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Abstract—

Vitamin Dj is reported to be involved in the regulation of inflammatory pro-

cesses. In this study, biomarkers related to oxidative stress and inflammation were investi-
gated to clarify the protective effects and possible mechanism of 1,25-dihydroxy vitamin D;
(1,25-(OH),D3) on PM; s-induced inflammatory response. In the in vitro study using human
bronchial epithelial (HBE) cells, aqueous extracts of PM, 5 could induce oxidative damage
which is characterized by significant increases in production of reactive oxygen species,
malonaldehyde concentration, and protein expression of HSPA1A and HO-1. Meanwhile,
PM, 5 caused secretion of inflammatory factors (IL-6, IL-8) in the culture medium as well as
phosphorylation of p38, nuclear factor-kappa B (NF-«B) inhibitor alpha (IkB«), and NF-xB
p65 proteins. Increases in NLRP3 expression was also observed in HBE cells after PM, 5
exposure. However, all these biomarkers were remarkably attenuated by a 24-h pretreatment
of 1 nM 1,25-(OH),Ds. Furthermore, 1,25-(OH),Dj5 also reduced transcriptional activation of
NF-«B induced by PM, s as indicated by a significant decrease in luciferase activity in HBE
cells stably transfected with the NF-«kB response element (RE)-driven luciferase reporter.
Taken together, our findings provided novel experimental evidences supporting that vitamin
D; could reduce the predominantly oxidative stress-mediated inflammation induced by PM, 5
via the p38/NF-kB/NLRP3 signaling pathway.
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INTRODUCTION

Ambient air pollution, one of the most difficult
challenges with which human beings are confronted, is
now considered as a leading cause of death and lost
disability-adjusted life years. According to the recent
Global Burden of Disease report, outdoor air pollution
can cause an estimated > 3 million premature deaths per
year globally [1, 2]. The ubiquitous brown-haze, a char-
acteristic feature of air pollution, has now reached
alarming levels and gained prominence as a global public
health concern [3]. Specifically, increase in environmen-
tal particulate matter (PM), especially the fine particulate
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matter (PM, s), is becoming a leading risk factor for
global disease [4, 5]. Mounting epidemiological evi-
dences suggest that PM, 5 is associated with decreased
lung function and increased hospitalization, morbidity,
and/or mortality of certain chronic respiratory diseases
such as asthma and chronic obstructive pulmonary
disease (COPD), and also increases the risk of lung
cancer [6-8].

Airborne PM, s, generally produced from both natu-
ral and anthropogenic emission sources, is increasing with
economic development and usage of fossil fuels [9]. One of
the most critical acute effects of PM, s is to trigger airway
and systemic inflammation, which accounts for several
forms of respiratory diseases and cardiovascular disorders
[10, 11]. The nucleotide-binding domain and leucine-rich
repeat protein 3 (NLRP3) inflammasome, an intracellular
danger-sensing protein complex, can respond to a variety
of cellular stresses caused by various sterile danger signals,
including environmental particles and nanoparticles [12].
Recent studies showed that epithelial cells of the respira-
tory tract are capable of initiating inflammatory events after
exposure to pathogenic particles via NLRP3
inflammasome [13]. Nuclear factor-kappa B (NF-kB), an
important molecule for immunity and inflammatory re-
sponse, is critical as the priming signal in activation of
NLRP3 inflammasome, to upregulate NLRP3 and pro-
interleukin 13 (IL-1[3) protein expression [14]. As one of
the major subgroups of mitogen-activated protein kinases
(MAPKSs), p38 is also an important protein playing a role in
mediating signals triggered by environmental stress and
inflammatory cytokines [15]. Thus, PM, s-induced inflam-
matory response might be mediated through the p38/NF-
kB/NLRP3 signaling pathway.

