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ABSTRACT 

Fine particulate matter (PM2.5) can penetrate into alveolar spaces and induce airway 

inflammation. Recent evidence suggests that the activation of Toll-like receptor 4 (TLR4) 

signaling may participate in PM2.5-induced acute lung injury. We investigated the effect of 

VGX-1027, a TLR4 blocker, on PM2.5-induced airway inflammation and bronchial 

hyperresponsiveness (BHR) in a murine model in vivo and on inflammatory mechanisms 

in vitro in human airway epithelial cells. Mice were injected intraperitoneally with vehicle 

(PBS) or VGX-1027 (25 mg/kg) one hour before intranasal instillation of vehicle (PBS) or 

PM2.5 (7.8 mg/kg) for two consecutive days and inflammatory events and BHR studied 24 

h later. Human airway epithelial Beas-2b cells were pretreated with vehicle or VGX-1027 

(50 M) in vitro one hour before incubation with vehicle or PM2.5 (150 ng/ml) for 24 h and 

effects on inflammatory mediators and mechanisms studied. VGX-1027 pretreatment 

attenuated PM2.5-induced BHR and elevated total and neutrophils, macrophages, 

lymphocytes and eosinophils numbers in bronchoalveolar lavage (BAL) fluid in vivo. 

PM2.5-induced BAL fluid inflammatory mediator levels including TNF-, chemokine (C-X-C 

motif) ligand1, IL-1, IL-6 and IL-18 were reduced by VGX-1027. PM2.5-induced increases 

in TNF-, IL-1, IL-6 and IL-18 mRNA levels in Beas-2b cells were also reduced by 

VGX-1027. Mechanistically, VGX-1027 inhibited PM2.5-induced activation of the 

TLR4-NF-B-p38 MAPK and NLRP3-caspase-1 pathways as well as the dysregulation of 

mitochondrial fusion/fission proteins in vivo and in vitro. VGX-1027 may be a potential 

prophylactic treatment for PM2.5-induced acute lung injury that has airway inflammation, 

BHR and mitochondrial damage. 
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1. Introduction 

Air pollution has become increasingly severe in China in recent years due to rapid 

industrialization and urbanization. Fine particulate matter (aerodynamic diameter <2.5 

μm), known as PM2.5, contains abundant substances harmful to the human body (Lin et 

al., 2018). PM2.5 pollution is significantly associated with the increasing morbidity and 

mortality of various respiratory diseases, such as asthma, chronic obstructive pulmonary 

disease (COPD) and lung carcinoma (Xing et al., 2016). PM2.5 can be inhaled and 

deposited in the lung, penetrate into the alveolar space and even enter into the circulation.  

This results in pulmonary and systemic inflammation and immune responses.  

Acute PM2.5 exposure induces bronchial hyperresponsiveness (BHR), airway 

inflammation with the release of proinflammatory cytokines and chemokines, and 

mitochondrial damage (Guo et al., 2017; Ogino et al., 2017). PM2.5 can directly act on 

mitochondrial membranes to cause the disruption of mitochondrial structure and function 

together with alteration in expression of mitochondrial fusion/fission proteins (Guo et al., 

2017; Li et al., 2015b; Ovrevik et al., 2015). Moreover, PM2.5-induced mitochondrial 

damage may also lead to the activation of innate immune responses (Miyata and van 

Eeden, 2011). 

As one of innate immunity pathways, Toll-like receptor 4 (TLR4) signaling, along with 



myeloid differentiation primary response 88 (MyD88), promotes the polyubiquitination of 

TNF receptor associated factor 6 (TRAF6), which then drives the activation of nuclear 

factor-kappa B (NF-B) and mitogen-activated protein kinases (MAPKs) and the 

subsequent induction of proinflammatory gene expression (Kawasaki and Kawai, 2014). 

Some studies have reported that the activation of TLR4 pathway may be involved in 

PM2.5-induced murine airway/lung inflammation (He et al., 2017; Wang et al., 2017). In 

TLR4
−/−

 mice, the pro-inflammatory actions of PM2.5 was decreased as was airway 

inflammation (He et al., 2017). The nucleotide binding domain leucine-rich 

repeat-containing receptor (NLR) family, of which NLRP3 is the most widely characterized 

member, are also important innate immunity pathways. The activation of NLRP3 can 

initiate the release of proinflammatory cytokines such as IL-1β and IL-18 (Sandhir et al., 

2017). 

VGX-1027, also known as GIT27, is an isoxazoline compound [(S, R)-3-phenyl-4, 

5-dihydro-5-isoxasole acetic acid] and a potent immunomodulator (Cha et al., 2013; 

Stojanovic et al., 2007). VGX-1027 inhibits LPS-induced synthesis of TNF-, IL-1 and 

IL-10 from mouse peritoneal macrophages and reduced TNF- synthesis from mouse 

spleen mononuclear cells (Stojanovic et al., 2007). VGX-1027 also inhibited high glucose- 

and high free fatty acid-induced TNF-, IL-1 and IL-4 levels in mouse podocytes and 

adipocytes and decreased TLR4-mediated IL-2 and TNF- expression in an experimental 

mouse model of diabetes (Cha et al., 2013). Moreover, VGX-1027 modulated 

inflammatory gene expression following LPS stimulation in human peripheral blood 

mononuclear cells (Fagone et al., 2014). 



