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High concentrations of PM2.5 in enclosed broiler houses cause respiratory disorders in humans and animals. Pseudomonas aeruginosa (P. aeruginosa) is an opportunistic pathogen that can induce severe respiratory disease in animals under stress or with abnormal immune functions. Alveolar macrophages are lung-resident immune cells that play important roles in lung host defence and immune balance. In this study, the mechanism by which PM2.5 synergizes with P. aeruginosa to damage alveolar macrophage function and induce inflammation was investigated. The results will provide a theoretical basis for improving the poultry breeding environment and preventing the recurrence of infection with P. aeruginosa. Alveolar macrophages were stimulated by PM2.5 collected in an enclosed broiler house and P. aeruginosa. Phagocytosis was determined by the neutral red test. The apoptosis rate and cytoskeleton changes were observed by flow cytometry assays and laser scanning confocal microscopy. Protein levels related to autophagy and the mTOR pathway were detected by Western blotting. The results indicated that PM2.5 in combination with P. aeruginosa could decrease phagocytosis, inhibit autophagy, increase apoptosis, and destroy the cytoskeleton in alveolar macrophages. In addition, alveolar macrophages had significantly increased expression of mTOR pathway-related proteins in response to the synergistic stimulation of PM2.5 and P. aeruginosa. The above results confirmed that PM2.5 in poultry houses synergized with P. aeruginosa to impede alveolar macrophage function and caused more severe respiratory system injuries through a process closely related to the activation of the mTOR signalling pathway.
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INTRODUCTION
Atmospheric particulate matter (PM) is the general term for all solid, liquid and aerosol substances in the atmosphere (Hunt et al., 2003). Microorganisms suspended as single cells in the air form suspended microbial aerosols by adhering to dry solid particles and liquid particles (Schlesinger and Cassee, 2003). With the development of the livestock and poultry breeding industry, the closed intensive breeding mode has gradually become mainstream. However, due to the high stocking density and poor air flow in these systems, a large number of microorganisms in the animal excreta and bedding in the houses and the hair and villi shed by the animals are likely to form PM with complex components. The pathogenic microbial components of such PM can enter the lungs through the respiratory tract and cause inflammation, greatly endangering the health of livestock and breeding personnel (Lawniczek-Walczyk et al., 2013). The particle size determines the specific surface area of the harmful substances absorbed by PM, as well as the depth to which PM enters the respiratory tract. Particulates with a diameter ≤2.5 μm are called PM2.5. These particles have a larger specific surface area and are more likely than smaller particulates to combine with organic compounds, heavy metals, and microbial components in the air. PM2.5 can enter the deep part of the respiratory tract and are not easily excreted from the body. They are deposited in the bronchi, bronchioles, and alveoli of the lungs, and some PM2.5 components can even cross the pulmonary interstitium and enter the blood, seriously affecting the health of humans and animals (Franck et al., 2011). The damage caused by PM2.5 to the respiratory system includes respiratory infections, lung function decline, bronchitis, chronic obstructive pulmonary disease, and even lung cancer (Hsieh et al., 2008). In addition, PM2.5 can damage the immune system, cardiovascular system, and reproductive system (Schwartz, 2004).
Pseudomonas aeruginosa (P. aeruginosa) is unlikely to cause disease in healthy individuals but tends to cause serious infections in patients with compromised or defective immune functions. P. aeruginosa is a very important pathogen that causes human pulmonary infection. It often causes respiratory tract infections, cystic fibrosis, diffuse panbronchiolitis, pneumonia, and many other diseases (Cachia and Hodges, 2003). P. aeruginosa can also cause disease in poultry, leading to pulmonary infection, septicaemia, and even death, with serious losses to the breeding industry (Walker et al., 2002).
Alveolar macrophages are derived from bone marrow and are mainly distributed on the epithelial surface of the bronchial tract and in the alveoli. They are the first immune defence cells in contact with foreign bodies or microorganisms. These macrophages have strong phagocytic ability and can nonspecifically phagocytose a variety of pathogens, playing an important role in host defence and immune balance in the lungs. Under normal circumstances, alveolar macrophages can protect against PM or microorganisms entering the alveolar space through phagocytosis and prevent lung tissue damage through secretion and immune regulation (Byrne et al., 2015).
