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a b s t r a c t

The number of deaths from air pollution worldwide is estimated at 8.8 million per year, more than the
number of deaths from smoking. Air pollutants, such as PM2.5, are known to induce respiratory and
cardiovascular diseases by inducing oxidative stress. Thioredoxin (Trx) is a 12-kDa endogenous protein
that exerts antioxidant activity by promoting dithiol disulfide exchange reactions. We previously syn-
thesized human serum albumin-fused thioredoxin (HSA-Trx), which has a longer half-life in plasma
compared with Trx, and demonstrated its efficacy against various diseases including respiratory diseases.
Here, we examined the effect of HSA-Trx on urban aerosol-induced lung injury in mice. Urban aerosols
induced lung injury and inflammatory responses in ICR mice, but intravenous administration of HSA-Trx
markedly inhibited these responses. We next analyzed reactive oxygen species (ROS) production in
murine lungs using an in vivo imaging system. The results show that intratracheal administration of
urban aerosols induced ROS production that was inhibited by intravenously administered HSA-Trx.
Finally, we found that HSA-Trx inhibited the urban aerosol-induced increase in levels of neutrophilic
extracellular trap (NET) indicators (i.e., double-stranded DNA, citrullinated histone H3, and neutrophil
elastase) in bronchoalveolar lavage fluid (BALF). Together, these findings suggest that HSA-Trx prevents
urban aerosol-induced acute lung injury by suppressing ROS production and neutrophilic inflammation.
Thus, HSA-Trx may be a potential candidate drug for preventing the onset or exacerbation of lung injury
caused by air pollutants.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Air pollution is a major health hazard that causes an estimated
8.8 million deaths per year worldwide, which is greater than the
number of deaths due to smoking (Lelieveld et al., 2019). Sus-
pended particulate matter and fine particulate matter (PM2.5),
which contain a variety of toxic substances, can remain in the at-
mosphere for long periods of time and are known to induce
e by Wen Chen.

naka).
respiratory and cardiovascular diseases (Lelieveld et al., 2019;
Losacco and Perillo, 2018). Therefore, it is important to establish
methods of prevention and treatment for respiratory and cardio-
vascular diseases caused by these air pollutants.

Recently, the mechanisms by which air pollutants induce
various diseases have been analyzed using both in vivo and in vitro
systems, and oxidative stress has been suggested to be involved in
this mechanism. Riva et al. found that intranasal administration of
PM2.5 (15 mg/mouse) significantly increased lung impedance and
alveolar collapse, as well as lung tissue inflammation, oxidative
stress, and damage in BALB/c mice at 24 h after PM2.5 administra-
tion (Riva et al., 2011). Another group also showed that PM2.5 in-
duces the infiltration of inflammatory cells, upregulation of 8-epi-
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PGF2a (an oxidative stress marker), and downregulation of super-
oxide dismutase (an anti-oxidative protein) in the lungs of Sprague
Dawley rats (Li et al., 2019). Further, an in vitro study revealed that
PM2.5-induced oxidative stress increases intercellular adhesion
molecule-1 (ICAM-1) expression in A549 cells (lung epithelial cells)
and that N-acetylcysteine (NAC), an anti-oxidative compound,
clearly suppresses PM2.5-dependent ICAM-1 expression via sup-
pressing oxidative stress (Liu et al., 2018). Although epidemiolog-
ical evidence in humans is limited, small cohort studies have shown
an association between elevated ultrafine particle concentrations
and oxidative DNA damage (8-hydroxy-2ʹ-deoxyguanosine; 8-
OHdG) in lymphocytes (Sorensen et al., 2005). These reports sug-
gest that compounds capable of inhibiting the oxidative stress
caused by air pollutants may prevent the onset or exacerbation of
various respiratory diseases.

Thioredoxin (Trx) is a 12-kDa endogenous protein with antiox-
idant activity that is induced in various oxidative stress diseases
(Holmgren, 1989). Trx has a Cys-X-X-Cys motif at the active site and
exerts antioxidant activity by promoting dithiol disulfide exchange
reactions. Consequently, the protective effects of Trx in various
disease models have been analyzed, focusing on its antioxidant
activity. The intraperitoneal administration of human Trx amelio-
rates dextran sulfate sodium-induced colitis and colonic inflam-
mation in mice (Tamaki et al., 2006). Extracellularly injected
recombinant Trx showed protective effects against myocardial
ischemia/reperfusion injury caused by oxidative stress (Tao et al.,
2004). Moreover, daily supplementation with human Trx pre-
vented ethanol-induced oxidative stress, inflammatory cytokine
production, and apoptosis in the livers of mice (Cohen et al., 2009).
Based on these findings, we hypothesized that Trx may exert a
protective effect against urban aerosol-dependent lung injury.