Up to now, the protective effects of VGX-1027 on acute airway inflammation and BHR 

has not been elucidated and there have been no studies on whether VGX-1027 can inhibit 

PM2.5-induced acute airway inflammation and BHR. In present study, we evaluated the 

protective effect of VGX-1027 on PM2.5-induced airway inflammation and BHR. We also 

analyzed the potential mechanisms that may be involved in the anti-inflammatory effect of 

VGX-1027 in vivo and using a human airway epithelial Beas-2b cell line. 

 

2. Materials and Methods 

2.1. PM2.5 sampling and extraction 

PM2.5 samples were collected by a Medium Flow PM2.5 Sampler (Laoying Model 2030, 

China) from August 2016 to June 2017. The PM2.5 Sampler was located on the top of a 

building in a non-industrial block in Shanghai, China. The sampler removed particles that 

were greater than 2.5 m and collected the remaining particles (the PM2.5 fraction) on a 

Glass Fiber Filter. PM2.5 fiber filters were sheared into smaller fragments, immersed into 

ultrapure water and eluted with an ultrasonic cleaner, followed by freezing and vacuum 

drying. Finally, PM2.5 solid particulates were collected and preserved in the -20°C freezer. 

Before the experiment, quantitative PM2.5 solid particulates were evenly suspended in 

phosphate buffer saline (PBS) by vortexing and stored at 4°C. 

2.2. Mice, PM2.5 instillation and VGX-1027 administration 

Thirty two 8-week-old male C57/BL6 mice, weight 22-25 g, were provided by Shanghai 

Super--B&K Laboratory Animal Corporation (Shanghai, China). All the mice were fed with 

standard diet in specific pathogen-free housing at 22°C with 50-60% humidity and an 



equal light-dark cycle. All experimental studies involving animals were approved by the 

laboratory animal ethics committee of the institute. Mice were injected intraperitoneally 

with vehicle (PBS) or VGX-1027 (25 mg/kg dissolved in 2% DMSO/ 30% PEG400/ 5% 

Tween, Selleck, Houston, TX, USA). One hour later, the mice inhaled isoflurane before 

being instilled intranasally with PBS or PM2.5 particulates (7.8 mg/kg) suspended in 50 μl 

of PBS for two consecutive days. The mice were studied 24 h later. 

2.3. Cell culture, PM2.5 incubation and VGX-1027 administration 

Beas-2b cells, a human bronchial epithelial cell (obtained from Shanghai Institutes for 

Biological Sciences, China Academy of Science, Shanghai) were cultured in 1640 

Medium (Hyclone, Logan, UT, USA) with 10% fetal bovine serum (BioInd, Kibbutz Beit 

Haemek, Israel), 100 U/ml penicillin and 100 g/ml streptomycin (Thermo-Fisher Scientific, 

Waltham, MA, USA) at 37°C under saturated humidity and 5% CO2. When grown to 70% 

confluence, the medium was refreshed with new media containing vehicle (PBS) or 

VGX-1027 (50 M, Selleck) and incubated for 60 min. Then, cells were incubated with the 

vehicle/PM2.5 suspension (150 ng/ml) for 24 h. 

2.4. BHR measurement 

After anesthesia with an intraperitoneal injection of 0.2 ml 1% pentobarbital, mice were 

tracheostomized and placed in a whole-body plethysmograph for the measurement of 

resistance and compliance (EMMS, Hants, UK). The concentration of acetylcholine (ACh) 

required to increase lung resistance by 200% from baseline was calculated (PC200), and 

-logPC200 was taken as a measure of bronchial responsiveness. 

2.5. Bronchoalveolar lavage（BAL）fluid collection, cell counting and cytokine assay 



Following terminal anaesthesia with pentobarbitone, mice were lavaged with 2 ml aliquots 

of PBS via an endotracheal tube. The bronchoalveolar lavage (BAL) fluid was centrifuged 

at 4ºC, 92 g for 10 min, cell pellets were re-suspended in PBS. Total cell counts were 

determined using a hemocytometer, and differential cell counts from cytospin preparations 

stained by Liu’s stain solution (Baso Diagnostics Inc, Zhuhai, China) were measured 

under a microscope. At least 500 cells were counted and identified as macrophages, 

lymphocytes, neutrophils and eosinophils. 

The levels of TNF-, chemokine (C-X-C motif) ligand 1 (KC), IL-1, IL-6 and IL-18 in BAL 

fluid were measured with specific ELISA kits (Mutisciences, Hangzhou, China) following 

the Manufacturer’s instructions. 

2.6. Histology and immunohistochemistry of TLR4 

The whole lung was removed from the chest and the right lung lobes were dissected and 

snap frozen in liquid nitrogen for later analysis. The left lung was inflated with 4% 

paraformaldehyde under 25 cm of water pressure and then embedded in paraffin. Paraffin 

blocks were sectioned to expose the maximum surface area of lung tissue in the plane of 

the bronchial tree. Four m sections were cut and stained with haematoxylin and eosin 

(H&E) for evaluating the extent of lung inflammation, and the scores were measured on a 

scale of 0-3 as previously described (Li et al., 2013).   

