicated that astaxanthin
could induce myofibroblast apoptosis through the activation
of the mitochondrial apoptosis pathway. Further studies have
confirmed the critical role of the p53 protein in this process
[47]. In another study, it was found that gallic acid could sig-
nificantly induce apoptosis in lung fibroblasts isolated from
mice with pulmonary fibrosis. It was further assumed that
this process was probably related to the p53-mediated mito-
chondrial and death receptor apoptosis pathways [48].

4.2. Cell Aging. Aging is an inhibited state of cell prolifera-
tion, in which the cell cycle is arrested in phase G0 or G1

[49]. Morphologically, the cells are tabular with augmented
nuclei and aggregated chromatin [50]. Models of senescence
can be established in several ways. The most common
approaches involve pharmacological interventions at the cel-
lular level, in animals. The most common induction drugs
are the chemotherapeutic drugs cisplatin and galactose.
Detection of senescence relies on indicators such as β-galac-
tosidase (β-gal), telomeres and telomerase, senescence-
related heterochromatin foci, and senescence-associated
secretory phenotype (SASP). Among these, β-gal is detected
earliest and used most commonly as a senescence marker.
This lysosome-derived enzyme increases lysosomal biosyn-
thesis in senescent cells [51–53]. It is a specific marker of cell
senescence.

Recent studies have shown that the aging-related secre-
tory phenotype, telomere injury, epigenetic changes, mito-
chondrial autophagy injury, and other pathological
processes are probably involved in the occurrence and
development of cell aging [54]. In an in-depth study, it
was found that cell aging plays an important role in pul-
monary fibrosis, which mainly includes AEC aging and
lung fibroblast aging. For AECs, a majority of studies
showed that with the progression of pulmonary fibrosis,
AEC aging becomes aggravated, leading to cell cycle arrest,
the loss of AEC barrier function, activation and prolifera-
tion of fibroblasts, collagen deposition, and scar formation
[55, 56]. During the progression of pulmonary fibrosis,
lung fibroblasts age and secrete many cytokines, which
promote the conversion of AECs to lung fibroblasts on
one hand, and lung fibroblasts to myofibroblasts [57, 58].
Consequently, collagen secretion increases, and the pro-
gression of pulmonary fibrosis is accelerated. Therefore,
the focus of drug research for the treatment of pulmonary

Table 1: Studies evaluating p53 as a major regulator for apoptosis in pulmonary fibrosis.

Target Mechanism Model Reference

p53 Apoptosis of AECs AECs from BLM-induced pulmonary fibrosis in mice [42]

p53, p21, Bcl-2 Proliferation and apoptosis of lung fibroblasts BLM-induced pulmonary fibrosis in mice [85]

p53 Apoptosis of AECs BLM-induced pulmonary fibrosis in mice [86]

p53, p21, Bcl-2, BAX Apoptosis of AECs and lung fibroblasts IPF patients [43]

p53, BAX, caspase-9 Apoptosis of AECs
Asbestos was added to the cultivation

medium of A549 cells
[87]

p53, p21, Bcl-2, BAX,
Fas/Fasl

Apoptosis of AECs BLM-induced pulmonary fibrosis in mice [88]

p53 Apoptosis of AECs
BLM-induced pulmonary fibrosis in mice

(iNOS-/- and p53-/- mice)
[89]

p53, p21, MDM2 Apoptosis of AECs, p53 degradation IPF patients [90]

p53, p21, Fas/Fasl Apoptosis of AECs IPF patients [46]

p53, Bcl-2, BAX,
Fas/Fasl, ROS

Apoptosis and oxidative stress of lung
fibroblasts

Lung fibroblasts from BLM-induced pulmonary
fibrosis in mice

[48]

p53, Bcl-2 Apoptosis of myofibroblasts
Pulmonary fibrosis patients, BLM-induced

pulmonary fibrosis in rats
[91]

p53, E-cadherin
EMT of AECs, proliferation and apoptosis of

lung fibroblasts
A549, MRC5 [47]

p53, MAPK
Apoptosis and oxidative stress of lung

fibroblasts
Lung fibroblasts from BLM-induced pulmonary

fibrosis in mice
[92]
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fibrosis has concentrated on the delay of AEC aging and
lung fibroblast aging (Table 2).

A mouse model of pulmonary fibrosis was constructed by
the administration of BLM to investigate the correlation
between p53 and collagen deposition. The results showed
that collagen deposition and p53 protein expression in
BLM-induced mice was significantly enhanced compared
with that inWTmice. To confirm the mechanism underlying
AEC aging, A549 cells were treated with BLM. It was found
that the expression of the aging-related marker β-galactosi-
dase in A549 cells was markedly enhanced, and that of the
p53 protein was also clearly increased in a concentration-
dependent manner, suggesting that p53 promoted AEC aging
and accelerated the progression of pulmonary fibrosis [59]. It
is reported that during the progression of pulmonary fibrosis,
p53-mediated AEC aging was probably realized through the
activation of the p21 protein. Upon activation by the p53
protein, the p21 protein could inhibit the activity of the cell

cycle-dependent proteinase compound (CyclinE-CDK2) to
regulate the cell cycle and DNA repair and, ultimately, main-
tain the cells in the G1 stages for a prolonged period. In addi-
tion, the expression of the p53 protein could be regulated by
interleukin-6 (IL-6), interleukin-17 (IL-17), interferon-α
(INF-α), and other related cytokines. Such cytokines can
bind to the corresponding receptors on the membrane, lead-
ing to the activation of aging-related signals by p53 [60].

The effect of p53 on the regulation of lung fibroblast
aging has been confirmed in a clinical study in which lung tis-
sue was collected from patients with IPF and compared with
tissues from healthy lung tissue. The results showed that the
telomeres of lung fibroblasts in the lung tissue of patients
with IPF were markedly shortened, and the expression of
β-galactosidase was enhanced significantly, indicating obvi-
ous aging, in which the aging-related proteins p53, p21, and
p16 played a crucial role [61]. Cyclooxygenase-2 (COX-2)
is a specific upstream kinase of PGE2. The conventional

Apoptosis

Death receptor pathway Mitochondrial pathway

Active
CASP8

Active 
CASP9

CASP
3/7 

Pro
CASP8FADD p21 

CASP9

Fas/Fasl

p21

p53 

p53 Bcl-2 BAX

Mitochondria

Figure 2: p53 promotes pulmonary fibrosis by inducing AEC apoptosis. p53-mediated AEC apoptosis is mainly involved in the death
receptor apoptosis pathway and membrane receptor apoptosis pathway. In the death receptor apoptosis pathway, p53 activates p21, which
then acts on Fas/Fasl to activate caspase-8 (CASP8) and initiate the death receptor apoptosis pathway. In the mitochondrial apoptosis
pathway, p53 activates p21, which then promotes the expression of the apoptosis-related protein BAX to inhibit the expression of the
antiapoptosis protein Bcl-2, and finally initiates the mitochondrial apoptosis pathway. Activation of either of these two apoptosis pathways
leads to the activation of caspase-3/7 (CASP3/7) to promote cell death.
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belief is that COX-2 plays a proinflammatory role in pulmo-
nary fibrosis. In contrast, some studies have shown that
COX-2 primarily plays an anti-inflammatory role in pulmo-
nary fibrosis. Hence, COX-2 plays a protective role in pulmo-
nary fibrosis and can inhibit its progression [62, 63]. Our
group found that when etoposide was added to MRC5 cells
(human embryonic lung fibroblasts) to produce a model of
aging, the expression of the p53 protein was markedly
increased. A further study showed that the expression of
the p53 protein was regulated by the COX-2 protein. COX-
2 could delay the aging of lung fibroblasts through the inhibi-
tion of p53 protein expression [64]. Interleukin-18 (IL-18)
was found to induce the aging of lung fibroblasts through
the activation of the p53 protein, which accelerated the pro-
gression of pulmonary fibrosis. When IL-18 is inhibited, pul-
monary fibrosis is effectively cured and p53-mediated lung
fibroblast aging is effectively inhibited [65] (Figure 3).

4.3. Oxidative Stress.Oxidative stress is a strained state due to
an imbalance between the oxidation and antioxidation sys-
tems [66]. When there is excessive reactive oxygen species
(ROS) or insufficient antioxidants in the body, more ROS will
be present in tissues or cells, which may trigger oxidative
stress, leading to tissue or cell injury [67]. Oxidative stress
is one of the pathogeneses of pulmonary fibrosis, which
may play an important role in the progression of pulmonary
fibrosis by promoting AEC necrosis, inducing epithelial cell
apoptosis, regulating cytokine expression, and participating
in EMT [68–70]. Moreover, specific oxidative injury in lung
fibroblasts could also delay the progression of pulmonary
fibrosis [71]. Previously, the design of drugs for the treatment
of pulmonary fibrosis was concentrated mainly on the allevi-
ation of AEC oxidative stress. The clinically representative
medicine for the oxidative treatment of pulmonary fibrosis
is N-acetyl-L-cysteine (NAC), which can prevent oxidative
injury in AECs, thereby delaying the progression of pulmo-
nary fibrosis [72]. Polyhexamethylene guanidine phosphate
(PHMG-p) is a major component of disinfectants. PHMG-
p can induce AEC injury and promote lung fibrosis. The
addition of PHMG-p to A549 cells reportedly resulted in a
significant increase in the level of apoptosis, as well as signif-
icant increases in the levels of ROS and P53 protein expres-
sion. Furthermore, after knockout of p53 in A549 cells and

adding PHMG-p, the oxidative damage induced in the cells
was significantly reduced [73]. This finding supports the
hypothesis that the deleterious effects of PHMG-p on A549
cells may be related to the activation of redox reactions and
P53 protein expression.

It was found that during the development and progres-
sion of pulmonary fibrosis, the expression of the p53 protein
was positively correlated with the degree of oxidative stress
(Table 2). The way in which p53 regulates the level of oxida-
tive stress is still unclear. The effects of amitriptyline, an anti-
depressant, on pulmonary fibrosis treatment have been
studied. The results showed that amitriptyline can inhibit
the expression of nitric oxide synthase (iNOS), malondialde-
hyde (MDA), and lipid peroxides, and enhance the expres-
sion of glutathione (GSH), thereby alleviating the level of
oxidative stress and delaying the progression of pulmonary
fibrosis. Further studies have shown that the antioxidative
stress of amitriptyline was probably related to its regulation
of p53 [35].

Given the broader understanding of p53, it was found
that the p53 protein has the dual functions of oxidation and
antioxidation, depending on the degree of oxidative stress
[74]. In response to different degrees of oxidative stress,
p53 may exert oxidative or antioxidative effects [75]. At pres-
ent, most research supports the assumption that the
enhanced expression of AECs in the early stages of pulmo-
nary fibrosis could repair oxidation-induced AEC injury to
a certain degree because of the mild degree of oxidative stress.
The p53 protein enhanced the antioxidant capacity of cells by
upregulating the expression of glutaminase-2 (GLS2) and
increasing the levels of GSH and nicotinamide adenine
dinucleotide (NADH). During the progression of disease,
oxidative stress injury continues to increase, and the
amount of ROS generated will enhance cellular injury,
because the overexpression of the p53 protein can act
directly on the promoter containing antioxidant response
cis-elements (AREs) to inhibit nuclear factor E2-related fac-
tor 2- (Nrf2-) induced gene expression [76, 77] (Figure 4).
Therefore, it is assumed that in the early stage of pulmo-
nary fibrosis, when the degree of oxidative stress is very
low, the p53 protein probably can function as a guide gene
to repair AECs to a certain extent. As the disease pro-
gresses, ROS and other oxidative stress-related products

Table 2: Studies evaluating p53 as a major regulator for senescence and oxidative stress in pulmonary fibrosis.

