
Ju et al. Particle and Fibre Toxicology           (2022) 19:29  
https://doi.org/10.1186/s12989-022-00472-z

RESEARCH

Oxidative stress generated by polycyclic 
aromatic hydrocarbons from ambient 
particulate matter enhance vascular 
smooth muscle cell migration through MMP 
upregulation and actin reorganization
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Abstract 

Background:  Epidemiological studies have suggested that elevated concentrations of particulate matter (PM) are 
strongly associated with the incidence of atherosclerosis, however, the underlying cellular and molecular mechanisms 
of atherosclerosis by PM exposure and the components that are mainly responsible for this adverse effect remain to 
be established. In this investigation, we evaluated the effects of ambient PM on vascular smooth muscle cell (VSMC) 
behavior. Furthermore, the effects of polycyclic aromatic hydrocarbons (PAHs), major components of PM, on VSMC 
migration and the underlying mechanisms were examined.

Results:  VSMC migration was significantly increased by treatment with organic matters extracted from ambient 
PM. The total amount of PAHs contained in WPM was higher than that in SPM, leading to higher ROS generation and 
VSMC migration. The increased migration was successfully inhibited by treatment with the anti-oxidant, N-acetyl-
cysteine (NAC). The levels of matrix metalloproteinase (MMP) 2 and 9 were significantly increased in ambient PM-
treated VSMCs, with MMP9 levels being significantly higher in WPM-treated VSMCs than in those treated with SPM. As 
expected, migration was significantly increased in all tested PAHs (anthracene, ANT; benz(a)anthracene, BaA) and their 
oxygenated derivatives (9,10-Anthraquinone, AQ; 7,12-benz(a)anthraquinone, BAQ, respectively). The phosphoryl‑
ated levels of focal adhesion kinase (FAK) and formation of the focal adhesion complex were significantly increased in 
ambient PM or PAH-treated VSMCs, and these effects were blocked by administration of NAC or α-NF, an inhibitor of 
AhR, the receptor that allows PAH uptake. Subsequently, the levels of phosphorylated Src and NRF, the downstream 
targets of FAK, were altered with a pattern similar to that of p-FAK.

Conclusions:  PAHs, including oxy-PAHs, in ambient PM may have dual effects that lead to an increase in VSMC migra‑
tion. One is the generation of oxidative stress followed by MMP upregulation, and the other is actin reorganization 
that results from the activation of the focal adhesion complex.
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Background
Epidemiological studies have shown a positive correlation 
between exposure to air pollution and the risk of carotid 
atherosclerosis. For example, in people who have had 
long-term exposure to indoor coal-burning pollution, an 
elevation of inflammatory cytokines, such as IL-8, CRP, 
and TNF-α, has been observed, leading to a significant 
increase in the risk of carotid atherosclerosis [1]. In addi-
tion, the concentration of PM2.5 in ambient pollution is 
positively correlated with carotid intima-media thick-
ness and the development of high-risk coronary plaques 
[2, 3]. Indeed, the correlation between air pollution and 
the risk of atherosclerosis has been documented in most 
of the epidemiological studies conducted to date [2, 4, 5]. 
Several studies have also shown that exposure to PM or 
diesel exhaust particles (DEP) alters the expression levels 
of atherosclerosis-related proteins, the levels of MAPK 
phosphorylation, or caused the development of plaques 
in arterial walls in animal models [6, 7].

Ambient PM, composed of natural and anthropogenic 
particles, is an airborne mixture of substances including 
organic and inorganic compounds such as metals and 
biological components [8]. There is growing evidence 
that polycyclic aromatic hydrocarbons (PAHs) and their 
derivatives, such as oxygenated- (oxy-PAHs), nitro-, 
hydroxyl-, and chloro-PAHs, comprise a major part of 
air pollution that is correlated with the increase in car-
diovascular morbidity and mortality [9–11]. In particu-
lar, PAHs and oxy-PAHs, which are generated by many 
combustion processes in urban environments, are major 
components of air pollution [12, 13]. In addition, oxy-
PAHs also originate from reactions between PAHs and 
various forms of organic and inorganic radicals [14], or 
from the photo-oxidation of PAHs by singlet molecular 
oxygen [15]. It is well known that PAHs and oxy-PAHs 
induce severe redox stress in cells and tissues, leading to 

the oxidation of nucleic acids, proteins, and lipids [16, 17] 
as well as carcinogenicity [18, 19]. In a previous study, 
we showed that in cardiomyocytes, oxy-PAHs induced 
higher electrophysiological instability than PAHs, which 
might be due to the increased generation of ROS. In 
addition, we showed that the amount and number of oxy-
PAHs contained in WPM were higher in SPM, leading to 
higher electrophysiological instability [20].

Vascular smooth muscle cells (VSMCs), constituting 
the major cells in the media layer of arteries, participate 
in arterial wall remodeling, which plays an important 
role in atherosclerosis throughout all stages of the dis-
ease. VSMCs proliferation and migration from the media 
into the intima is believed to be one of the main causes 
of the formation of atherosclerotic plaques and intimal 
hyperplasia [21]. However, few studies have investigated 
the underlying mechanisms in the vasculature, which is 
composed of endothelial cells (ECs) and vascular smooth 
muscle cells (VSMCs). For example, in ECs, cellular 
glutathione is protective against the cytotoxic effects 
induced by benzo[a]pyrene-1,6-quinone, a PAH com-
ponent of air pollution [22]. In addition, benzo[a]pyr-
ene increase VSMC migration and invasion through the 
upregulation of matrix metalloproteinases (MMPs) [23]. 
Nevertheless, further cellular and molecular alterations 
in VSMCs induced by ambient PMs and the components 
that participate in these alterations, and their underlying 
mechanisms still need to be elucidated.