Immunohistochemical staining was performed to characterize the localization and 

expression of TLR4 (Abcam, Cambridge, MA, USA). Lung sections were incubated with 

anti-Toll-like receptor 4 (TLR4) primary antibody (Abcam, USA), horseradish peroxidase 

(HRP)-conjugated secondary antibody followed by diaminobenzidine (DAB) liquid. The 



intensity of TLR4 immunostaining was scored as described previously (Li et al., 2013).  

2.7. Caspase-1 activity assay 

Caspase-1 activity in lung tissue and Beas-2b cells was detected using a Caspase-1 

Activity Assay Kit (Beyotime Biotechnology, Haimen, Jiangsu, China). Mouse lung tissues 

or Beas-2b cells were homogenized before centrifugation at 20627 g/min for 15 min at 

4°C. The supernatants were transferred to pre-cooled centrifuge tubes, and caspase-1 

activity was determined immediately. In brief, the substrate, Ac-YVAD-pNA, was added to 

the supernatant and incubated for 60-120 min at 37°C. When the solution showed an 

obvious yellow pNA colour, the reaction was stopped and the sample assayed by 

Varioskan Flash (Thermo-Fisher Scientific) at 405 nm. The level of caspase-1 activity was 

quantified using a standard curve. 

2.8. Isolation of mRNA and gene expression 

Total mRNA was extracted from cells using TRIzol reagent (TaKaRa, Dalian, Liaoning, 

China). The concentration of the total RNA was determined using an ultraviolet 

spectrophotometer. Reverse transcription (RT) was performed using a Prime ScriptTM RT 

Master Mix Kit (TaKaRa) according to the Manufacturer’s instructions. RT-PCR was 

performed using a Power Green qPCR Mix (TaKaRa) and an ABI ViiATM 7 System. The 

specific primers for β-actin, TNF-α, IL-1β, IL-6 and IL-18 were generated by BioTNT 

(Shanghai, China), and with the primer sequences: TNF-α, forward: 5’- 

TGGGATCATTGCCCTGTGAG -3’, reverse: 5’- GGTGTCTGAAGGAGGGGGTA -3’; IL-1β, 

forward: 5’- ATGATGGCTTATTACAGTGGCAA -3’, reverse: 5’- 

GTCGGAGATTCGTAGCTGGA -3’; IL-6, forward: 5’- ACTCACCTCTTCAGAACGAATTG 



-3’, reverse: 5’- CCATCTTTGGAAGGTTCAGGTTG -3’; IL-18, forward: 5’- 

TCTTCATTGACCAAGGAAATCGG -3’, reverse: 5’- TCCGGGGTGCATTATCTCTAC -3’; 

β-actin, forward: 5’- GTACGCCAACACAGTGCTGTC-3', reverse: 5'- 

GCTCAGGAGGAGCAATGATCTTG -3'. All samples were assayed in triplicate, and the 

values were normalized to -actin. 

2.9. Western blot analysis  

Total proteins were extracted from mouse lung tissues or Beas-2b cells with RIPA lysis 

buffer (Beyotime Biotechnology, China), and protein concentrations were quantified by 

Pierce BCA assay kit (Thermo-Fisher Scientific). 30 g protein per lane were separated in 

10–15% denaturing polyacrylamide gels and transferred to PVDF membranes. The 

membranes were blocked with 5% nonfat dry milk and incubated with the following 

primary antibodies: Mitofusion-2 (MFN2), Optic Atrophy 1 (OPA1), Mitochondrial fission 

factor (MFF), Dynamin-related protein 1 (Drp1), phosphorylated (phospho) NF-B P65, 

total NF-B P65, phosphorylated (phospho) p38 MAPK, total p38 MAPK and NLRP3 

antibodies (all from Cell Signaling Technology, Danvers, MA, USA) and with TLR4 and 

Caspase-1 antibodies (Abcam, USA) overnight at 4°C. The membranes were 

subsequently incubated with an HRP-conjugated anti-rabbit secondary antibody (Cell 

Signaling Technology), and visualized by chemiluminescence.  

2.10. Statistical analysis 

All results were presented as mean ± S.E.M. Statistical analysis was performed using 

GraphPad Prism 5.0c (GraphPad Software, Inc., San Diego, CA). Two-way ANOVA was 

performed for comparisons of % change in lung resistance between individual groups. 



One-way ANOVA with Bonferroni’s post hoc test (for equal variance) or Dunnett’s T3 post 

hoc test (for unequal variance) was performed for comparisons among multiple groups. 

P<0.05 was considered statistically significant. 

 

3. Results 

3.1.  BHR 

PBS-pretreated PM2.5-instilled mice demonstrated a left ward shift of the concentration–

response curve (Fig. 1A) with an elevated airway resistance (5.29±0.19 versus 3.49±0.16, 

P<0.001, Fig. 1B) and a decrease in -logPC200 indicating an increase in bronchial 

responsiveness to ACh compared to PBS-pretreated PBS-instilled mice (-logPC200: 

1.55±0.05 versus 2.09±0.08, P<0.001, Fig. 1C). VGX-1027 pretreatment did not change 

basal bronchial responsiveness to ACh in PBS-instilled mice compared to PBS-pretreated 

PBS-instilled mice. However, VGX-1027 pretreatment decreased airway resistance 

(3.56±0.34 versus 5.29±0.19, P<0.01, Fig. 1B) and inhibited BHR (1.93±0.13 versus 

1.55±0.05, P<0.05, Fig. 1C) in PM2.5-instilled mice compared to PBS-pretreated 

PM2.5-instilled mice. 

