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Abstract: Epidemiological studies have demonstrated an association between ambient particulate
matter (PM) exposure and vascular diseases. Here, we observed that treatment with ambient PM
increased cell migration ability in vascular smooth muscle cells (VSMCs) and pulmonary arterial
SMCs (PASMCs). These results suggest that VSMCs and PASMCs transitioned from a differentiated
to a synthetic phenotype after PM exposure. Furthermore, treatment with PM increased intracellular
reactive oxygen species (ROS), activated the NF-κB signaling pathway, and increased the expression of
proinflammatory cytokines in VSMCs. Using specific inhibitors, we demonstrated that PM increased
the migration ability of VSMCs via the nicotinamide–adenine dinucleotide phosphate (NADPH)
oxidase 1 (NOX1)/ROS-dependent NF-κB signaling pathway, which also partially involved in the
induction of proinflammatory cytokines. Finally, we investigated whether nature polyphenolic
compounds prevent PM-induced migration and proinflammatory cytokines secretion in VSMCs.
Curcumin, resveratrol, and gallic acid prevented PM2.5-induced migration via the ROS-dependent
NF-κB signaling pathway. However, honokiol did not prevent PM2.5-induced migration or activation
of the ROS-dependent NF-κB signaling pathway. On the other hand, all polyphenols prevented
PM2.5-induced cytokines secretion. These data indicated that polyphenols prevented PM-induced
migration and cytokine secretion via blocking the ROS-dependent NF-κB signaling pathway in
VSMCs. However, other mechanisms may also contribute to PM-induced cytokine secretion.

Keywords: ambient particulate matter; vascular phenotypic changes; migration; inflammation;
oxidative stress; NADPH oxidase 1; NF-κB

1. Introduction

Ambient particulate matter (PM) is a widespread air pollutant. Numerous epidemio-
logical studies have demonstrated that exposure to ambient PM with a diameter lower than
2.5 (PM2.5) or 10 µm (PM10) is associated with morbidity, mortality, and hospitalization due
to pulmonary and cardiovascular diseases [1–3]. However, the critical pathophysiological
mechanisms of PM-induced vascular diseases have not been fully elucidated.

The human arteries are composed of tunica intima, tunica media, and tunica adventitia.
Carotid intima–media thickness (IMT) has been widely used as an indicator of early
atherosclerosis [4]. Epidemiological studies in the United States, Europe, and Taiwan
have demonstrated an association between long-term exposure to PM10 or PM2.5 and
increased carotid IMT [5–8]. In addition, some epidemiological studies have demonstrated
an association between PM2.5 exposure and elevated blood pressure [9,10] and pulmonary
arterial pressure [11,12]. Animal studies have reported that exposure to PM increased
blood pressure [13,14]. Therefore, we hypothesized that vascular cells are targets of PM.
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Vascular smooth muscle cells (VSMCs) are located in the tunica media of an artery.
Under normal physiological conditions, VSMCs within the arterial wall exhibit a highly dif-
ferentiated (contractile) phenotype. However, in response to various stimuli, differentiated
VSMCs can switch to a “dedifferentiated” (also termed “synthetic”) phenotype, exhibiting
increased proliferative and migratory ability, downregulation of VSMC marker expressions,
and increased proinflammatory proteins secretion [15]. For example, studies have reported
that cigarette smoke particles changed the VSM phenotype and promoted the proliferation
of VSMCs and airway SMCs [16,17]. We reported that exposure to ambient PM2.5 increases
the proliferation of VSMCs and cytokines secretion in VSMCs [18]. Thus, we propose that
exposure to ambient PM may cause VSMC phenotypic changes. However, the possible
mechanism remains unclear.

Vascular inflammation and oxidative stress have been suggested to play roles in the
pathogenesis of cardiovascular diseases such as hypertension and atherosclerosis [19,20]. We
reported that exposure to ambient PM2.5-10 caused pulmonary and systemic inflammation
and increased proinflammatory cytokines secretion in mice [13]. Furthermore, exposure
to ambient PM2.5 not only caused pulmonary inflammation but also increased urinary 8-
hydroxydeoxyguanosine levels in mice [21]. In cultivated VSMCs, we demonstrated that
exposure to PM2.5 or PM2.5-10 increased reactive oxygen species (ROS) levels and proinflam-
matory cytokine secretion [18,21]. Therefore, investigating the roles of inflammation and
oxidative stress in ambient PM-induced vascular phenotypic changes is worthwhile.

Polyphenols are a kind of herbal compound that offer various functions, many of
which possess powerful antioxidative, anti-inflammatory, and anticancer activities [22].
Polyphenols are beneficial compounds in many plants and are divided into flavonoids,
phenolic acids, polyphenol amides and other polyphenols. For example, the administra-
tion of curcumin, an antioxidative and anti-inflammatory polyphenolic compound from
the spice turmeric, was significantly associated with improvement in triglycerides, high-
density lipoprotein cholesterol, and diastolic blood pressure levels in an epidemiological
study [23]. Resveratrol, a polyphenolic compound in red wine with antioxidant properties,
reduced weight, triglyceride levels, and systolic blood pressure (SBP) in rats [24]. Gal-
lic acid (GA), a phenolic acid, has anti-inflammatory, antiangiogenic, antioxidative, and
anticancer activities [25]. Oral administration of GA attenuated ROS and reduced aortic
wall thickness and SBP in spontaneously hypertensive rats [26]. If oxidative stress and
inflammation are involved in the mechanism mediating ambient PM exposure related
cardiovascular diseases, antioxidative and anti-inflammatory herbal compounds may be
useful for preventing PM-induced vascular toxicity.

