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ABSTRACT

Evidences have shown a strong link between particulate matter (PM) and increased risk in human mortality and
morbidity, including asthma, chronic obstructive pulmonary disease (COPD), respiratory infection, and lung
cancer. However, the underlying toxicologic mechanisms remain largely unknown. Utilizing PM-treated human
pulmonary fibroblasts (HPF) models, we analyzed gene expression microarray data and Ingenuity Pathway
Analysis (IPA) to identify that the transcription factor sterol regulatory element-binding protein 1 (SREBP1) was
the main downstream regulator of Sirtuin1 (SIRT1). Quantitative PCR and western blot results showed that SIRT1
inhibited SREBP1 and further downregulated Pirin (PIR) and Nod-like receptor protein 3 (NLRP3) inflammasome
after PM exposure. Inhibitors of SIRT1, SREBP1, and PIR could reverse PM-induced inflammation. An in silico
analysis revealed that PIR correlated with smoke exposure and early COPD. Immunohistochemical analysis of
tissue microarrays from PM-fed mouse models was used to determine the association of PIR with PM. These
data demonstrate that the SIRT1-SREBP1-PIR/ NLRP3 inflammasome axis may be associated with PM-induced
adverse health issues. SIRT1 functions as a protector from PM exposure, whereas PIR acts as a predictor of PM-
induced pulmonary disease. The SIRT1-SREBP1-PIR/ NLRP3 inflammasome axis may present several potential
therapeutic targets for PM-related adverse health events.
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INTRODUCTION

Epidemiologic studies have suggested a strong link
between air pollution and increased risk in human
mortality and morbidity, including asthma, chronic
obstructive pulmonary disease (COPD), pulmonary
infection, and lung cancer. Meanwhile, air pollutants
can lead to serious health consequences including
stroke, Alzheimer’s disease, heart disease, and diabetes.
Children, pregnant women, and the elderly are
especially vulnerable [1-3]. World Health Organization
(WHO) recognizes that fine particles in polluted air is
an invisible killer responsible for around 7 million
global deaths per year, including 43% from chronic
obstructive pulmonary disease, 29% from lung cancer,
25% from heart diseases, 24% from stroke, and 24%
from acute lower respiratory infection [1, 4].

The sources of air pollution include industry and energy
supply, transport, waste management, dust, agricultural
practices, and household energy [3, 5]. Ambient
particulate matter (PM) is defined as airborne particles, a
mixture of mixtures solid and liquid droplets, composed
of alkanes, carbons, aromatic acids, sulfate, nitrate, and
ions [6]. Although the underlying toxicologic
mechanisms by which PM induces adverse health events
remain to be elucidated, it is believed that it is due to its
unique characteristics, small size, large surface area, and
ability to absorb a large amount of harmful molecules [3].
PM is also considered as a potent oxidants and capable of
directly generating reactive oxygen species (ROS),
followed by cellular oxidative stress. Oxidative stress can
activate redox-sensitive signaling pathways that lead to
different biological cascades, including inflammation,
DNA damage, and cell death [7]. Additionally,
inflammasomes, consist of caspase-1, apoptosis-
associated speck-like protein containing a CARD (ASC)
and Nod-like receptor protein 3 (NLRP3), imply a wide
variety of chronic or acute inflammations, including lung
disease [8, 9]. NLRP3 inflammasome activates caspase-
1, cleaving the precursor IL-1p and IL-18 into bioactive
cytokines, which trigger further inflammatory cascade
[8]. Several studies indicate that inflammasomes play a
key role in PM-induced lung disease, central nervous
system toxicity, cardiovascular disease, reproductive
disorders, and skin injury [8, 10—13]. PM, when inhaled,
easily bypasses the complete respiratory airway,
penetrates alveoli and crosses the air-blood barrier,
leading to increased risk in human mortality, morbidity,
and hospitalizations, especially in COPD [1-3, 14]. In the
current study, we sought to define the role of the
inflammasome complex and its subsets in the
pathogenesis of PM-related health problems.

It was estimated that COPD, a progressive life-
threatening lung disease, caused more than 3 million

global deaths in 2012 [15]. Major risk factors of COPD
include tobacco smoke, air pollution, occupational dust,
chemicals, and respiratory infections [15, 16]. COPD
should be suspected in any patient with symptoms of
chronic cough, sputum, shortness of breath, and/or
history of exposure to noxious stimuli. Global Initiative
for Chronic Obstructive Lung Disease (GOLD)
guidelines for COPD state diagnosis are established by
spirometry with a post-bronchodilator forced expiratory
volume in one second (FEV;) / forced vital capacity
(FVC) < 0.70, consistent with the presence of
irreversible and progressive airflow limitation [15].
COPD can develop adverse sequelae, including pneu-
monia, lung cancer, polycythemia, hypertension, cor
pulmonale, osteoporosis, skeletal muscle dys-function,
weight issues, sleep apnea, diabetes, depression, and
anxiety [15].