3.2.  BAL fluid cells  

PBS-pretreated PM2.5-instilled mice demonstrated significant increases in total cell counts 

(486.875±27.074 vs 187.500±12.320, P<0.001, Fig. 2A); including macrophages 

(250.065±13.457 vs 162.002±10.394, P<0.001, Fig. 2B), lymphocytes (64.824±4.127 vs 

19.198±1.749, P<0.001, Fig. 2C), neutrophils (174.827±10.988 vs 3.836±0.590, P<0.001, 

Fig. 2D) and eosinophils (9.659±0.716 vs 2.463±0.355, P<0.001, Fig. 2E) in BAL fluid 



compared with PBS-pretreated PBS-instilled mice (486.875±27.074 vs 187.500±12.320, 

P<0.001 [Fig. 2A]; 250.065±13.457 vs 162.002±10.394, P<0.001 [Fig. 2B]; 64.824±4.127 

vs 19.198±1.749, P<0.001 [Fig. 2C]; 174.827±10.988 vs 3.836±0.590, P<0.001 [Fig. 2D]; 

9.659± 0.716 vs 2.463±0.355, P<0.001 [Fig. 2E]). There were no significant effects of 

VGX-1027 on total or specific BAL fluid cell counts in PBS-instilled mice. Compared with 

PBS-pretreated PM2.5-instilled mice, VGX-1027 significantly decreased total cell counts 

(316.250±18.845 vs 486.875±27.074, P<0.01, Fig. 2A); including macrophages 

(203.664±9.644 vs 250.065±13.457, P<0.05, Fig. 2B), lymphocytes (40.181±2.952 vs 

64.824±4.127, P<0.01, Fig. 2C), neutrophils (62.030±5.722 vs 174.827±10.988, P<0.05, 

Fig. 2D) and eosinophils (6.625±0.609 vs 9.659±0.716, P<0.01, Fig. 2E) in BAL fluid. 

3.3.  BAL fluid cytokine levels and lung caspase-1 activity  

PM2.5 intranasal instillation led to significant increases of cytokine levels in BAL fluid, 

including TNF- (93.3±12.7 vs 25.42±9.6 pg/ml, P<0.001, Fig. 3A) , KC (184±24 vs 43±11 

pg/ml, P<0.001, Fig. 3B), IL-1 (166±15 vs 79±12 pg/ml, P<0.05, Fig. 3C) , IL-6 (202±21 

vs 46±9 pg/ml, P<0.05, Fig. 3D) and IL-18 (66.6±4.7 vs 44.3±6.0 pg/ml, P<0.05, Fig. 3E) 

compared to PBS-instilled mice. There were no changes in cytokine levels in 

VGX-1027-pretreated PBS-instilled mice compared with PBS-pretreated PBS-instilled 

mice. VGX-1027 pretreatment reduced PM2.5-induced increases of TNF- (36.2±8.9 vs 

93.3±12.7 pg/ml, P<0.01, Fig. 3A), KC (108±18 vs 184±24 pg/ml, P<0.05, Fig. 3B), IL-1 

(110±8 vs 166±15 pg/ml, P<0.05, Fig. 3C), IL-6 (66.2±26.4 vs 202±21 pg/ml, P<0.05, Fig. 

3D) and IL-18 (39.6± 3.0 vs 66.6±4.7 pg/ml, P<0.01, Fig. 3E) compared to 

PBS-pretreated PM2.5-instilled mice . 



Relative caspase-1 activity was significantly up-regulated in PBS-pretreated 

PM2.5-instilled mice compared to PBS-pretreated PBS-instilled mice (113.3±5.5 vs 

84.7±5.3 M pNA, P<0.05) (Fig. 3F). VGX-1027 pretreatment did not affect lung relative 

caspase-1 activity in PBS-instilled mice compared with PBS-pretreated PBS-instilled mice. 

However, VGX-1027 pretreatment decreased lung relative caspase-1 activity in 

PM2.5-instilled mice compared to PBS-pretreated PM2.5-instilled mice (85.5±7.0 vs 

113.3±5.5 M pNA, P<0.05) (Fig. 3F).    

3.4.  Lung histopathological analysis 

Representative images of lung tissue showing infiltration of inflammatory cells into the 

bronchial wall after instillation of PM2.5 are shown in Figs. 4A-D. PBS-pretreated 

PM2.5-instilled mice had abundant inflammatory cells in their bronchial wall and alveolar 

septa compared with PBS-pretreated PBS-instilled mice (Figs. 4A and 4C) demonstrated 

by the increased inflammation scores (1.41±0.14 vs 0.24±0.04, P<0.001) (Fig. 4E). 

VGX-1027 treatment did not affect inflammation scores in control PBS-instilled mice. In 

contrast, VGX-1027 treatment decreased PM2.5-induced lung inflammation scores 

compared with PBS-pretreated PM2.5-instilled mice (0.65±0.06 vs 1.41±0.14, P<0.05) (Fig. 

