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A B S T R A C T

Exposure to airborne particulate matter (PM) is related to the increased risk of several diseases, including
chronic and allergic rhinitis. We have previously shown that atmospheric endotoxin level was positively asso-
ciated with the number of emergency department visits for asthma even after adjusting for meteorological
factors, suggestive of the significant association between atmospheric endotoxin level and asthma exacerbation.
Whether atmospheric endotoxin level is related to inflammatory response induction is, however, unclear. Here,
we established stable cell lines to determine the promoter activity of the genes encoding pro-inflammatory
cytokines such as tumor necrosis factor alpha, interleukin 6 (IL6), and IL33 by transfection of each reporter
plasmid into rat tracheal epithelial EGV-4 T cells. These cells could measure the inflammatory response induced
by endotoxin treatment more easily, rapidly, and sensitively than the conventional system using im-
munodetection assays. Furthermore, we revealed a relationship between atmospheric endotoxin level and in-
flammatory response induction. Thus, the system established herein may serve as a promising tool to monitor
inflammatory response induced upon PM exposure.

1. Introduction

Airborne particulate matter (PM) is one of the main components of
polluted air and exposure to PM has been related to exacerbation of
respiratory symptoms, increased risk of diabetes and cardiovascular
diseases, and all-cause mortality [1–5]. Among PM, PM2.5 with an
aerodynamic diameter equal to or smaller than 2.5 μm contributes the
most to adverse health effects, owing to its ability to easily pass through
the throat and nose and subsequently reach the alveolus [6]. Many
epidemiological studies have shown that the exposure to PM is asso-
ciated with the exacerbation of asthmatic symptoms and increase in the
rate of asthma-related emergency department visits [7–13]. Con-
sidering these evidences, PM may result in toxicological effects through
various mechanisms in the respiratory system, and prolongation of
these biological events may lead to respiratory diseases such as chronic
and allergic rhinitis and asthma.

PM comprises various materials such as organic chemicals (e.g.,
polycyclic aromatic hydrocarbons [PAHs]) and inorganic chemicals

(e.g., sulfates, nitrates, and metals), which are involved in mediating
toxicological effects [14–16]. In particular, PAHs and heavy metals are
the main components that induce inflammatory response [17]. In ad-
dition, a variety of bioactive substances such as endotoxins are detected
in PM [18]. Endotoxins, defined as lipopolysaccharides (LPS), are major
components of the outer membrane of gram-negative bacteria and well
known to exert biological effects, including inflammation induction.
Inhalation of endotoxins has been found to stimulate the alveolar
macrophages and respiratory epithelial tissue to release cytokines or
chemo-attractants to initiate an inflammatory cascade and exacerbate
asthmatic symptoms [19,20]. The Institute of Medicine reviewed arti-
cles published from 2000 to 2013 on indoor environmental exposure
and exacerbation of asthma, and found sufficient evidence on the as-
sociation between indoor exposure to endotoxins and exacerbation of
asthma [21]. However, the association between endotoxins in outdoor
air and asthma exacerbation is incompletely investigated. We have re-
cently demonstrated that atmospheric endotoxin level was positively
associated with the number of emergency department visits for asthma
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even after adjustments for meteorological factors, suggestive of the
significant association between atmospheric endotoxin level and
asthma exacerbation [22]. Whether atmospheric endotoxin level is re-
lated to inflammatory response induction is, however, unclear.

Airway epithelial cells play a key role in inflammatory diseases of
respiratory organs through the production and release of numerous pro-
inflammatory cytokines, eventually leading to inflammatory response.
To determine the relationship between atmospheric endotoxin level and
inflammatory response following exposure to PM, we established re-
porter cell lines and estimated the expression of the genes encoding pro-
inflammatory cytokines such as tumor necrosis factor alpha (TNFα),
interleukin 6 (IL6), and IL33 following transfection of reporter plasmids
into rat tracheal epithelial EGV-4 T cells. Using these cell lines, we show
that the atmospheric endotoxin level in PM is related to the induction of
inflammatory cytokine gene expression. These cells may serve as a
convenient device to estimate the inflammatory potential of PM.

2. Experimental procedures

2.1. Collection of airborne particles and preparation of sample solution

Fine (aerodynamic diameter ≤ 2.5 μm, PM2.5) and coarse parti-
cles (aerodynamic diameter ≥ 2.5 μm) were collected on glass filters
(Advantec Co., Ltd., Tokyo, Japan) and quartz filters (Pall Life Sciences,
Port Washington, NY, USA), respectively, in the city of Sasebo (129.79
°E, 33.10 °N) using a high volume air sampler (HV1000R, Shibata
Scientific Technology, Soka, Japan) equipped with an impactor
(Shibata Scientific Technology) at a flow rate of 1 m3/min for 1 week
per filter. The quartz and glass filters were preheated to 250 °C for 2 h
before sampling for the estimation of endotoxin level. Following sample
collection, the filters were stored at −80 °C until the preparation of
sample solutions.