In the current study, we hypothesized that the
inflammation and tissue remodeling mediated by PM
may arise from an alternation of gene expression or
signaling pathways via inflammasomes, developing
respiratory disease. We established transcriptomics data
by microarray chips in human pulmonary fibroblasts
(HPF), a central player in the fibrosis and airway
remodeling of COPD [9], after exposure to PM. Our
results confirmed that sterol regulatory element-binding
protein 1 (SREBP1) and its downstream target Pirin
(PIR) were activated by PM, which could be counter-
acted by Sirtuinl (SIRT1). Moreover, we provided
evidence that SREBP1 is directly inhibited by SIRTI,
and increases expression of inflammasome-related
markers in PM-treated HPF cell models [17]. In
addition, in silico analysis predicted that PIR played a
key role in early COPD events. Taking all results into
account, therapeutic targeting of SIRT1-SREBP1-PIR/
NLRP3-inflammasome axis may be a novel approach
against PM-induced fibrosis and inflammation in the
human respiratory system.

RESULTS

SREBPI acts as the activated transcription factor
upon PM treatment in HPF

To determine the exact canonical pathways or
networking induced by PM in the human respiratory
system, we evaluated transcriptomics datasets by
microarray chips in HPF (Human Pulmonary Fibro-
blast) under several PM groups (sham, low dose for 6
hours, low dose for 24 hours, high dose for 6 hours,
high dose for 24 hours, low dose = 5 uM, high dose =
50 pM) (Figure 1A). Through Genespring software
normalization, 732 genes were found to have > 1.5-fold
differential expression in low for 6 hours, low for 24
hours, high for 6 hours, or high for 24 hours relative to
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sham in HPF (Supplementary Table 1). The top ranking
of candidate genes is shown in Figure 1B. The
normalized microarray data was analyzed using IPA to
identify significant molecular that are activated in
response to PM exposure in HPF. The results showed
that the transcription factor SREBPI was the No. 1
putative candidates to be activated in response to PM
exposure, with the transcriptional activity of its
downstream genes of P = 7.9E-06 in HPF. The top 7
transcription factors in HPF are shown in Figure 1C.
There are 2 SREBP genes in mammals, SREBPI and
SREBP2, encoding 3 sterol regulatory element-binding
proteins (SREBPs), SREBP-la, -lc and -2 [18].
SREBP-1a acts as a potent activator of all SREBP-
responsive genes, stimulating cholesterol, fatty acids,
and triglycerides synthesis. SREBP-1c is the main
regulator of fatty acid, whereas SREBP-2 is the main
regulator of cholesterol [18]. We sought to study if
SREBPI acts as transcription factors in response to PM,
and our quantitative RT-PCR analysis result showed
that SREBP1 was consistent with microarray in HPF
(Figure 2A). SREBPI was significantly increased in a
dose-dependent manner after PM for 6 hours and in a
time-dependent manner after PM at low dose. We
uploaded our microarray datasets into the SREBPI-
related signature from IPA tool, and our analysis
showed that C-X-C motif chemokine ligand 8 (CXCLS),
interleukin 6 (IL-6), Pirin (PIR), Interleukin 6 Family
Cytokine (LIF), and Interleukin 24 (IL-24) were the
most significantly upregulated transcriptional targets of
SREBPI (Figure 2B).

SREBP1 activated PIR in response to PM exposure

We further examined the levels of SREBPI and its
downstream targets, CXCLS, IL-6, PIR, LIF, and IL-24
in the PM treatment groups (sham, low for 6 hours, low
for 24 hours, high for 6 hours, high for 24 hours) of
HPF. Our quantitative RT-PCR analysis results first
showed that [L-6 and PIR were consistent with
microarray in HPF, whereas CXCLS, LIF, and IL-24
were not consistent (Figure 2C). Second, response of
PIR, IL-24, and LIF to PM was in a time- and dose-
dependent manner. Response of CXCLS to PM was
found to be in a dose-dependent manner and only in a
time-dependent manner at low dose. Response of /L-6
to PM was only in a dose-dependent manner for 6 hours
and only in a time-dependent manner at low dose.
Therefore, we assessed the expression of PIR and IL-6
at the protein level in response to PM treatment.

Our western blot results in the PM treatment groups
(sham, low for 6 hours, low for 24 hours, high for 6
hours, high for 24 hours) of HPF showed that PIR were
significantly overexpressed after exposure to PM. PIR

was significantly increased in a dose-dependent manner
for 6 hours and only in a time-dependent manner at low
dose (Figure 3A). At present, SREBP1 is a well-
established negative target of SIRT1 [17, 19]. We further
hypothesize that PIR is negatively associated with
SIRTI.

Increased PIR level and activity in cell culture
supernatant are significantly correlated with PM
exposure

PIR has been identified to possess enzymatic activity
[20]. Moreover, delocalization of PIR was identified in
melanomas [20]. To address the role of delocalization
of PIR, PIR levels and PIR activity in cell culture
supernatant of PM-induced models were determined.
Our analysis showed that PIR enzymatic activity was
significantly overexpressed after high-dose PM
exposure (Figure 3B). Furthermore, we examined levels
of SREBP1, SIRT1, and PIR in cell culture supernatant.
Our result showed that SREBP1 and PIR were
significantly increased in a dose-dependent manner,
while SIRT1 was significantly suppressed in a dose-
dependent manner after PM exposure, which was
consistent with our hypothesis that PM exposure can
activate the SREBP1-PIR axis via SIRT1 suppression
(Figure 3C).