4E).  

3.5.  TLR4 expression in lung tissue 

Immunohistochemistry staining showed that TLR4 expression was mainly distributed 

along the bronchial epithelium and in areas of inflammatory cell infiltration (Figs. 5A-D). 

TLR4 expression was increased in PBS-pretreated PM2.5-instilled mice compared to 

PBS-pretreated PBS-instilled mice (P<0.01, Fig. 5E), as indicated by Western blot 



analysis (p<0.05, Fig. 5F). VGX-1027 treatment had no effect on TLR4 expression in 

control PBS-instilled mice. In contrast, there was a decrease in TLR4 immunostaining 

(P<0.05, Fig. 5E) and expression (P<0.05, Fig. 5F) in VGX-1027-pretreated 

PM2.5-instilled mice compared to PBS-pretreated PM2.5-instilled mice. 

3.6.  Western blot analysis in lung tissues 

Protein levels of Mfn2 (P<0.01, Fig. 6A) and OPA1 (P<0.05, Fig. 6B) were decreased 

whilst those of MFF (P<0.01, Fig. 6C) and Drp1 (P<0.05, Fig. 6D) were increased in 

PBS-pretreated PM2.5-instilled mice compared to PBS-pretreated PBS-instilled mice. 

There were no significant effects of VGX-1027 on Mfn2, OPA1, MFF and Drp1 protein 

expression in PBS-instilled control mice. Pretreatment with VGX-1027 increased Mfn2 

(P<0.05, Fig. 6A), and OPA1 (P<0.05, Fig. 6B) protein levels and decreased MFF 

(P<0.05, Fig. 6C) protein levels in PM2.5-instilled mice.  

Compared to PBS-pretreated PBS-instilled mice, there was a significant increase in 

NF-B phosphorylation in PBS-pretreated PM2.5-instilled mice (P<0.05, Fig. 6E). 

Pretreatment with VGX-1027 did not change the phosphorylation status of NF-B and p38 

MAPK compared to PBS-pretreated PBS-instilled mice. Pretreatment with VGX-1027 

inhibited the phosphorylation of NF-B (P<0.05, Fig. 6E) and p38 MAPK (P<0.05, Fig. 6F) 

in PM2.5-instilled mice compared to PBS-pretreated PM2.5-instilled mice.  

PM2.5 instillation also enhanced the expression of NLRP3 (P<0.01, Fig. 6G) and 

caspase-1 (P<0.05, Fig. 6H) proteins compared to PBS-pretreated PBS-instilled mice. 

Pretreatment with VGX-1027 did not affect NLRP3 and caspase-1 expression in 

PBS-instilled compared to PBS-pretreated PBS-instilled mice. VGX-1027-pretreated 



PM2.5-instilled mice demonstrated decreases in NLRP3 (P<0.01, Fig. 6G) and caspase-1 

(P<0.05, Fig. 6H) expression compared to PBS-pretreated PM2.5-instilled mice. 

3.7. Cytokine mRNA levels and Caspase-1 activity in Beas-2b cells 

PM2.5 stimulation (150 ng/ml) increased TNF- (P<0.001, Fig. 7A), IL-1 (P<0.001, Fig. 

7B), IL-6 (P<0.001, Fig. 7C) and IL-18 mRNA levels (P<0.001, Fig. 7D) and increased 

relative caspase-1 activity (2.48±0.41 vs 1.07±0.18, P<0.05) (Fig. 7E) in Beas-2b cells 

after 24 h. VGX-1027 (50 M) pretreatment had no impact on cytokines mRNA expression 

and relative caspase-1 activity in vehicle-stimulated cells. Pretreatment with VGX-1027 for 

1 h significantly inhibited PM2.5-induced upregulation of TNF- (P<0.001, Fig. 7A), IL-1 

(P<0.001, Fig. 7B), IL-6 (P<0.01, Fig. 7C) and IL-18 (P<0.05, Fig. 7D) mRNAs and the 

increase in relative caspase-1 activity (1.12±0.31 vs 2.48±0.41, P<0.05) (Fig. 7E) induced 

by PM2.5 in Beas-2b cells.  

3.8.  Western blot analysis of mitochondrial, inflammasome and inflammatory 

signaling pathways in Beas-2b cells 

PM2.5 stimulation significantly reduced the protein expression of Mfn2 (P<0.01, Fig. 8A), 

and OPA1 (P<0.05, Fig. 8B) and increased that of MFF (P<0.05, Fig. 8C) and Drp1 

(P<0.01, Fig. 8D) in Beas-2b cells after 24 h. There were no effects on the protein 

expression of Mfn2, OPA1, MFF and OPA1 after VGX-1027 pretreatment in 

vehicle-pretreated vehicle-stimulated cells. VGX-1027 promoted Mfn2 expression (P<0.05, 

Fig. 8A) and reduced MFF (P<0.05, Fig. 8C) and Drp1 (P<0.05, Fig. 8D) expression in 

PM2.5-stimulated cells.   