Vitamin D5, a multifunctional steroid hormone, is
involved in regulation of calcium homeostasis, oxidative
stress, inflammatory processes, and cancer prevention [16,
17]. As reported in previous studies, vitamin D3 not only
protects human endothelial cells from oxidative stress [18],
but also dampens inflammation by modulating the immune
system in a number of cell types including monocytes,
macrophages, and T cells [19-21]. The synthesis of bio-
logically active vitamin D always begins in the skin, and is
converted to 1,25-dihydroxy vitamin D; (1,25-(OH),D5),
its active metabolite, by 1x-hydroxylase in the kidneys.
Recently, increasing evidence has shown that the respira-
tory epithelial cells also contain 1x-hydroxylase and can
convert vitamin Dj to its active form [22, 23]. Interestingly,
epidemiological studies suggest that vitamin D5 deficiency
(levels of plasma 25-hydroxyvitamin D3 (25-(OH),D3) <
20 ng/mL) occurs in 25-50% of the human population [24,

25], and is associated with the onset and progression of
COPD [26, 27]. Levels of plasma 25-(OH),D; have also
been reported to be inversely associated with the occur-
rence of upper respiratory tract infections and reduced
hospitalization of asthma-related complications [28, 29].
Therefore, vitamin D3 may play an important role in the
maintenance of the respiratory health.

The present study was undertaken to investigate the
protective effects of vitamin D3 on ambient PM, s-induced
inflammation in human bronchial epithelial (HBE) cells.
Air sampling was collected at a major industrial park in
Suzhou, an important city located in the Yangtze River
Delta Region in China. Chemical components of PM, 5
were characterized by ion chromatograph (IC), inductively
coupled plasma mass spectrometry (ICP-MS), and gas
chromatography-mass spectrometry (GS-MS). Toxicity of
PM, 5 particles and effects of 1,25-(OH),D3; on PM, s-
induced oxidative damage and inflammatory response
were evaluated by reactive oxygen species (ROS) produc-
tion, lipid peroxidation, and secretion of inflammatory
cytokines. To explore the possible mechanisms driving
the effects of 1,25-(OH),D3; on PM, s-induced toxicity,
critical molecules involving in oxidative stress and the
inflammation process were identified as potential interven-
tion target.

MATERIALS AND METHODS

Chemicals

Dulbecco’s modified Eagle’s minimal (DMEM) es-
sential medium, trypsin, and fetal bovine serum (FBS)
were obtained from GIBCO (Grand Island, NY, USA).
1,25-(OH),D5 was purchased from Sigma-Aldrich (St.
Louis, MO, USA). Cell Counting Kit-8 (CCK-8) was
purchased from Beyotime Institute of Biotechnology
(Haimen, China). Human interleukin-6 (IL-6) and
interleukin-8 (IL-8) enzyme-linked immunosorbent assay
(ELISA) kits were obtained from R&D systems (Minne-
apolis, MN, USA). Cell malonaldehyde (MDA) assay kit
was purchased from Jiancheng Bio Company (Nanjing,
China). pGL4.32 [/uc2P/NF-kB-RE/Hygro] vector and lu-
ciferase assay system were obtained from Promega (Mad-
ison, WI, USA). Rabbit anti-phospho-p38, phospho-IkBex,
phospho-NF-kB p65, NLRP3, and HO-1 antibodies were
purchased from Cell Signaling Technology (Danvers, MA,
USA). Mouse anti-HSPA1A antibody was obtained from
StressGen Biotechnologies Corporation Company (Victo-
ria, British Columbia, Canada).
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PM, 5 Collection and Physicochemical
Characterization

Particulate matter < 2.5 um (PM, 5) was collected by
a medium-volume air sampler (TH-150C, Tianhong Instru-
ment Co.LTD, Wuhan, China) on a Teflon filter (90 x
90 mm) at China-Signapore Suzhou industrial park. Sam-
pling was conducted over four to five separated days and
for 8.5 h per day (100 L/min), using three parallel sampling
lines, in the winter season of 2016. The sampling day with
the highest PM, 5 concentration (ug/m3) was chosen for
further physicochemical analysis and toxicity tests to
ensure sufficient availability of particles.

PM, 5 samples were extracted with ultrapure water by
sonication to collect the water-soluble components. Then, a
Malvern Zetasizer Nano S90 instrument (Southborough,
MA, USA) was used to assess the size distribution of PM
in water extracts. After 1 h-centrifugation at 12,000g, 4 °C,
the supernatant was used to measure the concentrations of
ionic species by IC. To obtain PM, s suspensions, the
above water extracts were vacuum freeze dried in a refrig-
erated Centrivap® concentrator and weighed.