Our previous studies have shown that macrophages significantly increase the expression levels of inflammatory cytokines, such as tumour necrosis factor (TNF)-α, interleukin (IL)-6 and IL-8, as well as nuclear factor-κB (NF-κB) pathway-related proteins under the synergistic stimulation of PM2.5 and P. aeruginosa in poultry houses (Li et al., 2020). These findings indicate that high concentrations of PM2.5 can damage the respiratory system and cause secondary infections of P. aeruginosa, resulting in more severe respiratory system damage. This process is closely related to the activation of the NF-κB pathway. It has been reported that there is crosstalk between the NF-κB and mammalian target of rapamycin (mTOR) pathways, and the mTOR pathway is closely related to macrophage apoptosis, autophagy, and phagocytosis (Kim et al., 2007; Zoncu et al., 2011). In this study, we used PM2.5 in poultry houses together with P. aeruginosa to stimulate alveolar macrophages to establish a cell model and detect apoptosis, autophagy, and phagocytosis, as well as the expression of mTOR pathway-related proteins, to elucidate the molecular mechanisms of the mTOR signalling pathway in response to damage by alveolar macrophages and the induction of respiratory tract inflammation by PM2.5 and P. aeruginosa. This study helps clarify how PM2.5 and P. aeruginosa damage the respiratory system of humans and animals and induce an inflammatory response, and the results provide a theoretical basis for the prevention and treatment of secondary infection by P. aeruginosa.
EXPERIMENTAL MATERIALS AND METHODS
Ethical Statement
All animal experimental protocols were performed following requirements and management guidelines that were reviewed and approved by the Animal Ethics and Experimental Committee of Ludong University (Permit Number: LDU-IACUC2018007). Mice were injected with anaesthetics (Zoletil 50, Virbac, France) according to the instructions before sacrifice. No endangered animals were involved in the experiment, and the pain of the animals was minimized as much as possible during the operation.
PM2.5 Sampling and Processing
The sampling site was a chicken house in Muping, Yantai, Shandong Province, China (37°25′3.78″N, 121°40′33.29″E). The sampling period was from 24 July 2019 to 24 August 2019. During the experiment, an air PM sampler (ZR-3920, China) was used for sampling at a flow rate of 100 L/min. The sampler was placed 1 m above the ground in the centre of the poultry house for sampling, and the sampling duration was 99 h. PM2.5 was collected with 9 cm × 9 cm waterproof glass fibre filter membranes, and the filter membranes were sterilized by dry heat before sampling (Zhang et al., 2019). To better evaluate the effect of the microorganisms carried by PM2.5 on alveolar macrophages, we divided the collected filter membranes into two groups, one of which was treated with heat inactivation (PM2.5—) and the other without heat inactivation (PM2.5). During the experiment, PM2.5 was dissolved and diluted to the desired concentration with sterile pyrogen-free phosphate-buffered saline (PBS) as needed.
Animals
Eight-week-old SPF male C57BL/6 mice with a body weight of 24 ± 2 g were purchased from Jinan Pengyue Experimental Animal Co., Ltd., and were used for the experiments. The temperature of the breeding environment was 23–25°C, the humidity was 50 ± 10%, and the photoperiod was 12/12 h. During the feeding period, the mice had ad libitum access to movement, food, and water.
Bacterial Culture
The P. aeruginosa PAO1 strain was maintained in our laboratory. After activation, the PAO1 strain was cultured and characterized by streaking on CN agar identification plates and incubating at 37°C for 24 h. Then, single colonies were gathered, inoculated into LB liquid medium, and incubated with shaking at 37°C and 170 rpm to expand the culture. During the experiment, the concentration of the bacterial culture was diluted to the required concentration with sterile pyrogen-free PBS.