Target Mechanism Model Reference

p53, p16, p12, COX-2 Senescence of AECs BLM-induced pulmonary fibrosis in mice [59]

p53, p21, IL-18 Senescence of lung fibroblasts
BLM-induced pulmonary fibrosis in mice, lung fibroblasts

from BLM-induced pulmonary fibrosis in mice
[65]

p53, p21 Senescence of AECs IPF patients [93]

p53, p21 Senescence of AECs BLM-induced pulmonary fibrosis in mice [60]

p53, p16, p12, COX-2 Senescence of lung fibroblasts
Lung fibroblasts from BLM-induced pulmonary fibrosis

in mice, MRC5
[64]

p53, p21, MDA, SOD Oxidative stress of AECs BLM-induced pulmonary fibrosis in mice [94]

p53, IL-17A Oxidative stress of AECs BLM was added to the cultivation medium of A549 cells [95]

p53 Oxidative stress of lung tissues IPF patients [96]

p53, iNOS, Nrf2, GSH Oxidative stress of lung tissues BLM-induced pulmonary fibrosis in mice [35]
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accumulate to a certain degree, and the p53 protein acceler-
ates the progression of pulmonary fibrosis.

4.4. EMT. Recent studies have shown the close correlation
between EMT and the development and progression of pul-
monary fibrosis [78]. In response to various stimuli, AEC
may be converted to lung fibroblasts. As the number of lung
fibroblasts increases, the degree of pulmonary fibrosis also
increases [79]. Extensive study has shown that TGF-β1 was
a key cytokine in the induction of EMT. TGF-β1 initially
binds to the transmembrane serine/threonine receptor on
the membrane of AEC, leading to the phosphorylation of
upstream small mother against decapentaplegic2 (Smad2)
or small mother against decapentaplegic3 (Smad3) at the car-
boxyl terminal, and is then translocated into the nucleus by
forming a trimer with small mother against decapentaplegic4
(Smad4). After nuclear translocation, small mother against
decapentaplegics (Smads) then bind to other transcription
factors to regulate the expression of EMT-related genes, lead-
ing to the dysfunction of cellular junctions, cytoskeletal rear-
rangement, and enhancement of cell migration and cell
invasion, and eventually to EMT [80].

Yamamoto et al. treated A549 cells with BLM and found
that the morphology of A549 cells changed greatly. Mean-
while, the expression of alpha-smooth muscle actin (α-
SMA), a marker protein for EMT, was significantly
enhanced, suggesting that the EMT process had been initi-

ated. Further studies found that p53 probably participated
in the entire EMT process. BLM promoted the phosphoryla-
tion of Ser15 in the p53 protein, inhibiting the binding of
MDM2, a negative regulator, to p53, and promoting the
EMT process [81]. Wang et al. [47] presented a contrasting
opinion. They induced the differentiation of A549 cells by
the addition of different concentrations of TGF-β1, and
found reduced expression of the p53 protein. It is assumed
that p53 inhibits the process of EMT. The difference between
studies is probably related to the following factors. Although
the two models are in vitro EMT models, they are two differ-
ent models. Direct disruption of A549 cells with BLM not
only leads to EMT but also to pathological processes related
to cell injury. However, it still remains unknown which pro-
cess is dominant. In addition, both experiments were in vitro
tests and could, therefore, not simulate the complete internal
environment. Therefore, further experiments are required to
validate the functional role of p53 in EMT.

5. Diagnosis and Treatment of
Pulmonary Fibrosis

Currently, the diagnosis and assessment of pulmonary fibro-
sis rely mainly on a comprehensive analysis of the patient’s
medical history, clinical manifestations, high-resolution
computed tomography (HRCT), and pulmonary function
tests, as well as bronchoscopy or lung biopsy if necessary

p53

COX-2

p21p16

CyclinD-CDK4/6 CyclinE-CDK2

RB family
G1S 

G2 
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Cell cycle arrest Senescence 

TNF-𝛼

IL-6 

MDM2

Figure 3: p53 promotes the progression of pulmonary fibrosis by inducing aging in lung fibroblasts. The expression of the p53 protein was
regulated by multiple cytokines. COX-2 can inhibit the expression of p53. The cytokines IL-6 and TNF-α increased the expression of p53. In
addition, murine double minute gene2 (MDM2) downregulated the expression of p53. The activation of p53 could induce p21, which then
activated CyclinE-CDK2 to promote the expression of RB and initiate the cell aging pathway.
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[82]. Serological testing is a valuable tool for disease screen-
ing and assessment. Serological tests are noninvasive, safe,
and convenient. Unfortunately, in pulmonary fibrosis, there
are no specific serologic tests for disease assessment [83].
Many clinical studies have demonstrated that the expression
level of the serum p53 protein is positively correlated with the
severity of pulmonary fibrosis. Therefore, it is conceivable
that p53 could be a diagnostic or assessment indicator for
the severity of pulmonary fibrosis. Currently, we believe that
the diagnosis of pulmonary fibrosis should predominantly
rely on computed tomography (CT) and pathology biopsies.
Relying solely on serum p53 concentration for the diagnosis
of pulmonary fibrosis is unjustified. Serum p53 levels can
only be used as an auxiliary reference for the diagnosis of pul-
monary fibrosis. Given the correlation of p53 with the sever-
ity of pulmonary fibrosis, the assessment of serum p53
expression to evaluate the changes in the condition of

patients with confirmed pulmonary fibrosis may become a
clinical reality in the future.

The establishment of a pulmonary fibrosis model by
intratracheal instillation of BLM in p53 gene knockout and
WT mice revealed significantly less collagen deposition in
the lung tissue of p53 gene knockout mice and significantly
reduced pulmonary fibrosis [36]. These observations sug-
gested that the p53 gene knockout can slow the progression
of pulmonary fibrosis. Several MDM2-p53 inhibitors are cur-
rently undergoing clinical trials as cancer treatments [84].
These trials provide some reference for drug therapy in pul-
monary fibrosis. However, relevant to the pathogenesis of
pulmonary fibrosis, the p53 protein has different underlying
mechanisms of action on AECs and lung fibroblasts. Thus,
the ideal drug would bidirectionally regulate these two types
of cells through different mechanisms. Caveolin-1 scaffolding
domain peptide (CSP) slows the progression of pulmonary

p53

ATR

p53 MDM2

GSH

External stimulus

DNA damage

p53 degradation 

Cell death 

ROS

Figure 4: p53 promotes the progression of pulmonary fibrosis by enhancing the oxidative stress levels in AECs. In response to various
external stimuli, the oxidant and antioxidant levels of AECs become unbalanced, leading to cellular DNA damage, which then transmits
the signal downstream through various multiple pathways and initiates the oxidative stress system. First, DNA damage can activate the
Rad3-related protein (ATR) and promote the expression of p53, which in turn reduces the expression of GSH and enhances the
generation of intracellular ROS. The increase in ROS further aggravates DNA damage, leading to a vicious cycle. Second, DNA damage
can interrupt ubiquitination, interfering with the binding of MDM2 to p53, which may reduce degradation of the p53 protein and
promote its expression.
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fibrosis in mice by increasing the degradation of p53 by
MDM2 and inhibiting p53 expression in AECs. In addition,
unlike the reduced damage of AECs, CSP reduces the degra-
dation of p53 by MDM2 in lung fibroblasts [36]. This in turn
promotes p53 protein expression, which results in the
increased apoptosis of lung fibroblasts and delayed progres-
sion of pulmonary fibrosis. However, such bidirectionally
regulating drugs are relatively rare. Presently, the most feasi-
ble approach is targeted drug treatment with AECs or lung
fibroblasts as the target. This approach will change the
expression of p53 and slow the progression of pulmonary
fibrosis.

6. Summary and Outlook

The weight of the evidence supports the hypothesis that the
expression levels of p53 demonstrate a positive correlation
with the severity of pulmonary fibrosis. However, p53 has
various roles that are specific for different cells and have dif-
ferent mechanisms of action. During the progression of pul-
monary fibrosis, an increase in p53 can promote AEC
apoptosis, induce aging, aggravate oxidative injury, promote
the progression of EMT, and accelerate the development of
pulmonary fibrosis in terms of AECs. For lung fibroblasts,
an increase in p53 can promote the apoptosis of lung fibro-
blasts, aggravate oxidative stress, and delay the development
of pulmonary fibrosis. Meanwhile, increased p53 can also
induce the aging of lung fibroblasts. This diversity makes it
difficult to further clarify the regulatory mechanism of p53
in pulmonary fibrosis and to discover the corresponding
drug treatment. Thus, for future treatment of pulmonary
fibrosis, the targeted expression of p53 in different cells of
lung tissues is a likely direction for study future studies which
need to further focus on the following points.

The data from most of the current studies support the
view that damage to AECs initiates pulmonary fibrosis and
drives its development. The ultimate pathological change in
pulmonary fibrosis is the massive proliferation of lung fibro-
blasts and copious secretion of collagen. Thus, is the damage
to AECs or the proliferation of lung fibroblasts more impor-
tant in the overall process of pulmonary fibrosis? Although
AECs may be the most important, this view is speculative,
with a dearth of valid confirmatory evidence.

p53 has different mechanisms of action for AECs and
lung fibroblasts. This is a challenge for the development of
drug therapies for pulmonary fibrosis that target p53. We
believe that the current research on the underlying mecha-
nisms of p53 in pulmonary fibrosis has been relatively super-
ficial. Most studies have not addressed the function of the p53
protein. For example, the molecular mechanisms used by p53
to regulate AECs and lung fibroblasts are unknown. Further-
more, the p53 phosphorylation sites used to regulate apopto-
sis and senescence in AECs and lung fibroblasts are
unknown. These issues must be clarified to further under-
stand the role of p53 in the regulation of pulmonary fibrosis.

There have been few studies of drugs targeting p53 for the
treatment of pulmonary fibrosis. However, many drugs that
target p53 have been developed as cancer therapeutics. It is

conceivable that these drugs may be beneficial for the treat-
ment of pulmonary fibrosis.

Since p53 has different mechanisms of action in different
cells, two points are crucial for the development of new drugs
targeting p53 for the treatment of pulmonary fibrosis. First,
we need to clarify whether the drug primarily targets AECs
or lung fibroblasts. Second, we need to identify the signal
transduction mechanism through which the drug exerts its
effects. Targeting specific cells and specifically modulating
p53 expression in those cells could achieve a better therapeu-
tic outcome.
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Acute lung injury (ALI) is an acute hypoxic respiratory insufficiency caused by various intra- and extrapulmonary injury factors.
Presently, excessive inflammation in the lung and the apoptosis of alveolar epithelial cells are considered to be the key factors in
the pathogenesis of ALI. Hypoxia-inducible factor-1 (HIF-1) is an oxygen-dependent conversion activator that is closely related
to the activity of reactive oxygen species (ROS). HIF-1 has been shown to play an important role in ALI and can be used as a
potential therapeutic target for ALI. This manuscript will introduce the progress of HIF-1 in ALI and explore the feasibility of
applying inhibitors of HIF-1 to ALI, which brings hope for the treatment of ALI.