PM exposure can activate the SREBP1-PIR axis,
which could be suppressed by SIRT1

In order to validate that PM exposure can activate the
SREBP1-PIR axis, which could be suppressed by
SIRT1, we administrated the SIRT1 inhibitor Ex527
[21], SREBPI1 inhibitor PF429242 [22], and PIR
inhibitor TPh A [23] in PM-treated HPF models. First,
we administered PF429242 (1 and 10 pM) to PM-
treated HPF models, and mRNA level of SREBPI was
significantly decreased as expected (Figure 3D). The
mRNA level of PIR was significantly decreased in a
dose-dependent manner in response to PF429242 in
PM-treated HPF models (Figure 3E). We further
examined cell culture supernatant in PF429242-PM co-
treated models, and our analysis showed that PIR
activity was significantly inhibited by PF429242 in a
dose-dependent manner (Figure 3F). These results
support the hypothesis that the SREBP1-PIR axis was
activated by PM. Second, we administered TPh A (10
and 100 pM) to PM-treated HPF models, and protein
levels of PIR were significantly decreased as expected
(Figure 3G). Strikingly, the expression of SIRT1 was
correlated with the expression of PIR on the protein
levels in TPh A-PM co-treated HPF models (Figure
3G). We further examined the cell culture supernatant
in TPh A-PM co-treated models, and our analysis
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Figure 1. PM induced several potential transcription factors in a dose-dependent manner in normal lung cells. (A) The
flowchart represents the procedure of microarray chips established in human pulmonary fibroblasts. (B) Detailed heatmaps highlight the
significantly up- and down-regulated genes after PM treatment, that were normalized gene expression from the microarray database
analysis. (C) The ranking of candidate transcription factors by IPA database of microarray from PM treatment compared with the sham
group in human pulmonary fibroblasts. The cut-off was a 1.5-fold change.

high_6hr  log p-value
3.317 0.0169
2.414 0.0203
1.213 0.00244
2.851 0.0389
3.162 0.0458
2.749 1.7e-05
1.872 7.9e-06

Probe ID

203665_at
211506_s_at
202859_x_at
213112 s_at
207528_s_at
225239 _at
202434 s _at
205207 _at
207469_s_at
204748 _at
228754 _at
224566_at
1553538_s_at
214657 s _at
230229 at
211600 _at
224372 at
202643"s_at
204614 _at
224373 _s_at
1555788_a_at
238476_at
205266_at
206569_at
242005_at
1554314 _at
238199 X at
1554980 _a_at

Probe ID

231292_at

1561995 _at
2214385 _at
204337 _at
1557754 _at
213987 s _at
238594 x_at
204898_at
241288 _at
228079 _at
237792 at
2195287s_at
240555_at
1560418_at
206674 _at
206399 X_at
204548 _at
1568889 _at
232988_at
237073 at
213827 _at
234153 at
230704_s_at
237807 _at
239497 at
237764 at
230646_at
217648 at
243481 at
236672 at
228060_at

con

con

HPF

low high Gene Symbol

SHISA2
CXCL8
CXCL8
SQSTM1
SLC7A11
NEAT1
CYP1B1
IL6

PIR
PTGS2
SLC6A6
NEAT1
COX1
NEAT1
DLG1
PTPRO
ND4
TNFAIP3
SERPINB2
ND4
TRIB3
CREBRF
LIF

IL24
Cé6orf141

COX3

ATF3
CXCL1

HPF
“con low high Gene Symbol

EID3

TEX12

RGS4
LOC105377135
CDK13

DUSP8

SAP30

C3orf58

BCL11B

CEP57L1
FLT3
CACNA1A
STAR
FANCD2
GSE1

ARHGAP33
ITGB4
SPATA12

LOC101928111
FNDC5

RHOJ
ZNF681
SLC35F1

www.aging-us.com

AGING



2
<6
4
€4 Z
~ =
&2 E °
& £15
%0 Z
2 0 6 24 6 24 (hrs) £ 1
& i x
5 low high T05
2
£ 0
B ° 0 6 24 6 24 (hrs)
low high
Prediction Legend g‘
strong less 85
’ Upregulated <z( 4
. Downregulated DE: 3
w 2
Predicted activation : 1
@ ~rcdicted inhibition 20
E 0 6 24 6 24 (hrs)

Predicted Relationships low high

Leads to activation 2
— Leads to inhibition 24
Findings incosistent 2
with state of downstream = 3
molecule o 2
— Effect not predicted E
=
(]
=
& 30
pillak7 ELOVLT F@S y 2 0 6 24 6 24 (hrs)
C)r(C_L!10 1553 S A P
A FOFT1 A low high
cQleA1 1768 h07 % £
HMEES1 S
c10ory1o " A( 550
1370 HUOX1 S
<40
I zZ
1,626 1630 m DE: 30
[ )
BAX % 20
1.263 ’H_—1é ct‘\‘ 1 O
®
\% E 0
ez 0 6 24 6 24 (hrs
ADGRG{ v 2 _ (hrs)
low high
o A4 =l
ACSb4t— SREER) r’\ s
INSIG1 3]
2lp c 6
v L S
1798 IRS2 x 4
1% =
318 ]
" 3o
@ 1863 é
1339 &ss <]
=0
) = 0 6 24 6 24 (hrs)
/\ D 1948 ° -
SYPD1 o low high
NCF2 1721
et A X P v