Isolation and Culture of Alveolar Macrophages
After the mouse was anaesthetized and disinfected, the thoracic cavity of the mouse was opened, and its airway was exposed. Prechilled alveolar lavage buffer (1 mM EDTA, Ca2+- and Mg2+-free PBS solution) was used for flushing, and the alveolar lavage fluid was collected. The collected alveolar lavage fluid was centrifuged at 250 g for 10 min at 4°C. The collected alveolar macrophages were resuspended in Dulbecco’s modified Eagle’s medium (DMEM) (containing 10% foetal bovine serum (FBS), 20% L-929 cell culture medium, 1 mM sodium pyruvate, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and 1 × penicillin/streptomycin) and were seeded into cell culture flasks (Nayak et al., 2018).
Subsequent experiments were performed using isolated alveolar macrophages. Six groups were established in the experiment: a normal control group (PBS), a PM2.5 non-inactivated group (PM2.5), a PM2.5 inactivated group (PM2.5—), a PAO1 group (PA), a PM2.5 non-heat-inactivated + PA group (PM2.5 + PA), and a PM2.5 heat-inactivated + PA group (PM2.5— + PA). In each treatment group, the final concentration of PM2.5 was 100 μg/ml, and the multiplicity of infection (MOI) of P. aeruginosa was 10:1 (the number of bacteria: the number of cells). The control group was mixed with the corresponding volume of PBS.
Neutral Red Phagocytosis Assay
The cell concentration was adjusted to 3 × 105 cells/ml, and the cells were seeded into a 96-well plate at 100 μl per well. After incubation at 37°C and 5% CO2 for 24 h, follow-up experiments were performed. Each group was added to a corresponding volume of samples and stimulated for 12 h at 37°C with 5% CO2. The supernatant in each well was discarded, and the cells were washed twice with PBS before the detection of the ability of cells to phagocytose neutral red (Cui et al., 2021). The experimental process was performed in strict accordance with the instructions of the neutral red detection kit (Beyotime).
Detection of Apoptosis
The alveolar macrophages were diluted to 2 × 105 cells/ml, and the cells were seeded into 24-well plates at 500 μl per well. After incubating at 37°C and 5% CO2 for 24 h, follow-up experiments were performed. Each group was mixed with a corresponding volume of samples and stimulated for 12 h before subsequent experiments were conducted. The cells were washed twice with PBS and trypsinized, after which the cells were harvested. The experiment was performed according to the instructions of the Annexin V-FITC/PI kit (Beyotime) to detect cell apoptosis by flow cytometry (Engelbrecht et al., 2004).
Cytoskeletal Observations
The cells were seeded into coverslip-containing six-well plates at 3 × 105 cells/well and cultured for 24 h at 37°C and 5% CO2 before subsequent experiments. Each group was stimulated with a corresponding volume of sample for 12 h before subsequent experiments. The cells were first fixed on ice for 15 min using a PBS solution containing 3.75% formaldehyde. They were washed and then permeabilized with 0.5% Triton X-100 in PBS for 10 min at room temperature. The cells were rinsed again, and then 200 μl of phalloidin working solution was added and incubated at room temperature for 20 min for staining. The cells were rinsed, stained with 200 μl of 4′,6-diamidino-2-phenylindole (DAPI) staining solution, and observed under a laser confocal microscope (Wang et al., 2019).