1. Introduction

Acute lung injury (ALI) refers to increased alveolar-capillary
permeability caused by severe noncardiogenic factors such as
severe infection, shock, and burns, resulting in diffuse pul-
monary interstitial and parenchymal edema [1]. The clinical
manifestations of ALI are progressive hypoxemia or acute
respiratory distress syndrome (ARDS) and can even progress
to fatal respiratory failure [2, 3]. ALI/ARDS is a disease that
endangers human health worldwide. Although research on
the pathogenesis and molecular mechanism of ALI/ARDS
has made remarkable progress, its morbidity and fatality rate
are still high. Recent studies have reported that the incidence
of ALI/ARDS is 1%~4%, the case fatality rate is 22%~65%,
and the case fatality rate in the pediatric population is
approximately 24%; thus, it is urgent to find an effective
treatment for ALI [4]. In the pathogenesis of ALI/ARDS, var-
ious factors stimulate the production and accumulation of a
large number of inflammatory cells (neutrophils, mononu-
clear macrophages, etc.) in the lung. At the same time,
inflammatory cells activate and release proinflammatory fac-
tors such as reactive oxygen species (ROS), tumor necrosis

factor α (TNF-α), interleukins (ILs), and elastase, which pro-
mote the deterioration of the inflammatory response [5, 6].
ROS can destroy pulmonary microvascular endothelial cells
and epithelial cells in different ways, increase pulmonary vas-
cular permeability, and lead to the formation of pulmonary
edema. In addition, ROS can interact with inflammatory
factors and promote the expression of inflammatory factor-
related proteins, resulting in an inflammatory cascade [7,
8]. Hypoxia-inducible factor-1 (HIF-1) is an oxygen-
dependent transcriptional activator that was first discovered
in 1992 [9]. HIF-1 is widely expressed in tissue during hyp-
oxia, and it plays an important pathophysiological role in
maintaining oxygen homeostasis in the body by regulating
the expression of a series of genes related to the adaptation
to hypoxia [9]. HIF-1 is also an important inflammatory reg-
ulator involved in the regulation of acute and chronic inflam-
mation [10, 11]. Interestingly, under hypoxic conditions,
ROS released from the mitochondrial electron transport
chain can participate in the regulation of HIF-1 activity
[12]. Previous studies have reported that HIF-1 plays an
important role in ALI and participates in inflammation, apo-
ptosis, and pulmonary fibrosis by regulating corresponding
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target genes, but its specific mechanism is not very clear. Our
review focuses on the interaction between HIF-1 and ROS
and the role of HIF-1 in the pathogenesis of ALI and the
progress in the treatment of ALI with HIF-1 inhibitors.

2. HIF-1

2.1. The Structure of HIF-1.HIF-1 is a heterodimer composed
of the functional subunit HIF-1α (120 kD) and the structural
subunit HIF-1β (91~94 kD) [13]. The human HIF-1α gene is
located on chromosome 14 (14 q21-24) and has a length of
3720 bp, and the protein it encodes is an 826-amino acid
polypeptide. The length of the human HIF-1β gene is
2604 bp, and the protein it encodes is a 774- or 789-amino
acid polypeptide [13]. HIF-1α, a regulatory and active sub-
unit, is a unique subunit structure of HIF-1. HIF-1β, also
known as aryl hydrocarbon receptor nuclear translocator
(ARNT), is a subunit of an aromatic hydrocarbon receptor
complex that can form dimers with proteins. The α and β
subunits have the following structure: (1) the amino-
terminal half of each subunit contains a basic helix-loop-
helix (bHLH) that defines a large superfamily of dimeric
eukaryotic transcription factors in which the HLH domain
mediates dimerization and the basic domain contacts DNA;
(2) the Per-aryl hydrocarbon receptor nuclear translocator-
Sim (Per-ARNT-Sim; PAS) domain contributes to the for-
mation of protein dimers; and (3) the carboxyl terminus of
each subunit contains a transcription activation domain
(TAD), which can bind to the transcription initiation com-
plex to regulate gene transcription [13] (Figure 1). TAD in
the HIF-1α structure contains TAD-N and TAD-C, which
can participate in transcriptional activation. There is an
inhibitory domain (ID) between TAD-N and TAD-C, which
can significantly reduce the activity of TAD under normoxia.

2.2. The Regulation in HIF-1 Expression. The α subunit is a
unique regulatory and active subunit of HIF-1 [14]. The
stability and transcriptional activity of the HIF-1 protein
are both regulated by intracellular oxygen concentration
[15, 16]. Therefore, the physiological activity of HIF-1 mainly
depends on the activity and expression of the HIF-1α subunit
[16]. The β subunit is shared by many transcription factors,
and it can be constitutively expressed in the nucleus without
being regulated by the oxygen concentration. The function of
the β subunit may be related to maintaining the structural
stability of HIF-1 and the active conformational changes
caused by dimerization [17]. HIF-1α must form a heterodi-
mer with HIF-1β to become active HIF-1 [17]. HIF-1 is a
core transcription factor that induces hypoxia genes and
repairs the internal microenvironment of cells. HIF-1α is an
oxygen regulatory protein that is very sensitive to the concen-
tration of oxygen and is called the “master switch of hypoxia
gene expression” [18]. Under normal oxygen conditions, the
oxygen-dependent degradation domain (ODDD) on the
HIF-1 gene is hydroxylated by prolyl hydroxylase (PHD),
binds with ubiquitin E3 ligase (von Hippel-Lindau, pVHL),
and is ultimately degraded through the protein ubiquitina-
tion hydrolysis system [19, 20]. When the cell is in a hypoxic
state or the function of pVHL is lost, the mitochondrial elec-

tron transport chain is also inhibited. In addition, the
accumulation of ROS and various metabolites such as lactic
acid and pyruvate also inhibits PHD and reduces the
degradation of HIF-1 and stabilizes its expression [21, 22]
(Figure 2). HIF-1α accumulates and is transported to the
nucleus to forming the HIF-1 complex following binding
with HIF-1β [23]. In addition, HIF-1α acts as a transcription
factor in conjunction with the hypoxia reaction element
(HRE) to further activate the transcription of multiple down-
stream target genes, such as vascular endothelial cell growth
factor (VEGF), erythropoietin (EPO), and induced nitric
oxide synthase (iNOS), which in turn triggers a series of
oxygen-resistant adaptive responses in tissues and cells [24].

2.3. The Downstream Target Genes and Functions of HIF-1.
The target genes regulated by HIF-1 all contain HREs.
After HIF-1α specifically recognizes and binds to the core
HRE sequence (5′-RCGTG-3′), it exerts a transcriptional
activation effect and activates the transcription of target
genes [25]. These activated genes are as follows: (1)
angiogenesis-related genes such as VEGF and its receptor
[26]; (2) various enzymes involved in glucose metabolism,
energy metabolism, and cell proliferation such as adenosine
kinase (AK), pyruvate kinase M2 (PKM2), phosphoglycer-
ate kinase 1 (PGK1), hexokinase II, pyruvate dehydroge-
nase kinase (PDK), lactate dehydrogenase (LDH), glucose
transporters (GLUT), glyceraldehyde-3-phosphate dehydro-
genase (GAPDH), and transforming growth factor (TGF-β)
[27–31]; (3) red blood cell metabolism- and iron metabolism-
related genes such as erythropoietin (EPO), transferrin, and
transferrin receptor-1 (TfR1) [32, 33]; and (4) heme oxygenase
(HO) and iNOS [34, 35]. HIF-1α regulates angiogenesis, energy
metabolism, red blood cell production, cell proliferation and
survival, vascular remodeling, and the vasomotor response by
regulating the expression of its downstream target genes so that
hypoxic tissues and cells can maintain oxygen homeostasis to
tolerate hypoxia [26–30, 36–38].

3. HIF-1 and ROS

3.1. ROS. ROS are unstable compounds containing highly
reactive oxygen molecules that are produced by redox reac-
tions [39]. ROS include oxygen-containing free radicals
(superoxide anion free radicals, hydroxyl free radicals, etc.),
nonradical derivatives of oxygen, hydroperoxides, and lipid
peroxides [40–43]. Among them, oxygen-free radicals
mainly refer to superoxide anion radicals (O2•-), hydroxyl
radicals (•OH), peroxides (RO2), and oxygen organic-free
radicals (RO•) [44–46]. ROS are produced and exert their
biological effects in mitochondria. ROS produced by mito-
chondria can be released into the cytoplasm through specific
mitochondrial ion channels/transporters, such as the mito-
chondrial permeability transition pore (mPTP) [47]. ROS
can also be generated by extramitochondrial enzymes such
as reduced nicotinamide adenine dinucleotide phosphate
oxidase (NOX), lipoxygenase, xanthine oxidase, myeloperox-
idase, and cytochrome P450 cyclooxygenase [48–51]. There
is a complex antioxidant system in the body that can produce
and remove ROS in a dynamic balance under normal
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circumstances to avoid causing damage to the body [52]. In
some specific cases, the accumulation of ROS in cells
increases, which can cause excessive oxidation of proteins,
lipids and, DNA, resulting in varying degrees of cell damage
[53]. ROS bind to proteins to produce carbonyl derivatives,
which change the tertiary structure of proteins, resulting in
partial or full unfolding, and easily form protein-protein
crosslinks, resulting in protein denaturation or the loss of
enzymatic activity [54]. The main physiological functions of
ROS in the body include participation in the immune
response and biological aging process, as well as the regula-
tion of some signaling pathways [55, 56].

Excessive production of ROS is key to the development of
ALI, which can affect the activation of lung inflammatory
cells and the release of inflammatory mediators and can also
damage the alveolar-vascular endothelial cell barrier struc-
ture, resulting in a decrease in barrier stability [57]. Under
physiological conditions, the elimination of ROS depends
on the effectiveness of antioxidant substances in the body to
maintain a dynamic balance. However, under pathological
conditions, such as acute inflammation, the amount of ROS
produced far exceeds the scavenging capacity of the antioxi-
dant system. Excessive ROS accumulate in the body and

destroy the structure and function of tissues and organs
and cause metabolic disorders through oxidative stress and
inflammation cascade amplification [58].

3.2. The Impact of ROS on ALI. ROS oxidize or damage pro-
teins, lipids, and DNA, thereby directly or indirectly inducing
protein denaturation and lipid peroxidation. If the excessive
accumulation of ROS exceeds the elimination ability of the
body’s antioxidant system, cell and tissue damage occur.
The oxidative effect of ROS mediates lung injury [59, 60]
through the following mechanisms: (1) ROS oxidize phos-
pholipids on the surface of cell membranes, causing fatty acid
chain breaks, membrane structure disorders, and decreased
fluidity and permeability, resulting in lung dysfunction. (2)
ROS oxidize lipid molecules to produce a large number of
vasoactive substances and proinflammatory molecules, such
as promoting the formation of a large number of thrombox-
anes, thereby increasing the degree of pulmonary vascular
tension and inflammation. (3) ROS oxidize the amino acids
in the protein-peptide chain, destroy the basic molecular
structure of the protein, and change the activity and function
of the protein. ROS antioxidant enzymes cause oxidation and
antioxidation imbalance in the body. (4) ROS activate

HIF-1𝛼

HIF-1𝛽 bHLH PAS TAD

bHLH PAS TAD-N ID TAD-C

Figure 1: The structures of HIF-1 α and HIF-1 β. bHLH: helix-loop-helix; PAS: Per-aryl hydrocarbon receptor nuclear translocator-Sim;
TAD: transcription activation domain; ID: inhibitory domain.
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Figure 2: The interplay between HIF-1 and ROS under hypoxic condition. PHD: prolyl hydroxylase; LON: mitochondrial ATP dependent
matrix protease; COX-4: cytochrome c oxidase IV-2; PDK-1: pyruvate dehydrogenase (PDH) kinase 1; LDHA: lactate dehydrogenase A;
BNIP3: BCL2 and adenovirus E1B 19 kDa-interacting protein 3; ISCU1/2: iron–sulfur cluster assembly protein.
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transcription factors through oxidation, such as nuclear
factor kappa-B (NF-κB) and protease activating factor-1
(Apaf-1), to upregulate inflammation-targeting proteins
(intercellular adhesion molecules, cyclooxygenase-2, etc.),
thereby promoting inflammation [61]. (5) ROS can oxidize
DNA and cause DNA base deletions, point mutations and
strand breaks, causing cell damage and even cell death.
Increased ROS production can destroy the microstructure
of cells through self-oxidation, which can cause structural
or functional damage to pulmonary vascular endothelial
cells, epithelial cells, and smooth muscle cells, resulting in
dysfunction of the alveolar-vascular endothelial barrier and
vasomotor function, thereby promoting the progression
of ALI.