Results
Organic matters extracted from ambient PM induces 
VSMCs migration through ROS generation
To investigate the effects of organic matters extracted 
from ambient PM on VSMC behavior, we analyzed the 
alterations in VSMC proliferation and migration. As 
shown in Fig.  1a, both PM collected in summer (SPM) 
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(See figure on next page.)
Fig. 1  Effect of organic matters from extracted ambient PM on VSMC migration. a Effects of seasonal organic matters from ambient PM on VSMC 
migration were measured using a wound healing assay (upper) and Boyden chamber assay (lower). The images from the wound healing assay 
are representative of five independent experiments, taken at the time of scratching and 48 h after scratching. The black line represents the initial 
boundaries following the scratch at time 0 and the white dotted line represents the migrating cell front after 48 h. The wound healing area was 
measured using ImageJ software. Images from the Boyden chamber assay shows the number of migrated cells. The images from the transwell assay 
are representative of five independent experiments, taken 12 h after seeding. b The effects of ambient PM on VSMC proliferation were evaluated 
using the BrdU incorporation assay. Serum-starved VSMCs were treated with negative control (0.1% DMSO), SPM, WPM or PDGF-BB (20 ng/mL) as 
a positive control for 24 h. c ROS generation in PM-treated VSMCs was evaluated using H2DCF-DA (green). VSMCs were pretreated with or without 
NAC (1 mM) for 1 h, then treated with negative control (0.1% DMSO), SPM or WPM. Nuclei were stained with DAPI (blue). Fluorescence intensity was 
quantified by SIBIA software. d Effects of the antioxidant, NAC, on organic matters from ambient PM-induced VSMC migration were measured using 
a wound healing assay (upper) and Boyden chamber assay (lower). All values are represented as mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001 
versus control; #P < 0.05, ##P < 0.01, and ###P < 0.001 WPM versus SPM; $P < 0.05, $$P < 0.01, and $$$P < 0.001 PM with NAC versus PM alone; NS, no 
significance
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Fig. 1  (See legend on previous page.)
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and winter (WPM) significantly increased VSMC migra-
tion in both the 2-D wound healing assay and the 3-D 
Boyden chamber assay. The increased migration was 
significantly higher in WPM-treated VSMCs than in 
those treated with SPM. In addition, we observed that 
the increased level of migration was even higher than 
that of PDGF-treated VSMCs (a positive control). How-
ever, VSMC proliferation was not altered by treatment 
with organic matters from PM (Fig.  1b), demonstrating 
that organic matters from PM only changes the migra-
tory activities of VMSCs. Based on previous reports that 
demonstrate that ROS may mediate VSMC migration 
[24, 25], we evaluated ROS generation and their effects 
on VSMC migration. We observed that ROS generation 
was significantly increased in organic matters from PM-
treated VSMCs, with a larger increase observed in cells 
treated with WPM than those treated by SPM. Further-
more, NAC treatment significantly reduced ambient PM-
induced ROS levels (Fig. 1c) and subsequently inhibited 
VSMC migration (Fig.  1d). These results demonstrate 
that organic matters from PM induce VSMC migration 
through ROS generation.

Organic matters extracted from ambient PM regulates 
matrix metalloproteinase expression and activity
The altered levels of MMPs in organic matters from PM-
treated VSMCs were investigated because MMPs are 
critical regulators of VSMC migration [26]. As shown in 
Fig. 2a, VSMCs treated either with SPM or WPM signifi-
cantly increased their expression of MMP2 and MMP9 
proteins in a dose-dependent manner, with a greater 
increase observed in WPM-treated VSMCs than those 
treated with SPM, which was consistent with the results 
obtained from the migratory activity experiment. How-
ever, the protein levels of MMP13, one of the effectors 
of cell migration, were not changed, which demonstrates 
that organic matters from PM induced VSMC migra-
tion through MMP2 and MMP9. As expected, in VSMCs 
treated with organic matters from PM, we observed a 
significant increase in the mRNA levels of MMP2 and 
MMP9, but also in the mRNA levels of MMP13, which is 
inconsistent with the lack of change in its protein levels 

(Fig. 2b). In addition, the extracellular proteolytic activ-
ity of MMP2 and the transcriptional levels of MMP9 
were significantly increased in organic matters from PM-
treated VSMCs, and these changes were blocked by NAC 
treatment (Fig. 2c, d). We also investigated the effects of 
organic matters from PM on the phosphorylation levels 
of focal adhesion kinase (FAK) and FAK-related signals 
since FAK acts as a regulator of MMP expression [27, 28] 
and also enhances cell migratory activity itself through 
actin reorganization [29]. The phosphorylation levels 
of FAK at the Y397 and Y925 sites, and of Src, a down-
stream target of FAK, were increased by organic mat-
ters from PM; however, NAC blocked phosphorylation 
of p-Src and p-FAK at Y925, but not at Y397. In addi-
tion, the phosphorylated levels of Akt and ERK were sig-
nificantly increased in organic matters from PM-treated 
VSMCs; yet, NAC inhibited the increase of p-Akt with-
out affecting the levels of p-ERK (Fig. 2e). These results 
demonstrate that organic matters from PM enhances not 
only MMP expression, but also FAK phosphorylation, 
leading to VSMC migration.

