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Background: PM2.5 exposure is one of the major inducements of various respiratory diseases and related mortality. Meanwhile, 
irisin, a metabolism and thermogenesis-related hormone, is found to be protective against acute lung injury induced by LPS, which 
indicates its therapeutic function in lung injury. However, the function and underlying mechanism of irisin in PM2.5-induced acute 
lung injury (ALI) are still unclear. This study is aimed to discover the potential mechanisms of irisin in PM2.5-induced acute lung 
injury.
Methods: Atg5 deficient mice and cells were established to clarify the relationship between irisin and autophagy in PM2.5-induced 
ALI. We also used Ad-mCherry-GFP-LC3B as a monitor of autophagy flux to claim the effects of irisin on autophagy. Western 
blotting and qPCR were used to reveal the molecular mechanism.
Results: As a result, PM2.5 exposure induced lung injury whereas mitigated by irisin. Moreover, PM2.5 hampered autophagy flux, 
characterized by accumulation of p62, and autophagosomes, as well as blocked autolysosomes. Irisin improved the disturbed 
autophagy flux, which was abrogated by deficiency of Atg5. Additionally, we demonstrated that irisin activated AMPK and inhibited 
mTOR, which indicated the enhanced autophagy. Moreover, blockage of AMPK by compound C terminated irisin’s induction of 
autophagy in cultured MH-S cells.
Conclusion: Our findings reveal that irisin performs protective effects against PM2.5-induced ALI by activating autophagy through 
AMPK/mTOR signaling pathway.
Keywords: irisin, PM2.5, acute lung injury, autophagy

Introduction
Fine particulate matter with an aerodynamic diameter equal or less than 2.5 microns, as well known as PM2.5 is regarded 
as a critical air pollutant, which carries a wide range of toxic substances.1,2 Long-term exposure to PM2.5 has been 
shown to be related to numerous respiratory diseases, ranging from chronic obstructive pulmonary disease (COPD), 
asthma, lung injury to lung cancer.3,4 Worse still, PM2.5 exposure increases the risk of mortality of patients with chronic 
pulmonary disease and presents a huge challenge to human health.5 Thus, there are urgent needs to discover the internal 
mechanism of respiratory injury caused by PM2.5 and also the potential treatment for it.

Autophagy, a highly conserved “self-eating” process, plays a vital role in maintaining the homeostasis of intercellular 
cells through degradation of damaged organelles or dysfunctional proteins by lysosomes,6 which also acts a critical role 
in pulmonary diseases. PM2.5 is identified to involve in autophagy from different perspectives of mechanism in lung 
injury.7–9
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Irisin, a fragment of fibronectin type III domain-containing protein 5 (FNDC5), is a novel recognized exercise- 
induced myokine and mainly secreted from heart and muscles.10,11 It has been elucidated that irisin mainly influences 
energy metabolism and metabolic homeostasis by facilitating the conversion of white adipose tissue to brown one.10,12 

Moreover, in acute lung injury (ALI) caused by lipopolysaccharide, irisin could attenuate inflammatory cytokine 
expression,13,14 indicating that irisin might be protective against ALI. As we already know, irisin could act as an 
autophagy regulator in various pathological status.15,16 For example, it could repair unbalanced autophagy through 
activation of AMPK-ULK1 signaling pathway in cardiac hypertrophy mice model.17

Currently, little is known about the role of irisin in ALI induced by PM2.5. In order to provide a valuable therapeutic 
alteration for PM2.5-induced respiratory diseases, the aim of this investigation is to verify the relation of irisin in 
PM2.5-induced ALI as well as the underlying mechanisms of the process.

Materials and Methods
PM2.5 Sample Collection and Preparation
Briefly, atmospheric PM2.5 was collected by a HVAIR high-volume air sampler (Thermo Fisher Scientific) from 
November to December 2021 at the monitor site provided by the Shijiazhuang Environmental Monitoring center 
(Shijiazhuang, China) when PM2.5 > 115 µg/m3. The collected glass filters were cut into rectangular strips (1 cm × 
2 cm), immersed in deionized water, sonicated (5x30 min) using an ultrasonic cleaner (KQ-400KDB). Then, the resultant 
solution was filtered by eight-layer sterile gauze. Each PM2.5 suspension was freeze-dried under vacuum, weighed, and 
stored at −20°C.