3.3. The Interaction of ROS and HIF-1.Mitochondria are the
main organelles associated with cellular oxygen consumption
and the main site of ROS production. HIF-1 is a transcription
factor that regulates hypoxia adaptation. Under hypoxic con-
dition, ROS are involved in the regulation of HIF-1 activity.
A hypoxic environment promotes the production of ROS in
mitochondria, and a large amount of ROS can promote the
stability of the HIF-1 protein under hypoxic conditions
[62]. In addition, hypoxia may initially promote oxidative
stress through mitochondrial ROS production. The increased
ROS can upregulate HIF-1, and activated HIF-1α can cause
persistently high levels of oxidative stress by promoting the
production of oxidative products or inhibiting the antioxi-
dant effect [63–66]. Interestingly, HIF-1 also has the ability
to inhibit oxidative phosphorylation and ROS generation
[67], which indicates that a negative feedback loop in which
ROS-mediated regulation of HIF-1 plays a key role. HIF-1
can prevent the excessive production of mitochondrial ROS
under hypoxic conditions rather than promote oxidative
stress. Studies have shown that the expression of HIF-1 in
cells in vivo and in vitro can prevent excessive accumulation
of ROS and inhibit cell apoptosis [68–71]. Therefore, main-
taining a balance between HIF-1 and ROS is essential. The
possible mechanism by which HIF-1 reduces ROS generation
under hypoxia [71] is as follows: (1) Cells express the COX4-
1 (cytochrome c oxidase IV-1) regulatory subunit of
cytochrome c oxidase (ETC complex IV) under aerobic
conditions but switch to the COX4-2 (cytochrome c oxidase
IV-2) subunit under hypoxic conditions. HIF-1 activates
transcription of the genes encoding COX4-2 and LON (a
mitochondrial protease that is required for the degradation
of COX4-1). Under conditions of chronic hypoxia, ETC
complex IV can also become a source of increased ROS pro-
duction if the COX4 subunit switch does not occur [72]. (2)
HIF-1 activates the gene encoding pyruvate dehydrogenase
(PDH) kinase 1 (PDK1), which shunts pyruvate away from
the mitochondria [68]. PDK1 and LDHA (lactate dehydroge-
nase A) cooperate to decrease ETC flux and offset the
reduced f electron transport efficiency under hypoxic
conditions to reduce the production of ROS [73]. (3) HIF-1
activates the gene encoding BNIP3 (BCL2 and adenovirus
E1B 19 kDa-interacting protein 3), which triggers selective
mitochondrial autophagy [74]. (4) MicroRNA-210 is
induced, which blocks iron-sulfur cluster assembly proteins

(ISCU1/2) that are required for oxidative phosphorylation
[75] (Figure 2).

4. HIF-1 and Inflammation

The inflammatory response requires the interaction of a
series of cytokines, and HIF-1α is an important factor associ-
ated with gene regulation during the inflammatory response.
There is a positive feedback proinflammatory effect in ALI,
and a large number of inflammatory factors upregulate
HIF-1. Increased HIF-1 stimulates the release of inflamma-
tory factors, amplifies the inflammatory response, and
exacerbates lung injury [76]. Li et al. [77] showed that intra-
cellular succinate induced angiogenesis through HIF-1α
induction, which is related to the activation of the VEGF
gene. HIF-1α accumulates under hypoxic conditions and
can bind with the VEGF gene promoter to induce VEGF
expression [77]. In allergic airway diseases, VEGF is an effec-
tive stimulator of inflammation and can promote airway
remodeling and physiological dysfunction [78, 79]. In a
mouse model of allergic airway disease caused by the inhala-
tion of ovalbumin (OVA), the expression levels of HIF-1α
and VEGF increased, and the production of inflammatory
mediators, such as IL-4, IL-5, and IL-13, significantly
increased, airway hyperresponsiveness and pulmonary
vascular permeability increased, which confirmed that the
inhibition of HIF-1α could reduce antigen-induced airway
inflammation and hyperresponsiveness by regulating VEGF-
mediated vascular leakage [80]. Under normoxic conditions,
interleukin-1β (IL-1β), IL-6, TNF-α, and other cytokines are
upregulated by HIF-1. Under hypoxia, cytokines can increase
HIF-1 activity [81].

The NF-κB family controls multiple processes, including
immunity, inflammation, tumor cell proliferation, and ner-
vous system function [82]. Mo et al. [83] showed that the
expression of NF-κB in alveolar of ALI/ARDS patients was
abnormally increased, and the activation of NF-κB may con-
tribute to the increased expression of a variety of cytokines in
the lung. Chen et al. [84] confirmed that NF-κB was abnor-
mally upregulated in the alveolar cells of ALI patients and
regulated the production of a large number of gene products
with NF-κB sites, such as IL-1β, IL-6, and TNF-α. The inter-
action of various cytokines and inflammatory factors initiates
the inflammatory cascade, which ultimately leads to ALI [85,
86]. In addition, HIF-1α can act on various adenylate recep-
tors, thereby alleviating lung injury [87, 88]. For example,
HIF-1α can effectively reduce the severity of ALI and prolong
patient survival by regulating A2BAR (adenosine receptor
A2b) [89].

5. HIF-1 and Apoptosis of Alveolar
Epithelial Cells

Alveolar type II (AT-II) cells are also known as granular alve-
olar cells. AT-II cell apoptosis occurs in the early stage of
ALI, leads to the loss of a large number of alveolar epithelial
cells, and ultimately promotes the progression of ARDS [90].
In the progression of ALI, HIF-1α can increase glucose
metabolism in tracheal epithelial cells, thereby increasing
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lung ventilation and improving pulmonary edema and respi-
ratory distress. However, more studies have confirmed that
HIF-1α promotes AT-II cell apoptosis. This effect may be
related to different signaling pathways regulated by HIF-1α.
Krick et al. [91] found that hypoxia suppressed alveolar epi-
thelial cell proliferation and enhanced AT-II cell apoptosis
through activation of the HIF-1α/HRE axis and a mechanism
that involves Bnip3L; thus, targeting HIF-1αmay represent a
new strategy to attenuate the degree of acute lung injury. He
et al. [92] suggested that hypoxia-induced apoptosis in AT-II
cells could be alleviated by inhibiting the HIF-1α-HRE axis.

6. HIF-1 and Pulmonary Fibrosis

Pulmonary fibrosis (PF) after ALI is a process in which lung
inflammation leads to persistent alveolar damage, the pro-
duction of extracellular matrix, repeated cell destruction,
repair, and reconstruction, and excessive collagen deposition.
PF is also an excessive repair response after tissue damage
[93]. The pathological changes in ALI/ARDS are progressive.
In the early stage of ALI/ARDS (within 7 days), the patholog-
ical changes in the lung tissue are dominated by exudation.
After 7 days, ALI may develop into a fibrotic stage and gen-
erally develops into a fibrotic stage after 3 weeks [94]. Previ-
ous studies have shown that fibroblast proliferation and
collagen secretion can be enhanced in the early stage of
ALI. In other words, there are obvious fibrotic changes in
the early stage of ALI [95, 96]. Alveolar epithelial cells
(AECs) adhere tightly to adjacent cells or the basement mem-
brane to protect the lungs from injury and infection. Under
the action of pathogenic factors, the integrity of alveolar epi-
thelial cells is disrupted, and the cells are rearranged, causing
morphological and physiological changes in the cells. In
addition, the phenotype of some epithelial cells is changed,
and alveolar epithelial cells transform into mesenchymal
cells. Alveolar epithelial cell-mesenchymal cell transdifferen-
tiation is considered to be one of the important mechanisms
of PF [97, 98].

Epithelial-mesenchymal transition (EMT) refers to the
biological process in which epithelial cells are transformed
into cells with a mesenchymal phenotype through specific
procedures [99, 100]. EMT plays an important role in embry-
onic development, chronic inflammation, tissue reconstruc-
tion, cancer metastasis, and fibrotic diseases [100–102]. The
main features of EMT are the decreased expression of cell
adhesion molecules (such as E-cadherin), the conversion of
the cytokeratin cytoskeleton into a vimentin-based cytoskel-
eton, and the acquisition of morphological characteristics of
mesenchymal cells [103, 104]. During the EMT process, epi-
thelial cells lose epithelial phenotypic characteristics, such as
the ability to connect to the basement membrane, and
acquire mesenchymal phenotypic characteristics, such as
high migration and invasion capabilities, resistance to apo-
ptosis, and the ability to degrade extracellular matrix [103,
104]. TGF-β/Smad is one of the main signaling pathways
that promote EMT, and it is also a classic signal transduction
pathway for the occurrence of pulmonary fibrosis [105]. In
the TGF-β/Smad signaling pathway, Smad3 plays a particu-
larly important role in the development of PF [105]. In addi-

tion, zinc finger E-box binding homeobox (ZEB) is the main
regulator of TGFβ-mediated signaling pathways. TGFβ and
its downstream signal factor Smad3 upregulate the expres-
sion of ZEBs, and signal transduction pathways such as
p38/MAPKs can also induce or synergistically induce EMT
transdifferentiation signal transduction in alveolar type II
epithelial cells to cause the upregulation of ZEB protein
expression [105, 106]. ZEB exerts an inhibitory effect on the
expression of E-cadherin by binding with the promoter of
E-cadherin, and then AT-II cells transdifferentiate from epi-
thelial cells to mesenchymal cells [105, 106]. Zhou et al. [107]
confirmed that alveolar epithelial cells could increase the
level of reactive oxygen species (ROS) in mitochondria under
hypoxia, and ROS could upregulate the expression of HIF-1α
and TGF-β1 and promote the progression of EMT. Du et al.
[108] confirmed that atorvastatin could attenuate paraquat-
induced pulmonary fibrosis by downregulating the HIF-
1α/β-catenin pathway and inhibiting EMT.

7. Strategies to Reduce Acute Lung Injury by
Inhibiting HIF-1 (Table 1)

7.1. Low-Molecular-Weight Heparin (LMWH). Heparin
includes unfractionated heparin and LMWH [109]. LMWH
is a class of low molecular weight heparin prepared by depo-
lymerization of ordinary heparin. LMWH is a promising
anticoagulant due to its excellent antithrombotic effect, high
bioavailability, and low bleeding risk [109]. Due to its anti-
inflammatory properties, LMWH can significantly reduce
the permeability of microvessels, the migration of neutro-
phils, the expression of the lung plasminogen activator inhib-
itor 1 (PAI-1) gene, and the production of active PAI-1 and
stabilize the dysregulated coagulation and fibrinolytic
systems [110]. Previous studies have shown that LMWH pre-
vents endotoxin-induced ALI and suppresses systemic
inflammation [111, 112]. Severe inflammation leads to the
activation of coagulation, and coagulation also affects the
progression of inflammation. Accumulating evidence shows
that inflammation and coagulation interact with each other
[113–115]. Heparin has been shown to have both anticoagu-
lant and anti-inflammatory effects [116]. Li et al. reported
that LMWH can inhibit the expression of HIF-1α, VEGF,
and TGF-β1 and have an anti-inflammatory effect. Li et al.
[117] indicated that LMWH inhibits oxidative stress, inflam-
mation, and apoptosis and leads to substantial improvements
in pathological, physiological, and functional impairments by
inhibiting HIF-1α signaling.