PAHs are mediators inducing ROS generation and VSMCs 
migration
We have previously suggested that PAHs and oxy-PAHs 
that are found in ambient PM might act as ROS genera-
tors [20]. Therefore, in this study, we hypothesized that 
PAHs, including oxy-PAHs, comprise the main compo-
nents of ambient PM that induce ROS generation, which 
subsequently promotes the migration of VSMCs. We 
investigated the effects of two types of PAHs, anthra-
cene (ANT) and benz(a)anthracene (BaA), and their 
oxygenated derivatives, 9,10-anthraquinone (AQ) and 
7,12-benz(a)anthraquinone (BAQ), respectively, on 
ROS generation and VSMC migration. We first demon-
strated that PAHs or oxy-PAHs used at concentrations 
of 5 and 10 µM had no significant cytotoxicity in VSMC 
(data not shown). As shown in Fig.  3a, VSMCs treated 
with PAH or oxy-PAH significantly increased their ROS 
generation in a dose-dependent manner, compared to 
that of the untreated control. As expected, we observed 
that the alterations were significantly greater in VSMCs 

Fig. 2  Effect of organic matters extracted from ambient PM on MMP expression and activity in VSMCs. a The expression levels of MMP2, 9, and 
13 were analyzed by western blotting. Serum-starved VSMCs were treated with control (0.1% DMSO), PDGF-BB (20 ng/mL), SPM, or WPM at the 
indicated concentration for 24 h. The band densities were normalized to β-actin band density. The gel images shown are representative of those 
obtained from at least three independent experiments. b The mRNA levels of MMPs were quantified by qPCR. Gene expression was normalized 
to GAPDH. c The zymolytic activity of MMP2 was evaluated using gelatin zymography. Serum-starved VSMCs without or with NAC (1 mM) were 
pretreated with the designated concentrations of SPM or WPM for 24 h. PDGF treatment alone was used as a positive control. The media were then 
collected and used for this assay. The images shown are representative of those obtained from at least three independent experiments. d The effect 
of NAC on transcriptional activity of the MMP9 promoter in VSMCs was evaluated using a luciferase assay. e The expression levels of phosphorylated 
ERK1/2, Akt, FAK, and Src were analyzed by western blotting. Protein levels were normalized to their total levels. All values are represented as 
mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001 versus control; #P < 0.05 WPM versus SPM; $P < 0.05 and $$$P < 0.001 PM with NAC versus PM alone; 
NS, no significance

(See figure on next page.)
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Fig. 2  (See legend on previous page.)
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treated with oxy-PAHs than in those treated with PAHs. 
In addition, VSMC migration was increased by PAH and 
oxy-PAH treatments in both wound healing and Boyden 

chamber assays; however, the only significant difference 
observed between PAHs and oxy-PAHs was between 
VSMCs treated with BaA and those treated with BAQ, 

Fig. 3  Effect of PAHs on ROS generation and VSMCs migration. a VSMCs were treated with control (DMSO), ANT, AQ, BaA, or BAQ at the indicated 
concentration and analyzed for ROS generation. Representative fluorescent images of VSMCs loaded with H2DCF-DA (green) with nuclei stained 
with DAPI (blue) are shown. b Effects of ambient PM on VSMC migration were measured using a wound healing assay. The images from the wound 
healing assay are representative of five independent experiments, taken at the time of scratching and 48 h after scratching. The black line represents 
the initial boundaries following the scratch at time 0 and the white dotted line represents the migrating cell front after 48 h. The wound healing 
area was measured using ImageJ software. c Boyden chamber assay showing the number of migrated cells. The images from the transwell assay 
are representative of five independent experiments, taken 12 h after seeding. d The cytotoxic effects of PAHs on VSMCs were evaluated using the 
MTT assay. Serum-starved VSMCs were treated with each form of PAHs for 24 h. All values are represented as mean ± SD. *P < 0.05, **P < 0.01, and 
***P < 0.001 versus control; #P < 0.05 and ##P < 0.01 oxy-PAHs versus PAHs; NS, no significance
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and only at a concentration of 10 μM (Fig. 3b, c). Inter-
estingly, cell proliferation was significantly increased in 
AQ-, BaA-, and BAQ-treated VSMCs, but not in ANT-
treated cells (Fig.  3d). Thus, we have shown that PAHs 
enhanced VSMC migration.

PAHs regulates matrix metalloproteinase expression 
and activity through ROS generation
To investigate whether the increased migration by PAHs 
is due to the altered MMP expression induced by ROS, 
we evaluated the effects of PAHs on MMP expres-
sion. We observed that following treatment with all 
four types of PAHs, protein expression of MMP2 and 
MMP9 were significantly increased compared to that of 
the control (Fig.  4a), with the resulting levels of MMP9 
protein being significantly higher than that of MMP2. 
The only significant difference in MMP9 protein expres-
sion between PAHs and oxy-PAHs was when compar-
ing VSMCs treated with ANT to those treated with 
AQ. The increase in MMP2 and MMP9 were success-
fully inhibited by NAC treatment (Fig.  4b). Compared 
to the control, the mRNA levels of MMP2, MMP9, and 
MMP13 were all significantly increased in BAQ-treated 
VSMCs, while only MMP9 and MMP13 mRNA were 
increased in BaA-treated cells. All observed increases 
in mRNA expression were inhibited by NAC treatment 
(Fig. 4c). As shown in Fig. 4d, the transcriptional activi-
ties of MMP2 and MMP9 were significantly increased 
in VSMCs treated with all four types of PAHs, and con-
sistent with the results of protein expression, the result-
ing levels of MMP9 were higher than those of MMP2. In 
addition, these increases were significantly inhibited by 
NAC treatment. Moreover, we observed that the increase 
of transcriptional activity of these MMPs by PAHs was 
also significantly inhibited by α-naphthoflavone (α-NF), a 
specific inhibitor of AhR (Fig. 4d). The aryl hydrocarbon 
receptor (AhR) is a ligand-activated transcription factor 
that regulates biological responses to planar aromatic 
hydrocarbons and acts primarily as a sensor of xenobi-
otic chemicals [30, 31]. Consistent with these findings, 

the VSMC migration induced by PAHs was also success-
fully blocked by NAC or α-NF treatment (Fig. 4e). These 
results demonstrate that PAHs enhance VSMC migration 
through ROS generation.