The present study elucidated the mechanisms of ambient PM-induced vascular phe-
notypic changes. We observed that ambient PM2.5 and PM2.5-10 caused VSMC phenotypic
changes, namely increased migratory ability and proinflammatory cytokines secretion.
On the basis of our research, we studied the roles of ROS-related mechanisms in ambient
PM-induced VSMC phenotypic changes. Finally, we evaluated the preventive effects of
herbal compounds in PM2.5-induced migration and proinflammatory cytokine secretion
in VSMCs. Our findings suggest that antioxidation is a mechanism-based approach to
prevent PM-induced vascular phenotypic changes and may facilitate the development of
strategies for preventing ambient PM-induced vascular diseases.

2. Materials and Methods
2.1. Materials

PS-1145 (IKK inhibitor) and GKT13781 (NOX inhibitor) were purchased from Cayman
Chemical Company (Ann Arbor, MI, USA). ML171 (NOX1 inhibitor) was purchased from
Tocris Bioscience (Minneapolis, MN, USA). N-acetyl-l-cysteine (NAC) was purchased from
Sigma (St Louis, MO, USA).
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2.2. PM Sample Collection

PM samples were collected in November 2016 in Kaohsiung City (KH), Taiwan,
through two-stage (PM2.5 and PM2.5-10) high-volume impaction (ChemVol model 2400,
BGI, Inc., Waltham, MA, USA) at 900 L/min. PM2.5 and PM2.5–10 samples were collected
on fiberglass filters coated with polyvinylidene difluoride (Pallflex Fiberfilm T60A20; Pall
Corporation, New York, NY, USA) and polyurethane foam (PUF) substrates (McMaster-
Carr, Atlanta, GA, USA), respectively. Characteristics and chemical components of PM2.5
and PM2.5-10 samples collected in 2016 were described previously [18]. In addition, we col-
lected individual PM2.5 samples from January to March 2018 in KH through high-volume
impaction by using a Digitel DHA-80 aerosol sampler (Digitel, Hegnau, Switzerland) at
500 L/min. PM2.5 samples were collected on fiberglass filters coated with polyvinylidene
difluoride (Pallflex Fiberfilm TX40HI20; Pall Corporation, New York, NY, USA). Character-
istics and chemical components of PM2.5 samples collected in 2018 were described [21]. All
samples were stored at −20 ◦C after collection. Prior to and following each collection, the
fiberglass filters and PUF substrates were weighed using standard operating procedures in
an environmentally controlled room (23 ± 1 ◦C with a relative humidity 40% ± 5%) on an
analytical balance (AG204 dual-range, Mettler Toledo, Columbus, OH, USA) to determine
the amount of collected PM. PM2.5 and PM2.5-10 samples collected simultaneously in 2016
were used for determining the contributing mechanism, and PM2.5 samples collected in
2018 were used to study the preventive effects of the herbal compounds.

2.3. PM Extracts

Fiberglass filters used for collecting PM2.5 were wetted with 70% ethanol in a glass
measuring beaker and subsequently sonicated for 30 min at room temperature. The PUF
substrates used for collecting PM2.5-10 were wetted using double-distilled water (d2H2O) in
a glass measuring beaker and subsequently sonicated for 1 h at room temperature. PM2.5
and PM2.5-10 were extracted as previously described [18].

2.4. Animal Experiments

Six-week-old male mice (C57BL/6J) were purchased from the National Laboratory
Animal Center (Taipei, Taiwan) and housed at the National Health Research Institutes
(NHRI). All animal treatments and experimental protocols (NHRI-IACUC-106003-A) were
reviewed and approved by the Institutional Animal Care and Use Committee of the NHRI.
All mice were housed under a 12-h light–dark cycle at 23 ◦C± 1 ◦C, with a relative humidity
of 39–43%. Water and food were provided ad libitum. Eight-week-old mice were divided
into groups exposed to d2H2O as control or 25 µg of PM2.5-10 for 2, 4, and 8 weeks and
groups exposed to 25 µg of PM2.5 for 8 weeks. Ten mice (n = 10) from each group were
randomly selected for experimentation. Animals were exposed to PM twice per week by
oropharyngeal aspiration.

2.5. Oropharyngeal Aspiration

Mice were anesthetized through isoflurane inhalation. While under anesthesia, each
mouse was secured on its back on an inclined plane with its head elevated. The mouth
was secured in an open position with a rubber band, and the tongue was held to one side
by using forceps for visualization of the epiglottis. A syringe fitted with a blunt, polished
needle (19 gauge, 3 inches long, angled at 45◦) was inserted into the mouth until it reached
the larynx. The sample was then rapidly expelled. The mice were given 30 µL of distilled
water or 25 µg of PM2.5 or PM2.5-10 per 30 µL of water.

2.6. Preparation of Bronchoalveolar Lavage Fluid

The mice were sacrificed through inhalation of isoflurane. The lungs were lavaged
with 1 mL of saline, and the recovered amount of lavagate was recorded and stored. The
total cell number and cell type distribution in the bronchoalveolar lavage fluid (BALF)
were determined as described [27].



Antioxidants 2021, 10, 782 4 of 22

2.7. Total Protein Concentration and Lactate Dehydrogenase Activity in BALF

Total protein concentrations in the BALF supernatant were determined using the
Bradford assay (Bio-Rad, Hercules, CA, USA) with bovine serum albumin as the standard.
The lactate dehydrogenase (LDH) activity was spectrophotometrically measured using
the CytoTox96 Non-Radioactive Cytotoxicity Assay (Promega Corporation, Madison, WI,
USA) at 490 nm in the presence of lactate.

2.8. Histological Analysis

We isolated the left lobe and right inferior lobe of the lung and horizontally cross sec-
tioned the middle part of the lobes, which contained secondary bronchi, bronchioles, alveo-
lar ducts and sac. Hematoxylin and eosin (H&E) stain was performed for histopathological
examinations according to a previously described protocol [28]. Immunohistochemistry
was based on a previously described protocol [29]. In brief, the antibody was for smooth
muscle α-actin (SMA) (Sigma-Aldrich A5228, St. Louis, MO, USA). Sections were stained
with elastic stain kit (Sigma-Aldrich, St. Louis, MO, USA) for elastin fiber or the Trichrome
Stain (Masson) Kit (Sigma-Aldrich, St. Louis, MO, USA) for collagen fiber according to the
manufacturer’s instructions.

