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A B S T R A C T   

Background: Studies have shown that fine particulate matter (PM2.5) remains a significant problem in developing 
countries and plays a critical role in the onset and progression of respiratory illnesses. Circular RNAs (circRNAs) 
are involved in many pathophysiological processes,but their relationship to PM2.5 pollution is largely 
unexplored. 
Objectives: To elucidate the functional role of hsa_circ_0000992 in PM2.5-induced inflammation in a human 
bronchial epithelial cell line (16HBE) and to clarify whether the competing endogenous RNA (ceRNA) mecha
nism is involved in the interrelationships between hsa_circ_0000992 and hsa-miR-936 and the inflammatory 
signaling pathways. 
Methods: Detection of inflammatory factors in 16HBE cells exposed to PM2.5 by RT-qPCR and ELISA.High 
throughput sequencing and bioinformatics analysis methods were used to screen circRNA.The bioinformatics 
analysis method western blotting and dual-luciferase reporter gene system were used to verify mechanisms 
associated with circRNA. 
Results: PM2.5 cause inflammation in the 16HBE cells. High throughput sequencing and RT-qPCR result revealed 
that the expression of hsa_circ_0000992 was markedly up-regulated in 16HBE exposed to PM2.5. The binding sites 
between hsa_circ_0000992 and hsa-miR-936 was confirmed by dual-luciferase reporter gene system.Western 
blotting and RT-qPCR showed that hsa_circ_0000992 can interact with hsa-miR-936 to regulate AKT serine/ 
threonine kinase 3(AKT3),thereby activating the PI3K/AKT pathway and ultimately promoting the expression of 
interleukin (IL)− 1β and IL-8. 
Conclusion: PM2.5 can induce the inflammatory response in 16HBE cells by activating the PI3K/AKT pathway. 
The expression of hsa_circ_0000992 increased when PM2.5 stimulated 16HBE cells,and the circRNA could then 
regulate the inflammatory response.Hsa_circ_0000992 regulates the hsa-miR-936/AKT3 axis through the ceRNA 
mechanism,thereby activating the PI3K/AKT signaling pathway,increasing the expression of cellular inflam
matory factors,and promoting PM2.5-induced respiratory inflammation.   

1. Introduction 

Fine particulate matter (PM2.5) refers to inhalable particles, with an 
aerodynamic diameters of 2.5 µm or smaller (≤2.5 µm). Due to its small 
size,PM2.5 can remain suspended in air for a very long time and enters 

the human body through the inhalation route,where it can reach deep 
into the alveoli and finally enter the pulmonary circulatory system, 
resulting in a series of diseases related to cardiopulmonary dysfunction 
(Jo et al., 2018). Lancet Global Burden of Disease Study in 2015 reported 
that PM2.5 pollution ranked seventh among all known health risk factors 
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(GBD Global Burden of Disease Study collaborators, 2015). Previous 
epidemiological studies addressed that populations living in an area 
with a high concentration of PM2.5 for an extended period of time have 
increased morbidity and mortality rates associated with respiratory and 
cardiovascular diseases (Shang et al., 2013). 

Multiple studies have determined that exposure to PM2.5 can cause a 
variety of respiratory symptoms and disorders in humans,including 
impaired lung function, asthma, chronic obstructive pulmonary disease 
(COPD),and even lung cancer (Atkinson et al., 2014; Guo et al., 2018; Li 
et al., 2013). In addition, previous in vitro cell and in vivo animal 
toxicological studies indicated that PM2.5 can induce various patholog
ical responses, such as cytotoxicity,immune and inflammatory re
sponses, oxidative stress,DNA damages,and gene mutations(Xian et al., 
2019; Yang et al., 2019;Traboulsi et al., 2017). Polynomial studies 
showed that exposure to PM2.5 can also affect gene expression (Zhou 
et al., 2015). However, the exact mechanisms through which PM2.5 af
fects the respiratory system have not yet been fully understood. Addi
tionally, the relationship between PM2.5 induced epigenetic changes and 
their impact on cellular functions is still unknown. 

Circular RNAs (circRNAs) are covalently closed single-stranded 
transcripts composed of many RNA species.These non-coding RNA se
quences,which form a closed loop through covalent bonding of the 3′ 
and 5′ ends via backsplicing,have a high degree of tissue expression 
specificity in the eukaryotic transcriptome,RNA sequencing (RNA-SEQ) 
showed that circRNA expression was widely present in the detected cells 
and tissues, and more than 10% of the expressed genes could produce 
circRNA(Zhang et al., 2018). Previous reported on circRNAs in cancer 
(Bachmayr-Heyda et al., 2015), respiratory ailments (Yang et al., 2018; 
Li et al., 2018; Liu et al., 2017), and cardiovascular diseases (Burd et al., 
2010). According to current reports on the function of circRNAs,its as 
competing endogenous RNAs (ceRNAs), acting as sponges of microRNAs 

(miRNAs) by competitively binding with them and modulating their 
functions,thereby regulating downstream target gene expression (Li 
et al., 2018). 

CircRNA is widely involved in regulating physiological, pathological 
processes, and diseases by interacting with miRNA.Meanwhile, circRNA 
as a widely present non coding RNA with important regulatory functions 
in organisms,must be associated with other important biological mac
romolecules.Therefore,we propose a scientific hypothesis that the 
interaction between circRNA and MiRNA interaction plays an important 
role in the mechanism of PM2.5 induced inflammatory response in 
16HBE.In this study,we aimed to investigate whether the interaction 
between circRNA and miRNA is involved in PM2.5 exposure induced 
respiratory inflammation.To achieve this,human bronchial epithelial 
cell line (16HBE) was exposed to PM2.5 to construct a cellular inflam
mation model,and the effects on circRNA expression were examined 
using high-throughput sequencing techniques. A loss-of-function system 
was used to determine the functional role of the circRNA in PM2.5- 
induced inflammation. Finally,the circRNA–miRNA–mRNA relationship 
was explored. We identified the hsa-circ_0000992,which was upregu
lated in 16HBE cell treated with PM2.5. And we also speculated that hsa- 
circ_0000992 might be associated closely with the occurrence of 
inflammatory response by interacting hsa-miR-936，and then regu
lating the AKT3 protein. 