PM2.5 stimulation induced the activation of the TLR4 pathway as indicated by increased 



TLR4 expression (P<0.05, Fig. 8E), increased phosphorylation of NF-B (P<0.05, Fig. 8F) 

and of p38 MAPK (P<0.05, Fig. 8G) in Beas-2b cells after 24 h. VGX-1027 pretreatment 

did not affect TLR4 pathway in vehicle-stimulated group. VGX-1027 pretreatment inhibited 

TLR4 expression (P<0.05, Fig. 8E) and decreased phosphorylation of NF-B (P<0.05, 

Fig. 8F) and p38 MAPK (P<0.05, Fig. 8G) in PM2.5-stimulated Beas-2b cells after 24 h. 

Similarly, PM2.5 also enhanced NLRP3 (P<0.01, Fig. 8H) and caspase-1 (P<0.05, Fig. 8I) 

protein expression in Beas-2b cells after 24 h. There were no changes in NLRP3 and 

caspase-1 protein expression in VGX-1027-pretreated vehicle-stimulated cells compared 

to vehicle-pretreated vehicle-stimulated cells. VGX-1027 decreased the protein levels of 

both NLRP3 (P<0.05, Fig. 8H) and caspase-1 (P<0.05, Fig. 8I) in PM2.5-stimulated cells. 

 

4. Discussion 

In the present study, we demonstrated that PM2.5 intranasal instillation for two 

consecutive days induced airway inflammation and BHR in mice. Pretreatment with 

VGX-1027, a TLR4 blocker, inhibited PM2.5-induced airway inflammation and BHR. 

VGX-1027 inhibited the TLR4-NF-B-p38 MAPK pathway and the NLRP3-caspase-1 

pathway in vivo and in vitro. Furthermore, VGX-1027 alleviated mitochondrial damage 

induced by PM2.5 by reversing the altered expression of fusion (Mfn2 and OPA1) and 

fission (MFF and Drp1) proteins both in vivo and in vitro. This data suggests that 

prophylactic treatment with VGX-1027 prevents PM2.5-induced airway inflammation, BHR 

and mitochondrial damage through regulating the TLR4-NF-B-p38 MAPK and 

NLRP3-caspase-1 pathways and the expression of mitochondrial fusion/fission proteins. 



PM2.5 exposure was associated with enhanced airway inflammation and immune cell 

infiltration as evidenced by increased macrophages, eosinophils, neutrophils and 

lymphocytes in lung tissues (Ogino et al., 2017; Wang et al., 2017; Wei and Tang, 2018). 

As the primary innate immune cell in the lung, alveolar macrophages phagocytose foreign 

particles and release proinflammatory cytokines including TNF-, IL-1 and IL-6 which, in 

turn, cause neutrophilic airway inflammation and even BHR (Strzelak et al., 2018; Wei and 

Tang, 2018). A recent study has indicated that intratracheal instillation of PM2.5 (7.8 mg/kg) 

caused inflammatory cell infiltration and proinflammatory cytokine production in mouse 

lung tissues (Jiang et al., 2017). Our results confirm and extend this data by highlighting 

the activation of several key pro-inflammatory processes such as the TLR4-NF-B-p38 

MAPK, NLRP3-caspase-1 and mitochondrial fission/fusion pathways and linking these to 

BHR. 

PM2.5 can initiate cell damage and inflammatory responses through interaction with 

TLRs (Wei and Tang, 2018), of which TLR4 is an important member. TLR4 activates 

NF-B and promotes cytokines production through an MyD88-dependent pathway (Chen 

et al., 2018). NF-B is a master transcription factor involved in both the innate and 

adaptive response (Miraghazadeh and Cook, 2018). In addition, TLR4 can also activate 

p38 MAPK and thereby drive the post-transcriptional regulation of inflammatory mediators 

such as TNF-, IL-6 and IL-1 (Singh et al., 2017).  Several studies have demonstrated 

that PM2.5 activates TLR4-drived p38 MAPK/NF-B signaling pathways and induce the 

recruitment of inflammatory cells and the release of proinflammatory cytokines (He et al., 

2017; Li et al., 2017; Song et al., 2017). Previous studies have also shown that treatment 



with VGX-1027 inhibits the activation of the TLR4 signaling pathway (Cha et al., 2013; 

Laird et al., 2014). In our study, preventive treatment with VGX-1027 reduced the number 

of inflammatory cells and the levels of proinflammatory cytokines (TNF-, KC, IL-1, IL-6 

and IL-18) in BALF, attenuated inflammatory cell infiltration of lung tissues and decreased 

TNF-, IL-1, IL-6 and IL-18 mRNA levels in Beas-2b cells. Moreover, both in vivo and in 

vitro studies showed that VGX-1027 inhibited the phosphorylation of both NF-B and p38 

MAPK.  