To analyze the metal elements and organic com-
pounds absorbed onto the particles, another PM, 5 sample
was taken and divided equally. One half was digested in
nitric acid, and the amount of elemental metals was deter-
mined by ICP-MS. The other half was extracted with
dichloromethane, and quantitative chemical analysis of
25 kinds of polycyclic aromatic hydrocarbons (PAHs)
was performed by GS-MS.

1,25-(OH),D; Preparation

A 1,25-(OH),Dj; solution (2.4x10* M) was
prepared by dissolving 0.1 mg 1,25-(OH),D3 (molecular
weight 416.64) in 1 mL 95% ethanol. Then, 100 pL of the
1,25-(OH),Djs solution was added to 23.9 mL 95% ethanol
to get a stock solution of 1,25-(OH),D; (107° M). All stock
solutions were stored at —20 °C in the dark prior to usage.
To prepare the 1 nM 1,25-(OH),D5 solution, 1 puL of the
10°° M 1,25-(0OH),D; solution was diluted with 999 pL
DMEM medium supplemented with 10% FBS.

PM, 5 Preparation

The concentrated PM, 5 particles extracted with ultra-
pure water were U V-irradiated overnight to sterilize them
and inactivate any contaminating endotoxin, as indicated in
the paper of Peeters et al. [30]. Then, the PM, 5 particles
were suspended with sterile water to a concentration of
5 mg/mL and stored at 4 °C. Prior to each treatment, the

stock PM,, 5 suspensions were diluted to a final concentra-
tion of 200 pg/mL with the cell culture medium, oscillated
and mixed completely.

Cell Culture

HBE cells were kindly provided by Dr. Wen Chen
(Sun Yat-sen University, China). HBE cells and the devel-
oped luciferase cells were maintained in DMEM essential
medium supplemented with 10% FBS, 2 mM glutamine,
100 units/mL penicillin, and 100 pg/mL streptomycin at
37 °C in a 5% CO,-humidified cell culture incubator. The
culture medium was changed every 2-3 days.

Generation of Stable NF-kB-RE-Driven Luciferase
Reporter Cells

The pGL4.32 [luc2P/NF-«kB-RE/Hygro] vector was
stably transfected into HBE cells by using Lipofectamine®
2000 (Thermo Fisher Scientific) according to the manufac-
turer’s instructions. Cells were trypsinized and re-
suspended in culture medium to a final concentration of
1.5 x 10 cells/mL. To each well of a white six-well culture
plate, 2-mL cell suspension was added. After incubating at
37 °C for 24 h, a mixture containing 1 pg plasmid and
2.5 pL lipofectamine was added to each well for transfec-
tion reaction. The transfected cells were then incubated
with culture medium containing 50 pg/mL hygromycin
for 2 weeks to select and amplify the stable reporter cell
line. This cell line was now called HBE-luciferase cells.

Cell Treatment

HBE and HBE-luciferase cells were seeded in tripli-
cate at a density of 0.5 x 10%well in 96-well plates (for
CCK-8 assay), 2.5 x 10%/well in 48-well plates (for lucif-
erase reporter assay), and 2.5 x 10°/well in six-well plates
(for ROS production, Cell MDA, ELISA, and Western blot
assays). Confluent mono-layers were pretreated with 1 nM
1,25-(OH),D5 or ethanol (0.1% v/v) for 24 h. Then, fresh
DMEM culture medium was reapplied, and cells were
simulated with 200 pg/mL aqueous extracts of PM, 5 for
another 48 h.

Cell Viability Assay

The number of viable HBE cells in culture was deter-
mined using the CCK-8 assay performed as previously
described [31]. After PM, 5 treatment, cells were incubated
with 10 L CCK-8 solution at 37 °C for another 4 h. The
absorbance was measured at 450 nm by a SYNERGY 2
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microplate reader (Bio-Tek, USA). The ethanol-treated
cells were considered 100% viable as solvent control.