2. Materials and methods 

2.1. PM2.5 sample preparation 

From January to February 2020, PM2.5 samples were collected on the 
roof of an office building (Huangpu District, Guangzhou, China), using 
the TH1000C large flow sampler (Wuhan Tianhong, China) for 72 h of 

Fig. 1. Expression of inflammatory factors IL-1 β and IL-8 after 48 h of PM2.5 stimulation. Note: A and C represent the expression levels of inflammatory cytokine 
transcripts detected by RT-qPCR assay; B and D represent the detection of inflammatory factor protein expression levels by ELISA assay; *P < 0.05, **P < 0.01. 
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continuous sampling at a flow rate of 1.05 m3/min. The glass fiber 
membrane (1 ×1 cm2) with the trapped PM2.5 sample was added to a 
beaker containing ultrapure water, and an ultrasonic cleaner was then 
used to remove the entrapped particulate matter. The PM2.5 suspension 
was divided into several glass conical flasks and stored overnight in a 
–80 ◦C refrigerator. The next day, the PM2.5 suspension was dried using a 
vacuum freeze dryer.Finally, phosphate-buffered saline (Gibco, Thermo 
Fisher Scientific, Waltham, MA, USA) was used to prepare a high- 
concentration PM2.5 stock solution,which was then sterilized in a 
high-pressure steam sterilizer and stored in a –20 ◦C refrigerator. To 
prepare different concentrations of the PM2.5 suspension, the stock so
lution was diluted with culture medium. 

2.2. Cell culture 

The 16HBE cells were purchased from the ATCC cell bank.16HBE 
cells were cultured in complete keratinocyte medium (KM: 98% basal 
KM, 1% keratinocyte growth supplement, and 1% pen
icillin–streptomycin; ScienCell, Carlsbad, CA, USA) under a 5% CO2 
atmosphere at 37 ◦C. 

2.3. Reverse transcription-quantitative polymerase chain reaction 
analysis 

The quantitative analysis of target gene expression in the 16HBE cells 
was performed using the reverse transcription-quantitative polymerase 
chain reaction (RT-qPCR). In brief,16HBE cells (3.5 ×105/well) were 
seeded into the wells of a 6-well plate. After 24 h,the 16HBE cells were 
treated with various concentrations of the PM2.5 suspension (0, 100, and 

300 μg/mL). The PM2.5 concentrations studied were determined on the 
basis of prior experimental results obtained by the research team and 
from published studies (Tan et al., 2020; Zhou et al., 2020). After 48 h of 
treatment, the 16HBE cells and supernatant were collected for the 
extraction of total RNA with the TRIzol reagent. After the RNA had been 
reverse transcribed into cDNA, qPCR was performed using the ABI Ste
pOnePlus Real-Time PCR system (Applied Biosystems, Foster City, CA, 
USA). The expression level of the target gene was normalized to that of 
the beta-actin (ACTB) gene, and the relative expression level was 
calculated using the 2− ΔΔCT method. The gene primers used in this study 
were manufactured by Sangon Biotech (Shanghai, China) (Table S1). 

2.4. Enzyme-linked immunosorbent assay 

The 16HBE cells supernatant was collected for detection of protein 
levels via ELISA kits.Inflammatory factors protein levels were detected 
by IL-1β(CSB-E0805h, 

CUSABIO) and IL-8(CSB-E0464,CUSABIO) ELISA kits. 

2.5. High-throughput sequencing and data analysis 

16HBE cells were exposed to various concentrations of the PM2.5 
suspension (0, 100, and 300 μg/mL) for 48 h and then collected and 
delivered to Guangzhou Geneseed Biological Technology Co., Ltd 
(Guangzhou, China) for high-throughput sequencing. 

2.6. RNase R treatment 

The PM2.5 exposed 16HBE cells were divided into an RNase R group 

Fig. 2. Effect of PM2.5 on the expression of PI3K/AKT signaling pathway proteins in 16HBE cells. Note: A and C indicate that PM2.5 affects the expression of pathway 
proteins by western blotting; B and D indicate that PM2.5 affects the expression of pathway proteins; compared with the 0 μg/mL PM2.5 group, *P < 0.05, **P < 0.01. 
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(with RNase R enzyme treatment) and a control group (without RNase R 
treatment). Total RNA was then extracted from the cells and subjected to 
RT-qPCR as described in Section 2.2. The RNase R treatment was carried 
out according to the instructions of the manufacturer (Guangzhou 
Geneseed Biological Technology Co., Ltd). 

2.7. Fluorescence in situ hybridization 

Fluorescence in situ hybridization (FISH) was performed according 
to the instructions provided in the RNA FISH Kit (GenePharma, 
Shanghai, China). Finally, the cells were examined under an IX71 
Inverted Research System Microscope (Olympus, Tokyo, Japan). The 
FISH probes were designed by Suzhou GenePharma Co., Ltd (Suzhou, 
China). 

Hsa_circ_0000992 FISH probe sequence: 

5′-GUGACAUA+UAGUUAGCC+UUUUGAUAAAC+UAUGG-3′CY3. 
Hsa-miR-936 FISH probe sequence: 
5′-CUGCGA+UUCCUCCC+UCUACUGU-3′FAM3. 