To quantify endotoxins in fine and coarse particles, 15 % of sample
filter (corresponding to 1512 m3 of air) was extracted with endotoxin-

Table 1
Primer sequences for the reporter plasmids of cytokine genes.

Gene Position Orientation Sequence

TNFα nt −1335 to +79 Sense 5′-CGCGGTACCGCTGTCTGCTTGTGTGTGTG-3′
Antisense 5′-CGCCTCGAGTGTCCTTTCCAGGGGAGAGAGA-3′

IL6 nt −800 to +105 Sense 5′-CGCGGTACCCAGTGAAACAGTGGTGAAGA-3′
Antisense 5′-CGCCTCGAGTGGAGGGGAGATAGAGCTTC-3′

IL33 V1 nt −2524 to +37 Sense 5′-CGCGGTACCCCATGCTTTCATCTTCATTC-3′
Antisense 5′-CGCCTCGAGAGAGCTGCAGCTCTGTGTTC-3′

IL33 V5 nt −1956 to +48 Sense 5′-CGCGGTACCTAAACTTCTGGGCTCAGGTG-3′
Antisense 5′-CGCCTCGAGGCTGGTCTCAGATGATGAGG-3′

Fig. 1. Rat tracheal epithelial EGV-4T cells transfected with a reporter plasmid to determine the promoter activity of pro-inflammatory cytokine genes (EGV-4T/
TNFα-1, EGV-4T/IL6-1, EGV-4T/IL33v1-6, and EGV-4T/IL33v5-6 cells) were stimulated with 10 EU/mL LPS for various time points. Luciferase activity was mea-
sured to determine the promoter activity of TNFα, IL6, and IL33 genes. Relative activity is shown as a ratio to luciferase activity of untreated control cells. Each value
represents the mean± SD (n = 5). *p<0.05, **p<0.01 versus untreated control.
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free water containing 0.025 % Tween-20 using an ultrasonic apparatus
for 30 min, as previously described [22,23]. The extract was cen-
trifuged, and a portion of the supernatant was used for endotoxin
analyses. A sample solution for luciferase reporter assay was extracted
with distilled water from 15 % of the sample filter through ultra-soni-
cation for 30 min, followed by centrifugation. The supernatant was
lyophilized to obtain powder and resolved with culture medium before
use in the luciferase reporter assay.

2.2. Quantitative analysis of endotoxin level in airborne particles

Atmospheric endotoxin level was analyzed by the kinetic chromo-
genic Limulus amebocyte lysate (LAL) method (Limulus Color KY Test
Wako kit; Wako Pure Chemical Industries, Ltd., Osaka, Japan) ac-
cording to the manufacturer’s instructions. All samples exceeded the
detection limit (0.0005 EU/mL). The extract from a blank filter pre-
pared by the method described above was below the detection limit.
The recovery rates for spiked samples ranged between 50 % and 200 %
that were deemed acceptable by the LAL assay kit.

2.3. Construction of reporter plasmids　

The reporter plasmids carrying the firefly luciferase cDNA driven by
a human TNFα, IL6, and IL33 gene promoters were constructed as fol-
lows. The 5′-flanking region of human TNFα, IL6, and IL33 genes were
the amplified forms of genomic DNAs derived from human HEK293
cells with polymerase chain reaction (PCR) using PrimeSTAR GXL DNA
polymerase (TaKaRa BIO, Shiga, Japan) and specific primers as de-
scribed in Table 1. The amplified DNA fragments were digested with
KpnI and XhoI and ligated into the complementary sites of

pGL4.21[luc2P/puro] vector (Promega, Madison, WI, USA).

2.4. Cell culture and transfection

Rat tracheal epithelial EGV-4T cells (JCRB0229) were obtained
from the Japanese Cancer Research Resource Bank and maintained at
37 °C and 5 % CO2 in Ham's F12 medium supplemented with 10 % fetal
bovine serum.

To establish stable reporter cell lines, the reporter plasmids for
TNFα, IL-6, and IL-33 genes were transfected into EGV-4 T cells using
Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA) according
to the manufacturer’s instructions. After 48 h from transfection, the
cells were maintained in a growth medium containing 0.5 μg/mL pur-
omyxin for 3 weeks for the selection of puromycin-resistant cells. The
surviving cell clones were isolated and stable cell lines with a reporter
plasmid for either human TNFα, IL6, or IL33 gene promoter were es-
tablished.