ROS Production Assay

The generation of ROS was measured using a
dichlorofluorescein diacetate (DCFH-DA) detection kit
according to the manufacturer’s recommendations. After
PM, 5 treatment, cells were harvested and incubated with
10 uM DCFH-DA for 30 min at 37 °C. Then, the DCF-
derived fluorescence was detected by a flow cytometer
(FC500, Beckman Coulter, Quanta, SC, USA).

MDA Assay

MDA, an end product of peroxidation of fatty acid, is
considered to be an important indicator of lipid peroxida-
tion. MDA concentration in whole-cell lysates was mea-
sured by using the Cell MDA assay kit. Results are report-
ed as MDA concentration and calculated as percent of
solvent control.

Cytokine Analysis

Concentrations of IL-6 and IL-8 released into the cell
culture supernatant after PM, 5 treatment were evaluated
using commercially available ELISA kits according to the
manufacturer’s instructions.

Western Blot Assay

After PM, 5 treatment, HBE cells were lysed with
RIPA (Beyotime, China) buffer containing protease and
phosphatase inhibitors to obtain the whole-cell extracts.
Proteins were quantified using the Bicinchoninic Acid
assay (Thermo Scientific), separated electrophoretically
on a 10% SDS-polyacrylamide gel, and transferred to
nitrocellulose membranes. Membranes was then blocked
with 5% fat-free milk at room temperature for 1 h, before
being incubated with 1:1000 dilution of primary rabbit or
mouse monoclonal antibodies overnight at 4 °C. After
extensive washing, anti-rabbit (CST, 7074P2) and anti-
mouse (CST, 7076P2) HRP-conjugated secondary anti-
body (1:3000 dilution) was added and incubated at 37 °C
for 1 h. After washing, the specific antibody-antigen

complexes were detected using the ECL luminescence
reagent (Absin, China).

Luciferase Reporter Gene Assay

Luciferase activities in HBE-Iuciferase cells after
PM, 5 treatment were detected by the luciferase assay
system as previously described [31]. Briefly, cells were
rinsed with 0.5 M phosphate-buffered saline (pH 7.4)
twice, and then, 100 pL of cell lysis buffer was added to
each well and lysed for 15 min. After mixing with the
luciferase assay reagent, luciferase activity of each sample
was measured using a SYNERGY 2 microplate reader.
Results were expressed as relative luciferase activity versus
control (test sample/solvent control). In each treatment, the
relative luciferase activities from three replicates were
averaged.

Statistical Analysis

Results were expressed as mean values or mean + SD
of three cultures from a representative experiment. Statis-
tical analysis was performed by one-way analysis of vari-
ance test. In all tests, a value of P less than 0.05 was
considered to be statistically significant. All the data anal-
ysis was carried out using the statistical analysis software
SPSS 17.0 for windows (SPSS Inc., Chicago, IL, USA).

RESULTS

Basic Characteristics and Chemical Composition of the
PM, 5 Sample

Basic characteristics of the ambient PM, 5 during the
sampling day including GPS coordinates, volume of sam-
pled air, and concentrations of PM;, and PM, 5 are sum-
marized in Table 1. As the air sampling was conducted in
the winter season, high concentrations of PM were record-
ed, 212.0 pg/m® for PM, and 135.9 pg/m® for PM, 5. As
shown in Table 2, 99% of the total PM number was <
2.5 um in the PM, s sample. The highest frequency of
particle number was detected with diameters from 0.1 to
0.2 pum.

Table 1. Basic Characteristics of PM Sampling in China

Site (GPS coordinates) Sampling date

Air volumes (m®)

PM; (ng/m’) PM, 5 (ug/m’) Temp (°C)

Suzhou (31° 16" 30.79" N, 120° 43’ 38.53" E) 2016.12.30

212.0 135.9 13.4
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Table 2. Size Distribution of PM, 5 Sampling in China, Depicted as Relative Frequency (%)

PM, s size range (pum)