Animals
Wild-type (WT) and Atg5 knockout (Atg5-KO) male C57BL/6J mice (6–8 weeks old, 22±2 g) were kindly provided by 
the Key Laboratory of Immune mechanism and Intervention on Serious Disease in Hebei Province and housed in the 
standard environment (23±2°C, 55±5% humidity, 12 h/12 h light/dark cycle) a week before the study. All of the 
experimental protocols were approved by the Animal Care and Use Committee of the Second Hospital of Hebei 
Medical University (2022-AE008) China, and in accordance with the National Institutes of Health Guide for the Care 
and Use of Laboratory Animals.

Animal Groups and Model of ALI
Mice were randomly allocated to the following five groups (n=5/group): WT-saline group, WT-PM2.5 group, WT-PM2.5 
+Irisin group, Atg5-KO group, and PM2.5+Irisin+Atg5-KO group. WT refers to wild-type mice, and Atg5-KO refers to 
Atg5 genetic knockout mice. In order to create acute lung injury model,7,18,19 mice in the PM2.5 (2 mg/mL) group were 
intratracheally instilled with sonicated PM2.5 sterile saline suspension (100 ug PM in 50 ul saline) per day for 2 days. 
Meanwhile, the mice in the saline group received the same volume of sterile saline. Mice in the irisin group (Ann Arbor, 
MI, USA, dissolved by normal saline)13 were administrated with 0.5 ug/g body weight of irisin 1h before PM2.5 
challenge by intraperitoneal injection, while the other three groups were injected with the same volume of normal saline. 
Twenty-four hours after the last administration of PM2.5, all mice were anesthetized by pentobarbital at a dose of 60 mg/ 
kg (P0225, EKEAR Bio, Shanghai, China). After then, the mice were sacrificed by rapid cervical dislocation. 
Bronchoalveolar lavage fluid (BALF) and the lung tissue were harvested for further examination.

BALF Collection
The right lobe of the mouse was instilled with 0.5mL sterile normal saline for thrice, assuring more than 50% fluid was 
obtained. The collected fluid was centrifuged at 252 g for 10 min at 4°C. And then the supernatant was stored at −80°C 
for later ELISA test according to the direction (IL-1β, IL-18, TNF-α) (Neobioscience Biotech Co., Ltd, Shanghai, China). 
The percent of macrophage in the BALF was counted by microscopic.
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Hematoxylin & Eosin (H&E) and Immunofluorescence Staining
Lung tissues were fixed in 10% formalin, dehydrated with gradient alcohol, embedded in paraffin and sectioned into 5 
μm slices. The sliced slides were stained with H&E according to the manufacturer’s instruction and assessed the general 
pathological changes in the lungs by inverted optical microscopy. The expression of FNDC5 (Bioss, Beijing, China) in 
lung tissues was determined by immunofluorescence staining and then visualized the images and detected fluorescence 
intensity by fluorescence microscope (Zeiss Inc., Germany).

Cell Culture and Viability Assay
Mouse alveolar macrophage cells (MH-S cells) were purchased from ATCC (USA) and maintained in medium with 10% 
fetal bovine serum (Gibco, USA). The plated cells in a 96-well plate were treated with different doses of PM2.5 
suspension (0, 12.5 ug/mL, 25 ug/mL, 50 ug/mL, 100 ug/mL) for different periods (0, 2 h, 4 h, 8 h, 12 h, 24 h). The 
cytotoxicity of PM2.5 to MH-S was measured according to the instruction of CCK-8 kit (Glpbio Technology, Montclair, 
USA). Irisin (20 nM) or AMPK inhibitor compound C (Glpbio Technology, Montclair, USA) (10 uM) was treated 30 
mins before PM2.5 administration.14,17 Then, levels of IL-1β, IL-18, and TNF-α in culture cells were determined by 
commercially mouse specific kits according to the manufacturer’s instructions.

Transmission Electron Microscopy (TEM) and Ad-mCherry-GFP-LC3B Transfection
MH-S cells receiving different treatments were embedded in 3% glutaraldehyde and examined by transmission electron 
microscopy (H-600, Hitachi, Japan). The cells were transfected with Ad-mCherry-GFP-LC3B (Beyotime, Beijing, 
China) adenovirus at an MOI of 20 for 24 h at 37°C treated with trial conditions as indicated. Finally, the number of 
fluorescent puncta was observed by a confocal microscope (Carl Zeiss, Gottingen, Germany).