Western Blotting
The cells were seeded into coverslip-containing six-well plates at 3 × 105 cells/well and cultured for 24 h at 37°C and 5% CO2 before subsequent experiments. Each group was stimulated with the corresponding volume of sample for 12 h before the follow-up experiments were performed. Cells were collected with a cell scraper and lysed by adding RIPA lysis buffer (Solarbio, China) containing protease inhibitors and phenylmethylsulfonyl fluoride (PMSF) for 30 min. Cellular proteins were extracted by centrifugation at 12,000 rpm for 15 min. After the protein concentration was determined with the bicinchoninic acid (BCA) method, equal amounts of protein in each group were loaded onto a sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) gel and transferred to a polyvinylidene fluoride (PVDF) membrane. The membrane was blocked for 2 h with 5% fat-free milk. Rabbit anti-mouse LC3II antibody (Cell Signalling Technology, United States, 1:1,000), rabbit anti-mouse p62 antibody (Cell Signalling Technology, United States, 1:1,000), rabbit anti-mouse mTOR antibody (Cell Signalling Technology, United States, 1:1,000), rabbit anti-mouse p-mTOR antibody (Cell Signalling Technology, United States, 1:1,000), rabbit anti-mouse Akt antibody (Cell Signalling Technology, United States, 1:1,000), rabbit anti-mouse p-Akt antibody (Cell Signalling Technology, United States, 1:1,000), and β-actin antibody (Proteintech, United States, 1:5,000) were incubated for 2 h at room temperature. Goat anti-rabbit IgG Dylight 800 antibody (Cell Signalling Technology, United States, 1:30,000) was incubated for 1 h at room temperature in the dark. Protein expression was detected using a fluorescence imager (LI-COR, United States), and relative grey values were calculated (Zhang et al., 2020).
Data Analysis
Statistical analysis was performed using SPSS V17.0 (SPSS Inc., Chicago, IL, United States), and figures were generated using GraphPad Prism version 7.0 (GraphPad Software Inc., San Diego, CA, United States). The data are presented as the means ± SDs of at least three independent experiments. The statistical significance of differences between groups was determined by the unpaired t test or one-way analysis of variance (ANOVA). Differences were considered statistically significant for p values <0.05.
EXPERIMENTAL RESULTS
PM2.5 and Pseudomonas aeruginosa Exposure Decreases Phagocytosis of Cells
To more accurately analyse the effect of PM2.5 and P. aeruginosa on the phagocytic ability of alveolar macrophages, we performed a neutral red phagocytosis assay. The results are shown in Figure 1. Compared with the unstimulated normal cells, the phagocytic ability of cells in other groups was lower (p < 0.05), and stimulating the cells with PM2.5 and P. aeruginosa simultaneously had the most significant effect on the phagocytic ability of cells (p < 0.001).
[image: Figure 1]FIGURE 1 | Costimulation by PM2.5 and P. aeruginosa can reduce the phagocytic ability of mouse alveolar macrophages. In the experimental groups, the final concentrations of the PM2.5 and PM2.5— samples were 100 μg/ml, and the multiplicity of infection (MOI) between P. aeruginosa and the cells was 10:1 (number of bacteria:number of cells). Each group was stimulated for 12 h with the corresponding sample, and the control group was treated with an equal volume of PBS. The experiment was repeated three times. PBS, phosphate-buffered saline; PM2.5, particulate matter less than 2.5 μm in diameter; P. aeruginosa, Pseudomonas aeruginosa. The data are presented as the means ± SD. One-way ANOVA in SPSS. *p < 0.05, **p < 0.01, ***p < 0.001.
PM2.5 and Pseudomonas aeruginosa Mediate Macrophage Apoptosis
In the detection of the effects of PM2.5 and P. aeruginosa on apoptosis using flow cytometry, it was found that the apoptosis rates of the other groups were higher than that of normal unstimulated cells (7.90%), as shown in Figure 2. The apoptosis rate of the PM2.5 + PA group was 34.48%, which was significantly higher than those of the PM2.5 group and the P. aeruginosa group (21.13% and 23.94%, respectively, p < 0.01). This finding indicated that the combined action of PM2.5 and P. aeruginosa was able to significantly promote apoptosis of alveolar macrophages.
[image: Figure 2]FIGURE 2 | Costimulation by PM2.5 and P. aeruginosa can aggravate the apoptosis of mouse alveolar macrophages. (A) Flow cytometry was used to detect apoptosis in each group after 12 h of stimulation with the samples. (B) The proportion of apoptotic cells in each group. In the experimental groups, the final concentration of the PM2.5 and PM2.5— samples was 100 μg/ml, and the multiplicity of infection (MOI) between P. aeruginosa and the cells was 10:1 (number of bacteria:number of cells). Each group was stimulated for 12 h with the corresponding sample, and the control group was treated with an equal volume of PBS. The experiment was repeated three times. PBS, phosphate-buffered saline; PM2.5, particulate matter less than 2.5 μm in diameter; P. aeruginosa, Pseudomonas aeruginosa. The data are presented as the means ± SD. One-way ANOVA in SPSS. **p < 0.01; ***p < 0.001.