Relative frequency (%) 0.1-0.2 0.2-0.3
85.454 12.904

0.3-0.5 0.5-2.5 2.5-10
1.623 0.018 0.002

To evaluate the chemical characterization of ambient
PM, 5, several classes of inorganic and organic contami-
nants were analyzed (Table 3). Among the inorganic ele-
ments detected by ICP-MS, Mg, Al, Cu, Zn, and Pb were
the most abundantly present. The ionic species were also
founded in the PM, 5 sample, among them, S0,.* >Cl,
on the one hand, and K*>Na"*, on the other hand.
However, F~ was not detected in this sample.
Quantification of PAHs in the organic extracts showed
relatively high concentrations of phenanthrene,
fluoranthene, benzo[b + k]fluoranthene, and
benzo[ghi]perylene in the ambient PM, 5. Pyrene, a
marker of pyrogenic sources of PAHs, was also detected
at a high concentration of 9.2 ng/m”>.

Effect of 1,25-(OH),D; on Reduction of Cell Viability
Induced by PM, 5

After 1,25-(OH),D; and PM, 5 treatments, the
viable cell number, a direct measurement of cell pro-
liferation, was determined by the CCK-8 assay. As
shown in Fig. 1, 24-h treatment of 1 nM 1,25-
(OH),D; had no significant effect on cell viability as
compared with the ethanol-treated solvent control.
However, in the presence of 1,25-(OH),Ds, cell

viability of HBE cells treated with 200 pg/mL PM, s
for 48 h was significantly increased from 85.92 +
0.92% to 89.87 £2.33%, relative to the solvent control,
cell viability of which was 100% (Fig. 1, P<0.01).
These results suggested that cytotoxicity could be in-
duced by PM, s and well inhibited by 1,25-(OH),D;
pretreatment.

Effects of 1,25-(OH),D3 on Oxidative Stress Induced by
PM; 5

To determine if 1,25-(OH),D; could attenuate
PM, s-induced oxidative damage, ROS accumulation,
lipid peroxidation (i.e., MDA concentration), and ex-
pression levels of two heat shock proteins (HSPAIA,
HO-1) were studied in HBE cells. Our results showed
that, compared with the solvent control, PM, s could
significantly increase levels of ROS, MDA concentra-
tion, and HSPA1A and HO-1 protein expressions
(Figs. 2 and 3, P<0.05). Although 1,25-(OH),D5 pre-
treatment could not fully attenuate the oxidative dam-
age induced by PM, s, significant decreases in ROS
production, MDA concentration, and levels of
HSPA1A and HO-1 were observed in the presence of
1,25-(OH),D5 (Figs. 2 and 3, P<0.05). Thus, vitamin

Table 3. Concentrations of Metal Elements, Water-Soluble Components, and PAHs in the PM, 5 Sampling in China

Metal Water-soluble PAHs PAHs

element components (ng/m®) (ng/m®)

(ng/m?) (ng/m’)

Mg 127.57 F O Naphthalene 0.124 Chrysene 2.335

Al 348.78 Cl 45 Acenaphthylene 0.150 Benzo[b + k]fluoranthene 5.907
Ti 17.46 S042 233 Acenaphthene 0.796 Benzo[a]fluoranthene 0.210
V 14.64 Na* 0.4 Fluorene 0.501 Benzo[e]pyrene 2.520
Cr42.20 K* 0.9 Phenanthrene 7.385 Benzo[a]pyrene 0.862

Mn 40.97 Anthracene 0.614 Perylene 0.144

Co 28.98 Fluoranthene 11.033 1,3,5-triphenylbenzene 0.653
Ni 12.17 Acephenanthrene 0.547 Anthanthracene 0.914

Cu 222.58 Pyrene 9.213 Benzo[123-cd]pyrene 1.567
Zn 126.94 Retene 0.821 Benzo[ghi]perylene 4.015
Ga 11.80 Benzo[ghi]fluoranthene 2.333 Dibenz[ah]anthracene 0.228
As 16.14 Cyclopenta[cd] pyrene 0.423 Coronene 1.496

Cd 1.97 Benz[a]anthracene 1.032

Pb 90.88
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Fig. 1. Effect of 1,25-(OH),D3 on PM, s-induced cytotoxicity detected by
the CCK-8 assay. The HBE cells were pretreated with ethanol (0.1% v/v)
or 1 nM 1,25-(OH),D5 for 24 h. Then, fresh media was reapplied and cells
were simulated with 200 pg/mL of PM, 5 for another 48 h. Data represent
mean + SD of triplicate determinations. **P < 0.01, compared with the
solvent control. P <0.01, compared with the group treated with both
ethanol and PM, 5.