2.9. Cell Culture

Primary mouse VSMCs (MVSMCs) were isolated from mouse aortas and cultured in
Dulbecco’s Modified Eagle Medium (GIBCOTM, Carlsbad, CA, USA) with L-glutamine,
sodium bicarbonate, and fetal bovine serum (FBS) as described [30]. Human pulmonary
artery SMCs (HPASMCs) were purchased from Lonza (Walkersville, MD, USA) (Cat#
CC2581) and cultured in SMC medium (Lonza, Walkersville, MD, USA; cat# CC3182).
Mouse pulmonary artery SMCs (MPASMCs) were purchased from Cell Biologics Inc.
(Chicago, IL, USA; cat# C57-6083) and cultured in SMC medium (Cell Biologics Inc.,
Chicago, IL, USA; cat# M2268). Both cells at passages 5–8 were used in the following
experimental assays and were incubated at 37 ◦C in a humidified mixture of 5% CO2 and
95% air.

2.10. Quantitative Real-Time Reverse Transcription–Polymerase Chain Reaction Assays

Total RNA was prepared using RNAzol reagent (Life Technologies, Rockville, MD,
USA). The cDNA was synthesized using a High-Capacity cDNA Archive Kit (P/N4322171,
Applied Biosystems, Foster City, CA, USA). The quantitative polymerase chain reaction
(qPCR) assays were conducted using a TaqMan Universal PCR Master Mix (Applied
Biosystems, Foster City, CA, USA) and an ABI StepOnePlusTM real-time PCR system
(Perkin–Elmer Applied Biosystems, Foster City, CA, USA). The relative mRNA levels of
the target gene are presented as previously described [31].

2.11. Lamellipodia Formation

The mVSMCs (2 × 104 cells) were seeded on cover slides and subsequently treated
with vehicle (double distilled water, d2H2O) or 25 µg/mL KH PM2.5 or PM2.5-10 for 48 h
in 0.5% FBS medium. The cells were fixed with 4% paraformaldehyde at room tem-
perature for 10 min, washed with phosphate buffer saline (PBS), and then stained with
Alexa Fluor 546 phalloidin (Invitrogen, Emeryville, CA, USA) for F-actin at room tempera-
ture for 60 min. Cells were observed under Leica DMRXA fluorescence microscopy.

2.12. Migration Assay

Cells were treated with vehicle or 25 µg/mL KH PM2.5 or PM2.5-10 with and without
inhibitors in 0.5% FBS medium for 48 h. Cells were placed in the upper chamber of 24-well
Transwell cell culture plates (Millipore, Burlington, MA, USA; 8-µm pore size). The bottom
chambers were filled with media containing platelet-derived growth factor (PDGF)-BB
(Peprotech, Rocky Hill, NJ, USA; 10 ng/mL) as a chemoattractant. After incubation for
4 h in MVSMC and MPASMC or 16 h in HPASMC, the upper layer of cells was scraped
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off, and the membrane was fixed and stained with crystal violet (Sigma-Aldrich, St. Louis,
MO, USA). Cells that migrated to the underside of the membrane were visualized using a
microscope. Image analyses were performed using MetaMorph 7.8.11.0 software.

2.13. Intracellular ROS Assay

VSMCs were seeded in 96-well plates and treated with vehicle or 12.5 µg/mL KH
PM2.5 or PM2.5-10 with and without inhibitors in 0.5% FBS medium. The intracellular
ROS level was determined by measuring the conversion of fluorescent dichlorofluorescein
(DCF) from dichloro–dihydro–fluorescein diacetate (H2DCFDA) through ROS-mediated
oxidation; 100 µM of H2DCFDAwas added to the cells 60 min before treatment with PM2.5.
DCF fluorescence was measured using the SpectraMax i3x Multi-Mode Microplate Reader
(Molecular Devices, Sunnyvale, CA, USA), with excitation and emission at 485 nm and
525 nm, respectively.

2.14. Mitochondria ROS Assay

VSMCs (2 × 104 cells) were seeded on cover slides and subsequently treated with
vehicle or 12.5 µg/mL KH PM2.5 or PM2.5-10 for 24 h in 0.5% FBS medium. The cells were
fixed with 4% paraformaldehyde at room temperature for 10 min, washed with PBS, and
then stained with the MitoSOX Red reagent (Invitrogen, Emeryville, CA, USA) for 10 min.
Cells were observed under Leica DMRXA fluorescence microscopy.

2.15. Enzyme-Linked Immunosorbent Assay

The chemokine (C–X–C motif) ligand 1 (CXCL1) and interleukin-6 (IL-6) concentration in
the medium were measured using enzyme-linked immunosorbent assay kits for mice (R&D
Systems, Inc., Minneapolis, MN, USA) in accordance with the manufacturer’s instructions.

2.16. NF-κB Reporter Gene Assay

For the luciferase assays, VSMCs were transfected with the pNF-κB-Luc and pCMV-
β-gal using Lipofectamine 2000 (Invitrogen, Emeryville, CA, USA) according to the man-
ufacturer’s protocol. The transcriptional activity was determined using the Luciferase
Assay System (Promega, Madison, WI, USA) and a luminometer (Berthold Analytical
Instruments, Nashua, NH, USA).