BHR is generally defined as the excessive contractile responses in bronchial smooth 

muscle exposed to a variety of inhaled stimuli (both chemical and physical) and, although 

it is not specific for asthma, it is considered as a hallmark of asthma (Borak and Lefkowitz, 

2016). Transient and variable BHR may be derived mainly from the effects of acute lung 

inflammation (Cockcroft and Davis, 2006). Recent studies demonstrate that intranasal 

instillation of PM2.5 triggers BHR and allergic airway inflammation (Ogino et al., 2017; 

Ogino et al., 2014) and that increased BHR is closely related to neutrophilia and 

eosinophilia (McGovern et al., 2016; McGovern et al., 2015; Ogino et al., 2017). Indeed, 

organic dust-induced airway inflammation and BHR were significantly inhibited by 

neutrophil- depletion (McGovern et al., 2016) and bronchial smooth muscle contractility is 

modulated by cytokines such as TNF- and IL-1 (Deshpande et al., 2018; Sakai et al., 

2017). TLR4 signaling may regulate BHR as deletion of TLR4 suppresses airway 

eosinophilia and BHR which was associated with a reduction in KC, IL-1, and TNF- 

expression in a mouse model of allergic airway disease (Garantziotis and Hollingsworth, 

2017; Thorburn et al., 2016). Hence, we speculate that VGX-1027 inhibited PM2.5-induced 



BHR by decreasing the levels of neutrophils, eosinophils and proinflammatory cytokines, 

as a result of inhibiting TLR4 signaling. 

We report here that PM2.5 activates key inflammatory pathways in airway epithelial 

cells.  Similar to TLRs, the NLRP3 inflammasome can act as a pattern recognition 

receptor (Sato and Kawakami, 2017) and phagocytosed PM2.5 can induce lysosomal 

rupture in epithelial cells which could, in turn, activate the NLRP3 inflammasome (Okada 

et al., 2014). Moreover, the damaged mitochondria observed following PM2.5 exposure in 

Beas-2b cells may release mitochondrial (mt)DNA which can also promote NLRP3 

activation (Parker, 2018; Sandhir et al., 2017). Activated NLRP3 inflammasome 

accelerates the cleavage of pro-caspase-1 to activated caspase-1 which, in turn, cleaves 

pro-IL-1 and pro-IL-18 into their mature forms (Poudel and Gurung, 2018; Prochnicki et 

al., 2016). Our results demonstrated that VGX-1027 inhibited PM2.5-induced NLRP3 

expression and caspase-1 activation which was associated with decreased the levels of 

both IL-1 and IL-18 in vivo and in vitro. Further experiments are required to determine the 

specific roles of these cytokines in PM2.5-induced airway inflammation and BHR. 

PM2.5 exposure causes mitochondrial dysfunction and DNA damage in lung tissues 

and triggers a systemic inflammatory process (Guo et al., 2017; Li et al., 2015b; Zhang et 

al., 2018). In mammalian cells, mitochondrial structure is regulated by the fusion and 

fission process (Patrushev et al., 2015). Mitochondrial fusion is mainly driven by Mfn1/2 in 

the outer membrane and by OPA1 in the inner membrane (Szabo et al., 2018). A 

reduction in Mfn2 and OPA1 expression may produce pleiomorphic and enlarged 

mitochondria, increase mitochondrial permeability and trigger cell death (Ong et al., 2017; 



Papanicolaou et al., 2011). Mitochondrial fission is mediated by Drp1, Fis1 and MFF, 

which induce fragmented discrete mitochondria. Activated cytoplasmic Drp1 translocates 

into mitochondria where it associates with MFF and Fis1 on the outer mitochondrial 

membrane to promote mitochondrial swelling and fragmentation (Ong et al., 2017; Zhao 

et al., 2017). Other studies in rat lungs have demonstrated that PM2.5 exposure 

down-regulates the expression of OPA1, Mfn1 and Mfn2, and promoted the expression of 

Drp1 and Fis1 which could disrupt the mitochondrial structural integrity and cause cell 

death (Guo et al., 2017; Li et al., 2015a; Li et al., 2015b). Consistent with previous studies, 

our in vivo study showed that VGX-1027 increased the expression of Mfn2 and OPA1 and 

reduced the expression of MFF. Our in vitro study showed that VGX-1027 promoted Mfn2 

expression, and inhibited MFF and Drp1. Thus, VGX-1027 is capable of mitigating 

PM2.5-induced mitochondrial damage and consolidating mitochondrial function. These 

results are similar to those seen with another TLR4 antagonist, TAK-242, which inhibited 

taurocholate-induced oxidative stress in mice pancreatic acinar cells by preventing the 

changes in expression of mitochondrial dynamic proteins (Pan et al., 2016).  

In conclusion, our findings suggested that preventive treatment with VGX-1027 

inhibited PM2.5-induced airway inflammation, BHR and mitochondrial damage. These 

protective effects of VGX-1027 may be attributed to regulation of the TLR4-NF-κB-p38 

MAPK and NLRP3/Caspase-1 pathways and to restoration of mitochondrial function.   
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Fig. 1. Effect of PM2.5 (7.8 mg/kg) exposure and of VGX-1027 (25 mg/kg) pretreatment on lung 

function.  Mean percentage increase in lung resistance (RL) to increasing concentrations of 

acetylcholine (ACh) (A). *P<0.05, **P<0.01, and ***P<0.001 compared with the PBS-pretreated 

PBS-instilled mice. &&P<0.01, and &&&P <0.001 compared with the VGX-1027-pretreated 

PBS-instilled mice. ##P<0.01 and ###P<0.01 compared with the VGX-1027-pretreated 

PM2.5-instilled mice (A). Individual and mean airway resistance at 256 mg/mL ACh (B). -logPC200 

was measured as an indicator of bronchial responsiveness. Individual and mean -logPC200 (C). 

*P<0.05, **P<0.01, ***P<0.001 compared with PBS-pretreated PM2.5-instilled mice. 