PAHs regulate the expression of ROS‑related genes 
and the dependent signaling pathways
Since there is evidence that CYP1A1 and transcription 
factor Nrf2 are protective against PAHs and ambient 
PM-induced pro-oxidative damage in various cell types 
[32, 33], we investigated their alterations in PAH-treated 
VSMCs. The mRNA levels of CYP1A1 were dramati-
cally increased in BaA- and BAQ-treated VSMCs in a 
time-dependent manner, and these alterations were only 
partially, but significantly, inhibited by NAC treatment 
(Fig.  5a). In addition, PAH treatment caused transloca-
tion of Nrf2 into the nucleus, and this effect was inhib-
ited by NAC (Fig. 5b). The mRNA levels of Nrf2 and its 
target genes, heme oxygenase-1 (HO-1) and NAD(P)H 
dehydrogenase 1 (NQO1), were significantly increased 
following treatment with both forms of PAHs (Fig.  5c). 
The protein expression level of NQO1 was also increased 
by PAH treatment (Fig.  5d). Studies have shown that 
HO-1 and NQO1 are expressed in an ROS-dependent 
manner [34], and consistent with the results of these 
studies, NAC inhibited the increases in mRNA and pro-
tein levels. In addition, the phosphorylation level of Src, 
a downstream target of Nrf2, was significantly increased 
by PAHs (Fig. 5d). These results demonstrate that the cel-
lular uptake of PAHs generates ROS and regulates the 
ROS-dependent signaling pathways in VSMCs.

PAHs enhance the formation of focal adhesion complex 
through aryl hydrocarbon receptor
The aryl hydrocarbon receptor (AhR) is the primary sen-
sor of aromatic hydrocarbons and is involved with the 
regulation of focal adhesion (FA) sites [35]. AhR activa-
tion subsequently activates Src and FAK, leading to the 
reorganization of the actin cytoskeleton, which is an 
effector for the changes observed in cell migration [28]. 

Fig. 4  Effect of PAH and oxy-PAH on MMPs expression and VSMCs migration. a The expression levels of MMP2 and MMP9 were analyzed by 
western blotting. Serum-starved VSMCs were treated with control (0.1% DMSO), PAHs or oxy-PAHs for 24 h. The band densities were normalized to 
β-actin band density. The gel images shown are representative of those obtained from at least three independent experiments. b The effect of NAC 
treatment on the expression levels of MMPs was quantified by western blot. Same volume of water was added in control group for NAC treatment. 
c The mRNA levels of MMPs in VSMCs following the treatment of NAC were quantified by qPCR. Gene expression was normalized to GAPDH. d 
The transcriptional activity of the MMPs promoter was evaluated using a luciferase assay in VSMCs with or without NAC or α-NF treatment. Same 
volume of DMSO was added in control group for α-NF treatment. Control values of NAC or α-NF were converted to 1 for comparing with the 
experimental values. e The effects of NAC or α-NF on VSMCs migration were evaluated using a wound healing assay. The wound healing area was 
measured using ImageJ software. The images from the wound healing assay are representative of five independent experiments, taken at the time 
of scratching and 48 h after scratching. The black line represents the initial boundaries following the scratch at time 0, and the white dotted line 
represents the migrating cell front after 48 h. All values are represented as mean ± SD. *P < 0.05 and ***P < 0.001 versus control; #P < 0.05 oxy-PAH 
versus PAH; $P < 0.05, $$P < 0.01, and $$$P < 0.001 PAHs with NAC versus PAHs alone; &P < 0.05, &&P < 0.01, and &&&P < 0.001 PAHs with α-NF versus PAHs 
alone; NS, no significance

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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We first observed that in VSMCs treated with either the 
PAH BaA or the oxy-PAH BAQ, AhR translocated into 
the nucleus from the membrane in a time-dependent 
manner. AhR translocation was significantly higher in 
BAQ-treated VSMCs than in BaA-treated VSMCs when 
comparing the observations at the same time points 

(Fig.  6a). Further co-immunostaining showed that com-
pared to that of controls, the degree of colocalization of 
FAK and paxillin at the sites of filopodia growth were 
higher in both forms of PAH-treated VSMCs. Further-
more, BAQ-treated VSMCs displayed more extensive 
colocalization with paxillin than in BaA-treated cells 

Fig. 5  Effect of PAHs and oxy-PAHs on the expression of ROS-dependent signals. a The mRNA levels of CYP1A1 in the absence or presence of NAC 
were evaluated by qPCR. b The effect of NAC treatment on the nuclear translocation of Nrf2 was evaluated by immunocytochemistry. c The mRNA 
levels of Nrf2, HO-1, and NQO1 in the absence or presence of NAC were evaluated by qPCR. d The expression levels of NQO1 and phosphorylated 
Src were analyzed by western blotting. Protein levels were normalized to β-actin. All values are represented as mean ± SD. ***P < 0.001 versus 
control; $P < 0.05, $$P < 0.01, and $$$P < 0.001 PAHs with NAC versus PAHs alone
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(Fig.  6b). In addition, we could observe the more spots 
of integrin β1 on edge of actin cytoskeleton. Blocking 
of AhR by α-NF significantly reduced the level of these 
colocalization, suggesting that PAHs affect FA forma-
tion and cytoskeletal organization in VSMCs through 
this receptor. In addition, we confirmed that the levels 
of phosphorylated FAK and FA-related proteins, such as 
p-Src and paxillin, were significantly increased in VSMCs 
treated by both forms of PAH (Fig. 6c). As expected, PAH 
treatment of VSMCs significantly increased the levels of 
p-Akt and significantly altered the levels of phosphoryl-
ated p38 (Fig.  6c). These alterations were successfully 
blocked by treatment with α-NF (Fig. 6d). Furthermore, 
we examined the mRNA levels of integrins αV, β1, β3, a1, 
and a5, which are the components of FA complexes in 
the filopodia. With the exception of a5 in VSMCs treated 
with BaA, all integrin mRNA levels were significantly 
increased compared to controls in PAH-treated cells. All 
of these increases were blocked by treatment with α-NF, 
except for αV in VSMCs treated with BaA (Fig. 6e). Our 
results indicate that PAH uptake by AhR regulates FA-
related biological responses in VSMCs.