2.17. NOX4 RNA Interference Knockdown

VSMCs were seeded in 96-well plates or a 6-cm dish and treated with vehicle or
12.5 µg/mL KH PM2.5 or PM2.5-10 for 48 h in 0.5% FBS medium. The NOX4 target se-
quence used was AAAAGCAAGACTCTACACATC. The negative control sequence used
was AATTCTCCGAACGTGTCACGT. VSMCs were transfected with the siRNA duplexes
(5 pmole in 96-well or 200 pmole in a 6-cm dish) by using Lipofectamine 2000 (Invitrogen,
Emeryville, CA, USA) following the manufacturer’s instructions.

2.18. Statistical Analysis

Statistical analyses were performed using SPSS 15.0 software. The treatment and
control groups were compared using one-way analysis of variance, followed by Tukey’s
range test in SPSS Statistics (significance: p < 0.05). Groups of 2, 4 and 8 weeks’ exposure in
the animal experiment were compared using two-way analysis of variance followed by
Tukey’s range test in SPSS Statistics (significance: p < 0.05).

3. Results
3.1. Exposure to Ambient PM Caused Different Time-Dependent Pulmonary Inflammation and
Vascular Injury Changes in Mice

We have demonstrated that oropharyngeal aspiration of ambient PM2.5 and PM2.5-10
for 8 weeks induced pulmonary inflammation and resulted in medial thickening, which
then progressed to intimal hyperplasia in pulmonary small arteries [13,18]. The time-course
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of PM-induced pulmonary inflammation and vascular alteration was further investigated
in the present study. Oropharyngeal aspiration of 25 µg PM2.5-10 twice per week for 2 weeks
induced acute lung inflammation with immune cells infiltration in mice, which persisted
after repeated exposure for 4 and 8 weeks (data not shown). However, the increases in total
cell number, LDH activity, neutrophil numbers, and CXCL1 and IL-6 levels in the BALF
were statistically more drastic at week 2 than week 4 and 8 (Figure 1A, a–e). These results
indicate that PM2.5-10-induced pulmonary inflammation declined over time.

Figure 1. PM2.5-10 induced pulmonary inflammation and vascular remodeling at 2, 4, and 8 weeks in mouse lungs. (A) Each
mouse was aspirated with 25 µg of PM2.5-10 twice per week for 2, 4, and 8 weeks. (a) Total cell numbers, (b) LDH activity,
(c) neutrophil numbers, (d) IL-6 protein, and (e) CXCL1 protein in BALF were determined. # p < 0.05, compared with
respective control-treated mice. (B) Each mouse was aspirated with 25 µg of PM2.5-10 twice per week for 2, 4, and 8 weeks.
H&E; Verhoeff’s staining; SMA staining; Masson’s Trichome Staining. Star indicates small arteries. Scale bar, 30 µm.

However, vascular alteration progressed and worsened after 2, 4, and 8 weeks follow-
ing oropharyngeal aspiration of PM2.5-10. After H&E (Figure 1B, a–b) and elastin staining
(Figure 1B, g–h), we observed medial thickening of the small arteries at 2 weeks. Expo-
sure for 4 weeks further enhanced medial thickening (Figure 1B, c–d). At 8 weeks, we
not only observed medial thickening, but also intimal hyperplasia (Figure 1B, e–f). The
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disappearance of the elastin layer in the pulmonary arterioles became more pronounced
as exposure time increased (Figure 1B, g–h). Staining with smooth muscle marker α-SMA
confirmed an increase in VSMCs in the intima and media of remodeled vessels (Figure 1B,
m–r). Masson’s trichrome stain demonstrated an increase in collagen fiber deposition in the
perivascular areas (Figure 1B, s–x). The increase in VSMCs and collagen fiber depositions
in remodeled vessels became more obvious as exposure time increased. Similar vascular
alterations and pulmonary inflammation [18] were observed in mice treated with PM2.5
for 8 weeks (Figure S1). Taken together, these results reveal that PM-induced vascular
alterations progressed over time. Thus, vascular alteration was a major adverse effect
following long-term exposure to PM.

3.2. Ambient PM Induced Cell Migration in PASMCs and VSMCs

Given that the migration of medial VSMCs of the arteries contributes to intimal
lesion formation, we surmised that PM2.5-10 and PM2.5 may affect VSMC functions such
as migration. Therefore, we further investigated the effects of PM2.5-10 and PM2.5 on the
functions of VSMCs and PASMCs in vitro. Treatment with PM2.5-10 and PM2.5 increased
cell viability, enhanced migratory ability and reduced VSMC marker (SMA) expression
were observed in HPASMCs, MPASMCs and MVSMCs (Figure 2, Figures S2 and S3).
Furthermore, PM2.5-10 and PM2.5 increased membrane ruffles and lamellipodia formation
in MVSMCs (Figure 2J). VSMC migration is a characteristic index of synthetic phenotype.
These results support our in vivo data, suggesting that PM2.5-10 and PM2.5 caused VSMC
phenotypic changes through phenotypic modulation into a synthetic phenotype.