Notably, Trx administered to mice is largely removed through
glomerular filtration, resulting in a short plasma half-life of
approximately 1 h. Due to its short plasma half-life, Trx must be
administered via constant infusions or in frequently repeated doses
to achieve a satisfactory therapeutic effect (Liu et al., 2004; Ueda
et al., 2006). To improve the pharmacokinetics of Trx, we previ-
ously synthesized human serum albumin-fused thioredoxin (HSA-
Trx) and found that the plasma half-life of HSA-Trx is over 10-fold
higher than that of Trx (Ikuta et al., 2010). Over several subsequent
studies, we found that a single intravenous administration of HSA-
Trx is effective against a variety of diseases, including ovalbumin-
induced lung injury, contrast nephropathy, rhabdomyolysis-
associated acute kidney injury, and bleomycin-induced pulmo-
nary fibrosis, via its long-lasting antioxidant action (Furukawa et al.,
2011; Kodama et al., 2013; Nishida et al., 2015; Tanaka et al., 2013).
Here, we examined the effect of HSA-Trx on urban aerosol-induced
lung injury in mice. We also analyzed the mechanism by which
HSA-Trx prevents urban aerosol-dependent lung injury, focusing
on oxidative stress and neutrophilic inflammation.

2. Materials and methods

2.1. Chemicals and animals

Diff-Quik staining solution was purchased from Sysmex (Kobe,
Japan). Antibodies against citrullinated histone H3 (citrulline
R2 þ R8 þ R17) and neutrophil elastase were purchased from
Abcam (Cambridge, UK). Luminal-based chemiluminescent probe
(L-012) and isoflurane were obtained from Fujifilm Wako Pure
Chemical Corporation (Tokyo, Japan). The RNeasy® kit was ob-
tained from Qiagen (Hilden, Germany), PrimeScript® 1st strand
cDNA Synthesis kit was obtained from Takara Bio (Ohtsu, Japan),
and THUNDERBIRD® SYBR qPCR Mix was obtained from Toyobo
(Ohtsu, Japan). Novo-Heparin (5000 units), suitable for injection,
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was purchased from Mochida Pharmaceutical (Tokyo, Japan).
RAW264 cells were purchased from Riken BioResource Center
(Tsukuba, Japan). ICR mice (6e7 weeks old, male or female) were
purchased from Charles River (Yokohama, Japan). The experiments
and procedures described herewere carried out in accordance with
the Guide for the Care and Use of Laboratory Animals as adopted
and promulgated by the National Institutes of Health and were
approved by the Animal Care Committee of Musashino University.
The sex of the mice did not correlate with the extent of urban
aerosol-induced lung injury (number of inflammatory cells and
levels of protein in bronchoalveolar lavage fluid (BALF))
(Supplementary Fig. S1). Therefore, male mice were used for all
analyses in the present study.

2.2. Urban aerosol particle suspensions “urban aerosols”

Urban aerosol particulate matter was obtained from the Na-
tional Institute for Environmental Studies (NIES, Tsukuba, Japan).
These urban aerosol particles were collected in air filters from the
central ventilation systems of buildings in central Beijing. Analysis
of the urban aerosol particles composition was reported in a pre-
vious paper (Mori et al., 2008) and NIES website (https://www.nies.
go.jp/labo/crm-e/aerosol.html). For the animal studies, urban
aerosol particles were suspended in 0.5% methylcellulose solution
and administered to mice. For the cell experiments, urban aerosol
particles were suspended in ultrapure water, and the suspension
was directly added to the medium.