Atg5 siRNA Transfection
Atg5 siRNA and control nonspecific siRNA as mock group (RiboBio, Guangzhou, China), using RFect transfection 
Reagent (BAIDAI, Changzhou, China), were adopted to silence the expression of Atg5 in MH-S cells. The cells were 
starved for 24 hours and transfected with Atg5 siRNA or nonspecific following the instructions for another 24 h. Then, 
treated the cells with PM2.5 (100 ug/mL) or in combination with irisin (20 nM) for 8 h. Transfection efficiency of 
silencing protein expression was identified by Western blotting at 48 h.

Western Blotting
Total proteins in lung tissues and iced cell lysates were extracted after tissues or cells were lysed by a RIPA buffer. The 
protein concentrations were then detected by the BCA Protein Assay Kit. And then, the total proteins were loaded into an 
10% or 12% SDS-PAGE gel, transferred on a PVDF membrane. Next, the membranes were, respectively, incubated with 
primary antibodies for p-AMPK (1:1000, CST, USA), AMPK (1:1000, CST, USA), p-mTOR (1:1000, CST, USA), 
mTOR (1:1000, CST, USA), LC3-II (1:1000, CST, USA), P62 (1:500, Proteintech, USA) and fluorescent secondary 
antibody (1:10,000, CST, USA), then screened and visualized using an Odyssey Imaging System (Gene Co., Ltd, 
Hong Kong). The protein levels were normalized to β-actin (1:10,000, Proteintech, USA). Finally, the intensity of the 
band was quantified using Image J software.

Quantitative Real-Time PCR (qPCR)
Total RNA from cells or lung tissues was extracted by TriQuick Reagent (Solarbio, Beijing, China). Reverse transcription 
was performed with Reverse Transcription Reagents (GeneCopoeia, USA) and subsequently synthesized into cDNA. The 
DNA targets were amplified with primers (Table 1) by qPCR (GeneCopoeia, USA). The mRNA levels were calculated 
with the 2−ΔΔCt method and normalized to GAPDH. Table 1 demonstrates the primer information.

Statistical Analysis
Data were derived from at least three separate trials. All data were performed using SPSS 22.0 (IBM, Armonk, NY) and 
presented as mean ± standard deviation. Comparison means of different groups were calculated by one-way analysis of 

Journal of Inflammation Research 2023:16                                                                                          https://doi.org/10.2147/JIR.S390497                                                                                                                                                                                                                       

DovePress                                                                                                                       
1047

Dovepress                                                                                                                                                               Ma et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


variance (ANOVA). Comparisons between two groups were evaluated using the two sample Student’s t-test. The 
statistical significance was set at p < 0.05.

Results
Irisin Alleviates Acute Lung Injury Caused by PM2.5 Through Autophagy and Reduces 
Inflammatory Cytokines in vivo
First of all, to investigate the anti-inflammatory capacity of irisin in PM2.5-induced ALI, FNDC5 expression in the lung 
tissue was determined by immunofluorescence. We identified that FNDC5 was abundant in PM2.5 exposed group 
compared with the control one (Figure 1A). Besides, the histological changes and the inflammatory cytokine level in 
BALF were analyzed. PM2.5 exposure group exhibited damaged and thickened alveolar walls, with mass infiltration of 
inflammatory cells around alveolar space. Meanwhile, irisin pretreatment improved the infiltration of inflammatory cells 
induced by PM2.5 (Figure 1B). In addition, PM2.5 significantly increased the secretion of IL-1β, IL-18, and TNF-α in 

Table 1 Sequence of Primers Used in qRT-PCR

Gene Primer Sequences (5’-3’)