Effect of PM2.5 and Pseudomonas aeruginosa on the Cytoskeleton of Macrophages
The results of laser confocal microscopy (Figure 3) showed that the cells and nuclei of the normal group were morphologically normal, showing a round or nearly round shape with a smooth cell membrane surface. However, in the experimental group, the cell status was abnormal, mainly manifested as polygonal cell morphology, an uneven cell membrane surface, and the appearance of more pseudopodia. Additionally, the nuclear morphology changed, the cytoplasm expanded, and the nuclei of the PM2.5 group showed irregular morphology. In the experimental groups, the changes in cells in the PM2.5 + PA group were the most substantial, and the cells in this group no longer had the morphology of normal cells but had a disordered microfilament structure. This outcome shows that PM2.5 and P. aeruginosa can destroy the skeletal structure of alveolar macrophages, and the effect is greatest when the two act synergistically.
[image: Figure 3]FIGURE 3 | The combined action of PM2.5 and P. aeruginosa can cause changes to the cytoskeleton. After phalloidin and DAPI staining, laser confocal microscopy was used to observe the cytoskeletal changes in cells in each group stimulated by samples for 12 h. In the experimental groups, the final concentrations of the PM2.5 and PM2.5— samples were 100 μg/ml, and the multiplicity of infection (MOI) between P. aeruginosa and the cells was 10:1 (number of bacteria:number of cells). An equal volume of PBS was added to the control group. Red, phalloidin; blue, DAPI; scale bar, 5 μm. The experiment was repeated three times. PBS, phosphate-buffered saline; PM2.5, particulate matter less than 2.5 μm in diameter; P. aeruginosa, Pseudomonas aeruginosa.
PM2.5 and Pseudomonas aeruginosa Exposure Suppresses Autophagy in Macrophages
After alveolar macrophages were treated, the protein expression levels of LC3 and p62 in the cells of each group were detected by Western blotting. The expression of p62 protein is shown in Figures 4A,B. The expression of p62 protein was upregulated in all groups except for the PM2.5— group. Among them, the upregulation of p62 was the most significant under the synergistic stimulation of PM2.5 and P. aeruginosa (p < 0.05). In addition, all of the groups of samples had reduced expression of LC3-II to varying degrees. Compared with the blank control group, concerted stimulation with PM2.5 and P. aeruginosa significantly downregulated the expression of LC3-II (p < 0.05). The expression of p62 and LC3-II can reflect the level of autophagy to a certain extent (Du et al., 2019). This finding suggests that combined stimulation by PM2.5 and P. aeruginosa can significantly inhibit autophagy levels in alveolar macrophages.
[image: Figure 4]FIGURE 4 | Costimulation by PM2.5 and P. aeruginosa can promote autophagy. (A) The expression levels of p62 and LC3 proteins in the cells were detected by Western blotting. (B,C) The expression levels of p62 and LC3 in the cells of each group. The experiment was repeated three times. PBS, phosphate-buffered saline; PM2.5, particulate matter less than 2.5 μm in diameter; P. aeruginosa, Pseudomonas aeruginosa. The data are presented as the means ± SD. One-way ANOVA in SPSS. *p < 0.05, **p < 0.01.
Importance of Akt/mTOR in the Response to PM2.5 and Pseudomonas aeruginosa
Real-time PCR and Western blotting were used to detect the expression of Akt/mTOR signalling pathway-related genes and proteins in alveolar macrophages, respectively. The results of Western blotting (Figure 5) showed that the expression of Akt, p-Akt, mTOR, and p-mTOR was enhanced to a certain extent in all of the groups compared with that in the blank control group, and the protein expression was significantly increased when PM2.5 and P. aeruginosa acted together (p < 0.01). This outcome suggests that compared with stimulation by PM2.5 or P. aeruginosa alone, the combined action of PM2.5 and P. aeruginosa activated the Akt/mTOR signalling pathway to a greater extent.