2.3. Production of HSA-Trx fusion protein

HSA, Trx, and the HSA-Trx fusion protein were produced
following previously reported methods (Kodama et al., 2013;
Tanaka et al., 2013). Transformed Pichia pastoris cells were incu-
bated in 1.25 L of BMGY liquid media (growth phase) for 2 days
(OD600 ¼ 2) at 30 �C and then cultured in 800 ml of BMMY media
(protein induction phase) for 3 days at 30 �C. The fusion proteinwas
purified by chromatography on a Blue Sepharose 6 Fast Flow col-
umn and HiTrap Phenyl HP column for hydrophobic chromatog-
raphy. The fusion protein was analyzed by SDS-PAGE using a 10%
polyacrylamide gel, with Coomassie blue R250 staining. The purity
of the fusion protein was estimated to be in excess of 95%.

2.4. Treatment of mice with urban aerosols and HSA-Trx

Mice were intravenously administered HSA-Trx (3.5 nmol pro-
tein/mouse) in sterile saline immediately before and 24 h after the
intratracheal administration of urban aerosol particle suspensions.
After anesthetization with isoflurane, mice were administered ur-
ban aerosol particles (200 mg/mouse) in 0.5% methylcellulose so-
lution intratracheally using a P200 micropipette. During
administration, the nostrils of the mice were blocked so that the
solutions were inhaled from the mouth into the respiratory tract as
the mice breathed. The control group received sterile saline intra-
venously and 0.5% methylcellulose solution intratracheally, the
urban aerosol treatment group received sterile saline intravenously
and urban aerosol particle suspension in 0.5% methylcellulose so-
lution intratracheally, and the HSA-Trx group received intravenous
HSA-Trx and intratracheal urban aerosol particle suspensions.
Additionally, we examined the effect of HSA-Trx alone (intrave-
nously administered HSA-Trx and intratracheally administered
0.5%methylcellulose solutionwith timing as above), and found that
it did not affect protein concentration or number of leukocytes in
the BALF, nor did it affect the levels of reactive oxygen species (ROS)
in the lung (Supplementary Fig. S2).
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2.5. Preparation of BALF and immunoblotting analysis

BALF was collected by cannulating the trachea and lavaging the
lung twice with 1 ml of sterile saline containing 50 units/ml hep-
arin. Approximately 1.8 ml of BALF was routinely recovered from
each mouse, and the total cell number in the BALF was counted
using a hemocytometer. After centrifugation with a Cytospin®4
(Thermo Fisher Scientific, Waltham, MA, USA), the cells were
stained with Diff-Quik reagents, and the ratio of neutrophils to the
total cell number was determined. The amount of protein or
double-stranded DNA (dsDNA) present in the BALF was evaluated
by the Bradford method or by using a Quant-iT™ PicoGreen®
dsDNA Assay Kit (Thermo Fisher Scientific).

BALF samples (2 ml) were then applied to a NuPAGE®Novex 4%e
12% Bis-Tris Gel (Thermo Fisher Scientific) and subjected to elec-
trophoresis. Samples were loaded on NuPAGE® Novex 4%e12% Bis-
Tris Protein Gels (Thermo Fisher Scientific) and electrophoresed at
a constant voltage of 180 V, after which the proteins were trans-
ferred to polyvinylidene difluoride membranes using the iBlot® 7-
Minute Blotting System (Thermo Fisher Scientific). Membranes
were blocked with 5% non-fat drymilk at room temperature for 1 h,
then incubated overnight with rabbit anti-citrullinated histone H3
antibodies (1:1000 dilution) or rabbit anti-neutrophil elastase an-
tibodies (1:1000 dilution) in 5% bovine serum albumin (BSA),
1 � Tris-buffered saline (TBS), and 0.1% Tween 20, followed by in-
cubation for 1 h with HRP-linked goat anti-rabbit IgG antibodies
(1:2000 dilution) in 1 � TBS containing 0.1% Tween 20. Finally, the
protein bands were visualized using SuperSignal™ West Dura
Extended Duration Substrate (Thermo Fisher Scientific). Band in-
tensities were quantitated using ImageJ software (version 1.39u).

2.6. Measurement of ROS by in vivo imaging analysis

In vivo imaging of ROS in mice was performed as previously
described (Tanaka et al., 2017). We used the FUSION chem-
iluminescence imaging system (Vilber Lourmat, Coll�egien, France).
Mice were intraperitoneally administered the ROS-sensing chemi-
luminescent probe, L-012, in sterile saline (75 mg/kg) 24.5 h after
the administration of urban aerosol particle suspensions. At 10 min
after the L-012 administration, the mice were euthanized, and their
lungs were promptly dissected and imaged (5-min exposure). All
data were analyzed using the FUSION chemiluminescence imaging
system software.