7.2. Emodin. Rheum officinale, a traditional Chinese medi-
cine (TCM), has been used to treat pulmonary diseases in
China for over a thousand years and can ameliorate inflam-
matory responses [118]. Emodin, one of the main active
components of Rheum officinale, has a variety of biological
activities, including anti-inflammatory, antioxidant, antitu-
mor, and vasodilating activities [36, 119–121]. Emodin can
reduce the expression of NF-κB, thereby reducing the inflam-
matory response in ALI [122]. Mammalian target of rapamy-
cin (mTOR) is involved in the regulation of the biological
activities of pulmonary vascular endothelial cells and alveolar
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epithelial cells in ALI and therefore plays an important role
in the occurrence and development of ALI [123, 124]. The
activation of the mTOR signaling pathway may regulate the
translocation of HIF-1α from the cytoplasm to the nucleus,
thereby increasing the expression of VEGF, increasing the
production of inflammatory factors, and exacerbating ALI
[123, 125]. Li et al. [126] showed that emodin can improve
the pathological changes in ALI induced by lipopolysaccha-
ride through the mTOR/HIF-1α/VEGF signaling pathway
and significantly reduce the expression of various inflamma-
tory factors, including TNF-α, IL-1β, and IL-6.

7.3. Atorvastatin. Statins are a class of 3-hydroxy-3-methyl-
glutaryl-coenzyme A (HMG-CoA) reductase inhibitors that
are widely used in lipid-lowering drugs [127]. In recent years,
in addition to the lipid-lowering effects of statins, their pleio-
tropic effects have also received increasing attention [128,
129]. Statins have been found to be beneficial for patients
with chronic obstructive pulmonary disease, pneumonia,
and pulmonary fibrosis [130–132]. Statins accelerated ubi-
quitin/proteasome-dependent degradation of HIF-1α [133].
Atorvastatin is a commonly used statin that has a significant
protective effect against lung injury and PF [134–136]. Du
et al. [108] found that atorvastatin could reduce ALI and
PF caused by paraquat. Mechanistically, atorvastatin inhibits
the EMT process by inhibiting the HIF-1α/β-catenin path-
way and reducing PF after ALI.

7.4. Penehyclidine Hydrochloride (PHC). PHC is a selective
anticholinergic drug that acts on M receptor subtypes (M1,
M2, and M3), and it is most selective for M1 and M3 recep-
tors and less effective on the M2 receptor [137]. PHC can
alleviate pulmonary capillary spasm, improve local microcir-
culation, reduce edema, and inhibit the production of inflam-
matory mediators [138, 139]. Previous studies have found

that PHC could reduce renal ischemia/reperfusion-induced
ALI, inhibit inflammation through the NF-κB pathway, and
improve the leakage of pulmonary blood vessels in lung tis-
sue [140]. In addition, PHC has been suggested to ameliorate
severe pancreatitis-related acute lung injury (PALI) by inhi-
biting the expression of inflammatory factors [141, 142].
Zhu et al. [143] showed that PHC could downregulate
inflammatory factors such as NF-κB and ILs by inhibiting
HIF-1α, IL-1β, and IL-6 expression, thereby improving ALI.

7.5. Insulin and PEG-b-(PELG-g-PLL). Insulin pretreatment
can reduce ALI mediated by influenza virus infection [144].
However, the half-life of insulin is short, the dose is difficult
to control, and frequent insulin injections increase the suffer-
ing of the patient. Tong et al. [145] used the block copolymer
PEG-b-(PELG-g-PLL), which serves as a carrier, protects
insulin from rapid degradation in the body, and can reinforce
efficacy and reduce dosage and side effects. Insulin and PEG-
b-(PELG-g-PLL) treatments are significantly protected
against RI/R-induced ALI in rats. Insulin and insulin/PEG-
b-(PELG-g-PLL) pretreatment can inhibit the activation of
HIF-1α to reduce the activity of MPO and reduce the expres-
sion of VEGF by downregulating HIF-1α to decrease the
inflammatory response in pulmonary tissues [145].

7.6. 3,5,4′-Tri-O-Acetylresveratrol. Resveratrol is a polyphe-
nol extracted from plants especially Chinese traditional
medicine such as knotweed, grapes, and nuts [146]. Resvera-
trol has a variety of pharmacological effects, such as antitu-
mor, immunoregulatory, anti-inflammatory, antioxidant,
and neuroprotective effects [147–151]. 3,5,4′-Tri-O-acetyl-
resveratrol is the precursor of resveratrol, which overcomes
the shortcomings of resveratrol, including weak pharmacoki-
netics, low bioavailability, and short-lived biological half-life
[152]. Chiang et al. [127] showed that pretreatment with

Table 1: The main treatments for ALI and their principal mechanisms.

Treatment agents Principal mechanisms

LMWH
LMWH inhibits oxidative stress, inflammation, and apoptosis by inhibiting

HIF-1α signaling.

Emodin
Emodin reduces inflammation through inhibiting the NF-κB expression

and mTOR/HIF-1α/VEGF signaling pathway.

Atorvastatin
Atorvastatin inhibits the EMT process by inhibiting the HIF-1α/β-catenin pathway

and reducing PF after ALI.

PHC
PHC downregulates inflammatory factors by inhibiting HIF-1α, IL-1β,

and IL-6 expression.

Insulin and PEG-b-(PELG-g-PLL)
Insulin and PEG-b-(PELG-g-PLL) inhibit the activation of HIF-1α to reduce the activity
of MPO and reduce the expression of VEGF by downregulating HIF-1α to decrease

the inflammatory response.

3,5,4′-Tri-O-acetylresveratrol 3,5,4′-tri-O-acetylresveratrol exhibited a protective effect on ALI by inhibiting oxidative
stress and the inflammatory response, which may also involve the suppression of HIF-1α.

TIIA

(1) TIIA blocks the synthesis of HIF-1α protein by inhibiting the PI3K/AKT
and MAPK pathways and related protein translation regulators such as p70S6K1,

S6 ribosomal proteins, 4E-BP1, and eIF4E; (2) TIIA enhances the protein degradation
of HIF-1α through the proteasome pathway.

COMP-Ang1 COMP-Ang1 reduces ALI by inhibiting HIF-1α and oxidative stress.

Propofol Propofol reduces inflammatory cytokine expression and inhibits apoptosis by inhibiting HIF-1α.
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different doses of 3,5,4′-tri-O-acetylresveratrol improved
seawater-induced lung histopathological changes, alleviated
lung edema, reduced the production of inflammatory media-
tors, including TNF-α and IL-1β, inhibited malonaldehyde
(MDA) activity, and enhanced total superoxide dismutase
(T-SOD) activity, which was possibly associated with the
inhibition of NF-κB and HIF-1α. 3,5,4′-Tri-O-acetylresvera-
trol exhibited a protective effect on ALI by inhibiting oxida-
tive stress and the inflammatory response, which may also
involve the suppression of HIF-1α [127].

7.7. Tanshinone IIA. Danshen is a common herbal medicine
that has been used clinically in China and many other Asian
countries to prevent or control cardiovascular diseases [153].
Tanshinone IIA (TIIA), a derivative of phenanthrenequi-
none and one of the key components of Danshen, has been
reported to have immunoregulatory, anti-inflammatory,
and antioxidative properties [154, 155]. TIIA can alleviate
lipopolysaccharide-induced ALI by inhibiting HIF-1α
[156]. The possible mechanisms by which TIIA downregu-
lates the expression of HIF-1α [156] are as follows: (1) TIIA
cannot inhibit lipopolysaccharide-induced HIF-1α mRNA
expression, but TIIA blocks the synthesis of HIF-1α protein
by inhibiting the PI3K/AKT and MAPK pathways and related
protein translation regulators such as p70S6K1, S6 ribosomal
proteins, 4E-BP1, and eIF4E. (2) TIIA enhances the protein
degradation of HIF-1α through the proteasome pathway.

7.8. COMP-Ang1. Angiopoietin-1 (Ang I) has potential ther-
apeutic applications in inducing angiogenesis, enhancing
endothelial cell survival, and stimulating and vascular
stabilization [157]. Ang I also reduces the cytokine-induced
expression of ICAM-1, vascular cell adhesion molecule 1
(VCAM-1), E-selectin, and tissue factors, thereby affecting
the activation of endothelial cells and the adhesion and
migration of leukocytes [158]. However, the aggregation
and insolubility caused by the high-level structure of disulfide
bonds hinder the production of Ang I. Cho et al. [159] devel-
oped a soluble, stable, and effective variant of Ang 1 (COMP-
AngI). When lung tissue is exposed to oxidative stress, high
levels of ROS can cause pathophysiological changes in lung
tissue. ROS can induce the expression of VEGF to disrupt
endothelial barrier function and subsequently increase the
barrier permeability to fluids, macromolecules, and inflam-
matory cells [160, 161]. In a mouse model of acute lung
injury caused by hydrogen peroxide (H2O2), COMP-Ang1
was shown to significantly reduce lung injury by inhibiting
HIF-1α [162].

7.9. Propofol. Propofol (2,6-di-isopropylphenol) is a widely
used intravenous anesthetic and sedative that is increasingly
used to treat traumatic head injuries, epilepsy, delirium
tremor, and asthma and to sedate critically ill patients
[163]. Propofol has anti-inflammatory and antioxidant
effects: it inhibits the migration, phagocytosis, and oxidation
of macrophages [164]. In addition, propofol also inhibits the
expression levels of a variety of inflammatory cytokines such
as TNF-α, IL-β, and IL-6 [165]. Propofol can also reduce
apoptosis and upregulate the expression of endothelial nitric

oxide synthase (eNOS) in human endothelial cells [166]. Pro-
pofol could alleviate acute lung injury induced by endotoxin
in a mouse model of sepsis [167, 168]. Yeh et al. [169] found
that in a mouse model of endotoxin shock, a mild hypother-
mic dose of propofol could downregulate the expression of
HIF-1α and inflammatory cytokines such as IL-6, IL-8, and
TNF-α in lung epithelial cells, thereby reducing lung injury.
Propofol reduced the expression of HIF-1α and its down-
stream proapoptotic gene BNIP3 in vitro and inhibited apo-
ptosis in lung epithelial cells treated with lipopolysaccharide
and desferrioxamine. Propofol can reduce acute lung injury
by inhibiting HIF-1α.