2.8. Dual-luciferase reporter gene assay 

16HBE cells were plated in 12well plates. Then, Lipofectamine 3000 
was used to transfect the cells with luciferase plasmids carrying either 
the hsa_circ_0000992 wild type (WT) or mutant (MUT) or the hsa-miR- 
936 mimic or mimic-negative control (NC),according to the manufac
turer’s protocol.The dual-luciferase reporter gene plasmids carrying the 
hsa_circ_0000992 WT or MUT were designed and constructed by 
Guangzhou Ribo Biotechnology Co., Ltd (Guangzhou, China). The se
quences are listed in Table S2. After 48 h transfection, relative luciferase 
activity was detected by using the Dual-Luciferase Reporter Assay 

Fig. 3. CircRNA bioinformatics analysis. Note: A represents control group vs 100 μg/mL PM2.5 exposure group; B represents control group vs 300 μg/mL PM2.5 
exposure group; C represents 100 vs 300 μg/mL PM2.5 exposure group; above The graph is screened by the conditions of fold-change > 1.5 and p < 0.05, red 
represents up-regulated genes, green represents down-regulated genes, and gray represents genes with insignificant changes; D means control group vs 100 μg/mL 
PM2.5 exposure group; E means control group vs 300 μg/mL PM2.5 exposure group; F means 100 vs 300 μg/mL PM2.5 exposure group. 
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System (E1910, Promega, Madison, WI, USA) and calculated through 
comparison against the firefly luciferase standard. 

2.9. Cell transfection 

16HBE were transfected by using transfection reagent Lipofectamine 
3000 (Thermo Scientific,USA),according to the manufacturer’s in
structions,and the transfection efficiency was evaluated via RT-qPCR.All 
small interfering RNA (siRNA),miRNA mimic/inhibitor, and NC se
quences were designed by Suzhou GenePharma Co., Ltd. The synthetic 
RNA oligonucleotide sequences are listed in Table S3. 

2.10. Bioinformatics analysis 

The miRanda,TargetScan7.2,and CircuLar RNA Interactome data
bases were used to predict miRNAs that may interact with circRNAs,and 
those related to inflammatory signaling pathways were screened. The 
miRanda software tool was used to predict the putative binding 
sequence of hsa_circ_0000992 and hsa-miR-936. 

2.11. Western blot assay 

Cells were lysed for western blot and immunoprecipitation protein 
analyses. The cell lysates contained 100 volumes of cell lysis buffer 
(Beyotime Biotechnology, Shanghai, China),1 vol of protease inhibitor 
(MedChemExpress, Monmouth Junstion, NJ, USA USA), and 1 vol of 
phenylmethylsulfonyl fluoride (Beyotime Biotechnology). The Pierce 
BCA Protein Assay Kit (NCI3225CH, Thermo Fisher Scientific) was used 
to quantify the total protein content. 

Following established protocols,the denatured proteins were sepa
rated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis on 
10% gels (Beyotime Biotechnology) and then electrotransferred to pol
yvinylidene difluoride membranes (Millipore, Darmstadt, Germany). 
The membranes were soaked in a 5% nonfat milk powder blocking so
lution for 2 h and then incubated overnight with rabbit polyclonal pri
mary antibodies to ACTB (CAT: 20346–1-AP, Proteintech, San Diego, 
CA, USA), PI3K (CAT: 20584–1-AP, Proteintech), AKT (CAT: 51077–1- 
AP, Proteintech), and AKT3 (CAT: 21641–1-AP, Proteintech) at 4 ◦C. 
After three washes with Tween 20-containing Tris-buffered saline,the 
membranes were incubated with IRDye800 CW-conjugated goat anti- 
rabbit IgG secondary antibodies (CAT: 926–32211, LI-COR, Lincoln, 
NB, USA) for 1 h in the dark. Finally, the blots were converted to images 
using ImageJ software and the protein bands were quantified using the 
Odyssey Sa Imaging System. ACTB was used as an internal reference to 

normalize the band density values of the target proteins. 

2.12. Statistical analysis 

GraphPad Prism 8.0 and SPSS 25.0 software were used for the sta
tistical data analyses. All experiments were carried out in triplicate, and 
the results are reported as the mean and standard deviation.The t-test 
was used to compare two groups,and one-way analysis of variance was 
used to compare multiple groups.Differences with a P-value of less than 
0.05 were considered statistically significant. 

3. Results 

3.1. Involvement of the PI3K/AKT signaling pathway in the PM2.5 
induced inflammatory response in 16HBE cells 

After 48 h of exposure to PM2.5 at concentrations of 0, 100, and 300 
μg/mL, ELISA kits and RT-qPCR assays were used to detect changes in 
the IL-1β and IL-8 protein and mRNA levels in the 16HBE cells. 
Compared with the control group, the PM2.5 groups had significantly 
higher mRNA and protein levels of IL-1β and IL-8 (P < 0.05) (Fig. 1). 

The PI3K/AKT signaling system can induce inflammation by con
trolling the operation of major inflammatory signaling pathways as well 
as the function of leukocytes,which are critical to the inflammatory 
response.Western blotting was used to determine changes in the 
expression of proteins in the PI3K/AKT inflammatory signaling pathway 
after 16HBE cell exposure to 0, 100, and 300 μg/mL PM2.5. The results 
showed that the PI3K (P < 0.01) and AKT (P < 0.05) protein levels in 
the 300 μg/mL PM2.5 group were significantly higher than those in the 
control group, indicating that the PI3K/AKT signaling pathway is 
involved in PM2.5-induced respiratory inflammation (Fig. 2). 

3.2. PM2.5 regulation of circRNA expression, and circRNA screening 

After 48 h exposure to 0, 100, or 300 μg/mL PM2.5,the 16HBE cells 
were subjected to high-throughput sequencing.CircRNA genes with a 
greater than 1.5 fold change in expression (with P < 0.05) were 
considered differentially expressed, and their related pathways were 
analyzed.Compared with their expression in the control group, 
107circRNA genes were upregulated and 230 were downregulated in the 
100 μg/mL PM2.5 group, and 269 were upregulated and 247 were 
downregulated in the 300 μg/mL PM2.5 group. Compared with their 
expression in the 100 μg/mL PM2.5 group, 254 circRNA genes were 
upregulated and 109 were downregulated in the 300 μg/mL PM2.5 group 

Fig. 4. Expression of circRNAs after 48 h of PM2.5 exposure in 16HBE. Note: Compared with the 0 μg/mL PM2.5 group, *P < 0.05, **P < 0.01.  
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(Fig. 3A–C). KEGG analysis of the differentially expressed circRNAs in 
each group revealed the pathways in which they were enriched 
(Fig. 3D–F). 