2.5. Measurement of promoter activity of cytokine genes

EGV-4T cells transfected with reporter plasmids for pro-in-
flammatory cytokines (5 × 104 cells/100 μL) were seeded in each well
of a 96-well plate and treated with LPS (control standard endotoxin
from Escherichia coli UKT-B, WAKO Pure Chemicals, Osaka, Japan) or
airborne particles for 2−12 h at 37 °C. In the experiments using
polymycin B (PMB), an endotoxin neutralizer, airborne particles cor-
responding to 80 m3 of air were treated with PMB (final concentration
at 50 μg/mL) in 1 mL of culture medium for 1 h at 37 °C before ex-
posure to cells. The cells were washed thrice with phosphate-buffered
saline (PBS) and lysed in 30 μL of Glo Lysis buffer (Promega). The cell

Fig. 2. EGV-4T/TNFα-1, EGV-4T/IL6-1, EGV-4T/IL33v1-6, and EGV-4T/IL33v5-6 cells were stimulated with LPS at indicated concentrations for 6 h. Luciferase
activity was measured to determine the promoter activity of pro-inflammatory cytokine genes. Relative activity is shown as a ratio to luciferase activity of untreated
control cells. Each value represents the mean±SD (n = 6). *p<0.05, **p<0.01 versus untreated control.
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lysates were centrifuged at 20,000 ×g for 5 min, and the supernatants
were recovered as cell extracts. Aliquots (2 μL) of the extracts were
added to 25 μL of luciferase assay reagent (Promega), and the luciferase
activity was measured using a luminometer (model TD-20/20, Turner
Designs, Sunnyvale, CA, USA). The luciferase activity of each sample
was normalized to protein concentration and expressed relative to the
control.

2.6. Western blot analysis

EGV-4 T cells were seeded into each well of 24-well plates at a
density of 4 × 105 cells/mL. After 24 h of incubation, the cells were
treated with different concentrations of LPS for 24 h. The cell culture
media (500 μL) were recovered and centrifuged at 2000 ×g for 10 min.
The supernatant was lyophilized to obtain powder, resolved with 50 μL
of 4× sodium dodecyl sulfate (SDS) sample buffer (250 mM Tris-HCl
[pH 6.8], 40 % glycerol, 8 % SDS, 20 % 2-mercaptoethanol, and 0.005
% bromophenol blue), and boiled for 5 min. The cells were lysed with
200 μL of SDS sample buffer (62.5 mM Tris−HCl [pH 6.8], 10 % gly-
cerol, 2 % SDS, 5 % 2-mercaptoethanol, and 0.00125 % bromophenol
blue) and boiled for 5 min. Aliquots of cell culture supernatant and cell
extract were subjected to SDS polyacrylamide gel electrophoresis, and
the separated protein bands were transferred onto Immobilon-P transfer
membranes (Merck Millipore, Tullagreen, Carrigtwohill, Co. Cork,

Ireland). Immunodetection was performed with a chemiluminescent
detection method (Nacalai Tesque, Kyoto, Japan). Antibodies used in
this study were as follows: anti-TNFα monoclonal antibody (52B83,
Santa Cruz Biotechnology), anti-IL6 monoclonal antibody (10E5, Santa
Cruz Biotechnology), anti-IL33 monoclonal antibody (EPR17831,
Abcam, Cambridge, UK), and anti-glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) monoclonal antibody (5A12, Wako Pure Chemical
Industries, Osaka, Japan).

2.7. Cell viability assay

EGV-4 T cells (1 × 105 cells/well) seeded in 48-well plates were
treated with PM collected in Sasebo, Japan, for 24 h at 37 °C. Cell
viability was examined with the 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTS) assay using CellTiter 96 AQueous
one solution cell proliferation assay (Promega) in accordance with the
manufacturer’s instructions.

2.8. Statistical analysis

Statistical analysis were performed using BellCurve for Excel (Social
Survey Research Information Co., Ltd, Tokyo, Japan). All values are
expressed as the mean± standard deviation (SD). Data were statisti-
cally evaluated using a one-way or two-way analysis of variance

Fig. 3. A) Detection of LPS-induced secretion of pro-inflammatory cytokines in EGV-4 T cells. Cells were stimulated with LPS at indicated concentrations for 24 h.
The protein levels of TNFα, IL6, and IL33 in cell culture supernatants and cell extracts were analyzed with western blotting. (B) The density of bands was quantified
by densitometry, and was corrected with the density of GAPDH as loading control. Relative levels of TNFα, IL6, and IL33 are shown as a ratio to respected levels of
untreated cells. Each value represents the mean± SD (n = 7).
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(ANOVA) followed by Tukey’s test. A value of p<0.05 was considered
statistically significant.

3. Results and discussion

3.1. Establishment of stable cell lines to determine the promoter activity of
pro-inflammatory cytokine genes

Pro-inflammatory cytokines such as TNFα and IL6 are known to be
involved in the initiation and regression of immune responses [24,25].
To investigate the PM-induced inflammatory response in tracheal epi-
thelial cells, we established stable cell lines and determined the pro-
moter activity of some pro-inflammatory cytokine genes such as TNFα,
IL6, and IL33. We transfected each reporter plasmid into rat tracheal
epithelial EGV-4 T cells and characterized these cells by stimulating
them with 10 EU/mL LPS for various time points, followed by the
evaluation of the promoter activity of pro-inflammatory cytokine genes.