1.809 1.674

PCK2
S24 p.RG/sz PikgRs ¥

1136

Figure 2. Signatures regulated by PM in HPF models. (A) The mRNA level of SREBP1 after PM treatment. (B) The prediction of
SREBP1-network derived from the common signature, by comparison of IPA database with microarray data from HPF cells with a 1.5-fold-
change cut-off. The intensity of the node color indicates the degree of activating (orange) or inhibiting (blue) regulation following PM
interaction. (C) Several mRNA levels of SREBP1 downstream factors, including PIR, LIF, IL-6, IL-24, and CXCL8, after PM treatment in HPF.
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showed that PIR activity was significantly inhibited in a
dose-dependent manner as expected (Figure 3H). Third,
we administered Ex527 (100 pM) to PM-treated HPF
models, and our quantitative RT-PCR analysis showed
that PIR was significantly overexpressed (Figure 3I).
Afterwards, we further performed western blot analysis.
We found Ex527 (50 and 100 uM) suppressed the
expression of SIRT1 as expected, while Ex527 increased
the expression of PIR in a dose-dependent manner
(Figure 3J). Our analysis further showed that PIR in cell
culture supernatant was significantly increased in a time-
and dose-dependent manner in Ex527-PM co-treated
models, which was consistent with expression on PIR
protein level (Figure 3], 3K).

NLRP3 inflammasome may be activated by PM
exposure via SREBP1-PIR axis

Previous studies have identified that the protein complex
called inflammasomes, play a central role in the acute
lung injury and chronic pulmonary diseases [8]. NLRP3
and IL-1P were considered as characteristic markers of
inflammasomes [8]. We first carried out quantitative RT-
PCR analysis to detect the expression of NLRP3 in the 5
PM treatment groups (sham, low for 6 hours, low for 24
hours, high for 6 hours, high for 24 hours) of HPF, and
our results showed that NLRP3 was overexpressed in
dose-dependent manner in response to PM and only in a
time-dependent manner at low dose (Figure 4A). We
further carried out western blot to detect the expression of
IL-1B and NLRP3 in the 5 PM treatment groups of HPF.
After normalized against B-actin and quantified via
ImageJ], NLRP3 was overexpressed in a dose-dependent
manner for both 6 and 24 hours, while IL-1B was
overexpressed in a dose-dependent manner for 6 hours
and in a time-dependent manner at low dose (Figure 4B).
Previous studies indicate that SREBPI, directly
deacetylated and inhibited by SIRTI, increases
expression of inflammasomes [17]. Thus, we hypo-
thesized that exposure to PM suggests induction of the
SREBP1-NLRP3 inflammasome pathway, via SIRTI
inhibition. We further validated the mRNA expression of
NLRP3 in Ex527-PM and PF429242-PM co-treated HPF
models. By quantitative RT-PCR analysis, Ex527
significantly upregulated NLPR3, while PF429242
significantly inhibited NLRP3 in a dose-dependent
manner (Figure 4C, 4D). In TPh A-PM co-treated HPF
models, the expression of PIR and SREBP1 were both
downregulated in a dose-dependent manner, while
NLRP3 was upregulated in a dose-dependent manner
(Figure 4E).

PIR acts as a biomarker for detecting early COPD

To determine the clinical association between PIR and
PM, we verified several previously developed micro-

array databases to identify and compare the correlation
between PIR and nonsmokers, smokers, early COPD,
and COPD using the Gene Expression Omnibus (GEO)
databases. By analyzing a microarray cohort collecting
small airway epithelium from phenotypically normal
smokers and non-smokers, relative to nonsmokers, PIR
was found to be the most activated gene to have a
significant correlation with smoking (Figure S5A-5B, P <
0.0001) (GSE4498, n = 22). An in vitro study, assessing
human airway epithelial cells, identified that air
pollution stimulates a time- and dose- dependent
increase in mRNA level of /L-6 via nuclear factor kappa
B (NF-xB) mediated ROS [24]. Moreover, a multicenter
longitudinal study that assessed 955 myocardial
infarction survivors from six European cities identified
a strong correlation between fibrinogen beta chain
(FGB) and IL-6 and worse outcome after exposure to air
pollutions [25]. Herein, we studied whether smoke
exposure could induce genetic expression of FGB and
IL-6. Our analysis showed that FGB and IL-6 had no
significant association with smoking (Figure 5B, P =
0.0582 and P = 0.1572, respectively) (GSE4498, n =
22). In another microarray database comprised of large
airway epithelium from phenotypically normal smokers,
non-smokers, early COPD, and COPD, PIR was found
to have a strong correlation with smoking (Figure 5C,
GSE5060, n = 38). We further studied whether severity
of COPD was correlated with genetic expression of PIR,
FGB, and IL-6. Notably, relative to COPD, PIR was
found to be the most activated gene to have a significant
correlation with early COPD (Figure 5C-5D, P <
0.0001), followed by FGB (Figure 5D, P = 0.00006),
while /L-6 had no significant association (Figure 5D, P
=(.3742) (GSE5060, n = 38). In order to validate if PIR
is far superior in detecting early COPD, we next
identified PIR protein expression using our own clinical
cohort. By intra-tracheal instillation of PM into lung
using mice models, we collected tissue sections from
lung to wundergo pathologic exam and immu-
nohistochemical examination. The immunohisto-
chemical staining results showed that the PM-treated
mice group had higher concentration of the PIR protein
in the lung tissue than in the control mice group (Figure
SE).