The reliability of the high-throughput sequencing results was veri
fied using the RT-qPCR assay.The results showed that the change trend 
in transcript levels of 14 circRNAs under different concentrations of 
PM2.5 exposure was consistent with the sequencing results (Fig. 4). The 
circRNAs related to the inflammatory signaling pathway were screened 
out using bioinformatics analysis tools. The transcription level of hsa_
circ_0000992 was significantly higher (P < 0.05) in the 100 and 300 μg/ 
mL PM2.5 groups than in the control group, indicating that PM2.5 may 
induce the inflammatory response by regulating this particular circRNA 
(Fig. 4). 

3.3. Verification of the circRNA nature of hsa_circ_0000992 and its 
inflammation related function 

RNase R,which is a 3–5′ exonuclease, is a member of the Escherichia 
coli ribonucleotide reductase superfamily that can digest most linear 
RNA molecules. However, circRNAs are structurally stable and resistant 
to exonuclease.The RNA extracted from 16HBE cells was digested with 
RNase R and the expression of hsa_circ_0000992 and ACTB was then 
detected and quantitated using the RT-qPCR assay. The level of ACTB 
mRNA was significantly reduced in the cells, whereas that of hsa_
circ_0000992 was only slightly decreased, confirming that hsa_
circ_0000992 has the stability of typical circRNAs (Fig. 5A). 

The 16HBE cells were transfected with siRNA (si-hsa_circ_0000992) 
to interfere with the expression of hsa_circ_0000992. After 48 h 

Fig. 5. Circular RNA hsa_circ_0000992 inflammation function verification. Note: A represent RNA stability identification of hsa_circ_0000992; B Knockdown effi
ciency of hsa_circ_0000992; C and D represent the expression levels of inflammatory factor transcripts detected by RT-qPCR; E and F represent the protein expression 
levels of inflammatory factors detected by ELISA assay; *P < 0.05, **P < 0.01. 
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transfection, the hsa_circ_0000992 expression level was confirmed using 
the RT-qPCR assay. There was no statistically significant difference in 
hsa_circ_0000992 expression between the MOCK and NC groups. How
ever, the transcriptional level of hsa_circ_0000992 was significantly 
lower in the si-hsa_circ_0000992 group than in the NC group (P < 0.05), 
and the transfection efficiency was approximately 70% (Fig. 5B). This 
indicated that si-hsa_circ_0000992 had effectively interfered with the 
expression of hsa_circ_0000992 and thus could be used for the subse
quent interference experiments. 

Next, 16HBE cells were transfected with si-NC or si- 
hsa_circ_0000992 for 5 h and then treated with complete KM (control 
group) or PM2.5 (300 mg/mL). After 48 h, the protein and mRNA levels 
of IL-lβ and IL-8 were determined.Compared with the mRNA and protein 
levels of IL-lβ and IL-8 in the NC group,the levels were significantly 
reduced in the 300 µg/mL PM2.5-exposed cells transfected with si- 
hsa_circ_0000992 (P < 0.05) (Fig. 5C–F),indicating that hsa_
circ_0000992 plays a role in promoting the inflammatory response 
induced by PM2.5. 

3.4. Influence of hsa_circ_0000992 on the PI3K/AKT signaling pathway 

The western blot assay was used to determine the levels of PI3K and 
AKT in 16HBE cells in which hsa_circ_0000992 had been knocked down. 
The levels of both proteins were significantly lower (P < 0.01) in the 
hsa_circ_0000992 knockdown group than in the control group (Fig. 6), 
suggesting that the knockdown of hsa_circ_0000992 in 16HBE cells can 
inhibit the activation of the PI3K/AKT inflammatory signaling pathway 
and thereby regulate the inflammatory response. 

3.5. Bioinformatics prediction analysis of miRNAs that may bind to 
hsa_circ_0000992 

The bioinformatics analysis tools miRanda,TargetScan7.2,and Cir
cular RNA Interactome were used to predict miRNAs that may bind to 
hsa_circ_0000992. Among the miRNAs identified, 70 were predicted by 
miRanda, 668 were predicted by TargetScan7.2,and 36 were predicted 
by Circular RNA Interactome. All three software tools predicted that hsa- 
miR-936 and hsa-miR-127–5 P could bind to hsa_circ_0000992. There
fore, these two miRNAs were selected for the subsequent experiments 
(Fig. 7). 

3.6. Changes in hsa-miR-936 expression in 16HBE cells after PM2.5 
exposure and hsa_circ_0000992 knockdown 

The transcript levels of hsa-miR-936 in the 100 and 300 μg/mL PM2.5 
groups were significantly lower (P < 0.05) than that in the control group 
(Fig. 8A). By contrast, those of hsa-miR-127–5p were higher (Fig. 8B), 
but the difference was not statistically significant. Compared with that 
in the NC group, the transcript level of hsa-miR-936 was increased after 
hsa_circ_0000992 had been knocked down in the 16HBE cells (P < 0.05) 
(Fig. 8C). By contrast, the transcript level of hsa-miR-127–5p was un
changed (Fig. 8D). These results suggested that hsa_circ_0000992 and 
hsa-miR-936 had a mutual regulatory relationship. 