As shown in Fig. 1, the promoter activity of TNFα, IL6, and IL33 genes
increased after treatment with LPS, reached maximum values at 4−8 h
after the treatment with LPS, and decreased thereafter.

We examined the induction of promoter activity of pro-in-
flammatory cytokine genes following treatment with LPS at various
concentrations for 6 h. As shown in Fig. 2, the promoter activity of
TNFα, IL6, and IL33 genes increased upon treatment with LPS in a dose-
dependent manner. We also measured the production of pro-in-
flammatory cytokines in LPS-stimulated parental EGV-4 T cells with
western blotting. As shown in Fig. 3, the secretion of TNFα and IL6
increased upon LPS treatment in a dose-dependent manner from
0.1–4.0 EU/mL. IL33 secretion also increased after treatment with LPS
in a dose-dependent manner at concentrations from 0.1 to 0.5 EU/mL
and gradually decreased.

Thus, the stable cell lines that estimated the promoter activity of
pro-inflammatory cytokine genes could measure the inflammatory re-
sponse more easily, rapidly, and sensitively than the conventional

Fig. 4. Increase in inflammatory response of EGV-4T cells following exposure to PM collected in Sasebo, Japan. EGV-4T/TNFα-1, EGV-4T/IL6-1, EGV-4T/IL33v1-6,
and EGV-4T/IL33v5-6 cells were exposed to coarse or fine particles corresponding to 80 m3 of air in 1 mL culture medium. After 6 h, the luciferase activity was
measured to determine the promoter activity of pro-inflammatory cytokine genes. Relative activity is shown as a ratio to luciferase activity of cells treated with the
extract from the blank filter. Each value represents the mean±SD (n = 6). *p<0.05, **p<0.01 versus the extract from the blank filter.

Table 2
Concentrations of endotoxins in coarse and fine particles collected in Sasebo, Japan.

Sample Coarse particles Fine particles

Particle (μg/m3) Endotoxin (EU/m3) Particle (μg/m3) Endotoxin (EU/m3)

October 4th week, 2014 13.3 0.0412 14.6 0.0160
June 2nd week, 2015 16.0 0.0244 13.2 0.0038
October 2nd week, 2015 18.0 0.0447 17.5 0.0156
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system using an immunodetection assay and may be promising for the
monitoring of PM-induced inflammatory response.

3.2. Increase in inflammatory response in tracheal epithelial EGV-4T cells
following exposure to PM collected in Sasebo, Japan

We have previous shown that inhaled PM may play a key role in
inflammatory diseases through the production and release of numerous
inflammatory cytokines, eventually leading to inflammatory diseases

Fig. 5. Viability of EGV-4T cells exposed to PM collected in Sasebo, Japan. Cells were exposed to coarse or fine particles corresponding to 80 m3 of air in 1 mL of
culture medium. (A) After 24 h, cell viability was measured with MTS assay. Each value represents the mean±SD (n = 4). (B) Cell morphology following exposure
to coarse or fine particles for 24 h was observed by phase-contrast microscopy.
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such as chronic and allergic rhinitis [26–29]. To examine the impact of
PM on inflammatory cytokine production, the cells transfected with
reporter plasmids for pro-inflammatory cytokines were exposed to
aqueous extracts of PM. As shown in Fig. 4, the promoter activity for
TNFα, IL6, and IL33 increased upon exposure to both coarse particles
and fine particles in October. Interestingly, the induction of promoter
activity of pro-inflammatory cytokine genes was detected following
exposure to coarse particles, but not fine particles, in June.

Table 2 shows the concentrations of particles and endotoxins in
coarse particles and fine particles at the same time period. No sig-
nificant difference was observed in the concentrations of coarse parti-
cles and fine particles at any month. On the other hand, the con-
centration of endotoxins in coarse particles was higher than that in fine
particles. These results are consistent with those previously reported
[22,30–32]. In addition, the concentration of endotoxins in October
was approximately 2–5 times higher than that detected in June. At-
mospheric endotoxin level in PM seemed to be positively correlated
with the induction of pro-inflammatory cytokine gene expression.

To explore the cytotoxicity of PM, we examined the effects of PM on
the viability and morphology of EGV-4T cells with MTS assay. As shown
in Fig. 5A, MTS activity was unaffected after treatment of cells with
extracts of coarse particles or fine particles for 24 h at different con-
centrations. Furthermore, we failed to notice any significant changes in
cellular morphology upon exposure to PM for 24 h (Fig. 5B). Therefore,
PM may not cause any drastic cytotoxicity at concentrations used in our
study.

3.3. Important role of endotoxins in the inflammatory response induced
upon exposure to PM collected in Sasebo, Japan

We have previously shown that atmospheric endotoxin level was
positively associated with the number of emergency department visits
for asthma even after adjustment for meteorological factors, suggesting
that atmospheric endotoxin level was significantly associated with
asthma exacerbation [22]. To examine the contribution of endotoxin to
the induction of inflammatory response following PM exposure, the
cells carrying the reporter plasmids for pro-inflammatory cytokines
were exposed to PM treated with polymyxin B (PMB, an endotoxin
neutralizer). As expected, PMB treatment completely suppressed the
increase in the promoter activity of pro-inflammatory cytokine genes
following treatment with LPS or PM, indicative of the substantial in-
volvement of endotoxins in the inflammatory reaction following PM
exposure (Fig. 6).