D3 was found to potentially decrease PM, s-induced
oxidative damage.

Effects of 1,25-(OH),D; on Inflammatory Cytokine
Production Induced by PM, 5

Figure 4 showed that inflammatory mediators were
secreted into the culture medium of HBE cells. The
aqueous extracts of PM, s significantly induced IL-6
and IL-8 protein expression relative to the solvent
control (Fig. 4, P<0.01). Compared with the solvent
control, levels of the two cytokines were significantly
decreased in the 1,25-(OH),Ds-pretreated group (Fig. 4,
P <0.05). Meanwhile, PM, s-induced elevation of in-
flammatory cytokine induction was significantly atten-
uated in the presence of 1,25-(OH),D; (Fig. 4,
P <0.01). The above results showed that vitamin D;
could potentially inhibit PM, s-induced inflammatory
cytokine production.

Effects of 1,25-(OH),D; on Activation of the p38/NF-
kB/NLRP3 Signaling Pathway Induced by PM, 5

To explore the mechanisms by which PM, s
triggered HBE cells for inflammatory response, we
tested whether PM, s could activate inflammation-
linked stress proteins (p38, IkBx, NF-kB p65, and
NLRP3) or not. The effects of 1,25-(OH),D5; on
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Fig. 2. Effect of 1,25-(OH),D; on PM, s-induced oxidative damage in
HBE cells. ROS production (a) and MDA concentration (b) in HBE cells
treated with ethanol, 1 nM 1,25-(OH),Ds, and a combination of PM, 5
with ethanol or 1,25-(OH),D; were determined by DCFH-DA detection
kit and cell MDA assay, respectively. Data represent mean + SD of tripli-
cate determinations. *P < 0.05, **P <0.01, respectively, compared with
the solvent control. *P < 0.05, #*p < 0.01, respectively, compared with the
group treated with both ethanol and PM, s.

PM, s-induced protein expression were then analyzed.
As expected, the phosphorylation level of p38, IkBa,
and NF-kB p65 and the expression level of the
NLRP3 protein were significantly elevated after
48 h PM, s exposure (Fig. 5, P<0.01). However,
1,25-(OH),D;5 pretreatment could significantly attenu-
ate phosphorylation of the two stress kinases (p38
and IkBx) and NF-kB p65 (Fig. 5, P<0.05). Similar
1,25-(OH),D5 effects were also observed in PM, s-
induced NLRP3 expression. These results showed
that vitamin D3 could suppress the p38/NF-«B/
NLRP3 signaling pathway activated by PM; s.
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Fig. 3. Effect of 1,25-(OH),D; on HSPA1A and HO-1 expression. HBE cells were treated with ethanol, 1 nM 1,25-(OH),D;, and a combination of PM; 5
with ethanol or 1,25-(OH),D;. Levels of HSPA1A (a, ¢) and HO-1 (b, ¢) proteins were detected by Western blot using a chemiluminescence system and
densitometric analysis. GAPDH was used as the loading control. Data represent mean + SD of triplicate determinations. *P < 0.05, compared with the solvent
control. P <0.01, compared with the group treated with both ethanol and PM, s.

Effects of 1,25-(OH),D; on Luciferase Activity of NF-
kB RE-Driven Luciferase Reporter HBE Cells

To further illustrate the importance of NF-kB un-
derlying the protective role of 1,25-(OH),D5 in PM, 5-
induced oxidative damage and inflammatory response,
the luciferase activities in NF-kB RE-driven luciferase
reporter HBE cells were determined. Our results showed
that, in accordance with the phosphorylation of NF-kB
p65, PM, 5 induced a low but detectable and significant
increase in relative luciferase activity (1.27 x of control)
(Fig. 6, P<0.01). Whereas, a 24-h pretreatment of 1,25-
(OH),Dj clearly attenuated NF-«B activation as indicat-
ed by the significant decrease in relative luciferase activ-
ity (Fig. 6, P<0.05).