Fig. 6. Effect of knocking down hsa_circ_0000992 on the expression of PI3K/AKT signaling pathway proteins in 16HBE cells. Note:; A and C indicate the expression 
of pathway proteins after knockdown of hsa_circ_0000992 detected by western blotting; B and D indicate the results of grayscale analysis of the expression of 
pathway proteins after knockdown of hsa_circ_0000992; compared with the NC group, * *P < 0.01. 
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3.7. Effects of hsa-miR-936 mimics and inhibitors on cellular 
inflammatory factors 

Hsa-miR-936 inhibitors and mimics can respectively inhibit and 
enhance hsa-miR-936 expression in cells (Fig. 9A). Therefore, 16HBE 
cells were transfected with either an hsa-miR-936 inhibitor or mimic and 
then exposed to 300 μg/mL PM2.5 for 48 h.Subsequently, the cells were 
collected to determine changes in their expression of cellular inflam
matory factors. In the PM2.5-exposed cells, the mRNA level of the IL-1β 
gene was significantly lower in the hsa-miR-936 mimic group than in the 
NC group (P < 0.05) (Fig. 9B). By contrast, the mRNA and protein levels 
of IL-1β and IL-8 were higher in the hsa-miR-936 inhibitor group 
(P < 0.05) (Fig. 9C–F). These results indicate that hsa-miR-936 plays a 
role in suppressing the PM2.5-induced inflammatory response. 

3.8. Effect of hsa_circ_0000992 on hsa-miR-936 in 16HBE cells 

Because the localization of RNA in cells is related to their mode of 
action, a FISH study was performed to determine the subcellular loca
tion of hsa_circ_0000992 and hsa-miR-936 in the 16HBE cells. Hsa_
circ_0000992 and hsa-miR-936 were revealed to be expressed in the 
nucleus and cytoplasm (Fig. 10A), suggesting that they may both play a 
regulatory role in the PM2.5-induced inflammatory response of 16HBE 
cells through the ceRNA mechanism. 

The binding site between hsa_circ_0000992 and hsa-miR-936 was 
predicted using miRanda. The results showed that hsa-miR-936 and 
hsa_circ_0000992 may have a binding site with a binding score of 152 
points (Fig. 10B). 

The dual-luciferase reporter gene assay was performed to confirm 
the binding site of hsa_circ_0000992 and hsa-miR-936. After co- 
transfection of the hsa-miR-936 mimic or NC plasmids with the hsa_
circ_0000992 WT or MUT reporter genes into 16HBE cells,changes in 
fluorescence due to luciferase activity were detected. In the 
hsa_circ_0000992-WT cells, the relative luciferase activity in the hsa- 
miR-936 mimic group was considerably lower (P < 0.05) than that in 
the NC group. By contrast, in the hsa_circ_0000992-MUT cells,there was 
no significant change in the relative luciferase activity between the hsa- 
miR-936 mimic and NC groups (Fig. 10C). These results indicate that 
hsa_circ_0000992 acts as a sponge to bind hsa-miR-936 through the 
binding site predicted by miRanda. 

3.9. Verification of the roles of hsa_circ_0000992 and hsa-miR-936 in 
regulating inflammatory responses 

To verify the mutual regulatory activity between hsa_circ_0000992 
and hsa-miR-936, the expression of inflammatory factors in 16HBE cells 
co-transfected with these circRNA and miRNA sequences was deter
mined using RT-qPCR and ELISA.Compared with the NC group, the NC 
PM2.5-exposed group expressed significantly higher levels of IL-1β and 
IL-8 (P < 0.01). Compared with the PM2.5 exposure-alone group, the 
PM2.5 +hsa-miR-936 inhibitor group expressed significantly higher 
mRNA and protein levels of IL-1β and IL-8 (P < 0.05), but re- 
transfection with si-hsa_circ_0000992 reversed this trend (Fig. 11). 
These results indicate that hsa_circ_0000992 directly targets hsa-miR- 
936 to regulate the inflammatory response. 

Fig. 7. Venn diagram of bioinformatics software prediction result.  
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3.10. Construction of the circRNA–miRNA–mRNA network 

The TargetScan7.2, miRanda, and CircuLar RNA Interactome data
bases were used to predict the downstream target genes of hsa-miR-936, 
and a total of 1861 mRNAs were discovered after intersecting the results 
(Fig. 12A). KEGG analysis of these 1861 genes revealed that they were 
enriched in inflammation-related pathways, including the PI3K/AKT, 
MAPK,Ras,FOXO, TNF, T-cell receptor,Jak/STAT, Toll-like receptor, B- 
cell receptor, and NFκB signaling pathways (Fig. 12B).Fig. 12C depicts 
the network map of hsa_circ_0000992, hsa-miR-936, and their down
stream mRNAs in inflammation-related pathways, as constructed using 
Cytoscape software. 

3.11. Regulatory relationship between hsa_circ_0000992 and hsa-miR- 
936 and the PI3K/AKT pathway 

According to the western blot results, the expression of PI3K protein 
was inhibited in the si-hsa_circ_0000992+ hsa-miR-936 inhibitor group, 
unlike that in the hsa-miR-936 inhibitor group (P < 0.05) (Fig. 13A–B). 
Transfection of the hsa-miR-936 inhibitor markedly increased AKT 
protein expression relative to the level in the NC group, whereas con
current hsa_circ_0000992 knockdown completely reversed this phe
nomenon (i.e., AKT protein expression was inhibited) (P < 0.05) 
(Fig. 13C–D). The results suggest that hsa_circ_0000992 directly targets 
hsa-miR-936 to regulate activation of the PI3K/AKT inflammatory 
signaling pathway. 

3.12. Verification of the regulatory role of hsa-miR-936 on the expression 
of the downstream target gene AKT3 

Through bioinformatics software prediction and KEGG pathway 
analysis, AKT3 was discovered to be not only a downstream target gene 

of hsa-miR-936 but also a key protein in the PI3K/AKT signaling 
pathway.In 16HBE cells transfected with the hsa-miR-936 inhibitor, the 
mRNA and protein levels of AKT3 were significantly enhanced 
(P < 0.01), indicating that hsa-miR-936 regulates AKT3 expression to 
control the activation of the PI3K/AKT signaling pathway (Fig. 14). 