Thus, our results highlight the important role of endotoxins in
mediating inflammatory response following exposure to PM collected in
Sasebo. However, the promoter activity of pro-inflammatory cytokine
genes was induced after the treatment of cells with same levels of fine
and coarse particles. The endotoxin level was lower in fine particles
than in coarse particles. PM contains hundreds of different types of
organic and inorganic chemical elements, which are involved in med-
iating toxicological effects [14–16], and the levels of these chemicals
may correlate with the inflammatory response after exposure to PM. For
instance, many studies have shown that metal components in PM are
associated with pulmonary toxicity [1,33,34]. There is a possibility of

Fig. 6. Effects of PMB treatment on the induction of the promoter activity of pro-inflammatory cytokine genes in EGV-4T cells upon exposure to PM collected in
Sasebo, Japan. Coarse or fine particles corresponding to 80 m3 of air were pre-treated with PMB (50 μg/mL) in 1 mL of culture medium for 1 h at 37 °C. EGV-4T/
TNFα-1, EGV-4T/IL6-1, EGV-4T/IL33v1-6, and EGV-4 T/IL33v5-6 cells were exposed to PM or PMB-treated PM for 6 h, and the luciferase activity was measured to
determine the promoter activity of pro-inflammatory cytokine genes. Relative activity is shown as a ratio to luciferase activity of cells treated with the extract from
the blank filter. Each value represents the mean± SD (n = 6). *p<0.05, **p<0.01 versus each control.
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synergistic effects existing between these organic and metal compo-
nents. Future studies are warranted to assess the correlation between
the chemical composition of PM and adverse health effects.

4. Conclusions

We demonstrated that the atmospheric endotoxin level was related
to the inflammatory response induction. The cells established in this
study may be used to estimate the inflammatory response in an easy,
rapid, and highly sensitive manner as compared with the conventional
systems using immunodetection assays. Although specific components
in charge of PM-induced inflammatory response have not been fully
investigated, our analytical system provides an insight into the mon-
itoring of inflammatory response induced by PM exposure.

CRediT authorship contribution statement

Nobuyuki Yamagishi: Conceptualization, Data curation, Formal
analysis, Funding acquisition, Investigation, Methodology, Project ad-
ministration, Supervision, Validation, Visualization, Writing - original
draft, Writing - review & editing. Tomoki Yamaguchi: Investigation,
Validation, Visualization. Takahisa Kuga: Project administration,
Validation, Writing - original draft, Writing - review & editing.
Masanari Taniguchi: Formal analysis, Project administration,
Validation, Writing - review & editing. Mohammad Shahriar Khan:
Resources. Takahiro Matsumoto: Resources, Writing - review &
editing. Yuya Deguchi: Resources, Writing - review & editing. Hiroaki
Nagaoka: Project administration, Resources, Writing - review &
editing. Keiji Wakabayashi: Writing - review & editing. Tetsushi
Watanabe: Conceptualization, Data curation, Funding acquisition,
Project administration, Resources, Writing - review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgment

This study was supported by the Environment Research and
Technology Development Fund (5-1453) of the Japanese Ministry of the
Environment. We would like to thank Editage (www.editage.jp) for
English language editing.

References

[1] D.L. Costa, K.L. Dreher, Bioavailable transition metals in particulate matter mediate
cardiopulmonary injury in healthy and compromised animal models, Environ.
Health Perspect. 105 (1997) 1053–1060, https://doi.org/10.1289/ehp.
97105s51053.

[2] R.J. Delfino, C. Sioutas, S. Malik, Potential role of ultrafine particles in associations
between airborne particle mass and cardiovascular health, Environ. Health
Perspect. 113 (2005) 934–946, https://doi.org/10.1289/ehp.7938.

[3] J.O. Anderson, J.G. Thundiyil, A. Stolbach, Clearing the air: a review of the effects
of particulate matter air pollution on human health, J. Med. Toxicol. 8 (2012)
166–175, https://doi.org/10.1007/s13181-011-0203-1.

[4] D.E. Keil, B. Buck, D. Goossens, Y. Teng, J. Pollard, B. McLaurin, R. Gerads,
J. DeWitt, Health effects from exposure to atmospheric mineral dust near Las Vegas,
NV, USA, Toxicol. Rep. 3 (2016) 785–795, https://doi.org/10.1016/j.toxrep.2016.
09.009.

[5] R.S. Wallwork, E. Colicino, J. Zhong, I. Kloog, B.A. Coull, P. Vokonas,
J.D. Schwartz, A.A. Baccarelli, Ambient fine particulate matter, outdoor tempera-
ture, and risk of metabolic syndrome, Am. J. Epidemiol. 185 (2017) 30–39, https://
doi.org/10.1093/aje/kww157.