These data suggested that high PIR protein expression
was significantly correlated with PM exposure, which
means PIR acts as a predictor of PM-induced cardio-
pulmonary disease. Together, we identified that PM
exposure can activate the SREBP1-PIR/NLRP3 inflam-
masome signaling pathway, through SIRT1 down-
regulation (Figure 6A, 6B). The SIRT1-SREBP1-PIR/
NLRP3 inflammasome axis may present several
potential therapeutic targets for PM-related adverse
health consequence.
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Figure 5. Overexpression of PIR correlates with smoke and early COPD. (A) Detailed heatmap highlights the correlation between the
MRNA expression level of PIR and smoke in the GSE4498 cohort (n = 22) using Oncomine online analysis tool. (B) Differential mRNA levels of
PIR, FBG, and IL-6 between non-smoker and smoker in the GSE4498 cohort. (C) Detailed heatmaps highlight the correlation between the
MRNA expression levels of PIR and non-smoker, smoker, COPD, and early COPD in the GSE5060 cohort (n = 38) using Oncomine online
analysis tool. (D) Differential mRNA levels of PIR, FBG, and IL-6 in non-smoker, smoker, COPD, and early COPD in the GSE5060 cohort. (E) The
immunohistochemical staining results showed PM-fed mice group had higher concentration of the PIR protein in the lung tissue.
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Figure 6. A model illustrates that PM activates the SREBP1-PIR/inflammasomes signaling axis through SIRT1 -mediated
modulation. (A) A schematic model to describe the positive feedback loop and detailed mechanisms of the SIRT1-SREBP1-PIR axis and
crosstalk with NF-kB signaling. (B) SIRT1 modulates the SREBP1-PIR/NLRP3 inflammasome axis in response to PM. SIRT1 functions as a
protector from PM exposure. The SIRT1-SREBP1-PIR/NLRP3 inflammasome axis may present an attractive therapeutic target for PM-related
adverse health events.
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DISCUSSION

PM exposure is believed to be strongly linked to
systemic diseases, majorly cardiopulmonary diseases [1,
4]. Alternate NF-kB redox-regulated signaling pathways
have been identified to be a mediator of PM-mediated
inflammation and carcinogenesis [26]. PIR, encoded by
the PIR gene, acts as an iron-dependent redox regulator
of NF-xB. PIR is a nuclear protein detectable in all
human tissues [27]. Though the function of PIR has not
been well studied, it is known to stabilize the formation
of quaternary complexes between oncoprotein B-cell
lymphoma 3-encoded (Bcl-3), anti-apoptotic protein
NF-«B, and its target DNA [28]. Air pollution was
identified to activate /L-6 expression in human airway
epithelial cells via NF-kB [24], though in our analysis
IL-6 had no significant association with smoking,
whereas PIR was significantly correlated with smoking.
PM induces adverse health events via multi-factorial
mechanisms (Supplementary Figure 1); therefore, the
existence of crosstalk between IL-6 and PIR needs to
be addressed. Several intensive researches in the field
of cancer show that PIR may act as a relevant role in
melanoma and acute myeloid leukemia [23, 29]. A
recent in vitro study demonstrated that increased
expression of PIR was induced by smoke [30],
whereas another in vivo study on 13 phenotypically
normal smokers and 9 non-smokers showed that
overexpression of PIR played a role in lung epithelial
cell apoptosis in response to cigarette smoke [28].
Surprisingly, we found that PIR could be a biomarker
for detecting early COPD. The lack of overexpression
of PIR in COPD was surprising because PIR-related
apoptosis was thought to result COPD [28]. In contrast
to our result however, upregulation of PIR from the
human small airway epithelium (n = 33) was consistent
with the pathogenesis of COPD [31]. Indeed it was
previously documented that tobacco-induced emphy-
sema was independent of NF-kB [32]. Reduction of PIR
was detected in neonatal mouse respiratory distress
disease by cDNA microarray analysis [33]. The
plausible explanation is that COPD is a multi-factorial
and complex disease, involved in variety of factors and
cells [15], the inhibition or inactivation of PIR in each
stage of COPD need further elucidated.