2.7. Real-time reverse transcription (RT) polymerase chain reaction
(PCR) analysis

Total RNAwas extracted from lung tissue using an RNeasy kit in
accordance with the manufacturer’s protocol. Samples were
reverse-transcribed using the PrimeScript® kit described above.
The synthesized cDNAwas used in real-time PCR experiments with
THUNDERBIRD® SYBR qPCR Mix and analyzed with a Bio-Rad
(Hercules, CA, USA) CFX96™ real-time system and CFX Man-
ager™ software. Specificity was confirmed by electrophoretic
analysis of reaction products and the inclusion of template- or
reverse transcriptase-free controls. To normalize the amount of
total RNA present in each reaction, glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) cDNA was used as an internal standard.
Primers were designed using the Primer-BLAST website (https://
www.ncbi.nlm.nih.gov/tools/primer-blast/). Primer sequences will
be provided upon request.

2.8. Cell culture and ROS measurement in vitro

RAW264 cells (a mouse macrophage-like cell line) were
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cultured in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum. RAW264 cells were cultured in a
humidified atmosphere of 95% air with 5% CO2 at 37 �C. RAW264
cells were pre-cultured in black 96-well microplates (1 � 104 cells/
well). After incubation for 24 h, the cells were incubated with the
ROS indicator, 20,70-dichlorodihydrofluorescein diacetate (DCFHDA,
100 mM). The cells were then treated with HSA-Trx (0.3e2.5 mM)
prior to the addition of urban aerosols to the medium. After 1 h, the
ROS levels were measured using a microplate reader (Tecan, Ka-
wasaki, Japan; excitation: 480 nm, emission: 530 nm).

2.9. Statistical analysis

All data are expressed as the mean ± SEM. Significant differ-
ences among each group were examined using a one-way analysis
of variance (ANOVA) followed by Tukey’s multiple comparison.
SPSS 24 software was used for all statistical analyses. Probability
values of p < 0.05 were considered to indicate statistical
significance.

3. Results

3.1. Effect of HSA-Trx on urban aerosol-induced lung injury

We first examined the effect of HSA-Trx on urban aerosol-
induced lung injury by measuring the number of leukocytes in
BALF 48 h after an intratracheal administration of urban aerosols.
The dose of HSA-Trx used was 3.5 nmol protein per mouse, and this
optimal concentration was established in previous studies on lung
disease (Tanaka et al., 2013, 2014). As shown in Fig. 1A and B, the
total number of leukocytes, and especially the number of neutro-
phils, in the BALF was increased by urban aerosol treatment. The
number of macrophages was not increased by this treatment. In
contrast, mice pre-treated with HSA-Trx had significantly lower
total numbers of leukocytes, particularly neutrophils, following
urban aerosol exposure. The number of neutrophils after treatment
with a control, urban aerosols, or urban aerosols plus HSA-Trx was
0.05 ± 0.02, 0.96 ± 0.12, or 0.58 ± 0.12 (x 105 cells), respectively. The
protein concentration in BALF is an indicator of lung injury and
edema. As shown in Fig. 1C, treatments with urban aerosols
increased the protein concentration in BALF, whereas, pre-
treatment with HSA-Trx significantly suppressed the urban
aerosol-dependent increase in protein concentration. These results
suggest that HSA-Trx suppresses urban aerosol-induced lung
injury.

3.2. Effect of HSA-Trx on urban aerosol-induced inflammatory
responses

Air pollutants including PM2.5 are reported to induce pro-
inflammatory cytokine production, which is involved in the pro-
motion of inflammatory responses in the lungs (He et al., 2017).
Thus, we monitored the expression of pro-inflammatory cytokines
and chemokines by using real-time RT-PCR. As shown in Fig. 2, the
mRNA expressions of tumor necrosis factor-a (Tnf-a), interleukin-6
(Il-6), keratinocyte-derived chemokines (Kc), macrophage inflam-
matory protein 2 (Mip2), and monocyte chemoattractant protein 1
(Mcp1) were induced by urban aerosol treatment. The expressions
of Il-1b and interferon-g (Ifn-g) after urban aerosol treatment
trended higher compared with mock-treated controls, but these
differences were not statistically significant. In contrast, pre-
treatment with HSA-Trx significantly inhibited the urban aerosol-
dependent increases in Tnf-a, Il-6, and Kc expression. While, a
trend toward suppression of the urban aerosol-dependent increase
in Mip2 andMcp1 expression was observed, these differences were