3.3. Ambient PM Increased ROS Levels Through the NOX1 Dependent Pathway in MVSMCs

ROS production is associated with vascular remodeling, including VSMC proliferation,
hypertrophy, and migration [32]. ROS generated from air pollution exposure is suggested to
be a crucial regulator of PM-induced cardiovascular diseases [33]. Our previous study has
shown that PM2.5 exposure increased urinary 8-hydroxy-2′-deoxyguanosine concentrations
in mice [21]. We further investigated whether PM increases ROS levels in MVSMCs. PM2.5-10
and PM2.5 significantly increased ROS levels in MVSMCs (Figure 3A). NAC, a common
ROS inhibitor, completely prevented PM2.5-10- and PM2.5-increased ROS levels (Figure 3B).
Mitochondrial-derived ROS is a source of cytosolic ROS. However, mitochondrial ROS levels
only slightly increased in PM-treated MVSMCs (Figure 3C). Furthermore, mito-TEMPO, a
mitochondria-specific superoxide scavenger, failed to influence PM-induced ROS production
(data not shown), suggesting that the mitochondria are not major sources of cytosolic ROS.
NADPH oxidases (NOXs) catalyze the production of a superoxide-free radical by transferring
one electron from NADPH to oxygen and are critical determinants of the redox state in
vascular systems [34]. Cotreatment with the NOX inhibitor completely blocked PM2.5-10- and
PM2.5-increased ROS (Figure 3D). NOX1 and NOX4 are both expressed in human and rodent
VSMCs [35]. To understand whether PM-increased ROS levels are mediated by NOX1 or
NOX4, we inhibited NOX1 activity or knocked down NOX4 expression in MVSMCs. Inhibit-
ing NOX1 activity completely blocked PM2.5-10- and PM2.5-increased ROS levels (Figure 3E),
but reducing NOX4 expression through siRNA knockdown did not (Figure 3F). These results
reveal that PM-increased intracellular ROS levels are mediated by NOX1 in MVSMCs.
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Figure 2. PM2.5 and PM2.5-10 induced cell migration in HPASMCs, MPASMCs, and MVSMCs. HPASMCs were treated
with d2H2O or 25 µg/mL PM2.5 or PM2.5-10 for 48 h. Migration abilities of HPASMCs, MPASMCs, and MVSMCs were
measured, quantified and shown as (A,B,D,E,G,H). The relative levels of SMA mRNA for HPASMCs, MPASMCs, and
MVSMCs were determined using a real-time PCR assay, and shown as (C,F,I). (J) MVSMCs were stained with Alexa Fluor
546-Phalloidin.(red) to identify lamellipodia (white arrows). The results are presented as the mean ± SD for three or four
independent experiments. * p < 0.05, compared with d2H2O-treated cells. Con: d2H2O treatment as control.
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Figure 3. PM2.5 and PM2.5-10 increased ROS levels through the NOX1 dependent pathway in MVSMCs. (A) MVSMCs
were treated with d2H2O or 12.5 µg/mL PM2.5 or PM2.5-10 for 2.5 h. (B) MVSMCs were treated with d2H2O or 12.5 µg/mL
PM2.5 or PM2.5-10 with and without 10 µM NAC for 2.5 h. (C) MVSMCs were treated with d2H2O or 12.5 µg/mL PM2.5 or
PM2.5-10 for 24 h, and mitochondrial ROS were detected with MitoSOX. (D) MVSMCs were treated with d2H2O or 12.5
µg/mL PM2.5 or PM2.5-10 with and without 10 µM of NOX inhibitor for 2.5 h. (E) MVSMCs were treated with d2H2O or 12.5
µg/mL PM2.5 or PM2.5-10 with and without 10 µM of NOX1 inhibitor for 2.5 h. (F) NC-MVSMCs and siNOX4-MVSMCs
were treated with d2H2O or 12.5 µg/mL PM2.5 or PM2.5-10 for 2.5 h. Intracellular ROS levels were quantified using the
cellular H2DCFDA assay. The results are presented as the mean ± SD for three or four independent experiments. * p < 0.05,
compared with vehicle-treated cells. # p < 0.05, compared with inhibitor-treated cells. Con: d2H2O treatment as control; NC:
negative control for siRNA.

3.4. Ambient PM Induced Cell Migration through the NOX1-ROS Signaling Pathway

We further investigated whether ROS is involved in PM-induced cell migration. First,
cotreatment with NAC completely blocked PM2.5-10- and PM2.5- enhanced migratory ability in
MVSMCs (Figure 4A) and restored PM2.5-10- and PM2.5-reduced SMA mRNA levels (Figure
4B). Similarly, NOX inhibitor and NOX1 inhibitor completely blocked PM2.5-10- and PM2.5-
enhanced migratory ability (Figure 4C,E) and restored PM2.5-10- and PM2.5-reduced SMA
expression (Figure 4D,F). However, reducing NOX4 expression through siRNA knockdown
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did not inhibit PM2.5-10- and PM2.5-enhanced migratory ability or restore PM2.5-10- and PM2.5-
reduced SMA expression (Figure 4G,H). According to these results, we concluded that PM2.5-10
and PM2.5 increased cell migration through the NOX1-ROS signaling pathway in MVSMCs.

Figure 4. PM2.5 and PM2.5-10 induced cell migration via the NOX1-ROS signaling pathway in
MVSMCs. MVSMCs were treated with d2H2O or 25 µg/mL PM2.5 or PM2.5-10 with and without
10 µM NAC for 48 h. (A) Cell migration ability and (B) relative SMA mRNA levels were determined.
MVSMCs were treated with d2H2O or 25 µg/mL PM2.5 or PM2.5-10 with and without 10 µM NOX
inhibitor for 48 h. (C) Cell migration ability and (D) relative SMA mRNA levels were determined.
MVSMCs were treated with d2H2O or 25 µg/mL PM2.5 or PM2.5-10 with and without 10 µM NOX1
inhibitor for 48 h. (E) Cell migration ability and (F) relative SMA mRNA levels were determined.
NC-MVSMCs and siNOX4- MVSMCs were treated with d2H2O or 12.5 µg/mL PM2.5 or PM2.5-10 for
48 h. (G) Cell migration ability and (H) relative SMA mRNA levels were determined. The results
are presented as the mean ± SD for three or three independent experiments. * p < 0.05, compared
with vehicle-treated cells. # p < 0.05, compared with inhibitor-treated cells. Con: vehicle treatment as
control; NC: negative control for siRNA.
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3.5. The NOX1-ROS Signaling Pathway was Partially Involved in Ambient PM-Induced
Inflammatory Cytokine Expression

Furthermore, we investigated whether ROS are involved in PM-induced CXCL1 and
IL-6 expressions. Cotreatment with NAC, NOX inhibitor, or NOX1 inhibitor partially blocked
PM2.5-10- and PM2.5-increased CXCL1 and IL-6 secretions in MVSMCs (Figure 5A–F). By con-
trast, reducing NOX-4 expression did not inhibit PM2.5-10- and PM2.5-increased CXCL1 and IL-6
secretions (Figure 5G,H). These results indicate that PM2.5-10- and PM2.5 induced proinflamma-
tory cytokine expression partially through the NOX1-ROS signaling pathway in MVSMCs.