4. Discussion 

In recent years, with the frequent occurrence of smog worldwide, 
especially in China,the pollution of fine particulate matter has become 
an environmental health problem that the word is keenly concerned 
about. According to the WHO report in 2016, the global death toll due to 
air pollution was approximately 4.2 million, with that related to PM2.5 
being the most prevalent (Wang et al., 2021). The main components of 
PM2.5 include metals and metalloids (lead, manganese, aluminum, etc.), 
water-soluble inorganic ions (SO4

2-, NH4
+, NO3

- , etc.), chemical compo
nents (organic carbon, carbon black, dust), and organic polycyclic aro
matic hydrocarbons (Qiao et al., 2014; Qin et al., 2020; Zhu et al., 2019). 
PM2.5 comes from a wide range of sources, including dust from the 
natural environment, fuel (fossil, biomass, coal, etc.) combustion, and 
transportation emissions from human activities (Khan et al., 2021; Xu 
et al., 2021; Zhang et al., 2015; Zhao et al., 2021). Because PM2.5 has a 
small particle size and can remain suspended in air, it easily adsorbs 
toxic substances, such as heavy metals and microorganisms, and can be 
transported over long distances, resulting in large-scale air pollution. 
PM2.5 can enter the deep respiratory tract, pass through the blood gas 
barrier, and enter the circulatory system, causing bodily harm and dis
orders of the respiratory, cardiovascular, and neurological systems 
(Mukherjee and Agrawal, 2018; Xing et al., 2016). PM2.5 can reach the 
bronchi and alveoli of the lungs through the respiratory tract, causing 
inflammation of the respiratory system and the release of inflammatory 
factors, thereby leading to a series of respiratory diseases. Despite that 

Fig. 8. The expression levels of miRNA after PM2.5 stimulation and knocking down of hsa_circ_0000992 in 16HBE. Note: A and B represented miRNA expression after 
PM2.5 treatment in 16HBE; C and D represented miRNA expression after knocking down of hsa_circ_0000992 in 16hbe; compared with the NC group, 
*P < 0.05，**P < 0.01. 
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the first line of defense against the dangers of air pollution is the res
piratory system, the mechanism by which PM2.5 enters the human res
piratory tract and causes respiratory diseases remains unclear. With the 
increasing development of science and technology, the study of toxico
logical mechanisms has shifted from a macroscopic to a microscopic 
perspective, and epigenetic research has received keen attention from 
scholars. However, there are few published studies on the mechanism of 
PM2.5 induced respiratory diseases from the viewpoint of epigenetics. 

PM2.5 can promote pulmonary inflammation, and peripheral blood 
mononuclear cells greatly increase the release of inflammatory factors 
such as IL-1β, IL-8, and IL-10 (Xian et al., 2019). Li et al. (2020) observed 

that PM2.5 exposure boosted the expression of IL-1β and IL-18 in the lung 
tissue of normal mice and COPD model mice. Another study found that 
PM2.5 from underground garages had a substantial effect on mouse 
levels of IL-4, TNF-α, and TGF-β1, which can lead to lung injury (Yang 
et al., 2019). The expression levels of inflammatory (IL-1β) and cyclo
oxygenase 2) and oxidative stress (heme oxygenase 1) genes were 
considerably upregulated in mouse macrophages exposed to PM2.5 
(Bekki et al., 2016). According to Longhin et al. (2018), PM2.5 increases 
the mRNA and protein levels of IL-6 and IL-8, resulting in the develop
ment of inflammatory responses. IL-1β, a member of the IL-1 family of 
cytokines, triggers inflammation through the IL-1 receptor family and 

Fig. 9. Hsa-miR-936 inflammation function verification. Note: A indicates the transcript expression level of hsa-miR-936 detected by RT-qPCR experiment; B and D 
indicates the transcript expression level of inflammatory factors detected by RT-qPCR experiment; E and F indicate the protein expression level of inflammatory 
factors detected by ELISA experiment; *P < 0.05, **P < 0.01. 
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plays an important role in the development of inflammation, making it 
useful as an indicator for differentiating the occurrence of the inflam
matory response (Dinarello, 2018). Additionally, Li et al. (2021) have 
verified that IL-8 is strongly associated with inflammatory signaling 
pathways and plays a critical role in the onset and progression of airway 
inflammation. As a result, we chose IL-1β and IL-8 as the indicators of an 
inflammatory response in our present study. On the basis of a literature 
review and preliminary research findings, we collected PM2.5 samples at 
a specific location in Guangzhou (Tan et al., 2020; Zhou et al., 2020) and 
exposed 16HBE cells to 0, 100, and 300 μg/mL PM2.5 concentrations for 
48 h. Consequently, we found that PM2.5 caused the mRNA and protein 
expression levels of IL-1β and IL-8 to increase in the 16HBE cells, indi
cating that it could increase the expression of cellular inflammatory 
factors and cause the inflammatory response. Hence, it was verified that 
the cellular inflammation model had been successfully constructed. 

Previous studies have demonstrated that the PI3K/AKT signaling 
pathway can enhance the development of inflammation by modulating 
important inflammatory signaling pathways as well as the function of 
leukocytes critical to the inflammatory response (Yeung et al., 2018). 
PM2.5 stimulation can activate the PI3K/AKT signaling pathway and 
induce cell inflammation and apoptosis (Han and Zhuang, 2021). Using 
a COPD mouse model established through PM2.5 exposure, Zhang et al. 

(2020) found that PI3K inhibitors could decrease cell autophagy, 
enhance apoptosis in alveolar epithelial cells, and lower the expression 
of the PI3K, p-AKT, and p-mTOR proteins. The findings of our study 
suggest that the PI3K/AKT signaling pathway is involved in the devel
opment of PM2.5-induced respiratory inflammation, because the PI3K 
and AKT protein levels were significantly higher in the 300 μg/mL PM2.5 
group than in the control group. 