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/


Fig. 1. Effect of HSA-Trx on urban aerosol-induced lung injury. Male ICR mice were intravenously administered with HSA-Trx (3.5 nmol protein/mouse in sterile saline) or sterile
saline alone, immediately before and 24 h after intratracheal administration of urban aerosol particle suspensions administration (200 mg/mouse) or 0.5% methylcellulose solution
alone (Cont). BALFs were prepared 48 h after the intratracheal administration. (A) BALF cells were deposited onto slides using a Cytospin® 4 cytocentrifuge then stained with Diff-
Quik reagents and visualized under light microscopy (scale bar, 100 mm). (B) The numbers of total cells, macrophages, and neutrophils were determined. (C)The amount of protein
present in the BALF was determined by the Bradford method. Values are the mean ± S.E.M.; * or #p < 0.05; ** or ##p < 0.01. (*, vs Control; #, vs UA).

K.-i. Tanaka, M. Kubota, M. Shimoda et al. Environmental Pollution 268 (2021) 115787
not statistically significant. Together, the data suggest that HSA-Trx
inhibits urban aerosol-induced lung injury through the inhibition
of inflammatory responses.
4

3.3. Effect of HSA-Trx on urban aerosol-induced ROS production

ROS are involved in the onset and progression of various lung
injuries, such as acute respiratory distress syndrome (ARDS) and



Fig. 2. Effect of HSA-Trx on urban aerosol-dependent inflammatory responses. Male ICR mice were intravenously administered with HSA-Trx (3.5 nmol protein/mouse in sterile
saline) or sterile saline alone, immediately before and 24 h after intratracheal administration of urban aerosol particle suspensions administration (200 mg/mouse) or 0.5%
methylcellulose solution alone (Cont). Total RNA was extracted from the lungs 48 h after urban aerosol particle suspensions administration and subjected to real-time RT-PCR using
a specific primer set for each gene. Values were normalized to Gapdh and are expressed relative to the Control. Values are the mean ± S.E.M.; #p < 0.05; ** or ##p < 0.01 (*, vs
Control; #, vs UA).
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chronic obstructive lung disease (COPD) (Sarma and Ward, 2011;
Tasaka et al., 2008). In addition, air pollutants are reported to
induce lung injury and inflammatory responses via promoting
oxidative stress (Li et al., 2015; Zhang et al., 2018). Thus, we
monitored ROS levels using the FUSION in vivo imaging system. As
shown in Fig. 3A, intratracheal the administration of urban aerosols
increased ROS levels in the lung. The area that is stained red is the
place where high levels of reactive oxygen were generated. In
contrast, mice pre-treated with HSA-Trx did not display such red
staining after urban aerosol treatment, indicating that HSA-Trx pre-
treatment markedly suppressed ROS production. A quantitative
analysis using the standard software provided with FUSION
showed that HSA-Trx significantly inhibits ROS production (Fig. 3B).
We next used an in vitro system to investigate whether HSA-Trx
directly inhibits urban aerosol-dependent ROS production. As
shown in Fig. 3C, the treatment of RAW264 cells with urban
aerosols induced ROS production in a dose-dependent manner. In
contrast, urban aerosol-dependent ROS production was signifi-
cantly inhibited in RAW264 cells that were pre-treated in vitrowith
HSA-Trx (Fig. 3D). These results suggest that HSA-Trx inhibits urban
aerosol-induced lung injury and inflammatory responses through
reducing ROS production.
5