[6] R.M. Harrison, J. Yin, Particulate matter in the atmosphere: which particle prop-
erties are important for its effects on health? Sci. Total Environ. 249 (2000) 85–101,
https://doi.org/10.1016/s0048-9697(99)00513-6.

[7] K.T. Kanatani, I. Ito, W.K. Al-Delaimy, Y. Adachi, W.C. Mathews, J.W. Ramsdell,
and Toyama Asian Desert Dust and Asthma Study Team Desert dust exposure is
associated with increased risk of asthma hospitalization in children, Am. J. Respir.

Crit. Care Med. 182 (2010) 1475–1481, https://doi.org/10.1164/rccm.201002-
0296OC.

[8] K. Ueda, H. Nitta, H. Odajima, The effects of weather, air pollutants, and Asian dust
on hospitalization for asthma in Fukuoka, Environ. Health Prev. Med. 15 (2010)
350–357, https://doi.org/10.1007/s12199-010-0150-5.

[9] M.J. Strickland, L.A. Darrow, M. Klein, W.D. Flanders, J.A. Sarnat, L.A. Waller,
S.E. Sarnat, J.A. Mulholland, P.E. Tolbert, Short-term associations between ambient
air pollutants and pediatric asthma emergency department visits, Am. J. Respir.
Crit. Care Med. 182 (2010) 307–316, https://doi.org/10.1164/rccm.200908-
1201OC.

[10] I. Kloog, B.A. Coull, A. Zanobetti, P. Koutrakis, J.D. Schwartz, Acute and Chronic
Effects of particles on hospital admissions in New-England, PLoS One 7 (2012)
e34664, https://doi.org/10.1371/journal.pone.0034664.

[11] I. Kloog, F. Nordio, A. Zanobetti, B.A. Coull, P. Koutrakis, J.D. Schwartz, Short term
effects of particle exposure on hospital admissions in the Mid-Atlantic States: a
population estimate, PLoS One 9 (2014) e88578, https://doi.org/10.1371/journal.
pone.0088578.

[12] X.Y. Zheng, H. Ding, L.N. Jiang, S.W. Chen, J.P. Zheng, M. Qiu, Y.X. Zhou, Q. Chen,
W.J. Guan, Association between air pollutants and asthma emergency room visits
and hospital admissions in time series studies: a systematic review and meta-ana-
lysis, PLoS One 10 (2015) e0138146, https://doi.org/10.1371/journal.pone.
0138146.

[13] T. Nakamura, M. Hashizume, K. Ueda, A. Shimizu, A. Takeuchi, T. Kubo,
K. Hashimoto, H. Moriuchi, H. Odajima, T. Kitajima, K. Tashiro, K. Tomimasu,
Y. Nishiwaki, Asian dust and pediatric emergency department visits due to bron-
chial asthma and respiratory diseases in Nagasaki, Japan. J. Epidemiol. 26 (2016)
593–601, https://doi.org/10.2188/jea.JE20150309.

[14] N. Li, M. Wang, T.D. Oberley, J.M. Sempf, A.E. Nel, Comparison of the pro-oxidative
and pro-inflammatory effects of organic diesel exhaust particle chemicals in bron-
chial epithelial cells and macrophages, J. Immunol. 169 (2002) 4531–4541,
https://doi.org/10.4049/jimmunol.169.8.4531.

[15] X. Deng, F. Zhang, W. Rui, F. Long, L. Wang, Z. Feng, D. Chen, W. Ding, PM2.5-
induced oxidative stress triggers autophagy in human lung epithelial A549 cells,
Toxicol. In Vitro 27 (2013) 1762–1770, https://doi.org/10.1016/j.tiv.2013.05.004.

[16] U.S. Akhtar, N. Rastogi, R.D. McWhinney, B. Urch, C. Chow, G.J. Evans, The
combined effects of physicochemical properties of size-fractionated ambient parti-
culate matter on in vitro toxicity in human A549 lung epithelial cells, Toxicol. Rep.
1 (2014) 145–156, https://doi.org/10.1016/j.toxrep.2014.05.002.

[17] A.J. Ghio, R.B. Devlin, Inflammatory lung injury after bronchial instillation of air
pollution particles, Am. J. Respir. Crit. Care Med. 164 (2001) 704–708, https://doi.
org/10.1164/ajrccm.164.4.2011089.

[18] P.I. Jalava, M.S. Happo, K. Huttunen, M. Sillanpää, R. Hillamo, R.O. Salonen,
M.R. Hirvonen, Chemical and microbial components of urban air PM cause seasonal
variation of toxicological activity, Environ. Toxicol. Pharmacol. 40 (2015)
375–387, https://doi.org/10.1016/j.etap.2015.06.023.

[19] P.S. Thorne, Inhalation toxicology models of endotoxin- and bioaerosol-induced
inflammation, Toxicology 152 (2000) 13–23, https://doi.org/10.1016/s0300-483x
(00)00287-0.