Discussion
Despite the culmination of evidence suggesting that there 
is an association between ambient air particles and vas-
cular dysfunction, the underlying mechanisms are com-
plex and variable, and remain to be elucidated. Moreover, 
due to the complexity of PM components, the specific 
components responsible for PM-induced vascular dys-
function should be investigated.

We have previously reported that ambient PM gener-
ates a substantial amount of ROS, which may induce 
electrophysiological instability in cardiomyocytes [20]. 
In addition, we revealed that this effect might be caused 
by PAHs, the main component of PM. The present study 
demonstrated that PM exposure significantly increased 
ROS generation in VSMCs, leading to enhanced migra-
tory activity. The significant increase in migration was 
greater in VSMCs treated with WPM than in those 
treated with SPM, and the higher ROS generation by 
WPM was evidenced by the higher levels of oxy-PAHs 
contained in WPM than in SPM, consistent with the 
results of our previous report. ROS generation by BAQ, 

one of the oxy-PAHs tested in this study, was significantly 
higher than that of its non-oxygenated form, BaA. Fur-
thermore, we observed that VSMC migration was posi-
tively correlated with ROS levels. However, unlike BaA 
and BAQ pair, any significant differences in ROS gen-
eration and cell migration between ANT and AQ were 
observed, which might be due to their different chemical 
natures and experimental concentrations.

Although VSMC proliferation is also one of the key fac-
tors triggering vascular pathology, we did not observe any 
significant alterations in VSMC proliferation by ambient 
PM. However, the significant increase in VSMC prolifera-
tion following PAHs treatment (except for ANT) tested 
in this study suggests that other components in ambient 
PM might participate in regulating the pathways that lead 
to VSMC proliferation. Another plausible explanation for 
this discrepancy is that the concentration of PAHs tested 
in this study was slightly higher than the concentration of 
mobilized PAHs from PM.

Cell migration requires the fine spatial–temporal inte-
gration of many proteins that regulate the fundamental 
processes responsible for driving cell movement [36]. It 
includes the various MMPs that degrade extracellular 
matrix components and cytoskeleton-related proteins 
that enhance cell protrusion. Furthermore, there is a sub-
stantial amount of evidence to suggest that redox stress 
is associated with cardiovascular pathologies, such as 
neointima hyperplasia during restenosis [37], angiotensin 
II-induced hypertension [38], and impaired endothelium-
dependent vasorelaxation [39]. Although the mitochon-
drial respiratory chain is the major source of intracellular 
ROS in animal cells, VSMCs contain various sources of 
ROS, including xanthine oxidase, lipoxygenase, nitric 
oxide synthases, and NADPH oxidases [40]. In addition, 
ROS can impact the signaling of a variety of molecular 
targets that participate in VSMC migration, including 
target proteins associated with extracellular matrix deg-
radation [41], the formation of FA complexes [42], and 
cytoskeleton dynamics [43].

The findings of this study show that ROS generation by 
organic matters from PM or PAHs is positively correlated 
with MMP expression. In addition, the phosphorylated 
levels of FAK, as well as the levels of FA complex-related 
proteins, such as paxillin and p-Src, were significantly 

Fig. 6  Effects of PAHs and oxy-PAHs on the formation of the focal adhesion complex and actin reorganization. a VSMCs were treated with control 
(0.1% DMSO), 10 μM of ANT, AQ, BaA, or BAQ, and stained with the anti-AhR antibodies (red) at the indicated time points. Representative fluorescent 
images show the translocation of AhR in the nucleus. Scale bar, 50 µm. b The formation of the focal adhesion complex by PAHs was determined by 
immunocytochemical co-staining for FAK and paxillin; integrin β1 and actin. Representative fluorescent images of VSMCs with and without α-NF 
treatment are shown. Scale bar, 50 µm. c The expression levels of focal adhesion-related proteins were analyzed by western blotting at indicated 
time points. Protein levels were normalized to their total levels with the exception of paxillin, which was normalized to β-actin. d The effect of α-NF 
on the expression of focal adhesion-related proteins were analyzed by western blotting. Protein levels were normalized against those of β-actin. e 
The effect of α-NF treatment on the mRNA levels of integrins were evaluated by qPCR. All values are represented as mean ± SD. *P < 0.05, **P < 0.01, 
and ***P < 0.001 versus control; &P < 0.05, &&P < 0.01, and &&&P < 0.001 PAHs with α-NF versus PAHs alone; NS, no significance

(See figure on next page.)
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Fig. 6  (See legend on previous page.)
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increased. The successful inhibition of these alterations 
by the anti-oxidant, NAC, demonstrates that organic 
matters from PM mediates VSMC migration through 
ROS generation and that PAHs contained in ambient PM 
are responsible for these responses. Moreover, our results 
showed that the mRNA and protein expression levels of 
MMP2 and MMP9 were significantly increased in SPM, 
WPM or PAH-treated VSMCs, which is consistent with 
previous reports that ROS can directly or indirectly acti-
vate MMP2 and MMP9 in VSMCs [41, 44]. However, 
although we demonstrated that MMP13 participates in 
VSMC migration in our previous report [45], and mito-
chondrial ROS generation mediates MMP13 expression 
in unmyelinated axons [46], we did not observe sig-
nificant alterations in protein levels of MMP13 in SPM, 
WPM- or PAH-treated VSMCs in this study. This dis-
crepancy might be due to insufficient ROS generation or 
different cell specificities. Therefore, in future studies, it 
will be interesting to further examine the effects of ROS 
on MMP13 expression and VSMC migration. Moreo-
ver, the increased transcriptional activity of MMPs and 
the activated FA complex-related proteins by PAHs was 
also significantly inhibited by α-naphthoflavone (α-NF), 
an inhibitor of AhR. Alpha-NF is not only an antagonist 
of the Ah receptor (AhR), but is also used as an inhibi-
tor of aromatase and cytochrome P450. Although α-NF 
has multiple targets, both AhR and cytochrome P450 
(CYP1A1, CYP1A2/1B1) inhibition by α-NF are well 
known to inhibit the metabolic activation of several envi-
ronmental xenobiotics such as PAHs. Moreover, CYP1A1 
is classically known to be regulated by the AhR. In addi-
tion, α-NF is used as an antagonist of AhR to confirm the 
association with the transcriptional activity of AhR by 
xenobiotics [47]. Consistent with these previous results, 
the treatment of α-NF significantly inhibited PAHs 
uptake into cells, leading to a decrease in the transcrip-
tional activities of MMPs and VSMCs migration.