3.4. Effect of HSA-Trx on urban aerosol-induced neutrophilic
inflammation

ROS has been reported to play a major role in the formation of
neutrophilic extracellular traps (NETs) (Stoiber et al., 2015). NETs
are composed of decondensed chromatin fibers and cytoplasmic
protein, such as neutrophil elastase and peptidylarginine deimi-
nase 4 (PAD4). Citrullination of histones H3 and H4 by PAD4 is
essential for the disaggregation of chromatin, which is required for
the formation of NETs (Wang et al., 2009). Thus, we monitored the
dsDNA levels in BALF as an indicator of NET formation. As shown in
Fig. 4A, the levels of dsDNA in BALF markedly increased following
the intratracheal administration of urban aerosols. In contrast,
HSA-Trx pre-treatment significantly reduced this increase. We then
analyzed the expression levels of two other NET indicators, cit-
rullinated histone H3 (Cit-H3) and neutrophil elastase, in BALF. As
shown in Fig. 4B and C, higher levels of Cit-H3 and neutrophil
elastase were detected in the urban aerosol treatment group,
compared with the control group. The expression of these proteins
was not detectable in the control group. Pre-treatment with HSA-
Trx significantly reduced the urban aerosol-dependent increases
in these proteins. Based on these results, the intravenous admin-
istration of HSA-Trx protects against urban aerosol-induced lung
injury by suppressing neutrophilic inflammation (NET formation).



Fig. 3. Effect of HSA-Trx on urban aerosol-induced ROS production. Male ICR mice were intravenously administered with HSA-Trx (3.5 nmol protein/mouse in sterile saline) or
sterile saline alone, immediately before and 24 h after intratracheal administration of urban aerosol particle suspensions administration (200 mg/mouse) or 0.5% methylcellulose
solution alone (Cont). Luminescent probe (L-012, 75 mg/kg) was administered 24.5 h after the urban aerosol particle suspensions administration. (A) Isolated lungs were imaged
using a FUSION chemiluminescence imaging system. (B) The summed pixel intensity of the ROS signal was determined using standard software for FUSION. (C, D) RAW264 cells
were pre-cultured with DCFHDA (100 mM). The cells were then treated with urban aerosols (3.8e60 ng/cm2) (C) or HSA-Trx (0.3e2.5 mM) prior to the addition of urban aerosols
(30 ng/cm2) (D) to the medium. After 1 h, the ROS levels were measured using a microplate reader. Values represent the mean ± S.E.M. #p < 0.05; ** or ##p < 0.01 (B: * vs Control; #,
vs UA, C, D: * vs Control, # vs UA (30 ng/cm2)).
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Fig. 4. Effect of HSA-Trx on urban aerosol-induced neutrophil extracellular trap formation. Male ICR mice were intravenously administered with HSA-Trx (3.5 nmol protein/mouse
in sterile saline) or sterile saline alone, immediately before and 24 h after intratracheal administration of urban aerosol particle suspensions administration (200 mg/mouse) or 0.5%
methylcellulose solution alone (Cont). BALFs were prepared 48 h after the intratracheal administration. (A) The amount of double-stranded DNA (dsDNA) present in the BALF was
determined using the Quant-iT™ PicoGreen® dsDNA Assay Kit in accordance with the manufacturer’s protocol. (B) BALF samples (2 ml) were analyzed by immunoblotting with an
antibody against citrullinated histone H3 (Cit-H3) or neutrophil elastase. (C) The intensities of these bands were determined using Image J software. n.d. indicates not detected.
Values are the mean ± S.E.M.; #p < 0.05; ** or ##p < 0.01 (*, vs Control; #, vs UA).
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4. Discussion

Here, we examined the effect of HSA-Trx on urban aerosol-
induced acute lung injury. As shown in Figs. 1 and 2, we found
that HSA-Trx clearly suppresses urban aerosol-induced lung injury
and inflammatory responses. Moreover, focusing on oxidative
stress and neutrophilic inflammation, we analyzed the mechanism
by which HSA-Trx prevents urban aerosol-dependent lung injury.
As shown in Figs. 3 and 4, we found that HSA-Trx suppresses urban
aerosol-induced ROS production in vivo and in vitro, and urban
aerosol-induced NET formation in vivo. Based on these results, we
suggest that HSA-Trx prevents urban aerosol-induced acute lung
injury by suppressing ROS production and neutrophilic inflamma-
tion. Although it has been known from previous studies that air
pollutants such as PM2.5 produce ROS in vivo and in vitro (Li et al.,
2015, 2018b; Zhang et al., 2018), this is the first study to detect
the production of ROS by urban aerosol exposure using an in vivo
7

imaging system. In the future, we would like to detect the pro-
duction of ROS following long-term exposure to urban aerosols and
analyze the effects of candidate drugs in animal models.