LC3II Forward CCACCAAGATCCCAGTGATTAT
Reverse TGATTATCTTGATGAGCTCGCT

SQSTM1 Forward GAACACAGCAAGCTCATCTTTC

Reverse AAAGTGTCCATGTTTCAGCTTC
GAPDH Forward GGTTGTCTCCTGCGACTTCA

Reverse TGGTCCAGGGTTTCTTACTCC

Figure 1 Irisin inhibited pulmonary inflammatory response of mice exposed to PM2.5. (A) Immunofluorescence (400× magnification) of FNDC5 (irisin) (n=5 per group) in 
lung tissues. (B) H&E staining (200×magnification) (n=5 per group). (C) IL-1β, IL-18, and TNF-α level in BALF (n=3 per group). (D) Percentage of macrophage in BALF. 
Significant differences were presented by p < 0.05. *p < 0.05, control group vs PM2.5 group. **p < 0.05, PM2.5 group vs PM2.5 +Irisin group. ***p < 0.05, PM2.5 +Irisin group 
vs PM2.5 +Irisin+Atg5-KO group.
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BALF, and these effects were remarkably reduced by irisin (Figure 1C). Furthermore, we established Atg5-KO mice to 
inhibit autophagy and further claimed the role of irisin and autophagy in PM2.5-induced ALI. Atg5-KO alone aggravated 
the pathological damage compared with the control group and reversed the protective effect of irisin in PM2.5-induced 
ALI (Figure 1B and C). In addition, there were more macrophage cells in alveolar in PM2.5 group than the control one 
(Figure 1D). Taken together, these results suggested that irisin protects pulmonary from injury induced by PM2.5 through 
inducing autophagy.

Irisin Increases Autophagy Related Protein and mRNA Expression in vivo
After then, we try to clarify if irisin improve PM2.5-induced ALI via inducing autophagy. We identified that PM2.5 
exposure upgraded the level of SQSTM1/P62 (Figure 2B, D and F), a critical autophagy-related protein (ATG), which is 

Figure 2 Irisin upregulated autophagy related protein and mRNA expression in vivo. (A–C) Assessment of P62 and LC3II protein expression in lung tissue by Western 
blotting. (D and E) Measurement of P62 and LC3II gene expression in lung tissue by qPCR (normalized to GAPDH). (F–I) Intensity of protein bands in different treatments 
were quantified using Image J software and normalized to β-actin. Significant differences are presented as p < 0.05. *p < 0.05, control group vs PM2.5 group. **p < 0.05, 
PM2.5 group vs PM2.5 +Irisin group. ***p < 0.05, PM2.5 +Irisin group vs PM2.5 +Irisin+Atg5-KO group.
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the marker of autophagy activity.20 High expression of P62 might be the consequence of over-stimulated or blocked 
autophagy flux.21,22 Meanwhile, the expression of LC3II, associated with autophagosome development and also 
employed to monitor autophagy activity,21,23 was elevated in PM2.5 exposure group compared to control one 
(Figure 2B, E and G). Furthermore, treatment of irisin (20 nM) enhanced the amount of LC3II and reduced the level 
of P62 significantly, which demonstrated that irisin recovers the autophagy blocked by PM2.5 (Figure 2B–I). Moreover, 
the function of irisin was abrogated by Atg5-KO group, a kind of autophagy-blockage transgenic mice (Figure 2A, C, E, 
2H and I). Therefore, it is clear that irisin enhances the autophagy which has been inhibited by PM2.5 in vivo.

Irisin Heightens Autophagy Related Protein and mRNA Expression and Lightens 
Inflammatory Cytokines in vitro
We have confirmed that irisin may remit inflammation and raise autophagy in vivo. Then, we use MH-S cells, a murine 
alveolar macrophage cell, which accounting for more than a half of the cells in the alveolar and playing a demonstrative 
role in the pathogenesis of ALI,24 to explore how irisin regulates autophagy under PM2.5 exposure.

Firstly, CCK-8 kit was used to calculate the cell cytotoxicity of PM2.5 at different intervention concentration and 
period to determine the final administrative dose and time. Combined with previous research and our CCK-8 results,25 

PM2.5 at the concentration of 100ug/mL for 8h was selected as treatment scheme in vitro experiment (Figure 3J).
Similarly, irisin pre-treatment lessened the expression of P62 and enhanced the level of LC3II compared with PM2.5 

exposure group (Figure 3B–I). After that, Atg5 deficient MH-S cells model via siRNA was built up to verify the 
relationship between irisin and autophagy (Figure 3A). The effects of irisin were also abated by Atg5 knockdown 
(Figure 3C, E, H and I). Ad-GFP-LC3B fusion protein puncta were rather higher in irisin pre-treatment group than 
PM2.5 group, which revealed that irisin enhanced autophagy activity in MH-S cells (Figure 4A and B). Moreover, Atg5 
siRNA could reduce the number of LC3B puncta induced by irisin (Figure 4A and B). Furthermore, irisin remarkably 
relieved the secretion of inflammatory cytokines, indicating the anti-inflammatory capacity of irisin on MH-S cells 
(Figure 4C).