CircRNAs, which are a class of non-linear and endogenous non- 
coding RNA molecules that are ubiquitous in eukaryotic cells, are 
mainly produced by intron or exon sequences, transcribed by RNA po
lymerase II, form a closed-loop structure by reverse splicing, and resis
tant to exonuclease degradation (Guo et al., 2014; Memczak et al., 2013; 
Salzman et al., 2013). CircRNAs are currently a hot topic in epigenetic 
research and play a pivotal role in the development of diseases related to 
gene regulation. In this study, 16HBE cells were exposed to 0, 100, or 
300 μg/mL PM2.5 for 48 h, following which the expression profiles of 
circRNAs in the various treatment groups were examined using 
high-throughput sequencing and their biological functions were 
analyzed.CircRNA genes were considered to be differentially expressed 
if the change in their expression was 1.5 fold greater than that in the 
control group (P < 0.05). The 100 μg/mL PM2.5 group had 107 upre
gulated and 230 downregulated circRNAs,whereas the 300 μg/mL PM2.5 

Fig. 10. hsa_circ_0000992 acted as a sponge for hsa-miR-936 in 16HBE cells. Note: A represented FISH experiment diagram. blue: DAPI nuclear staining, green: FAM- 
labeled hsa-miR-936 probe, red: CY3-labeled hsa_circ_0000992 probe; B represented MiRnada analysis and prediction of hsa_circ_0000992 and hsa-miR-936 binding 
sites; C represented Luciferase reporter gene confirms the existence of binding sites between hsa_circ_0000992 and hsa-miR-936; **p < 0.01. 
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group had 269 upregulated and 247 downregulated circRNAs,relative to 
the control group circRNA levels. Moreover, in the 300 μg/mL PM2.5 
group,254 circRNAs were upregulated and 109 were downregulated 
relative to the levels in the 100 μg/mL PM2.5 group.The circRNAs related 
to inflammatory signaling pathways were screened out using bioinfor
matics tools, and their expression change trend in the PM2.5-exposed 
cells was verified through RT-qPCR analysis.We found that the tran
scription level of hsa_circ_0000992 increased with increase in the PM2.5 
exposure dose. Using RNase R, we verified that hsa_circ_0000992 has the 
characteristic circRNA resistance to delinearization enzymes. Therefore, 
hsa_circ_0000992 was selected for the subsequent experiments. 

Ghosal et al. (2013) have created a comprehensive database of 
circRNAs (Circ2Traits) that may be related to diseases and traits. Many 
studies have reported on circRNAs play an indispensable role in the 
development of the PM2.5 induced inflammatory response. Yang et al. 
(2018) found that circRNA ZC3H4 is related to the inflammatory 
cascade caused by silica phagocytosis of lung cells and participates in 
the activation of macrophages in lung tissue. Liu et al. (2017) showed 
that mechanical stress-related circRNAs are involved in chondrocyte 
extracellular matrix degradation and regulate the expression of TNF-α, 
thereby affecting the progression of osteoarthritis. Li et al. (2020) study 
showed that the knockdown of circBbs9 alleviated PM2.5-induced res
piratory inflammation by inactivating the inflammasome and inhibiting 
IL-1β and IL-18 in cells. According to Jia et al. (2020), exposure of 
human bronchial epithelial BEAS-2B cells to PM2.5 increases the 
expression of IL-6 and IL-8 while decreasing that of circ_406961, the 
latter of which is a circRNA that would normally inhibit the 

PM2.5-induced inflammatory response by interacting with interleukin 
enhancer-binding factor 2(ILF2) and inhibiting the activation of the 
STAT3/JNK pathway. We used the transient transfection technique to 
knock down the expression of hsa_circ_0000992 in 16HBE cells to 
determine its role in controlling the PM2.5-induced inflammatory 
response. The results showed that hsa_circ_0000992 was successfully 
knocked down in cells, with a knockdown efficiency of approximately 
70%. The mRNA and protein levels of IL-1β and IL-8 were lower in the 
si-hsa_circ_0000992 group than in the NC group. Moreover, the PI3K and 
AKT protein levels were significantly decreased in the 
si-hsa_circ_0000992 group. These results indicate that hsa_circ_0000992 
promotes the inflammatory response in 16HBE cells by activating the 
PI3K/AKT inflammatory signaling pathway and boosting the production 
of IL-1 and IL-8. 

The ceRNA mechanism employed by circRNAs currently accounts for 
the majority of their biological functions, physiological processes, and 
pathogenic mechanisms. CircRNAs possess miRNA response elements, 
which allow them to bind competitively to miRNAs and influence the 
latter’s gene silencing activity and thereby regulate the expression of 
downstream target genes. Numerous studies have demonstrated that the 
ceRNA mechanism of circRNAs and miRNAs is crucial for the emergence 
and progression of many diseases and disorders. For example, circRNA 
CDR1as regulates nervous system function by binding to miR-7 (which 
has 63 conserved circRNA-binding sites) in neuronal cells (Memczak 
et al., 2013). This mechanism of competitive binding of circRNAs to 
miRNAs is expected to bring about a breakthrough in gene diagnosis and 
treatment. Therefore, we focused on exploring whether 

Fig. 11. Expression of inflammatory factors IL-1 β and IL-8 after co-transfection si-hsa_circ_0000992 and hsa-miR-936 inhibitor. Note: A and B represent the 
expression levels of inflammatory cytokine transcripts detected by RT-qPCR assay; C and D represent the protein expression levels of inflammatory factors detected 
by ELISA assay; *P < 0.05, **P < 0.01. 
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hsa_circ_0000992 adsorbs miRNA via the ceRNA mechanism and 
thereby regulates the mRNA expression of downstream target genes. In 
this study, three bioinformatics analysis software predicted the binding 
of hsa_circ_0000992 to hsa-miR-936 and hsa-miR-127–5 P. The 
RT-qPCR results showed that the expression of hsa-miR-936 transcript 
decreased with increasing exposure to PM2.5, whereas the concurrent 
knockdown of hsa_circ_0000992 increased the expression level signifi
cantly. These results suggest that there is a great possibility of mutual 
regulation between hsa_circ_0000992 and hsa-miR-936. Further FISH 
experiments showed that hsa_circ_0000992 and hsa-miR-936 were 
localized in the cytoplasm and nucleus in 16HBE cells. The binding site 
of hsa_circ_0000992 and hsa-miR-936 was predicted and confirmed 
using miRanda software and the dual-luciferase reporter gene assay, 
respectively. Since the ceRNA mechanism mainly functions in the 
cytoplasm, we speculate that hsa_circ_0000992 can act as a ceRNA to 
adsorb hsa-miR-936, thereby regulating the expression of downstream 
target genes. 