Figure 5. PM2.5 and PM2.5-10 increased inflammatory cytokine secretion partially through the NOX1-ROS signaling pathway
in MVSMCs. MVSMCs were treated with d2H2O or 25 µg/mL PM2.5 or PM2.5-10 with and without 10 µM NAC for 48 h. (A)
CXCL1 and (B) IL-6 protein concentrations were measured in the media. MVSMCs were treated with d2H2O or 25 µg/mL
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PM2.5 or PM2.5-10 with and without 10 µM NOX inhibitor for 48 h. (C) CXCL1 and (D) IL-6 protein concentrations were
measured in the media. MVSMCs were treated with d2H2O or 25 µg/mL PM2.5 or PM2.5-10 with and without 10 µM
NOX1 inhibitor for 48 h. (E) CXCL1 and (F) IL-6 protein concentrations were measured in the media. NC-MVSMCs and
siNOX4-MVSMCs were treated with d2H2O or 25 µg/mL PM2.5 or PM2.5-10 for 48 h. (G) CXCL1 and (H) IL-6 protein
concentrations were measured in the media. The results are presented as the mean ± SD for the three or three independent
experiments. * p < 0.05, compared with vehicle-treated cells. # p < 0.05, compared with inhibitor-treated cells. Con: d2H2O
treatment as control; NC: negative control for siRNA.

3.6. Ambient PM2.5-10 and PM2.5 Induced VSMC Phenotypic Changes Through the
NOX1/ROS/NF-κB Signaling Pathway

NF-κB plays a key role in the development of atherosclerosis [36] and the regula-
tion of VSMC migration [37,38]. We further investigated whether NF-κB is involved in
PM-induced VSMC phenotypic changes. PM2.5-10 and PM2.5 significantly increased NF-
κB reporter activity (Figure 6A). NF-kB activation was also confirmed by the increased
accumulation of phosphorylated p65 in the nuclei of MVSMCs in lung tissues of mice
exposed to PM2.5-10 for 2 weeks (Figure S5). Cotreatment with IKK inhibitor X, an NF-κB
inhibitor, completely blocked PM2.5-10- and PM2.5-enhanced migratory ability (Figure 6B,C).
IKK inhibitor X also rescued PM2.5-10- and PM2.5-reduced SMA mRNA levels (Figure 6D).
Similarly, IKK inhibitor X prevented PM2.5-10- and PM2.5-induced CXCL1 and IL-6 secre-
tions (Figure 6E,F). These results indicate that NF-κB plays a critical role in PM2.5-10- and
PM2.5-induced VSMC phenotypic changes.

Studies have demonstrated that PM exposure activated NF-κB via ROS in human
bronchial epithelial cells [39] and human umbilical vein endothelial cells [40]. In the current
study, cotreatment with NAC, NOX inhibitor, or NOX1 inhibitor blocked PM2.5-10- and
PM2.5- increased NF-κB reporter activity (Figure 7A–C), but reducing NOX4 expression
did not exhibit similar effects (Figure 7D). These results reveal that the NOX1/ROS/ NF-
κB signaling pathway was involved in the mechanism of PM2.5-10- and PM2.5-induced
migration and proinflammatory cytokine secretion in MVSMCs.
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Figure 6. PM2.5 and PM2.5-10 induced cell phenotypic changes through the NF-κB signaling pathway in MVSMCs. MVSMCs
were treated with d2H2O or 25 µg/mL PM2.5 or PM2.5-10 for 48 h. (A) NF-κB reporter activity was measured. MVSMCs were
treated with d2H2O or 25 µg/mL PM2.5 or PM2.5-10 with and without 10 µM IKK inhibitor for 48 h. (B) and (C) Migration
abilities of MVSMCs were detected and quantified using MetaMorph software. (D) The relative SMA mRNA levels were
determined using a real-time PCR assay. (E) and (F) CXCL1 and IL-6 protein concentrations in the media were determined
using the enzyme-linked immunosorbent assay. The results are presented as the mean ± SD for three or three independent
experiments. * p < 0.05, compared with vehicle-treated cells. # p < 0.05, compared with IKK inhibitor-treated cells. Con:
d2H2O treatment as control.
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Figure 7. PM2.5 and PM2.5-10 activated the NOX1/ROS/NF-κB signaling pathway in MVSMCs. MVSMCs were treated
with d2H2O or 25 µg/mL PM2.5 or PM2.5-10 with and without (A) 10 µM NAC, (B) 10 µM NOX inhibitor, and (C) 10 µM
NOX1 inhibitor. (D) MVSMCs were transfected with NC-RNA or siNOX4 RNA. Transfected MVSMCs were treated with
d2H2O or 25 µg/mL PM2.5 or PM2.5-10. The NF-κB reporter activity was measured after treatment for 48 h. The results are
presented as the mean ± SD for four independent experiments. * p < 0.05, compared with vehicle-treated cells. # p < 0.05,
compared with inhibitor-treated cells. Con: d2H2O treatment as control; NC: negative control for siRNA.