Previous in vitro and in vivo researches suggest that
SIRT1 negatively regulates NF-kB-proinflammatory
axis in lung disease, including COPD and allergic
asthma [34]. Moreover, a recent study demonstrated
that SIRT1 functions as a protector from inflammation
and coagulation via modulating NF-xB activation
following PM exposure [35]. The mechanism of SIRT1
regulation in response to PM, nevertheless, remains to
be elucidated. Our data showed that PM inhibited
SIRT1 activity, which confirmed the protective role of

SIRT1 in response to PM. A feedback loop between
SIRT1 and NF-kB had been documented [36]. SIRT1
mRNA and protein levels as well as SIRT1 promoter
activity upregulated in NF-xB overexpression cell
models, while SIRT1 protein expression and SIRT1
promoter activity decreased in NF-kB knockdown cell
models. Our results revealed that the expression of
SIRT1 was correlated with the expression of PIR at the
protein levels in TPh A-PM co-treated HPF models
(Figure 3G), which supported the hypothesis that SIRT1
may interact with NF-«B inflammation via PIR. Our
results further revealed that PM exposure can activate
SREBP1-PIR signaling pathway through SIRTI
downregulation. Therefore, SIRT1 may interfere with
NF-«B inflammation via the SREBP1-PIR signaling
pathway.

In addition to disrupting inflammation, recent studies
demonstrated that SIRT1 inhibits NF-xB to suppress
various metabolic  diseases, including glucose
homeostasis and cardiovascular disease [35, 37].
However, the crosstalk controlling metabolism between
SIRT1 and NF-kB remains unclear. Several in vitro
studies revealed that SIRT1-SREBP1 protect mice from
hepatic lipogenesis [19, 38]. A study showed that
fenofibrate, clinically used to reduce lipid levels,
prevented rabbits with atrial fibrillation from atrial
metabolic remodeling through the SIRTI-
SREBP1 pathway [39]. Another study showed
that fenofibrate regulated hyperglycemia-induced
metabolic memory via SIRT1-dependent suppression of
NF-kB in human retinal endothelial cells [40]. In
addition, fenofibrate inhibited the inflammatory
response via SIRT1-dependent suppression of NF-xB in
adipocytes [41]. On the basis of previous work and this
study, SIRT1 may acts as a protector from PM-related
consequences, including cardiopulmonary and meta-
bolic disease, by interfering in NF-xB inflam-mation via
SREBP1-PIR signaling pathway. Interestingly, both in
vitro and in vivo experiments documented that NF-«xB-
mediated activation of SREBP1 pathway increased lipid
biosynthesis through binding to promoter region [42].
Previously studies have also claimed that PIR acts as a
cofactor for NF-«xB activity [27], which was consistent
with our observation that both the total form and
phosphorylation form of NF-kB were inhibited in TPh
A-PM co-treated HPF models (Supplementary Figure
2). Our results revealed the expression SREBP1 were
downregulated in a dose-dependent manner in TPh A-
PM co-treated HPF models (Figure 4E), which
supported the positive feedback loop between SREBP1
and NF-xB quaternary complexes (Figure 6A).

Several studies indicate that NLRP3 inflammasome
activation played a key role in PM-induced lung
disease, mediated by NF-«xB [10]. However in our
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study, TPh A, reducing the binding affinity between
PIR and Bcl3 in NF-kB quaternary complexes,
upregulated NLRP3 protein expression in a dose-
dependent manner in PM-treated HPF models, which
suggested that NLRP3 inflammasome promoted PM-
induced adverse health events without dependence on
NF-«B quaternary complexes [23]. Furthermore, in vivo
evidence from translational studies indicated that the
dysregulation of SIRT1-SREBP1-NLRP3 inflamma-
some may contribute to atherosclerosis [17]. Based on
previous evidence and on our results, SIRT1-SREBP1-
inflammasomes is another plausible axis in response to
PM.

Exposure to PM was responsible for high mortality. Of
the number of global deaths in specific disease
categories, COPD was attributed as the leading cause
of death by air pollution and is already the 3™ leading
cause of deaths worldwide [43]. COPD is characterized
by predominantly pulmonary infiltration inflammatory
cells, including macrophages, neutrophils, and T
lymphocytes [15]. These inflammatory cells, together
with structure cells, including epithelial and endothelial
cells and fibroblasts, release multiple inflammatory
mediators, including chemokines, inflammasomes,
cytokines, free radicles, lipid mediators, protease, and
growth factors, amplifying the inflammatory cascade
and triggering airway remodeling [44]. Lung function
tests assess the severity of disease in COPD. However,
biomarkers have been sought for diagnosis, disease
progression, exacerbation risk, and therapeutic
response [45]. In 2009, SIN and VESTBO reviewed the
current candidate plasma or serum biomarkers linked to
COPD and found that the systematic inflammatory
mediators most associated with COPD outcomes were
fibrinogen and C-reactive protein (CRP) [46]. There
have been further conflicting reports in large COPD
cohorts [47]. IL-6, leading to a rise in plasma fibri-
nogen and CRP, was significantly raised in COPD and
elevated during exacerbations in the Evaluation of
COPD Longitudinally to Identify Surrogate Endpoints
(ECLIPSE) cohort [48]. Conversely, our quantitative
RT-PCR results showed that /L-6 responded only in a
dose-dependent manner for 6 hours and in a time-
dependent manner at low dose (Figure 2C), while our in
silico analysis showed that /L-6 had no significant
association with COPD (Figure 5D, P = 0.3742)
(GSE5060, n = 38). Ilumets et al. reported that matrix
metalloproteinases-9 (MMP-9) in induced sputum and
plasma appeared to be overexpressed in smokers [49].
However, in humans, steroid therapy showed no effect
on MMP-9 levels [50]. Ilumets et al. also mentioned
that MMP-8 in the sputum dis-tinguished individuals
with asymptomatic COPD, at risk of developing
COPD, from healthy smokers, while Sng et al. reported
a negative correlation between MMP-8 with exhaled