Taken together, the results above demonstrate that irisin recovers autophagy of MH-S cells from blockage caused by 
PM2.5 and inhibited inflammatory response.

Irisin Renovates Impaired Autophagy Flux in vitro
Next, transmission electron microscopy (TEM) and Ad-mCherry-GFP-LC3B vector were employed to testify the effects 
of irisin on autophagy flux visually. Autophagosome has been recognized as a typical double-layer membrane autophagic 
vacuoles including organelle remnants and autolysosome is circled by a single line containing electron-dense 
substances.26 Appropriate ratio of autophagosome to autolysosome insures the stability of autophagy flux.27 TEM 
analysis was used to observe and detect intercellular autophagosomes and autolysosomes, as shown PM2.5 exposure 
induced more autophagosomes but fewer autolysosomes (Figure 5A and D). The imbalance between autophagosomes 
and autolysosomes indicated disturbed autophagy flux, whereas the number of autophagosomes and autolysosomes were 
both greatly raised by irisin pre-treatment compared with PM2.5 alone in MH-S cells, suggesting that the disturbed 
autophagy flux triggered by PM2.5 was renovated by irisin.

Next, Ad-mCherry-GFP-LC3B vector was used as an additional monitor of autophagy flux. Depending on the theory 
that mCherry fluorescence is stable in the acidic lysosomal compartment, and GFP fluorescence is quenched in the low 
PH condition. Thus, autophagy flux can be identified by distinguishing yellow autophagosomes from red 
autolysosomes.28,29 According to the data, MH-S cells exposed to PM2.5 further yielded significant accumulation of 
yellow puncta but few red ones, revealing increased autophagosomes and decreased autolysosomes (Figure 5B and E), 
which suggested that autophagy flux was disturbed by PM2.5, whereas irisin supplementation significantly elevated both 
yellow and red puncta number. As results shown, irisin improved the disturbed autophagy flux triggered by PM2.5 in 
MH-S cells.
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Irisin Promoted Autophagy Flux via AMPK/mTOR Signaling Pathways in vitro
Since we have demonstrated that irisin attenuates PM2.5 induced ALI through repairing the impaired autophagy flux, the 
underlying mechanism should be probed. Among numerous signaling pathways who participate in the management of 
autophagy, AMPK (Adenosine monophosphate-activated protein kinase)/mTOR (mammalian target of rapamycin) pathway 
is considered to be important.30–32 Hence, the expression level of AMPK/mTOR pathway was quantified by Western 
blotting. As the data illustrated PM2.5 administration increased the expression of phosphorylated AMPK but decreased that 
of mTOR (Figure 5C and F). Irisin enhanced the trends of AMPK/mTOR pathway in MH-S cells under PM2.5 exposure. 
Irisin also upregulated the expression of LC3II and downregulated p62 level (Figure 5C and F). These results indicated that 
irisin activated autophagy through AMPK /mTOR pathway in MH-S cells treated by PM2.5.

After that, AMPK inhibitor compound C (10 µM) was adopted. As shown Compound C impeded the activity of irisin 
in autophagy flux and AMPK/mTOR pathway (Figure 5C and F).

All in all, these results demonstrated that irisin repaired the blocked autophagy flux, which was triggered by PM2.5, 
via AMPK/mTOR pathways probably (Figure 6).