3.7. Polyphenolic Compounds Prevented PM2.5-Induced ROS, NF-κB Activation, Cell Migration,
and Proinflammatory Cytokine Secretion in MVSMCs

ROS and inflammation are involved in cardiovascular diseases [41]. Antioxidative and
anti-inflammatory polyphenolic compounds may be useful for preventing PM-induced
VSMC phenotypic changes. Curcumin [42], resveratrol [43], and GA [44] are reported
to exhibit antioxidative and anti-inflammatory characteristics. Nevertheless, honokiol is
exclusively anti-inflammatory [45]. First, cotreatment with curcumin, resveratrol, and
GA completely blocked PM2.5-increased ROS levels, but honokiol did not prevent an
increase in ROS levels (Figure 8A,B). In addition, curcumin, resveratrol, and GA prevented
PM2.5-enhanced migratory ability (Figure 8C,D), rescued PM2.5-reduced SMA expression
(Figure 8E,F), and inhibited PM2.5-induced NF-κB reporter activity (Figure 8G,H). However,
honokiol did not exhibit similar effects (Figure 8D,F,H). Nevertheless, the four polyphenolic
compounds were able to prevent PM2.5-induced CXCL-1 and IL-6 secretions in MVSMCs
(Figure 9A–D). These results suggest that curcumin, resveratrol, and GA prevented PM2.5-
induced migration and cytokine secretion through the ROS-dependent NF-κB signaling
pathway. However, honokiol prevented PM2.5-induced proinflammatory cytokine secretion
through a mechanism independent of ROS/NF-κB pathway.
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Figure 8. Polyphenolic compounds prevented PM2.5-induced oxidative stress, phenotypic changes,
and NF-κB activation in MVSMCs. MVSMCs were treated with d2H2O or 12.5 µg/mL PM2.5 or
PM2.5-10 with and without 5 µM curcumin, resveratrol, GA, or honokiol for 48 h. The following
parameters were determined: (A,B) relative ROS levels; (C,D) cell migration ability; (E,F) relative
SMA mRNA levels; (G,H) NF-κB reporter activity. The results are presented as the mean± SD for the
three independent experiments. * p < 0.05, compared with d2H2O -treated cells. # p < 0.05, compared
with herbal compound-treated cells.
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Figure 9. Polyphenolic compounds prevented PM2.5-induced inflammatory cytokine secretion in MVSMCs. MVSMCs were
treated with d2H2O or 25 µg/mL PM2.5 or PM2.5-10 with and without 5 µM curcumin, resveratrol, GA, or honokiol. (A,B)
CXCL1 protein concentrations in the media were quantified. (C,D) IL-6 protein concentrations in the media were quantified.
The results are presented as the mean ± SD for three independent experiments. * p < 0.05, compared with d2H2O-treated
cells. # p < 0.05, compared with herbal compound-treated cells.

4. Discussion

Both epidemiological and animal studies suggested that vascular cells may be a
major target for ambient PM. Furthermore, our previous studies have demonstrated that
PM exposure disturbed VSMC function [13,18], but the mechanisms were not elucidated.
The present study indicates that exposure to ambient PM2.5 and PM2.5-10 caused VSMC
phenotypic changes, including increased migration ability and proinflammatory cytokines
secretion, through the NOX1/ROS/NF-κB signaling pathway (Figure 10). A mechanism-
based preventive approach with polyphenolic compounds was also suggested. These
findings provide critical new insights into the mechanisms and prevention of PM-induced
vascular diseases.
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Figure 10. Summary of the mechanisms through which phenotypic changes in MVSMCs was induced
by PM2.5 and PM2.5-10 and prevented by polyphenolic compounds.

The NOX family has seven members, and NOX1 and NOX4 are both expressed in
human and mouse VSMCs [46]. Chang et al. [47] demonstrated that PM and cigarette
smoke induced ROS generation via NOX1, but not NOX4 in rat VSMC. Consistently, we
also observed that PM induced ROS generation via NOX-1, but not NOX4 in MVSMC.
However, PM failed to increase NOX-1 mRNA or protein levels in MVSMC (Figure S6).
Some studies indicated that NOX1 and NOX4 produce different ROS and their activities
are differently regulated. NOX1 produces primarily O2

•−, but NOX4 directly produce
H2O2 [48]. While NOX1 associates with the membrane-bound subunit, p22phox, and
interacts with other cytosolic subunits [48], NOX4 only associates with p22phox [49]. It
is possible that PM might regulate NOX1 activity via modulation of NOX1 associated
cytosolic subunits. However, whether PM increases NOX1 activity in VSMCs remains
unclear, and the possible mechanisms deserve further investigation.

NOX-derived ROS plays a crucial role in VSMC migration, proliferation, and in-
flammation [50]. Treatment with a NOX inhibitor significantly reduced the formation
of angioplasty-induced neointimal hyperplasia in rats, which depends on the inhibition
of VSMC migration and proliferation [51]. Some studies showed that NOX1 and NOX4
separately involved in mechanisms of different growth factors-mediated VSMC functions.
For example, NOX1 is required for PDGF and basic fibroblast growth factor mediated
VSMC migration [35,52]. NOX4 is required for insulin-like growth factor-mediated VSMC
migration [53]. In the present study, we observed that NOX1-derived ROS contributed to
PM-induced migration, but not NOX4. Understanding the role of NOX1 can assist in the
development of preventive strategies for PM-induced vascular diseases.

Migration is a complex process which involves many elements, including cellular
redox balance, regulation of the actin cytoskeleton and extracellular molecules. Numerous
extracellular molecules such as growth factors, cytokines, and extracellular matrix compo-
nents may promote SMC migration through different mechanisms [52,54,55]. For example,
angiotensin II induced cell migration by activating the NOX/ROS/NF-κB/IL-6/MMP-
9 pathway in human aortic SMCs [56] or by activating the c-Src/RhoA pathway in rat
VSMCs [57]. Moreover, TNF-α mediated VSMC migration requires NF-κB activation [38].
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The TLR2/NF-κB/NFATc1 signaling pathway activated by PDGF [58] and the ROS/NF-κB
pathway activated by vascular endothelial growth factor [37] are both involved in growth
factors–stimulated VSMC migration. In the present study, we found that PM induced
VSMC migration through the NOX1/ROS-dependent NF-κB signaling pathway, which was
also partially involved in inducing pro-inflammatory cytokine secretion. The involvement
of growth factors in PM-induced VSMC phenotypic changes deserves further investiga-
tion. Although proinflammatory cytokines (such as IL-6) were reported to increase VMSC
migration [59], our results suggest that the PM-increased cytokine secretion and cell mi-
gration effects observed in the VSMCs occurred independently. The PM-increased IL-6
concentration (approximately 20 pg/mL) might be too low, compared with the 1 ng/mL
concentration that effectively promoted VSMC migration [60].