breath condensate in COPD patients when compared to
healthy controls [49, 51]. Several clinical trials
demonstrated that higher blood eosinophil counts may
present increased exacerbation frequency and predict
better medicine response [15]. Ichikawa et al. indicated
that SIRT1 decreased in lung tissue coupled with
inflammatory cell infiltration, eosinophilia, and
cytokine production in an asthmatic mouse model [52].
Together, PIR may serve as a sensitive biomarker for
early stage cardiopulmonary disease elicited by COPD
and a predictor for medicine response. However, the
importance and specific role of SIRT1 in modulating
eosinophil activity remains unidentified. Additionally,
further studies are needed to clarify if PIR could be a
biomarker for assessing the outcome of COPD.

In summary, our studies demonstrate that SIRT1
modulates the SREBPI1-PIR/NLRP3 inflammasome
axis in response to PM, indicating that the SIRTI-
SREBP1-PIR/ NLRP3 inflammasome axis may be
associated to adverse health issues. SIRT1 functions as
a protector from PM exposure, whereas PIR acts as a
predictor of PM-induced cardiopulmonary disease. The
SIRT1-SREBP1-PIR/ NLRP3 inflammasome axis may
present an attractive therapeutic target for PM-related
adverse health events.

MATERIALS AND METHODS
PM

We purchased urban dust from Urban dust (1649b,
NIST® SRM®, Gaithersburg, MD, USA). The dried
PM samples were diluted with sterilized phosphate-
buVered saline solution (PBS, pH 7.2) and then frozen
at —80 C prior to use.

PM treatment

After reviewing the literature [53], we chose 5 uM PM
as low dose and 50 uM as high dose. HPF was
incubated with PM 5 uM, 50 uM, or sham for 6 hours
and 24 hours. We estimated the global RNA expression
for extra 6 hours, which is the optimal time point at
which mRNAs and genes are fully transcribed by PM
treatments. After PM incubation for 6 or 24 hours, we
extracted HPF RNA and performed Affymetrix ul33
plus 2.0 cDNA microarrays to detect the global and pre-
defined gene and mRNA probe changes at the specific
time points.

Cell culture and reagents
Human pulmonary fibroblasts (HPF) were purchased

from ScienCell research laboratories (Cat. #3300,
ScienCell, Carlsbad, CA, USA). They were grown in
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fibroblast medium (FM, Cat. #2301, ScienCell, Carlsbad,
CA, USA) and stored at 37 °C and 5% CO2. The
medium was supplemented with 2% fetal bovine serum
(FBS; Cat. #0010, ScienCell, Carlsbad, CA, USA), 1%
growth supplement (FGS; Cat. #2352, ScienCell,
Carlsbad, CA, USA) and 1% penicillin/streptomycin
solution (P/S; Cat. #0503, ScienCell, Carlsbad, CA,
USA).

Reagents and compounds

Reagents used for the in vitro culture system include
Ex527 (Cat. #E7034, Sigma-Aldrich®, Deisenhofen,
Germany), PF429242 (Cat. #3354, Tocris Bioscience,
Bristol, UK), TPh A (Cat. #TPh A ab144376, Abcam®,
Cambridge, MA, USA), and Human Pirin ELISA Kit (Cat.
#MBS280347, MyBioSource, San Diego, CA, USA).

RT-qPCR

Total RNA was extracted using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instruction. The RNA was quantified by
NanoDrop (Thermo Fisher Scientific, Waltham, MA,
USA). Reverse transcription PCR (RT-PCR) and nested
RT-PCR amplification were performed with a
SuperScript III kit (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instruction. The
expression level of Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was predominantly used as an
internal standard for RT-PCR. The specific primer
sequences are as follows: SREBPI forward is 5-—
GCAAGGCCATCGACTACA TT-3' and reverse is 5’-
GGTCAGTGTGTCCTCCACCT-3', C-X-C  motif
chemokine ligand 8 (CXCL8) forward is 5'-
ATGACTTCCAAGCTGGCCGTGGCT-3' and reverse
is 5'-TCTCAGCCCTCTTCAAAAACTTCTC-3', inter-
leukin 6  (IL-6) forward is 5-GGTACAT
CCTCGACGGCATCT-3' and reverse is 5-GCCTCTTT
GCTGCTTTCAC-3', Nod-like receptor protein 3 (NLR
P3) forward is 5-CTTCTCTGATGAGGCCCAAG-3’
and reverse is 5'- GCAGCAAACTGGAAAGGAAG-3/,
interleukin 24 (IL-24) forward is 5-TGTGAAAGA
CACTATGCAAGCTC-3' and reverse is 5'-GTGACA
CGATGAGAACAAAGTTG-3', Interleukin 6 Family
Cytokine (LIF) forward is 5'-CCAACGTGACGGACT
TCCC-3" and reverse is 5-TACACGACTATGCGGTA
CAGC-3', and PIR forward is 5'-GAGCAGTCGGAAG
GGGTTG-3' and reverse is 5-TTAACTCGGGTCTGC
CAATGC-3".