Our results also demonstrated that organic mat-
ters from PM or PAHs increased the phosphorylation 
of FAK and FA-related proteins. Indeed, FA dynam-
ics (assembly and disassembly) involving the coordi-
nation between the FA and the actin cytoskeleton is a 
required process for cell migration [48]. Furthermore, 
integrins mediate the dynamic interactions between the 
extracellular matrix and the actin cytoskeleton during 
cell movement [49]. During this process, the interac-
tion between integrins α5β1 and αVβ3, and FAK acts 
as a key mediator for VSMC migration [50]. Moreover, 
there is convincing evidence that FA and actin cytoskel-
eton dynamics are directly regulated by ROS [51, 
52]. In agreement with the above reports, our results 
showed that the binding between actin and integrin β1 

in the FA complex was increased in the filapodia region 
in PAH-treated VSMCs. In addition, the formation of 
FA complex was also increased in PAH-treated VSMCs.

Furthermore, we observed that PAH treatment led to 
significant activation and nuclear translocation of the 
transcription factor Nrf2 and subsequently increased 
the expression of the target proteins of Nrf2, HO-1, and 
NQO1. The mRNA levels of CYP1A1 were also signifi-
cantly increased in PAH-treated VSMCs. Our results 
concur with a previous report that showed that expo-
sure to diesel exhaust particulate matter led to signifi-
cant activation of Nrf2 and expression of CYP1A1 in 
endothelial cells [32]. However, the correlation between 
ROS levels and these alterations was not evaluated in 
this previous study. Although Nrf2 activation and the 
upregulation of CYP1A1 are protective against ROS 
insult, the significant increase in VSMC migration in 
our study suggests that the level of ROS generation fol-
lowing PM or PAH treatment may be beyond their pro-
tective capacity.

The present study has some methodological limita-
tions. First, one of the drawbacks is that PAHs are not 
the only components responsible for ROS generation 
in PM. Cationic metals, including Fe, Zn, Mn, and Cu, 
contained in ambient PM are known to produce ROS 
in biological systems. In particular, there is convinc-
ing evidence to suggest that Fe generates ROS through 
the Haber–Weiss and Fenton reaction [53]. Indeed, 
we observed that ambient PM contained these metal-
lic compounds in our previous study [20]. Therefore, 
further investigation of the association between met-
als and PAHs that lead to ROS-mediated VSMC migra-
tion is needed. Second, as this was an in vitro study, 
the consequences of organic matters from PM or PAH 
treatment reported here may not manifest in humans 
following real-world inhalation. However, the detected 
amount of total PAHs including oxy-PAHs in organic 
matters from PM was 4.1 or 26.12  ng/m3 in sum-
mer PM (SPM) or winter PM (WPM), respectively in 
our previous study. Therefore, the equivalent amount 
to cubic meters of air to 5  µM PAHs, ANT, AQ, BaA, 
and BQ were 0.22, 0.24, 0.27, and 0.31 m3/ml, respec-
tively, to SPM and 0.03, 0.04, 0.04, and 0.05 m3/ml to 
WPM, which demonstrated that the amount of PAHs in 
real air is enough to induce hazardous effects. Finally, 
because vascular pathology is mediated by complicated 
interactions between endothelial cells and VSMCs, the 
effects of PM or PAHs on endothelial cells need to be 
evaluated. Despite the limitations of this study, our 
results on the effects of ambient PM or PAHs on VSMC 
migration may still be relevant when examining mam-
malian vascular pathophysiology.



Page 13 of 17Ju et al. Particle and Fibre Toxicology           (2022) 19:29 	

Conclusions
Our results provide strong evidence of the underlying 
mechanism of action for PM-induced progression of ath-
erosclerosis. We demonstrated that organic matters from 
PM increased VSMC migration by ROS generation, and 
PAHs are the major contributors to this effect. We fur-
ther showed that ROS generated by PM or PAHs affects 
VSMC migration in two ways. First is through the sig-
nificant increase of MMPs, which causes the degradation 
of extracellular matrix, and second is the formation of 
the FA complex that allows for actin cytoskeleton rear-
rangement. Although our findings of vascular pathology 
caused by ambient PM is supported by an increasing 
amount of clinical evidence, the in vivo and clinical rel-
evance of these findings remain to be elucidated.

Methods
Ambient particulate matters and preparation of organic 
components
Collection of ambient particulate matter (PM) at Seoul 
metropolitan area during summer (SPM) and winter 
(WPM) season and particle preparation was described in 
the previous study [54], which showed the detailed pro-
cess for the sampling of PM10 and extraction of organic 
matter from the PM. For further usage, the extracts were 
diluted tenfold in dimethylsulfoxide (DMSO). The ana-
lyzed organic compounds including PAHs and oxy-PAHs 
and their concentrations were presented in the previous 
study [20].