IL-6 plays roles in acute inflammation and adaptive tissue remodeling [61]. At the early
phase of tissue injury, IL-6 is immediately secreted, induces the release of proinflammatory
cytokines and induces chemotaxis of leukocytes to the injured tissues. Later, IL-6 switches
macrophage polarization and promotes the secretion of mediators for tissues repair and
remodeling. Then, IL-6 levels will return to normal during tissue remodeling. In our
present animal study, exposure to PM injured lung tissues, increased IL-6 secretion and
caused pulmonary inflammation within 2 weeks. The injured tissues were gradually
repaired, as indicated by the decline of LDH activity and IL-6 concentrations in BALF
at week 4 and 8. Meanwhile, the increase in collagen fiber deposition and the medial
thickening indicated vascular remodeling at week 4 and 8.

Atherosclerosis is one of the major vascular diseases induced by PM2.5. More recently,
Liang et al. [62] indicated that vascular endothelial injury plays a critical role in PM2.5-
trigered atherosclerosis. Endothelial cells consist of a single layer of the tunica intima.
First, PM2.5 disturbed vascular endothelial cells functions, including increased endothe-
lial permeability, declined vascular tone and vascular reparative capability. Activated
endothelial cells promoted the monocytes recruited and the maturation of monocytes into
macrophages. Macrophages accumulated oxidized lipids, and finally promoted foam cell
formation. On the other hand, VSMCs in the tunica media may respond to the signals of
injured endothelial cells and switch to highly migratory and proliferative phenotypes [63].
Liang et al. [62] pointed out that oxidative stress induced by PM2.5 can increase VSMCs
proliferation. Our present study further demonstrated that oxidative stress induced by
PM2.5 increased VMSCs migration. Some studies reported that VSMCs were present in the
atherosclerotic plagues and suggested that VMSCs migrate from the tunica media into the
tunica intima during the development of atherosclerosis [63,64]. Thus, it is possible that
the increase in VSMCs migration may also play a role in PM2.5-trigered atherosclerosis.

Certain herbal compounds have been reported to prevent PM-induced oxidative
stress and inflammation in endothelial cells, bronchial epithelial cells, and lung or heart
tissue [65–67]. Several herbal compounds have been used to inhibit NOX activity, including
resveratrol [65], and epigallocatechin-3-gallate [67], but the inhibitory effects are not specific
to the NOX family. In the present study, we evaluated the preventive effects of polyphenolic
compounds in PM-induced vascular phenotypic changes. At the dosage of 5 µM, three
polyphenolic compounds, including curcumin, resveratrol, and GA, exhibit antioxidative
and anti-inflammatory properties, but 5 µM honokiol is exclusively anti-inflammatory. As
expected, the four polyphenolic compounds prevented PM-increased cytokines secretion.
However, treatment with 5 µM honokiol failed to prevent PM-induced ROS, NF-κB activity
or migration in MVSMC. It appears that the antioxidant properties of the compounds
were required to prevent PM-induced VSMC migration. Some studies report that 10 µM
honokiol reduced ROS levels and prevented inflammation in cells [68,69]. Our results
suggested that honokiol at the dosage of 5 µM might prevented PM-induced cytokines
secretion via NF-κB independent pathways, for example the the PI3K/Akt pathway [70].

Toxicological studies have suggested that ambient PM2.5-10 has considerable inflamma-
tory effects [71–73]. Heltand et al. [72] demonstrated that ambient PM2.5-10 was more potent
in the induction of inflammatory cytokines than the corresponding ambient PM2.5 in rat
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lungs. Furthermore, PM2.5-10 was more toxic than PM2.5 in certain toxicological studies [74].
In the present study, we revealed that both PM2.5-10 and PM2.5 induced migration ability
and cytokines secretion and activated the same pathways in VSMCs. The present study
suggests that exposure to ambient PM2.5-10 and PM2.5 may induce vascular phenotypic
changes in VSMCs through similar mechanisms.

5. Conclusions

The present study identified the NOX1/ROS/NF-κB pathway as the critical mech-
anism of ambient PM-induced VSMCs phenotypic changes, which included increased
migration ability and proinflammatory cytokine secretion. Furthermore, polyphenolic
compounds with antioxidative properties can prevent ambient PM-induced proinflam-
matory cytokines secretion and cell migration in VSMCs. However, honokiol prevented
PM2.5-induced proinflammatory cytokines secretion through a mechanism independent of
the ROS/NF-κB pathway.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antiox10050782/s1, Figure S1: PM2.5 induced vascular remodeling at 8 weeks in mouse lung;
Figure S2: The cytotoxicity of PM2.5 and PM2.5-10 in HPASMCs, MPASMCs, and MVSMCs; Figure S3:
Effect of PM2.5 and PM2.5-10 on cell phenotypic changes in HPASMCs, MPASMCs, and MVSMCs;
Figure S4: The cytotoxicity of polyphenolic compounds in MVSMCs. Figure S5: Immunohistochemi-
cal staining for NF-κB subunit phospho-p65 in small arteries of mouse lung. Figure S6: Effects of PM
on the NOX1 mRNA and protein levels in MVSMCs.
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