Waestern-blot analysis
Western blot analysis was performed with primary anti-

PIR antibody (GeneTex, Irvine, CA, USA), anti-NLRP3
antibody (GeneTex, Irvine, CA, USA), anti-SREBP1

antibody (GeneTex, Irvine, CA, USA), anti-IL-6 antibody
(Abcam, Cambridge, MA, USA), anti-IL-1B antibody
(GeneTex, Irvine, CA, USA), anti-SIRT1 antibody
(Proteintech®, Rosemont, USA), and anti-B-actin
antibody (Sigma-Aldrich, St. Louis, MO, USA). The
bands corresponding to western blot were quantified using
Imagel].

RNA microarray analysis

Total RNA was corresponding extracted and purified
from HPF samples via RNeasy Mini kit (Qiagen®,
Valencia, CA, USA) as the initial material and then
qualified by Agilent model 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA, USA). All RNA samples
were labeled with the GeneChip 3'IVT Express Kit
(Affymetrix, Santa Clara, CA, USA), hybridized,
washed, and scanned to the arrays with GeneAtlas
Hybridization, Wash, and Stain Kit (Affymetrix, Santa
Clara, CA, USA), as described by the manufacturer.
Normalization genes were identically represented on the
GeneChip Human Genome U133 Plus 2.0 Array
(Affymetrix, Santa Clara, CA, USA). Expression of
genes was then generated after log2 transformation and
normalization with GeneSpring software (Agilent
Technologies, Palo Alto, CA, USA). To uncover the
significance of genes for further analysis, cutoff values
for gene expression results greater than £ 1.5-fold-
change were further overlaid onto Ingenuity Pathway
Analysis (IPA; QIAGEN, Valencia, CA, USA) to
estimate canonical pathways, downstream effects, and
potential upstream regulators in response to PM.

In vivo model

6-8-week-old nonobese diabetic/severe combined
immunodeficient gamma (NOD.Cg-Prkdcs™
112rg™"il/Sz], NOD-SCID v, NSG™, JAX®, Harbor,
ME, USA) male mice (20-25 g body weight) and
B6.Cg-Lep °°/J (B6 ob JAX®, Harbor, ME, USA) were
used. To establish in vivo PM model, PM particles were
diluted with 10 pl of PBS and then intratracheally
administered into the pulmonary regions with Hamilton
syringe. Body weight and behavior were monitored
weekly.

Immunohistochemistry staining analysis

Briefly, tissue sections (5 pm) were dewaxed and
rehydrated. The slides were incubated in 10 mmol/L
citric buffer (pH 6.0). Antigen retrieval was done in
Tris-EDTA buffer (pH 9.0) and microwaved for 15
minutes. Endogenous peroxidase activity was blocked
by placing the sections in a methanol bath containing
0.5% H,0,. After blocking as above, the slides were
incubated with primary antibody against target proteins,
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followed by biotin-conjugated secondary antibody
polymer-HRP reagent. The endogenous peroxidase
activity was then visualized with diaminobenzidine
tetrahydroxychloride (DAB) solution.

Public database

Analysis of Gene Expression Omnibus (GEO), a public
cohort microarray database, was used to validate the
correlation between expression of biomarkers and PM.
The differentially expressed genes in the dataset were
determined by nonparametric analysis and ¢-test.

Statistical analysis

Statistics analysis was performed with SPSS 17.0
software for Windows (SPSS, Chicago, USA). P < 0.05
on a two-sided test was considered significant.

Ethics approval

Animal care and experiments were performed in
compliance with 3R principles and approved by the
Academia Sinica Institutional Animal Care and
Utilization Committee (IACUC).
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SUPPLEMENTARY MATERIALS

Mask-image

. Tumor Nuclei . Lymphocyte Nuclei .Stroma Nuclei

Macrophage Nuclei Bl Karyorhexis Red Blood Cells

Supplementary Figure 1. PM induces adverse health events via multi-factorial mechanisms: Utilized Hematoxylin/Eosin staining
of mice lung through Mask-RCNN based pathology image training model combined with deep-learning algorithm, PM-fed groups recruit

more lymphocytes (blue) and stroma cell (red) than solvent control.

PM50uM +  + +
TPhA - 10pM 100pM
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B-actin

Supplementary Figure 2. NF-kB is negtively correlated with TPh A. Western blot analysis of phosphor-NFkB and total-NFkB in TPh A-
PM co-treated HPF models.

Please browse Full Text version to see the data of Supplementary Table:
Supplementary Table 1. HPF 1.5 cut-off.
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