Isolation of VSMCs and treatments
All animal experiments for the isolation of rat aortic 
VSMCs were conducted in accordance with the Inter-
national Guide for the Care and Use of Laboratory Ani-
mals. The protocol was approved by the Animal Research 
Committee of the Chosun University School of Medicine 
(Protocol No. CIACUC2020-S0032). Rat aortic VSMCs 
were isolated from 6-week-old Sprague–Dawley rats as 
described previously [55]. Briefly, the removed aorta was 
freed from connective tissues and blood clots, then sev-
ered and transferred into a tube containing a mixture of 
collagenase type I (1 mg/mL, Sigma, St. Louis, MO, US) 
and elastase (0.5 mg/mL, Worthington, NJ, US) and incu-
bated for 30  min at 37  °C. The aorta was placed into a 
100-mm cell culture dish and the adventitia was stripped 
with forceps under a binocular microscope. Each piece 
of the aorta was transferred into a tube containing 5 mL 
of enzyme dissociation mixture (containing collagenase 
and elastase), and the tubes were incubated for 2  h at 
37 °C. The dispersion of the tissue was accomplished by 
slow pipetting. The suspension was centrifuged (1600×g 
for 5  min), and the obtained pellet was resuspended in 

DMEM with 10% fetal bovine serum (FBS, WelGENE, 
KOREA). This dissociation step was repeated until tis-
sues were completely dispersed. The cells were cultured 
at 37  °C in an incubator with a humidified atmosphere 
of 95% air and 5% CO2 and used for up to 10 passages 
in this study. The cells were then treated with the desig-
nated volumes of organic matters from PM and 0.1% of 
DMSO at a final concentration is used as control. VSMCs 
were pretreated with or without 1 mM of NAC or 10 nM 
of α-NF for 1 h before exposure to organic matters from 
PM, PAHs, or oxy-PAHs. NAC or α-NF were dissolved in 
PBS or DMSO, respectively.

Measurement of cytotoxicity and cell proliferation
Cytotoxicity was determined by MTT assay using a 
CellTiter 96 Assay kit (Promega) according to the manu-
facturer’s instructions. Briefly, VSMCs were seeded into 
a 96-well plate in triplicate and cultured for 12  h, and 
then cells were treated with PAHs or oxy-PAHs for 24 h. 
The absorbance was measured at 490 nm using an ELISA 
reader (TECAN, infinite M200 PRO). The proliferative 
rates of VSMCs were evaluated by determining BrdU 
incorporation using the BrdU Cell Proliferation Assay kit 
(Cell signaling). VSMCs were treated with seasonal ambi-
ent PM, PDGF-BB (20  ng/ml), PAHs, or oxy-PAHs for 
24  h. Then cells were incubated with BrdU for 4  h and 
subsequent procedure was performed according to the 
manufacturer’s instructions. The absorbance was meas-
ured at 450 nm using an ELISA reader (TECAN, infinite 
M200 PRO).

Cell migration assay
Cell migration was examined by three-dimensional 
Boyden chamber assay and two-dimensional wound 
healing assay. For Boyden chamber assays, cells (5 × 104 
cells in 100  μl) were placed in the upper compartment 
of the transwell chambers coated with collagen I on the 
lower surface. Negative control (DMSO), positive con-
trol (PDGF, 20 ng/ml), organic matters from PM, PAHs 
or oxy-PAHs were treated with the designated concen-
tration in each upper compartment with designated con-
centration. After incubation for 16 h at 37 °C, cells on the 
lower surface of the filter were fixed and stained, and five 
random fields/membranes were counted at × 200 magni-
fications. For wound healing assay, a rectangular lesion 
was created using a cell scraper, and then the cells were 
incubated with a designated concentration of organic 
matters from PM, PAHs or oxy-PAHs for designated 
times. The distance from the margin of the lesion to the 
most migrated cells was measured, and the mean value 
of the distances was taken as the mobility of cells in each 
culture dish.
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Measurement of intracellular reactive oxygen species 
(ROS)
Intracellular ROS were measured using the fluorescent 
dye technique. VSMCs were seeded into a 24well plate 
with glass coverslips at a density of 5 × 104 cells/ml and 
cultured for 24 h. Then, cells were treated with negative 
control (0.1% DMSO), positive control (200 nM of H2O2), 
ambient PM, or PAHs in a dose dependent manner for 
1  h. Then, cells were washed twice with calcium-free 
PBS (PBSc) and loaded with 2′,7′-dichlorofluorescein 
diacetate (H2DCF-DA, Invitrogen, USA) and 4′,6-diami-
dino-2-phenylindole (DAPI) diluted with calcium-free 
warm PBS to a final concentration of 10 μM and 50 μg/
ml, respectively. After, cells were incubated for 10 min at 
37℃ in dark. The probe H2DCF-DA (10 μM) entered into 
the cells, and the acetate groups on the H2DCF-DA were 
cleaved by cellular esterases, trapping the nonfluorescent 
2′,7′-dichlorofluorescein (DCFH) within the cells. Sub-
sequent oxidation by reactive oxygen species yielded the 
fluorescent product DCF. Then, cells were gently washed 
the coverslips three times in warm PBS and the coverslips 
were placed in the chamber, which was mounted on the 
stage of an inverted microscope equipped with a confocal 
laser-scanning system. The dye, when exposed to an exci-
tation wavelength of 480 nm, emitted light at 535 nm only 
when it had been oxidized. Fluorescence images were 
collected using a confocal microscope (Fluoview FV1000 
confocal system, Olympus) by excitation at 488 nm and 
emission greater than 500 nm with a long-pass barrier fil-
ter. The fluorescence intensity of an equivalent field size 
(3 × 3 mm) in the plate was measured using the Image J 
quantification software.

Zymography
Briefly, aliquots of the control and test media were elec-
trophoresed on a 10% SDS–polyacrylamide gel contain-
ing 0.8% gelatin or 0.3 mg/ml collagen. Gels were washed 
with 2.5% Triton X-100 to remove SDS for 1  h, washed 
with D.W for 1  h and then incubated at 37  °C for 48  h 
in developing buffer (gelatin incubation buffer: 50  mM 
Tris–HCL, pH 7.5, 5  mM CaCl2, 1  µM ZnCl2, 0.02% 
sodium azide, 1% Triton X-100 or collagen incubation 
buffer: 50 mM Tris–HCL, pH 7.5, 10 mM CaCl2, 50 mM 
NaCl, 0.05% Brij35, pH 7.6). After 48  h, the gel was 
stained with 1% Coomassie blue for 1  h and later, then 
destained until there is a good resolution between the 
bands and blue background. The gel was photographed 
and zymolytic area was quantified using Image J software 
(NIH, Bethesda, MD, US).