Fig. 2. Effect of PM2.5 (7.8 mg/kg) exposure and of VGX-1027 (25 mg/kg) pretreatment on 

inflammation.  Individual and mean numbers of total cells (TOTAL) (A), macrophages (MAC) (B), 

lymphocytes (LYM) (C), neutrophils (NEU) (D), and eosinophils (EOS) (E) in bronchoalveolar lavage 

(BAL) fluid. *P<0.05, **P<0.01, ***P<0.001 compared with PBS-pretreated PM2.5-instilled mice. 

Fig. 3. Effect of PM2.5 (7.8 mg/kg) exposure and of VGX-1027 (25 mg/kg) pretreatment on 

individual and mean levels of TNF- (A), chemokine (C-X-C motif) ligand 1 (KC) (B), IL-1 (C), IL-6 

(D) and IL-18 (E) in bronchoalveolar lavage (BAL) fluid. Individual and mean relative caspase-1 

activity in lung tissue homogenates (F). *P<0.05, **P<0.01, ***P<0.001 compared with 

PBS-pretreated PM2.5-instilled mice. 

Fig. 4. Effect of PM2.5 (7.8 mg/kg) exposure and of VGX-1027 (25 mg/kg) pretreatment on lung 

inflammation. Representative bronchial photomicrographs of mouse lung tissues in hematoxylin 



and eosin-stained sections from PBS-pretreated PBS-instilled mice (A), VGX-1027-pretreatedd 

PBS-instilled mice (B), PBS-pretreated PM2.5-instilled mice (C), and VGX-1027-pretreated 

PM2.5-instilled mice (D), bar 100μm. Individual and mean values of inflammation scores 

measured from H&E-stained sections (E). *P<0.05, **P<0.01, ***P<0.001 compared with 

PBS-pretreated PM2.5-instilled mice. Arrows indicate inflamed airways and alveolar septa. 

Fig. 5. Effect of PM2.5 (7.8 mg/kg) exposure and of VGX-1027 (25 mg/kg) pretreatment on lung 

TLR4 expression.  Immunohistochemical analysis of TLR4 expression (brown staining, arrowed) 

in mouse lung tissue sections in PBS-pretreated PBS-instilled mice (A), VGX-1027-pretreated 

PBS-instilled mice (B), PBS-pretreated PM2.5-instilled mice (C), and VGX-1027-pretreated 

PM2.5-instilled mice (D) (original magnification ×100). Individual and mean immunostaining scores 

of TLR4 measured in immunohistochemical sections (E). Western blot analysis of the expression 

of TLR4 compared to β-actin in mouse lung tissue homogenates (F). *P<0.05, **P<0.01, ***P<0.001 

compared with PBS-pretreated PM2.5-instilled mice. 

Fig. 6. The effect of PM2.5 (7.8 mg/kg) exposure and of VGX-1027 (25 mg/kg) pretreatment on the 

relative protein expression of Mitofusin 2 (Mfn2) (A), Optic Atrophy 1 (OPA1) (B), Mitochondrial 

fission factor (MFF) (C) and Dynamin-related protein 1 (Drp1) (D) to glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) in mouse lung tissue homogenates. The ratio of phosphorylated 

(phospho) NF-B to total NF-B (E), phosphorylated (phospho) p38 MAPK to total p38 MAPK (F) 

is also shown as is the relative expression of Nod-like receptor pyrin domain containing 3 (NLRP3) 

(G) and Caspase-1 (H) compared to GAPDH. Each panel shows a representative Western blot. 

*P<0.05, **P<0.01, ***P<0.001 compared with PBS-pretreated PM2.5-instilled mice.  

Fig. 7. The effect of PM2.5 (150 ng/ml) exposure and of VGX-1027 (50 M) pretreatment on 



inflammatory mediator mRNA expression and on caspase-1 activity after 24 h.  Quantitative 

RT-PCR measurement of the individual and mean relative mRNA levels of TNF-α (A), IL-1β (B), IL-6 

(C) and IL-18 (D) in Beas-2b cells. Relative and mean caspase-1 activity in Beas-2b cells (E). 

*P<0.05, **P<0.01, ***P<0.001 compared with the PM2.5 stimulated cells.  

Fig. 8. The effect of PM2.5 (150 ng/ml) exposure and of VGX-1027 (50 M) pretreatment on 

mitochondrial proteins, inflammasome and inflammatory signaling pathways after 24 h. Western 

blot analysis of the relative protein expression of Mitofusin 2 (Mfn2, A), Optic Atrophy 1 (OPA1, 

B), Mitochondrial fission factor (MFF, C), Dynamin-related protein 1 (Drp1, D), Toll-like receptor 4 

(TLR4, E), Nod-like receptor pyrin domain containing 3 (NLRP3, H) and caspase-1 (I) to 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or β-actin. The ratio of phosphorylated 

(phospho) nuclear factor B (NF-B) to total NF-B (F) and of phosphorylated (phospho) p38 

mitogen activated protein kinase (MAPK) to total p38 MAPK (G) in Beas-2b cells is also shown. 

Each panel shows a representative Western blot. *P<0.05, **P<0.01, ***P<0.001 compared with 

PM2.5 stimulated cells.  
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