Figure 3 Irisin elevated autophagy related protein and mRNA expression in MH-S cells. (A–C) P62 and LC3 protein expression by Western blotting. (D and E) Gene level 
of P62 and LC3II by qPCR (normalized to GAPDH). (F–I) Intensity of protein bands in different treatments were quantified using Image J software. (J) Cell viability of MH-S 
cells at different time point after exposed to PM2.5 with different concentration. Significant differences were presented as p < 0.05. #p < 0.05, Mock group vs Mock+PM2.5 
group. ##p < 0.05, Mock+PM2.5 group vs Mock+PM2.5 +Irisin group. ###p < 0.05, Mock+PM2.5 +Irisin group vs PM2.5 +Irisin+Atg5 siRNA group.
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Discussion
PM2.5 exposure-related mortality has become a huge threat to human health. Our previous studies have demonstrated 
that PM2.5 exposure led to lung injury.2,33–35 Irisin, a myokine and adipokine, released by skeletal muscle is proved to be 
a potential therapy for ALI.13,14 However, the relationship between irisin and PM2.5-induced lung injury is still 
unknown. Here, in order to fill the blank in the research field, a PM2.5-induced ALI mice model and MH-S cell 
model were established to investigate the possible role and potential mechanism of irisin in the procedure. Eventually, 
our results demonstrated that irisin ameliorated PM2.5-induced ALI via repairing autophagy flux.

After lung ischemia-reperfusion injury, irisin enters into alveolar cells and the irisin level in BALF is much higher 
than that in the serum.36 The above studies indicate that FNDC5 might be recruited into the lung tissue from circulation 
under pathological condition. In PM2.5-induced ALI model, we observe that there is more FNDC5 in PM2.5 exposed 
group compared with the control one by immunofluorescence. PM2.5 induces acute lung injury characterized by 
infiltration of inflammatory cells and alveolar wall thickening from the aspect of morphological alternation, which was 
consistent with our previous studies,37,38 whereas irisin supplementation not only mitigated the pathological injury but 
also inhibited the inflammatory response in BALF.

Figure 4 Expression of the Ad-GFP-LC3B fusion protein and inflammatory factors in MH-S cells. (A) Ad-GFP-LC3B puncta images (400× magnification) after different 
treatments. (B) The number of GFP-LC3B positive dots per transfected cell. (C) Inflammatory cytokines level in MH-S cell culture supernatant. Significant differences were 
presented as p < 0.05. #p < 0.05, Mock group vs Mock+PM2.5 group. ##p < 0.05, Mock+PM2.5 group vs Mock+PM2.5 +Irisin group. ###p < 0.05, Mock+PM2.5 +Irisin group 
vs PM2.5 +Irisin+Atg5 siRNA group.
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Autophagy-related proteins are the critical players in the procedure of autophagy, and ATG5, in charge of autophagy 
vesicle formation, is indispensable.39,40 Knocking out ATG5 can lead to suppression of autophagy.41 Atg5-KO mouse 
model was established to evaluate the interplay of irisin and autophagy in PM2.5-induced ALI. Results showed that 
Atg5-KO hasten lung injury and abrogated the protective impact of irisin in PM2.5-induced ALI.

Irisin improves PM2.5-induced ALI from the perspective of macroscopic morphology. Then, biochemical markers are used 
to uncover the relationship between irisin and autophagy in PM2.5-induced ALI. SQSTM1/P62 serves as a marker of autophagy, 
as well as LC3. PM2.5 has been unveiled to induce the lung injury by blocking autophagy flux.22,42 Similarly, this study disclosed 
that PM2.5 exposure did enhance the expression of P62 protein not only in mice lung tissues but also in MH-S cells. Yet 
accumulation of P62 might due to the impaired autophagy.20,43,44 In addition, LC3II (microtubule associated protein 1 light chain 
3 LC3), another essential universal contributor to autophagy, remains on the mature autophagosome until it integrates with the 
lysosomes.45 The elevated LC3II has become the key criterion for evaluation of autophagy level. Our previous study identified 
that PM2.5 elevated the expression of LC3II protein in MH-S cells and mice lung tissues. In this study, we verify that PM2.5 
exposure considerably raised the protein and mRNA level of P62 and LC3II. We speculated that the over expression of P62 in 
PM2.5-induced lung injury was associated with the blocked flux, whereas irisin could notably lessen the expression of P62 and 
further elevate the level of LC3II triggered by PM2.5, which suggested that irisin can regenerate the disturbed autophagy flux 
induced by PM2.5 through clearance of accumulated P62 and further activation of LC3II. Furthermore, the above protective 
effect of irisin was abrogate by Atg5-KO mice model, demonstrating that the protective impact of irisin in PM2.5-induced ALI 
was associated with autophagy.