MMPs promoter luciferase activity assay
For the luciferase assay, the reporter constructs of 
rat MMP2 (GenBank: DQ915967.1) and rat MMP9 

(GenBank: AF148065.1) promoter were cloned into the 
pGL3 basic vector (Promega). VSMCs were transiently 
transfected with a total of 100  ng each of the luciferase 
reporter constructs using Lipofectamine 3000 (Invitro-
gen). To ensure efficient transfection, all wells were also 
co-transfected with a Renilla luciferase vector (pRL-TK; 
Promega). After 24 h transfection, the cells were treated 
with either negative control (DMSO), SPM, WPM, PAHs, 
or oxy-PAHs for 12  h. Luciferase activities were deter-
mined using the Dual-Luciferase Reporter Assay System 
(Promega) as described in the manufacturer’s proto-
col. Data were normalized by internal Renilla luciferase 
activity.

Quantitative real‑time PCR (qRT‑PCR)
The expression levels of the various genes were analyzed 
by qRT-PCR. Cells were seeded into a 6well plate with 
glass coverslips at a density of 5 × 105 cells/ml and cul-
tured for 24  h. Cells were treated with negative control 
(0.1% DMSO), organic matters from PM, PAHs, or oxy-
PAHs for 12  h. Total RNA was extracted using TRIzol 
lysis reagent (QIAGEN) according to the instructions 
provided by the manufacturer. The RNA concentra-
tion of each sample was measured by a spectrophotom-
eter (Eppendorf ) at 260 nm. Total RNA was subjected to 
reverse transcription using HelixCript™ 1st-Strand cDNA 
Synthesis Kit (NanoHelix). Real-time quantitative PCR 
with realHelix™ qPCR kit (NanoHelix) was performed by 
the SYBR Green method using an Applied Rotor-Gene 
3000™. Gene expression was normalized to GAPDH. 
The relative mRNA expression levels were quantified and 
analyzed using Rotor-Gene 6 software (Corbett-research) 
using △△Ct methods. Table 1 was primer sequences for 
qPCR.

Immunoblot analysis
VSMCs were seeded into a 6well plate at a density of 
5 × 105 cells/ml and cultured for 24 h. Cells were treated 
with negative control (DMSO), ambient PM, or PAHs in 
a dose dependent manner for 24  h. Cells were washed 
once in PBS and lysed in RIPA buffer containing PMSF 
and phosphatase inhibitor. Protein concentrations were 
determined using the Bradford protein Assay. Proteins 
were separated in a 6–10% sodium dodecyl sulfate–pol-
yacrylamide gel and transferred to a polyvinylidene dif-
luoride membrane (Bio-Rad Laboratories, Inc.). After 
membrane blocking with Tris-buffered saline-Tween 20 
(TBS-T, 0.1% Tween 20) containing 5% skim milk for 1 h 
at room temperature, the membrane was incubated with 
primary antibody overnight at 4  °C. The primary anti-
bodies were used at the following dilutions in blocking 
buffer: MMP2 (1:4000), MMP9 (1:1000) (Abcam, Cam-
bridge, MA, US), FAK (1:1000), p-FAK(Y397) (1:500), 
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p-FAK(Y925) (1:500), Src (1:4000), p-Src (1:2000), Akt 
(1:4000), p-Akt (1:2000), ERK (1:3000), p-ERK (1:5000) 
(Cell Signaling, Beverly, MA, US), MMP13 (Novus, 
Centennial, CO, US, 1:1000), β-actin (Sigma, MO, US, 
1:5,000). The membrane was washed five times with 
TBS-T for 5 min and incubated for 1 h at room tempera-
ture with secondary antibodies. After extensive washing, 
bands were detected by enhanced chemiluminescence 
reagent (ECL, BIONOTE, Animal Genetics Inc.). Band 
intensities were quantified using the Image J quantifica-
tion software.

Immunofluorescence staining
VSMCs were seeded into a 24well plate at a density of 
3 × 104 cells/ml and cultured for 24  h. Cells were fixed 
with 4% paraformaldehyde for 15 min and permeabilized 
with 0.2% Triton X-100 for 10 min at RT. After washing, 
cells were blocked with 2% BSA in PBS for 1 h, removed 
from the blocking solution, and incubated overnight at 
4 °C with rabbit anti-Nrf2 (1:50) (Cell Signaling, Beverly, 
MA, US), rabbit anti-AhR (1:100) (BioWord, MN, US), 
rabbit-anti-FAK (1:100) (Cell Signaling, Beverly, MA, 
US), mouse anti-paxillin (1:300) (Sigma, MO, US), mouse 
anti-integrin β1 (1:100) (Sigma, MO, US) and actin stains 
with DyLight™ 594 Phalloidin (1:20) (Cell Signaling, Bev-
erly, MA, US). Then, the cells were gently washed under 
the cover slip three times with PBS and mounted in 
fluoroshield™ mounting medium with DAPI (Cell Signal-
ing, Beverly, MA, US). Cells were visualized under a laser 
scanning confocal microscope (Fluoview FV1000 confo-
cal system, Olympus). To ensure blinded data analysis, 
immunofluorescence staining were performed by one 
person, and all images and samples were recorded by 
another person.

Statistical analysis
All quantified data from at least triplicate samples 
were analyzed with GraphPad Prism 8.0 software. Data 
are expressed as mean ± SD. Statistical comparisons 
between the two groups were performed using Stu-
dent’s t-test. Statistical comparisons among multiple 
groups were performed using one-way ANOVA fol-
lowed by Bonferroni post hoc test when the F statistic 
was significant. A two-tailed P < 0.05 was considered 
statistically significant.
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