[20] P.S. Thorne, A. Mendy, N. Metwali, P. Salo, C. Co, R. Jaramillo, K.M. Rose,
D.C. Zeldin, Endotoxin exposure: predictors and prevalence of associated asthma
outcomes in the United States, Am. J. Respir. Crit. Care Med. 192 (2015)
1287–1297, https://doi.org/10.1164/rccm.201502-0251OC.

[21] W. Kanchongkittiphone, M.J. Mendell, J.M. Gaffin, G. Wang, W. Phipatanakul,
Indoor environmental exposures and exacerbation of asthma: an update to the 2000
review by the Institute of Medicine, Environ. Health Perspect. 123 (2015) 6–19,
https://doi.org/10.1289/ehp.1307922.

[22] M.S. Khan, S. Coulibaly, T. Matsumoto, Y. Yano, M. Miura, Y. Nagasaka, M. Shima,
N. Yamagishi, K. Wakabayashi, T. Watanabe, Association of airborne particles,
protein, and endotoxin with emergency department visits for asthma in Kyoto,
Japan, Environ. Health Prev. Med. 23 (2018) 41, https://doi.org/10.1248/bpb.b17-
00745.

[23] M.S. Khan, S. Coulibaly, M. Abe, N. Furukawa, Y. Kubo, Y. Nakaoji, Y. Kawase,
T. Matsumoto, T. Hasei, Y. Deguchi, H. Nagaoka, N. Yamagishi, M. Watanabe,
N. Honda, K. Wakabayashi, T. Watanabe, Seasonal fluctuation of endotoxin and
protein concentrations in outdoor air in Sasebo, Japan. Biol. Pharm. Bull. 41 (2018)
115–122, https://doi.org/10.1186/s12199-018-0731-2.

[24] C.M. Greene, T.P. Carroll, S.G. Smith, C.C. Taggart, J. Devaney, S. Griffin,
S.J. O’neill, N.G. McElvaney, TLR-induced inflammation in cystic fibrosis and non-
cystic fibrosis airway epithelial cells, J. Immunol. 174 (2005) 1638–1646, https://
doi.org/10.4049/jimmuno.174.3.1638.

[25] G. Arango Duque, A. Descoteaux, Macrophage cytokines: involvement in immunity
and infectious diseases, Front. Immunol. 5 (2014) 1–12, https://doi.org/10.3389/
fimmu.2014.00491.

[26] S. Boland, A. Baeza-Squiban, T. Fournier, O. Houcine, M.C. Gendron, M. Chevrier,
G. Jouvenot, A. Coste, M. Aubier, F. Marano, Diesel exhaust particles are taken up
by human airway epithelial cells in vitro and alter cytokine production, Am. J.
Physiol. 276 (1999) L604–613, https://doi.org/10.1152/ajplung.1999.276.4.L604.

[27] K. Ogino, N. Takahashi, M. Kubo, A. Takeuchi, M. Nakagiri, Y. Fujikura,
Inflammatory airway responses by nasal inoculation of suspended particulate
matter in NC/Nga mice, Environ. Toxicol. 29 (2014) 642–654, https://doi.org/10.
1002/tox.21791.

[28] Z. Hong, Z. Guo, R. Zhang, J. Xu, W. Dong, G. Zhuang, C. Deng, Airborne fine
particulate matter induces oxidative stress and inflammation in human nasal epi-
thelial cells, Tohoku J. Exp. Med. 239 (2016) 117–125.

[29] M. Ramanathan Jr., N.R. London Jr., A. Tharakan, N. Surya, T.E. Sussan, X. Rao,
S.Y. Lin, E. Toskala, S. Rajagopalan, S. Biswal, Airborne particulate matter induces