Figure 5 Irisin improved impaired autophagy flux triggered by PM2.5 through AMPK/mTOR pathway. (A) Transmission electron microscopy images of MH-S cells with 
different treatment. Green Arrows represented autophagosome. Red Arrows represented autolysosome. Scale bars=2 µm in top panel (5000× magnification) and 5 µm in 
bottom panel (1500×magnification). (B) Fluorescence images of MH-S cells expressing mCherry-GFP-LC3B. Scale bars = 5 μm (400×magnification). (C) p-AMPK, p-mTOR, 
P62, LC3II protein expression by Western blotting. (D) Number of autophagosomes and autolysosomes in TEM. (E) Number of yellow and red fluorescence puncta in MH-S 
cells transfected with Ad-mCherry-GFP-LC3B. (F) Qualification of p-AMPK, p-mTOR, P62, LC3II protein expression by Western blotting. Significant differences were 
presented as p < 0.05. *p < 0.05, control group vs PM2.5 group. **p < 0.05, PM2.5 group vs PM2.5 +Irisin group. ***p < 0.05, PM2.5 +Irisin group vs PM2.5 +Irisin+CC group, 
#p < 0.05, control group vs CC group.
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Alveolar macrophages accounting for more than a half of lung immune cells are situated on the inner surface of the lung, 
which participate in numerous lung diseases and are essential for maintaining airway homeostasis by clearing debris and 
apoptotic cells and stopping pulmonary alveolar from severe injury and dysfunction.46,47 Our previous study has confirmed 
that MH-S cells were involved in the autophagy process of PM2.5-induced lung injury.35 Thus, to imitate ALI in mice model, 
MH-S cells originated from the pulmonary of mice were adopted to our in vitro study. The protein and mRNA level of P62 and 
LC3II in PM2.5 exposure group were also increased, and irisin lessen P62 expression but abolished by Atg5 siRNA. 
Therefore, the results from the in vitro trial further are confirmed in the in vivo trial. Furthermore, TEM and Ad-mCherry- 
GFP vector were used to observe autophagy flux.7,17,19,25 In smokers’ alveolar macrophages, the increased number of 
autophagosomes and decreased autolysosomes might be the indication of suppressed autophagy flux.48 In our study, both 
TEM and Ad-mCherry-GFP vector exhibited that PM2.5 exposure aggregated more autophagosomes but few autolysosomes 
where the cytosolic materials are broken down and digested, which was in accordance with previous studies49 and suggested 
that the autophagy flux was disturbed. Irisin administration repaired the disturbed autophagy flux by elevating the number of 
autolysosomes and reducing the level of P62 in PM2.5 exposure MH-S cells.

At last, the mechanism of irisin stopped lung injury from PM2.5 administration was further investigated. AMPK/mTOR 
signaling pathway is recognized as predominant driv ers among various autophagy-related pathways. AMPK positively 
regulates autophagy under low energy status by dual regulation of mTOR and ULK1,32,50 which inhibits the activity of mTOR 
inducing the activation of a set autophagy-regulating proteins and the formation of autophagosomes and autolysosomes. Since 
a study uncovered that PM2.5 triggered autophagy in human lung epithelial cells via the activation of phosphorylation of 
AMPK and irisin also stimulated AMPK activity,51 our investigation also unveiled that PM2.5 exposure stimulated the activity 
of AMPK and prohibited the level of mTOR. Besides, pre-treatment of irisin further facilitated the stimulation of AMPK and 
inhibition of mTOR. However, AMPK inhibitor, compound C, eventually eliminated irisin induced activation of the AMPK 
and reduction of P62. Accordingly, these results suggested that irisin activated autophagy and restored impaired autophagy 
flux via AMPK/mTOR signaling pathway.

Figure 6 The mechanism diagram of irisin in PM2.5-induced acute lung injury.
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Conclusion
In summary, we disclose that irisin significantly attenuates PM2.5-induced ALI by lessening the release of inflammatory 
cytokines through regulation of disturbed autophagy flux. The possible mechanism involved in the whole story is the 
activation of AMPK/mTOR pathway. Taken together, our study unveils the beneficial effect and potential mechanism of 
irisin in PM2.5-induced ALI, which might shed promising light on the therapeutic approaches towards lung injury caused 
by environmental pollution.

Abbreviations
COPD, chronic obstructive pulmonary disease; ALI, acute lung injury; WT, wild-type; BALF, bronchoalveolar lavage 
fluid; TEM, transmission electron microscopy.
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