DISCUSSION

PM, 5 has been reported to have potential adverse
effects on functions of airway epithelial cells. Increasing
evidences show that oxidative stress coupled with

inflammation are the primary responses to PM, 5 by induc-
tion of lipid peroxidation, ROS overproduction, and a
broad range of inflammatory factors (i.e., IL-8) [5, 32—
34]. Although adverse effects of PM, 5 and multifunction
of vitamin D3 are well known, the relationship between
these two issues has been largely unreported. Therefore,
this study was to investigate whether 1,25-(OH),D5 sup-
plementation can directly influence the oxidative stress
and inflammatory response induced by PM, 5. The major
findings suggested that addition of exogenous 1,25-
(OH),Dj3 can remarkably attenuate the adverse effects
of PM, s on HBE cells by decreasing levels of ROS
production and lipid peroxidation, secretion of IL-6 and
IL-8, and expression or phosphorylation levels of oxida-
tive stress and inflammation-related crucial proteins.
Meanwhile, we identified the p38/NF-«kB/NLRP3 sig-
naling pathway as a potential intervention target of
1,25-(OH),D3 in the inhibition of oxidative stress-
mediated inflammation induced by PMj, s.

PM, 5 particles can be easily inhaled and deposited in
our respiratory tract and alveolar area, and thus, epithelial
cells in the respiratory airways are vulnerable targets of
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Fig. 4. Effect of 1,25-(OH),D; on PM, s-induced inflammatory responses
in HBE cells. Quantity of cytokine secretion (IL-6 (a) and IL-8 (b)) in cell
culture supernatant of HBE cells treated with ethanol, 1,25-(OH),D3, and a
combination of PM, s with ethanol or 1,25-(OH),D; was estimated using
the commercially available ELISA kits. Data represent mean+ SD of
triplicate determinations. *P < 0.05, **P<0.01, respectively, compared
with the solvent control. P <0.01, compared with the group treated
with both ethanol and PM, s.

PM. It is well known that oxidative stress plays a pivotal
role in many adverse health effects induced by particles
[35]. In the current study, oxidative damage induced by the
ambient PM, 5 particles (200 pg/mL) clearly increased
ROS accumulation and MDA concentration. Two oxida-
tive stress markers, HSPA1A and HO-1 proteins, were also
increased in PM, s-treated HBE cells. According to several
previous studies, transition metals including V, Cr, Co, Ni,
and Ti which were present in the PM, 5 sample combined
with Cu and Zn could catalyze Fenton-type reactions,
which can result in oxidative stress [36]. Additionally,
PAHEs, often linked to ROS production through activation

of cytochrome P450 1A1 [37], were also detected in our
PM, 5 particles. Taken together, these results indicated that
oxidative damage induced by the ambient PM, 5 mainly
arose from the inorganic or organic contaminants absorbed
onto the particles.

Previous studies have assumed that activation of
MAPK activities is dependent on the generation of oxida-
tive stress [38]. According to some reports, metals and
PAH-rich PM, 5 can activate p38 MAPK and NF-kB ac-
companying with induction of oxidative damage and in-
flammatory factors in rat lungs and human and mouse
macrophage cell lines [15, 39, 40]. Pyrene, a typical
PAH, could increase IL-8 promoter activity and gene and
protein expressions, which were regulated by NF-kB bind-
ing sites [41]. Thus, the excessive oxidative stress caused
by PAHs and metals coated onto PM, 5 can activate the
MAPK and NF-kB signaling pathways [42], which there-
by triggers a cascade of events closely associated with
inflammation [43]. In the present study, in accordance with
the physicochemical characteristics of PM, s and the par-
ticles induced oxidative damage, aqueous extracts of PM, 5
finally initiated an inflammatory response in HBE cells
with enhanced production of inflammatory mediators (IL-
6, IL-8). Activation of the p38/NF-«B signaling pathway
was also observed as indicated by phosphorylation of p38,
IkBax, and NF-kB p65. Meanwhile, expression of the
NLRP3 protein, which is directly regulated by NF-kB,
was also remarkably induced by PM, 5 in HBE cells. Thus,
these results suggested that activation of p38, IkBo, NF-
kB p65, and NLRP3 by ROS induced by metals and PAHs
absorbed onto PM, 5 finally caused secretion of inflamma-
tory cytokines.