8. Conclusion

The pathological process of ALI is very complicated and is
characterized by excessive inflammation, alveolar epithelial
cell apoptosis, and the destruction of the alveolar-capillary
barrier, resulting in the accumulation of protein-rich pulmo-
nary edema fluid. HIF-1 plays a major role in these processes.
Exploring the role of HIF-1 in ALI and the pathogenesis of
this common lung disease in a comprehensive and in-depth
manner and finding ways to regulate HIF-1 will provide
improved and more complete treatment for ALI.
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Acute lung injury (ALI) and the subsequent acute respiratory distress syndrome remain devastating diseases with high
mortality rates and poor prognoses among patients in intensive care units. The present study is aimed at investigating the
role and underlying mechanisms of microRNA-31-5p (miR-31-5p) on lipopolysaccharide- (LPS-) induced ALI. Mice were
pretreated with miR-31-5p agomir, antagomir, and their negative controls at indicated doses for 3 consecutive days, and
then they received a single intratracheal injection of LPS (5mg/kg) for 12 h to induce ALI. MH-S murine alveolar
macrophage cell lines were cultured to further verify the role of miR-31-5p in vitro. For AMP-activated protein kinase α
(AMPKα) and calcium-binding protein 39 (Cab39) inhibition, compound C or lentiviral vectors were used in vivo and
in vitro. We observed an upregulation of miR-31-5p in lung tissue upon LPS injection. miR-31-5p antagomir alleviated,
while miR-31-5p agomir exacerbated LPS-induced inflammation, oxidative damage, and pulmonary dysfunction in vivo and
in vitro. Mechanistically, miR-31-5p antagomir activated AMPKα to exert the protective effects that were abrogated by
AMPKα inhibition. Further studies revealed that Cab39 was required for AMPKα activation and pulmonary protection by
miR-31-5p antagomir. We provide the evidence that endogenous miR-31-5p is a key pathogenic factor for inflammation
and oxidative damage during LPS-induced ALI, which is related to Cab39-dependent inhibition of AMPKα.

1. Introduction

Acute lung injury (ALI) and the subsequent acute respiratory
distress syndrome are devastating diseases manifested as
severe refractory hypoxemia and multiple organ failure,
which cause high mortality rates and poor prognoses among
patients in the intensive care units. Despite the advances in
mechanical ventilations and symptomatic therapies, no spe-
cific and effective management strategies are available for
ALI patients [1, 2]. Lipopolysaccharide (LPS) is a major com-
ponent of the outer membranes in Gram-negative bacteria
and functions as a key pathogenic factor to induce sepsis-
related ALI. Upon LPS exposure, the downstream nuclear

factor kappa-B (NF-κB) is activated to trigger the synthesis
of multiple inflammatory mediators, including interleukin-
1β (IL-1β) and tumor necrosis factor-α (TNF-α). These cyto-
kines in turn recruit leukocytes (e.g., neutrophils and macro-
phages) to infiltrate into lung tissue and further amplify
sepsis-induced inflammation and lung injury [3, 4].
Nucleotide-binding domain-like receptor protein 3 (NLRP3)
inflammasome acts as a molecular scaffold for the matura-
tion of various procytokines that contributes to inflamma-
tory injury during sepsis-related ALI [3, 4]. Besides, these
leukocytes and excessive inflammation also promote an over-
production of reactive oxygen species (ROS) and elicit oxida-
tive damage to pulmonary cells. In contrast, oxidative stress
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augments leukocyte chemotaxis and NLRP3 activation,
thereby accelerating proinflammatory cytokine production
and pulmonary injury [5]. To scavenge these free radicals,
many antioxidant enzymes are synthesized under the control
of a redox-sensitive transcription factor, named nuclear
factor-erythroid 2 related factor 2 (NRF2) [6]. Therefore,
inhibiting inflammation and oxidative stress may provide
an effective method for the prevention and treatment of ALI.

AMP-activated protein kinase α (AMPKα) is a highly
conserved serine/threonine protein kinase among eukaryotic
organisms and has diverse beneficial functions on energy
modulation, mitochondrial homeostasis, autophagic flux,
fibrotic remodeling, and cell death [7–9]. Recent studies indi-
cate that AMPKα also plays critical roles in the pathogenesis
of sepsis-induced ALI via regulating inflammation and oxi-
dative stress. Lv et al. found that AMPKα activation sup-
pressed intrapulmonary inflammation and oxidative
damage, thereby preventing LPS-induced ALI, while con-
versely, AMPKα inhibition exacerbated lung injury in mice
[10, 11]. Taken together, these findings provide a basis for
targeting AMPKα as the promising strategy to treat sepsis-
related ALI.

MicroRNAs (miRs) are a class of evolutionarily con-
served, single-stranded short noncoding RNAs that regulate
gene expression at posttranscriptional levels through binding
to the 3′-untranslated regions (UTR) of targeted messenger
RNAs [12, 13]. A number of researches have proved the
necessity of microRNAs in modulating sepsis-induced
inflammation, oxidative stress, and ALI [14, 15]. miR-31-5p
is well accepted as an oncogenic microRNA and participates
in the proliferation, migration, invasion, and chemosensitiv-
ity of cancer cells [16, 17]. Yet, Kim et al. found that miR-31-
5p was elevated in TNF-α-treated human endothelial cells
and defined it as a NF-κB-responsive microRNA with
inflammation-modulating actions [18]. Results from Toyo-
naga et al. indicated that miR-31-5p was upregulated in
inflammatory bowel disease and was associated with colonic
epithelial cell integrity and function [19]. Besides, a recent
study reported the role of miR-31-5p on ROS accumulation
in hepatocellular carcinoma [16]. Based on these data, we
supposed thatmiR-31-5pmight be involved in the pathogen-
esis of LPS-induced ALI.

2. Materials and Methods

2.1. Reagents. LPS from E. coli 0111:B4 and compound C
(CpC) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). The miR-31-5p agomir, antagomir, and their negative
controls (AgNC for agomir and AntaNC for antagomir) were
synthesized by GenePharma (Shanghai, China). The agomir
sequence was 5′-AGGCAAGAUGCUGGCAUAGCUG-3′,
while the antagomir sequence was 5′-CAGCUAUGCCA
GCAUCUUGCCU-3′. Assay kits for detecting the levels of
IL-1β, IL-6, IL-18, TNF-α, malondialdehyde (MDA), 3-
nitrotyrosine (3-NT), and 4-hydroxynonenal (4-HNE) and
assay kits for detecting the activities of lactate dehydrogenase
(LDH), myeloperoxidase (MPO), caspase-1, superoxide dis-
mutase (SOD), catalase (CAT), and glutathione peroxidase

(Gpx) were obtained from Abcam (Cambridge, MA, USA).
Dichloro-dihydro-fluorescein diacetate (DCFH-DA) was
purchased from Beyotime (Shanghai, China). Short hairpin
RNAs against calcium-binding protein 39 (Cab39, also
known as MO25α; shCab39) or the scramble control (shCtrl)
was obtained from Santa Cruz Biotechnology (Dallas, Texas,
USA) and then packaged to the lentiviral vectors. A bicinch-
oninic acid (BCA) protein assay kit was purchased from
Abcam (Cambridge, MA, USA). The primary antibodies
against the following proteins were purchased from Abcam
(Cambridge, MA, USA): apoptosis-associated speck-like pro-
tein (ASC), NLRP3, Lamin B1, NRF2, and Cab39. Anti-
phospho NF-κB P65 (p-P65), anti-total NF-κB P65 (t-P65),
anti-p-AMPKα, anti-t-AMPKα, and anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) were obtained from
Cell Signaling Technology (Danvers, MA, USA).

2.2. Experimental Models. Male C57BL/6 mice (8-10 weeks
old) received a single intratracheal injection of LPS (5mg/kg)
for 12 h to induce ALI in vivo, while an equal volume of saline
was used as the negative control. In a separate study, the mice
were intratracheally injected with a lethal dose of LPS
(25mg/kg) for survival analysis [3, 14]. For the treatment of
miR-31-5p duplexes, the mice were intravenously treated
with miR-31-5p agomir, antagomir, and their negative con-
trols at indicated doses for 3 consecutive days before LPS
injection according to a previous study [14]. To inhibit
AMPKα in mice, CpC (20mg/kg) was intraperitoneally
injected every two days from 1 week before miR-31-5p
manipulation [20]. For Cab39 knockdown in lung tissue,
the mice were exposed to a single intravenous injection of 2
× 107 PFU shCab39 or shCtrl as a control [21]. All experi-
mental procedures were in accordance with the Animal
Research: Reporting of In Vivo Experiments (ARRIVE) guide-
lines and also approved by the Animal Ethics Committee of
Renmin Hospital of Wuhan University (approval no.
WDRM 20190114).

2.3. Pulmonary Function Evaluation. Pulmonary function
was calculated from the continuous respiratory data using
the Buxco system (Sharon, CT, USA). Airway resistance,
dynamic lung compliance, and pulmonary ventilation were
carried out in anesthetized mice after a brief acclimation to
the chamber.

2.4. Blood Gas Analysis. A heparinized PE10 polyethylene
catheter was used to collect blood samples from the right
common carotid artery of the mice, and then the blood gas
parameters were analyzed by an IL GEM® Premier 3000
blood gas analyzer.

2.5. Lung Wet-to-Dry Ratio Calculation. After they were
excised, the lungs were blotted dry and weighed immediately
to obtain the wet weight. Next, the lungs were desiccated in
an oven at 80°C for 4 days until constant weight to get the
dry weight [3]. The lung wet-to-dry ratio was calculated to
assess pulmonary edema.

2.6. Bronchoalveolar Lavage Fluid (BALF) Measurement.
After euthanasia, the mice received intratracheal injections
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of 1mL ice-cold phosphate-buffered saline (PBS, pH = 7:4)
for 3 times to collect the BALF samples, which were then cen-
trifuged at 1500 rpm for 5min at 4°C to pellet the cells [3, 4].
The cell-free supernatants were stored at -80°C for detecting
cytokines and total proteins. The sedimented cell pellets were
resuspended in 0.5mL PBS and counted byWright-Giemsa’s
staining and a hemocytometer. Total protein concentrations
were directly measured using a BCA protein assay kit, while
the inflammatory cytokines were measured using the
enzyme-linked immunosorbent assay (ELISA) kits.

2.7. Cell Culture and Treatments. MH-S, a murine alveolar
macrophage cell line, was purchased from ATCC (Manassas,
VA) and cultured in RPMI 1640 medium containing 10%
fetal bovine serum. Cells were preincubated with miR-31-5p
agomir (50 nmol/L), antagomir (100 nmol/L), or their nega-
tive controls for 24 h using the Lipofectamine 6000 Reagent
(Beyotime; Shanghai, China), followed by LPS stimulation
(100 ng/mL) for an additional 6 h as previously described
[14]. For AMPKα inhibition, the cells were pretreated with
CpC (20μmol/L) at 12 h before miR-31-5p manipulation
[20]. For Cab39 silence, the macrophages were preinfected
with lentivirus carrying shCab39 (MOI = 50) or shCtrl for
4 h and then maintained for an additional 24 h before miR-
31-5p manipulation.

2.8. Western Blot and Quantitative Real-Time PCR. Total
protein samples from cultured cells or lung tissues were
homogenized with RIPA lysis buffer, and then the protein
concentrations were measured using the BCA protein assay
kit [22–24]. Next, equal amounts of proteins were separated
by SDS-PAGE gel and electrotransferred onto polyvinylidene
fluoride membranes. The membranes were then blocked in
5% nonfat milk at room temperature for 1.5 h, followed by
incubation with primary antibodies at 4°C overnight. On
the second day, the protein bands were probed by
peroxidase-conjugated secondary antibodies at room tem-
perature for 1 h and then scanned using the Image Lab Anal-
ysis Software (Bio-Rad; Hercules, CA, USA) under
visualization by an electrochemiluminescence reagent. Total
RNA was extracted using the TRIzol Reagent and then
reversely transcribed to cDNA by a reverse transcriptase kit
(Takara; Tokyo, Japan) [25–28]. Real-time PCR was per-
formed using the SYBR Green Master Mix (Takara Bio
Inc.) on a CFX96 Touch™ Detection System (Bio-Rad; Her-
cules, CA, USA). The expression of mRNA was normalized
to Gapdh, while the miR-31-5p level was corrected on U6.
The primer sequences were as follows: miR-31-5p—forward,
5′-CGAGGCAAGATGCTGGCA-3′ and reverse, 5′-AGTG
CAGGGTCCGAGGTATT-3′; U6—forward, 5′-GCTTCG
GCAGCACATATACTAA-3′ and reverse, 5′-AACGCT
TCACGAATTTGCGT-3′; Il-6—forward, 5′-AGTTGCCTT
CTTGGGACTGA-3′ and reverse, 5′-TCCACGATTTC
CCAGAGAAC-3′; Tnf-α—forward, 5′-CCCTCACACTC
AGATCATCTTCT-3′ and reverse, 5′-GCTACGACGTG
GGCTACAG-3′; Cab39—forward, 5′-CCGTTCCCATT
TGGCAAGTCT-3′ and reverse, 5′-ACAGAATTTCTTTC
ATGGCGACC-3′; Gapdh—forward, 5′-AGGTCGGTGTG

AACGGATTTG-3′ and reverse, 5′-TGTAGACCATGTAG
TTGAGGTCA-3′.