MiR-936 is linked to the proliferation, cell cycle progression, and 
invasion of non-small cell lung cancer, where its expression has been 
shown to be considerably downregulated in tissue of patients with this 
disease (Zhou and Tao, 2018). The miR-936/G protein-coupled receptor 
78 (GPR78) axis has been established as a diagnostic and therapeutic 
target for laryngeal squamous cell carcinoma (Lin et al., 2020). Although 
these studies suggested that hsa-miR-936 is associated with respiratory 
diseases,its relationship with the respiratory inflammatory response was 

not clarified. In this study,we found that the mRNA level of IL-1β in the 
PM2.5-treated cells transfected with the hsa-miR-936 mimic was 
considerably lower than that in the NC group. Additionally, in 
PM2.5-treated cells, the mRNA and protein levels of IL-1β and IL-8 were 
significantly higher in the hsa-miR-936 inhibitor group than in the NC 
group. These results suggest that hsa-miR-936 reduces the inflammatory 
response induced by PM2.5. 

Researchers have found that both lncRpa and circRar1 can bind to 
miR-671 through the ceRNA mechanism and induce the upregulation of 
apoptosis-related factors p38 and caspase-8 at both the mRNA and 
protein levels (Nan et al., 2017). One study showed that circRNA_09505 
acted as a sponge of miR-6089 through the ceRNA mechanism in mac
rophages and promoted the development of inflammation through the 
production of TNF-α, IL-12, and IL-6, which is regulated by the 
miR-6089/AKT1/NFκB axis (Yang et al., 2020). To verify whether 
mutual regulation between hsa_circ_0000992 and hsa-miR-936 exists, 
the expression of inflammatory factors was detected in 16HBE cells 
co-transfected with these circRNA and miRNA sequences and their in
hibitors. Compared with the PM2.5 group, the PM2.5 + hsa-miR-936 in
hibitor group had significantly higher mRNA and protein levels of IL-1β 
and IL-8, and this result was reversed through re-transfection of the cells 
with si-hsa_circ_0000992. Additionally, the expression of PI3K was 
inhibited in the cells co-transfected with si-hsa_circ_0000992 and the 
hsa-miR-936 inhibitor, and AKT expression was markedly higher in cells 
transfected with the hsa-miR-936 inhibitor than in the NC group (in 

Fig. 12. circRNA-miRNA bioinformatics analysis. Note: A represented Venn diagram of miRNA downstream target gene predicting by Bioinformatics software; B 
represented the top 10 KEGG signaling pathways of inflammation-related; C represented hsa_circ_0000992-hsa-miR-936-mRNA co-expression network. 
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which AKT expression was inhibited). We concluded that hsa_
circ_0000992 targets hsa-miR-936 directly to regulate the PI3K/AKT 
inflammatory signaling pathway and the inflammatory response. 

AKT is a 60 kDa serine/threonine kinase that is mainly involved in 
the PI3K/AKT signaling pathway and the regulation of downstream 
proteins of biological processes such as cell proliferation, migration, 
metabolism, and angiogenesis (Revathidevi and Munirajan, 2019). AKT 
can be divided into three subtypes (AKT1, AKT2, and AKT3), among 
which AKT3 is positively correlated with the inflammatory response and 
macrophage activation (Ding et al., 2017; Gu et al., 2020). A previous 
study found that silencing the expression of AKT3, which is a down
stream target gene of miR-150, can suppress the levels of IL-1β, IL-6, and 
TNF-α (Yao et al., 2021). In this study, we found that AKT3 was not only 
a downstream target gene of hsa-miR-936 but also an important protein 
in the PI3K/AKT signaling pathway, as its mRNA and protein expression 
levels were significantly increased in 16HBE cells transfected with the 
hsa-miR-936 inhibitor. This implies that hsa-miR-936 may influence 
PI3K/AKT signaling pathway activity by influencing AKT3 expression. 
Based on our results and the findings of previous studies, blocking the 
expression of AKT3 may be an effective strategy for inhibiting the 
development of inflammatory responses. 

In conclusion, this study confirms that PM2.5 induces an inflamma
tory response in 16HBE cells. Hsa_circ_0000992 adsorbs hsa-miR-936 
via the ceRNA mechanism, promotes the release of AKT3 and activa
tion of the PI3K/AKT signaling pathway, and thereby regulates the 
development of the inflammatory response in PM2.5-exposed 16HBE 
cells (Fig. 15), hsa_circ_0000992 might be a possible target for thera
peutic intervention after PM2.5 exposure. However, there are some 
limitations in this study, our research lacks in vivo experiments. 

Therefore, animal experiments will be carried out for further verifica
tion.Our verification of the involvement of the ceRNA mechanism in the 
hsa_circ_0000992 regulation of hsa-miR-936 and the inflammatory 
response of respiratory epithelial cells to PM2.5 offers a scientific foun
dation for future research on the diagnosis, screening, and treatment of 
respiratory illnesses induced by air pollution. 
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Fig. 15. the mechanism schematic diagram of PM2.5-induced inflammation in 16HBE.  
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