Oxidative stress has been shown to play a major role in the
development of various lung injuries via activation of neutrophil
inflammation, vascular permeability, and the coagulation system
(Sarma and Ward, 2011; Tasaka et al., 2008). For example, in ARDS
patients, ROS levels have been reported to increase in plasma or
BALF (Lamb et al., 1999; Quinlan et al., 1997; Tasaka et al., 2008).
Recently, Delgado-Roche et al. speculated that oxidative stress may
also play an important role in severe acute respiratory syndrome
coronavirus (SARS-CoV) infection (Delgado-Roche and Mesta,
2020). Moreover, ROS has also been suggested to be involved in
chronic obstructive pulmonary disease (COPD), a respiratory dis-
ease with a high number of patients caused by smoking and air
pollution. Specifically, the levels of oxidative radicals, 8-OHdG, or
lipid peroxide have been reported to be higher in lung tissues and
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BALF from COPD patients or smokers compared with healthy
nonsmokers (Kluchova et al., 2007; Nadeem et al., 2005; Pinamonti
et al., 1998). In fact, we have previously found that HSA-Trx exerts
its effects against influenza virus-dependent acute lung injury and
bleomycin-dependent pulmonary fibrosis via antioxidant action
(Tanaka et al., 2013, 2014). Considering these results, we believe
that HSA-Trx may be a potential candidate for drugs to prevent the
onset or exacerbation of lung injury caused by air pollutants.

NETs play an important role as a defense system against bac-
terial and viral infections. However, the overactivation of NETs is
thought to lead to systemic exacerbation of inflammation,
including inflammatory lung disease (Porto and Stein, 2016; Yang
et al., 2016). In fact, a clinical trial of asthma, which is a lung dis-
ease characterized by airflow limitation, detected neutrophil elas-
tase, an indicator of NETs, in 67% of sputum samples from asthmatic
patients (compared with 0% in the control group) (Simpson et al.,
2007). An analysis using sputum from COPD patients revealed
that the presence of large amounts of NETs is associated with dis-
ease severity. Specifically, such high NET amounts were observed in
more than 90% of subjects with exacerbated COPD, in more than
45% of subjects with stable COPD, and in more than 25% of smoking
control subjects, but in less than 5% of nonsmoking subjects
(Grabcanovic-Musija et al., 2015). Furthermore, it has also been
shown that the NET-DNA concentration correlates with disease
severity in patients with gastric aspiration-induced ARDS (Li et al.,
2018a). In contrast, to the best of our knowledge, no studies have
previously shown that urban aerosols induce NETs in the lungs of
humans ormice. Therefore, it is notable that we have demonstrated
here for the first time that urban aerosols induce NETs in vivo and
that HSA-Trx inhibited the NET formation in this study.

Considering the future potential clinical application of HSA-Trx,
it is important to analyze the effect of HSA-Trx on urban aerosol-
induced exacerbations of various respiratory diseases, not only on
lung injury caused directly by administration of urban aerosols. For
example, a meta-analysis published in 2016 shows that short-term
exposure to air pollutants (e.g., O3, CO, NO2, SO2, PM10, and PM2.5)
significantly increased the burden of acute exacerbation risk for
COPD (Li et al., 2016). Another group reported that ambient air
pollution levels were negatively associated with lung function
(post- or pre-bronchodilator %predicted forced expiratory volume
in 1 s (FEV1), and forced vital capacity (FVC)) and were associated
with methacholine responsiveness (PC20) in children with asthma
(Ierodiakonou et al., 2016). Moreover, in an animal study, PM2.5
exposure was found to aggravate cigarette smoke-induced pul-
monary emphysema changes (airspace enlargement) and inflam-
matory responses in mice (Zhao et al., 2019). The findings from
these reports indicate that it is important to examine the effect of
HSA-Trx on the exacerbation of various respiratory diseases by
urban aerosols.

5. Conclusions

We revealed here that the intravenous administration of HSA-
Trx prevents urban aerosol-dependent lung injury and inflamma-
tory responses. Moreover, HSA-Trx treatment significantly sup-
pressed urban aerosol-dependent ROS production and neutrophilic
inflammation, specifically NET induction. Therefore, we believe
that HSA-Trx may be a potential candidate drug to prevent the
onset or exacerbation of lung injury caused by air pollutants.
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