2.9. Cytokine Detection. The concentrations of IL-6, TNF-α,
IL-1β, and IL-18 in BALF, lung tissue, or cell medium were
measured using the available kits according to the manufac-
turer’s instructions. The data were calculated by comparing
the optical density with the standard curve.

2.10. Enzymatic Activity Measurement. The activities of
LDH, MPO, caspase-1, SOD, CAT, and Gpx in lung tissue
or macrophages were determined by the commercial kits fol-
lowing the manufacturer’s instructions.

2.11. Detection of Intracellular ROS and Oxidative Products.
The lung homogenates or cell lysates were incubated with
DCFH-DA (50μmol/L) at 37°C for 30min in the dark [29,
30]. DCF fluorescence intensities were then measured using
a Bio-Tek microplate reader at the excitation and emission
wavelengths of 485 nm and 535nm, respectively. The levels
of oxidative products for lipids (MDA and 4-HNE) or pro-
teins (3-NT) were detected using the commercial kits accord-
ing to the manufacturer’s instructions.

2.12. Dual-Luciferase Reporter Gene Assay. The wild type or
mutant 3′-UTR of Cab39 was cloned into the pGL3 plasmid
(Promega; Madison, WI, USA) containing a luciferase report
gene, which was then cotransfected with the miR-31-5p ago-
mir or AgNC using the Lipofectamine 6000 Reagent (Beyo-
time; Shanghai, China). The cells were cultured for 48 h and
then collected to detect the firefly and Renilla luciferase activ-
ities by a Dual-Luciferase Reporter Assay System (Promega;
Madison, WI, USA) [31–33].

2.13. Statistical Analysis. All data were presented as the
mean ± standard deviation (SD) and analyzed using the SPSS
22.0 software. An unpaired two-tailed Student t-test was per-
formed to compare the significance between two groups,
whereas the differences among three or more groups were
calculated by one-way ANOVA analysis followed by Tukey’s
post hoc test. Statistical significance was defined as P < 0:05.

3. Results

3.1. miR-31-5p Antagomir Alleviates LPS-Induced ALI in
Mice. We first explored whether miR-31-5p expression was
altered during ALI, and the data identified an upregulation
of miR-31-5p levels in lung tissue upon LPS injection
(Figure 1(a)). As shown in Figure 1(b),miR-31-5p antagomir
normalized the aberrant miR-31-5p expression in LPS-
injured lungs to a physiological level at the dose of
100mg/kg; therefore, we selected this dose of miR-31-5p
antagomir in our further study. Intriguingly, miR-31-5p
antagomir treatment decreased airway resistance and
increased lung compliance and pulmonary ventilation in
mice with LPS-induced ALI (Figure 1(c)). Accordingly, the
reduced partial pressure of arterial oxygen (PaO2) was also
prevented by miR-31-5p antagomir (Figure 1(d)). LPS injec-
tion caused severe pulmonary edema and protein leakage,
which were attenuated in mice with miR-31-5p antagomir
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treatment, as confirmed by the decreased wet-to-dry ratio of
lung tissue and BALF protein concentrations (Figures 1(e)
and 1(f)). LDH is a critical marker of cellular damage, and
the increased LDH activity in lung tissue after LPS injection
was remarkably decreased by miR-31-5p antagomir
(Figure 1(g)). Moreover, miR-31-5p antagomir treatment
could improve the survival status of LPS-challenged mice
(Figure 1(h)). Collectively, we conclude that miR-31-5p
antagomir alleviates lung injury and enhances the respiratory
function of LPS-treated ALI mice.

3.2. miR-31-5p Agomir Aggravates LPS-Induced ALI in Mice.
We then investigated whether the increased miR-31-5p
expression could accelerate LPS-induced ALI in mice. As
depicted in Figure 2(a), miR-31-5p agomir elicited almost
two times expression of miR-31-5p in lung tissue upon LPS
stimulation at the dose of 50mg/kg; thus, we used this dose
in the next study. As mentioned above, the mice with LPS
injection had lower PaO2 that was further decreased by
miR-31-5p agomir treatment (Figure 2(b)). Besides, the air-
way resistance was further decreased, and the lung
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Figure 1: miR-31-5p antagomir alleviates LPS-induced ALI in mice. (a) Pulmonary miR-31-5p levels after LPS (5mg/kg) treatment for the
indicated times (n = 6). (b) Pulmonary miR-31-5p levels in mice with different doses of miR-31-5p antagomir treatment upon LPS
(5mg/kg) stimulation for 12 h (n = 6). (c) The mice were pretreated with miR-31-5p antagomir (100mg/kg) for 3 consecutive days and
then received LPS (5mg/kg) stimulation for an additional 12 h. Respiratory function, including airway resistance, lung compliance, and
pulmonary ventilation was detected in mice (n = 6). (d) PaO2 in mice (n = 6). (e) Lung wet-to-dry ratio (n = 8). (f) Total protein levels in
BALF (n = 6). (g) LDH activities in lung tissue (n = 6). (h) The survival rate in mice with or without miR-31-5p antagomir protection after
a lethal dose (25mg/kg) of LPS injection (n = 20). Data are mean ± SD. ∗P < 0:05 versus the matched group. NS indicates no significance.

4 Oxidative Medicine and Cellular Longevity



compliance and pulmonary ventilation were further
decreased inmiR-31-5p agomir-treated mice upon LPS stim-
ulation (Figure 2(c)). LPS-induced pulmonary edema and
injury were also exacerbated in mice with miR-31-5p agomir
treatment (Figures 2(d)–2(f)). In the survival study, the mice
treated with miR-31-5p agomir all died at 36 h post-LPS
injection (data not shown). These findings indicate that
miR-31-5p agomir aggravates LPS-induced ALI in mice.

3.3. miR-31-5p Antagomir Reduces Intrapulmonary
Inflammation in LPS-Treated Mice. We next evaluated the
effect ofmiR-31-5p antagomir on LPS-induced intrapulmon-
ary inflammation in mice and found that miR-31-5p antago-
mir effectively decreased the levels of BALF IL-6 and TNF-α
(Figure 3(a)). Besides, miR-31-5p antagomir pretreatment
remarkably reduced the accumulation of total cells, macro-
phages, and neutrophils in BALF (Figure 3(b)). Accordingly,
the levels of IL-6 and TNF-α, as well as MPO activity in the
lungs of ALI mice, were also suppressed bymiR-31-5p antag-
omir treatment (Figures 3(c) and 3(d)). NLRP3 inflamma-
some plays pivotal roles in inflammatory response and LPS-
induced ALI [3, 4]. Here, we found thatmiR-31-5p antagomir
decreased NLRP3 inflammasome component expression,
including ASC and NLRP3, and also strongly reduced
caspase-1 activity in LPS-treated lungs (Figures 3(f) and
3(g)). As expected, the releases of IL-1β and IL-18 were also
suppressed (Figure 3(h)). NF-κB acts as an inflammation-
related transcription factor that is required for NLRP3
inflammasome activation and ALI progression [34]. Interest-
ingly, NF-κB phosphorylation and nuclear accumulation

were markedly suppressed in miR-31-5p antagomir-treated
lungs upon LPS injection (Figure 3(i)). Taken together, we
prove that miR-31-5p antagomir reduces intrapulmonary
inflammation in LPS-treated mice.

3.4. miR-31-5p Antagomir Mitigates Intrapulmonary
Oxidative Damage in LPS-Treated Mice. Oxidative stress is
the other feature of LPS-induced ALI [3, 14]. As shown in
Figures 4(a)–4(c), the lungs with LPS stimulation had
increased ROS generation and oxidative products for lipids
(MDA and 4-HEN) and proteins (3-NT) that were signifi-
cantly decreased by miR-31-5p antagomir. SOD, CAT, and
Gpx are three key intracellular antioxidant enzymes to scav-
enge the excessive free radicals for redox homeostasis. We
observed that miR-31-5p antagomir restored total SOD,
CAT, and Gpx activities in lungs with LPS injury
(Figure 4(d)). NRF2 is an important transcription factor in
regulating the expression of numerous antioxidant enzymes,
and we thus detected whether miR-31-5p antagomir affects
the NRF2 pathway. As depicted in Figure 4(e), LPS signifi-
cantly decreased NRF2 expression and nuclear accumulation
in lung tissue, yet to a lesser extent compared to those in lung
tissue with miR-31-5p antagomir protection. Altogether,
these data demonstrate an antioxidant role of miR-31-5p
antagomir in LPS-induced ALI.

3.5. miR-31-5p Agomir Exacerbates LPS-Induced
Intrapulmonary Inflammation and Oxidative Damage in
Mice. In contrast, the mice treated with miR-31-5p agomir
had increased BALF IL-6 and TNF-α levels, and LPS-
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Figure 2:miR-31-5p agomir aggravates LPS-induced ALI in mice. (a) PulmonarymiR-31-5p levels in mice with different doses ofmiR-31-5p
agomir treatment upon LPS (5mg/kg) stimulation for 12 h (n = 6). (b) The mice were pretreated with miR-31-5p agomir (50mg/kg) for 3
consecutive days and then received LPS (5mg/kg) stimulation for an additional 12 h. PaO2 was detected in mice (n = 6). (c) Respiratory
function, including airway resistance, lung compliance, and pulmonary ventilation in mice (n = 6). (d) Lung wet-to-dry ratio (n = 8). (e)
Total protein levels in BALF (n = 6). (f) LDH activity in lung tissue (n = 6). Data are mean ± SD. ∗P < 0:05 versus the matched group.
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triggered infiltrations of inflammatory cells to the lung tissue
were also augmented by miR-31-5p agomir (S1A and S1B).
Correspondingly, pulmonary IL-6 and TNF-α levels and
MPO activity were increased in miR-31-5p agomir-treated
mice upon LPS stimulation (Figures S1C and S1D). Besides,
LPS-induced activation of NLRP3 inflammasome was
further promoted in miR-31-5p-overexpressed lungs, as

verified by the elevated IL-1β, IL-18, and caspase-1
activities (Figures S1E and S1F). Meanwhile, miR-31-5p
agomir evidently increased ROS generation in LPS-injured
lungs, followed by massive production of MDA, 4-HNE,
and 3-NT (Figures S1G-S1I). Overall, the above findings
identify a necessary role of miR-31-5p in LPS-induced ALI
in mice; however, the expression pattern of miR-31-5p,
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either by overexpression or inhibition, did not affect
inflammation, oxidative stress, or pulmonary function
under basal conditions.