Vitamin Dj, a lipophilic micronutrient, has been
largely reported to inhibit oxidative stress [18] as well as
modulate inflammatory cell processes [44]. It also plays an
important role in airway remodeling which is the hallmark
of severe asthmatics and patients with COPD. Therefore,
we then tried to investigate the potential effects of vitamin
D3 on PM, s-induced inflammatory response in HBE cells.
In the current study, our data showed that a 24-h pretreat-
ment of 1,25-(OH),D; could remarkably attenuate PM, s-
induced oxidative stress and inflammation in HBE cells as
indicated by increase in cell viability, decreases in ROS
accumulation, MDA concentration, and expression of IL-6
and IL-8. Meanwhile, protein expression of two oxidative
stress markers, HSPA1A and HO-1, was also significantly
decreased by 1,25-(OH),Dj3. Thus, these results may sug-
gest that vitamin Dj is an effective regulator of HBE cells
through increasing cell survival rates, decreasing oxidative
damage, and secretion of inflammatory cytokines. Such
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Fig. 5. Effect of 1,25-(OH),D; on p38, IkBe, and NF-kB p65 phosphorylation, and NLRP3 expression. Phosphorylation of p38 (a, ¢), IkBx (b, d), and
NF-kB p65 (b, e) and NLRP3 expression (b, f) were detected by Western blot using a chemiluminescence system and densitometric analysis. GAPDH was
used as the loading control. Data represent mean + SD of triplicate determinations. *P < 0.05, **P < 0.01, respectively, compared with the solvent control.
#P <0.05, P <0.01, respectively, compared with the group treated with both ethanol and PM, s.

effects are consistent with oxidative stress suppression and
immune modulation by vitamin D3 in a variety of cell
types, including endothelial cells, airway epithelial cells,
and T cells [19, 45, 46].

NF-kB, a vital transcription factor in inflammation,
immunity, and cell proliferation, has been shown to be a
major signaling pathway in the development of various
inflammation-related diseases [47]. Interestingly, 1,25-
(OH),D;, the active form of vitamin D5, has been reported
to decrease the secretion of inflammatory cytokines and
chemokines in macrophages or airway epithelial cells,
potentially by interfering with the NF-kB pathway [19,

21]. For the in vitro experiments, our results showed that
pretreatment of 1,25-(OH),Dj; could substantially attenuate
the phosphorylation of p38, IkBx, and NF-kB p65 as well
as the expression of the NLRP3 protein in HBE cells.
Meanwhile, the transcriptional activity of NF-kB induced
by PM, 5 as indicated by relative luciferase activity in the
NF-kB RE-driven luciferase reporter cells was also re-
markably decreased by 1,25-(OH),D5. These results sug-
gested the p38/NF-kB/NLRP3 signaling pathway as a
potential intervention target of 1,25-(OH),Dj3 in the sup-
pression of PM, s-induced inflammatory response. How-
ever, HBE cells might be not sensitive enough to oxidative
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Fig. 6. Effect of 1,25-(OH),D; on PM, s-induced luciferase activity in
HBE-luciferase cells stably transfected with the NF-kB RE-driven lucif-
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pared with the solvent control. *P < 0.05, compared with the group treated
with both ethanol and PM, s.

stress and inflammatory response induced by PM, 5. Some
inflammatory factors including IL-13 were not detectable
in HBE cells either. Therefore, other cell lines or animal
models should be used to further address the specific
mechanisms underlying these effects in our future studies.

CONCLUSION

Taken together, in vitro short-term exposure to air-
borne PMj, 5 collected in Suzhou City, China, could induce
oxidative damage and inflammatory response in HBE
cells. However, vitamin D5 could remarkably attenuate
the predominantly oxidative stress-mediated inflammation
via the p38/NF-«kB/NLRP3 signaling pathway.
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