N. Yamagishi, et al. Toxicology Reports 7 (2020) 900–908

907

http://www.editage.jp
https://doi.org/10.1289/ehp.97105s51053
https://doi.org/10.1289/ehp.97105s51053
https://doi.org/10.1289/ehp.7938
https://doi.org/10.1007/s13181-011-0203-1
https://doi.org/10.1016/j.toxrep.2016.09.009
https://doi.org/10.1016/j.toxrep.2016.09.009
https://doi.org/10.1093/aje/kww157
https://doi.org/10.1093/aje/kww157
https://doi.org/10.1016/s0048-9697(99)00513-6
https://doi.org/10.1164/rccm.201002-0296OC
https://doi.org/10.1164/rccm.201002-0296OC
https://doi.org/10.1007/s12199-010-0150-5
https://doi.org/10.1164/rccm.200908-1201OC
https://doi.org/10.1164/rccm.200908-1201OC
https://doi.org/10.1371/journal.pone.0034664
https://doi.org/10.1371/journal.pone.0088578
https://doi.org/10.1371/journal.pone.0088578
https://doi.org/10.1371/journal.pone.0138146
https://doi.org/10.1371/journal.pone.0138146
https://doi.org/10.2188/jea.JE20150309
https://doi.org/10.4049/jimmunol.169.8.4531
https://doi.org/10.1016/j.tiv.2013.05.004
https://doi.org/10.1016/j.toxrep.2014.05.002
https://doi.org/10.1164/ajrccm.164.4.2011089
https://doi.org/10.1164/ajrccm.164.4.2011089
https://doi.org/10.1016/j.etap.2015.06.023
https://doi.org/10.1016/s0300-483x(00)00287-0
https://doi.org/10.1016/s0300-483x(00)00287-0
https://doi.org/10.1164/rccm.201502-0251OC
https://doi.org/10.1289/ehp.1307922
https://doi.org/10.1248/bpb.b17-00745
https://doi.org/10.1248/bpb.b17-00745
https://doi.org/10.1186/s12199-018-0731-2
https://doi.org/10.4049/jimmuno.174.3.1638
https://doi.org/10.4049/jimmuno.174.3.1638
https://doi.org/10.3389/fimmu.2014.00491
https://doi.org/10.3389/fimmu.2014.00491
https://doi.org/10.1152/ajplung.1999.276.4.L604
https://doi.org/10.1002/tox.21791
https://doi.org/10.1002/tox.21791
http://refhub.elsevier.com/S2214-7500(20)30346-2/sbref0140
http://refhub.elsevier.com/S2214-7500(20)30346-2/sbref0140
http://refhub.elsevier.com/S2214-7500(20)30346-2/sbref0140


nonallergic eosinophilic sinonasal inflammation in mice, Am. J. Respir. Cell Mol.
Biol. 57 (2017) 59–65, https://doi.org/10.1165/rcmb.2016-0351OC.

[30] J. Heinrich, M. Pitz, W. Bischof, N. Krug, P.J.A. Borm, Endotoxin in fine (PM2.5)
and coarse (PM2.5-10) particles mass of ambient aerosols. A temporo-spatial ana-
lysis, Atmos. Environ. 37 (2003) 3659–3667.

[31] S. Nilsson, A.S. Merritt, T. Bellander, Endotoxins in urban air in Stockholm, Sweden,
Atmos. Environ. 45 (2011) 266–270.

[32] J.Y.W. Cheng, E.L.C. Hui, P.C. Lau, Bioactive and total endotoxins in atmospheric
aerosols in the Pearl River Delta region, China. Atmos. Environ. 47 (2012) 3–11.

[33] U.P. Kodavanti, R. Hauser, D.C. Christiani, Meng Z.H, J. McGee, A. Ledbetter,
J. Richards, D.L. Costa, Pulmonary responses to oil fly ash particles in the rat differ
by virtue of their specific soluble metals, Toxicol. Sci. 43 (1998) 204–212, https://
doi.org/10.1006/toxs.1998.2460.

[34] J.A. Dye, J.R. Lehman, J.K. McGee, D.W. Winset, A.D. Ledbetter, J.I. Everitt,
A.J. Ghio, D.L. Costa, Acute pulmonary toxicity of particle matter filter extracts in
rats coherence with epidemiologic studies in Utah Valley residents, Environ. Health
Perspect. 109 (2001) 395–403, https://doi.org/10.1289/ehp.01109s3395.

N. Yamagishi, et al. Toxicology Reports 7 (2020) 900–908

908

https://doi.org/10.1165/rcmb.2016-0351OC
http://refhub.elsevier.com/S2214-7500(20)30346-2/sbref0150
http://refhub.elsevier.com/S2214-7500(20)30346-2/sbref0150
http://refhub.elsevier.com/S2214-7500(20)30346-2/sbref0150
http://refhub.elsevier.com/S2214-7500(20)30346-2/sbref0155
http://refhub.elsevier.com/S2214-7500(20)30346-2/sbref0155
http://refhub.elsevier.com/S2214-7500(20)30346-2/sbref0160
http://refhub.elsevier.com/S2214-7500(20)30346-2/sbref0160
https://doi.org/10.1006/toxs.1998.2460
https://doi.org/10.1006/toxs.1998.2460
https://doi.org/10.1289/ehp.01109s3395

	Development of a system for the detection of the inflammatory response induced by airborne fine particulate matter in rat tracheal epithelial cells
	Introduction
	Experimental procedures
	Collection of airborne particles and preparation of sample solution
	Quantitative analysis of endotoxin level in airborne particles
	Construction of reporter plasmids　
	Cell culture and transfection
	Measurement of promoter activity of cytokine genes
	Western blot analysis
	Cell viability assay
	Statistical analysis

	Results and discussion
	Establishment of stable cell lines to determine the promoter activity of pro-inflammatory cytokine genes
	Increase in inflammatory response in tracheal epithelial EGV-4T cells following exposure to PM collected in Sasebo, Japan
	Important role of endotoxins in the inflammatory response induced upon exposure to PM collected in Sasebo, Japan

	Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgment
	References