3.6. miR-31-5p Modulates Inflammation and Oxidative Stress
in LPS-Treated Macrophages. Based on the in vivo data, we
next investigated whether miR-31-5p could modulate LPS-
induced inflammation and oxidative stress in MH-S alveolar
macrophages in vitro. Consistent with the in vivo findings,
macrophages with LPS treatment had increased expression
and secretion of IL-6 and TNF-α that were suppressed by
miR-31-5p antagomir incubation (Figures 5(a) and 5(b)).
miR-31-5p antagomir also suppressed LPS-induced activa-
tion of NLRP3 inflammasome in MH-S cells, as confirmed
by the decreased caspase-1 activity, ASC/NLRP3 protein
levels, and IL-1β and IL-18 releases (Figures 5(c)–5(e)). In
addition, we observed that miR-31-5p antagomir suppressed

intracellular ROS production and decreased MDA, 4-HNE,
and 3-NT formation in macrophages upon LPS stimulation
(Figures 5(f)–5(h)). Conversely, the macrophages with
miR-31-5p agomir treatment had increased inflammatory
response and oxidative damage upon LPS stimulation
(Figures S2A–S2E). These findings imply that miR-31-5p
modulates inflammation and oxidative stress in LPS-treated
macrophages.

3.7. miR-31-5p Antagomir Prevents LPS-Induced
Inflammation, Oxidative Stress, and ALI via Activating
AMPKα In Vivo and In Vitro. We next tried to clarify
whether AMPKα was required for the protective effects of
miR-31-5p antagomir against LPS-induced ALI. As depicted
in Figure 6(a), LPS-induced AMPKα inactivation was pre-
vented by miR-31-5p antagomir, while it was further exacer-
bated bymiR-31-5p agomir (Figures 6(a) and 6(b)). To verify
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Figure 4:miR-31-5p antagomir mitigates intrapulmonary oxidative damage in LPS-treated mice. (a) The mice were pretreated withmiR-31-
5p antagomir (100mg/kg) for 3 consecutive days and then received LPS (5mg/kg) stimulation for an additional 12 h. ROS content was
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the involvement of AMPKα, the mice were injected with CpC
to inhibit AMPKα activity in miR-31-5p antagomir-treated
mice. As depicted in Figures 6(c)–6(e), CpC abrogated the
inhibitory effects of miR-31-5p antagomir against LPS-
induced intrapulmonary inflammation and leukocyte infil-
tration. Besides, miR-31-5p antagomir lost its antioxidant

capacity in CpC-treated lungs (Figures 6(f)–6(h)). As men-
tioned above, miR-31-5p antagomir protected against LPS-
induced pulmonary injury, edema, and dysfunction, yet it
failed to do so in the lungs with AMPKα inhibition
(Figures 6(i)–6(l)). To further determine the necessity of
AMPKα in miR-31-5p antagomir-mediated anti-
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Figure 5: miR-31-5p antagomir decreases inflammation and oxidative stress in LPS-treated macrophages. (a) MH-S alveolar macrophages
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inflammatory and antioxidant effects in vitro, the MH-S alve-
olar macrophages were pretreated with CpC. As shown in
Figures S3A and S3B, AMPKα inhibition notably blunted

the anti-inflammatory effect of miR-31-5p antagomir
in vitro, as evidenced by the unaffected IL-6, TNF-α, IL-1β,
and IL-18 levels. Of note, miR-31-5p antagomir decreased
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the levels of ROS content, MDA, 4-HNE, and 3-NT
formation in macrophages, but not in those with CpC
treatment (Figures S3C–S3E). These studies define AMPKα
as a potential molecular target for the protective effects of
miR-31-5p antagomir against LPS-induced ALI.

3.8. miR-31-5p Antagomir Activates AMPKα via Increasing
Cab39 Expression. We finally investigated the possible path-
way through which miR-31-5p antagomir activated AMPKα.
TargetScan software was used to predict the potential target
of miR-31-5p, and we observed a putative binding site of
miR-31-5p in the 3′-UTR of Cab39 that serves as a scaffold
protein for AMPKα activation (Figure 7(a)) [35]. Besides,
LPS-elicited Cab39 suppression in lungs was preserved by
miR-31-5p antagomir (Figure 7(b)). To examine whether
miR-31-5p can directly bind to the 3′-UTR of Cab39, a
dual-luciferase reporter gene assay was performed. As shown
in Figure 7(c), luciferase activities were significantly inhibited
when miR-31-5p was cotransfected with the luciferase plas-
mid harboring wild type Cab39 3′-UTR, yet it failed to do
the same when the binding site was mutated. To strengthen
the role of Cab39 in AMPKα activation by miR-31-5p antag-
omir, we knocked down Cab39 expression in lung tissue
using lentiviral vectors (Figure 7(d)). As expected, Cab39
silence blocked AMPKα activation in miR-31-5p
antagomir-treated murine lungs, accompanied by increased
levels of BALF IL-6 and TNF-α as well as ROS generation
(Figures 7(e)–7(g)). Accordingly, the beneficial effects of
miR-31-5p antagomir against LPS-induced pulmonary
edema and dysfunction were also retarded after Cab39
silence (Figures 7(h) and 7(i)). Consistent with the in vivo
data, AMPKα activation by miR-31-5p antagomir was coun-
teracted in macrophages with shCab39 infection, and the
inhibitory effects on inflammation and ROS generation were
also abolished (Figures 7(j) and 7(k)). Therefore, we summa-
rize that Cab39 is required for miR-31-5p antagomir-
mediated AMPKα activation and the subsequent pulmonary
protection against LPS-induced ALI.

4. Discussion

Our present study indicates that miR-31-5p is upregulated in
murine lungs upon LPS stimulation and that this upregula-
tion is instrumental for the provocation of inflammation
and oxidative damage both in mice and in cultured macro-
phages. miR-31-5p antagomir attenuates, while miR-31-5p
agomir exacerbates pulmonary injury and dysfunction in
LPS-treated mice. Besides, we report that miR-31-5p antago-
mir reduces proinflammatory cytokine secretion, ROS gener-
ation, and lung injury via activating AMPKα, and conversely,
AMPKα inhibition by CpC blocks the pulmonary protection
in vivo and in vitro. Further data identify Cab39 as a direct
target of miR-31-5p, and miR-31-5p antagomir prevents
LPS-induced Cab39 downregulation and thus activates
AMPKα. We report here for the first time that endogenous
miR-31-5p is a key pathogenic factor for inflammation and
oxidative damage during LPS-induced ALI.

Excessive inflammation and oxidative stress are thought
to play critical roles in the initiation and progression of ALI

[3, 36]. Inflammatory cells and the proinflammatory cyto-
kine notably trigger free radical overproduction, and ROS
in turn activates the inflammatory programs, which create a
vicious cycle to accelerate inflammation and oxidative dam-
age and provoke the occurrence of ALI [5]. Upon LPS stim-
ulation, NF-κB is phosphorylated and translocated from the
cytoplasm to the nucleus, where it binds to its consensus
sequence on the promoter-enhancer region of targeted genes
and drives the transcription of inflammatory cytokines [37].
Besides, the local inflammation also recruits circulating leu-
kocytes into the lung tissue and further amplifies the inflam-
matory response. Inflammasomes function as the molecular
scaffolds for inflammatory response and are essential for
the maturation of multiple procytokines [38–40]. Emerging
studies demonstrate a central role of NLRP3 inflammasome
in the pathological process of ALI. Upon stimulation, the
ASC adaptor interacts with the NLRP3 scaffold to activate
caspase-1, which then proteolytically cleaves the precursors
of multiple proinflammatory cytokines and releases the
mature forms, including IL-1β and IL-18 [3, 4, 14]. Consis-
tently, LPS stimulation activated NF-κB and NLRP3 inflam-
masome in the present study, and elicited increases of
multiple proinflammatory cytokines in lung tissues and cul-
tured alveolar macrophages, which were notably blunted by
miR-31-5p antagomir treatment. Oxidative stress is also
implicated in the development of ALI. Free radicals, such as
hydrogen peroxide and superoxide anion, are increased in
lung tissue in response to LPS injury, which directly cause
lipid and protein peroxidation, resulting in the injury and
death of lung cells [3]. Besides, ROS overproduction by LPS
challenge in lung tissue also triggers the dissociation of thior-
edoxin interacting protein (TXNIP) from thioredoxin, which
then binds to and activates NLRP3 inflammasome [39, 41].
The redox sensor NRF2 is physiologically retained in the
cytoplasm by Kelch-like ECH-associated protein 1 (KEAP1),
but it detaches from KEAP1 upon oxidative stress and subse-
quently translocates to the nucleus to trigger the antioxidant
response [22]. Herein, we observed that miR-31-5p antago-
mir restored NRF2 expression and nuclear accumulation in
LPS-induced ALI, thereby preventing ROS overproduction
and oxidative damage.

miR-31-5p is a well-known tumor-associated microRNA
and participates in the progression of various tumors, includ-
ing lung cancer, colorectal cancer, and hepatocellular carci-
noma [16, 17]. Emerging studies indicate that miR-31-5p
also plays indispensable roles in maintaining the pathophys-
iological homeostasis in noncancerous tissues. Liu et al.
proved that miR-31-5p could repress the proliferation and
differentiation of tongue myoblasts [42]. Results from Ji
et al. indicated that miR-31-5p silence significantly alleviated
the doxorubicin-induced myocardial apoptosis and cardiac
dysfunction in mice [43]. A very recent study by Toyonaga
et al. demonstrated that miR-31-5p was required for colonic
epithelial cell integrity and could predict the clinical out-
comes in patients with Crohn’s disease [19]. We herein for
the first time identified the pathogenic role of miR-31-5p in
LPS-induced inflammation, oxidative stress, and ALI.
Cab39 functions as a scaffold protein of liver kinase B1
(LKB1), an upstream kinase of AMPKα, and stabilizes the
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LKB1’s activity through forming a heterotrimeric complex
with the STE20-related kinase adaptor in the cytoplasm [35,
44]. In the current study, we observed thatmiR-31-5p directly
bound to the 3′-UTR of Cab39 to inhibit its expression, while
miR-31-5p antagomir restored the Cab39 protein level,
accompanied by an increased AMPKα phosphorylation and
the improvement on LPS-induced inflammation, oxidative
stress, and pulmonary dysfunction. Despite being famous as
an energy sensor, AMPKα also plays indispensable roles in
regulating inflammation and oxidative stress. Its activation
was reported to reduce ROS generation and prevent diabe-
tes-, sepsis-, or doxorubicin-induced cardiac injury [45–47].
In line with our findings, some investigators proved that
AMPKα notably enhanced the expression and nuclear trans-
location of NRF2 to scavenge the excessive free radicals [3,
10]. Besides, a recent study found that AMPKα activation
effectively decreased p47phox expression and phosphoryla-
tion, thereby decreasing the generation of free radicals [48].
Previous data indicated that the inhibition of oxidative stress
by AMPKα significantly blocked NLRP3 inflammasome activa-
tion and inflammatory damage [3, 10, 48]. NF-κB is essential
for NLRP3 inflammasome activation, and the findings from
us and other laboratories demonstrated that NF-κB inhibition
was sufficient to alleviate the activation of NLRP3 inflamma-
some [34]. Moreover, results from Chen et al. revealed that
AMPKα regulated dynamin-related protein 1-mediated mito-
chondrial fission and thereby restrained NLRP3 inflammasome
activation [49]. Collectively, our data defined miR-31-5p as a
promising therapeutic target for the treatment of ALI.

Of note, there exist some limitations in the current study.
First, an invasive respiratory mechanics as previously
described would be more appropriate to evaluate pulmonary
function [50]. Second, whethermiR-31-5p affects the produc-
tion of free radicals need to be confirmed. Besides, the role of
miR-31-5p in other pulmonary cells, e.g., the lung epithelial
cells, during the progression of ALI should be investigated
in further studies.
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