[image: Figure 5]FIGURE 5 | Costimulation by PM2.5 and P. aeruginosa can affect the Akt/mTOR signalling pathway. (A) The protein expression levels of Akt, p-Akt, mTOR, and p-mTOR in cells were detected by Western blotting. (B) The protein expression level of phospho-mTOR in cells of each group. (C) The protein expression level of phospho-Akt in cells of each group. The experiment was repeated three times. PBS, phosphate-buffered saline; PM2.5, particulate matter less than 2.5 μm in diameter; P. aeruginosa, Pseudomonas aeruginosa. The data are presented as the means ± SD. One-way ANOVA in SPSS. *p < 0.05, **p < 0.01, ***p < 0.001.
DISCUSSION
In recent years, many studies have shown that the increasing incidence and mortality of lung diseases are closely related to the increase in atmospheric PM2.5 concentrations (Annesi-Maesano et al., 2007). Alveolar macrophages are free immune cells in the lung. They are generally derived from bone marrow and are mainly distributed on the surface of the respiratory tract and alveoli. They can eliminate foreign bacteria through phagocytosis and digestion. Therefore, they are referred to as the first line of defence against the invasion of foreign microorganisms in the lungs and airways. The lungs mainly rely on alveolar macrophages to phagocytose foreign PM or microorganisms and then break them down and remove them through lysosomes (Allard et al., 2018). Many studies have shown that PM2.5 can significantly reduce the phagocytic ability of alveolar macrophages in vivo and in vitro experiments, and as the concentration of PM increases, the phagocytic rate and phagocytic index of alveolar macrophages significantly decrease (Miyata and van Eeden, 2011). Our experimental results also confirmed that mouse alveolar macrophages had weaker phagocytosis and lower resistance to pathogenic bacteria after inhalation of PM2.5. Therefore, P. aeruginosa had the opportunity to adhere to and colonize the surface of the respiratory tract, which could cause greater damage to the phagocytic function of alveolar macrophages.
Apoptosis is active cell death under the control of genes, and it is an inherent programmed biological phenomenon that widely occurs in many physiological and pathological processes of cells. Apoptosis can be induced by physiological stimulation signals or by external environmental factors (Elmore, 2007). Apoptosis maintains the dynamic balance of cell proliferation and cell death in living organisms, thereby maintaining a constant number of cells and normal physiological function in the organism. Abnormal regulation of apoptosis (insufficient activation of apoptosis, inappropriate activation, or inhibition of apoptosis) leads to the occurrence of various diseases (Fleisher, 1997). Many studies have shown that PM2.5-induced pulmonary cell apoptosis is an effective host defence mechanism that can effectively reduce the damage by PM2.5 to the host. Long-term exposure to an environment with a PM2.5 level greater than the hazard threshold value can easily disrupt the apoptotic balance of the respiratory system and induce lung injury (Xia et al., 2017). In the PM2.5-induced acute lung injury model, PM2.5 can stimulate the generation of reactive oxygen species, which activate the phosphorylation site Thr845 of ASK1 and thus activate the p38 and JNK signalling pathways and cause apoptosis of airway epithelial cells, eventually leading to acute lung injury (Ni et al., 2015). The results of apoptosis experiments showed that both PM2.5 and P. aeruginosa could promote the apoptosis of mouse alveolar cells, and concerted stimulation by PM2.5 and P. aeruginosa could aggravate the apoptosis of mouse alveolar macrophages. These outcomes indicate that PM2.5 can induce apoptosis of alveolar macrophages, disrupt the apoptotic balance of macrophages, and damage the defence function of the lungs. Pathogenic bacteria, such as P. aeruginosa, are more likely to colonize the lungs and further induce apoptosis of alveolar macrophages. Excessive apoptosis can lead to severe inflammatory responses and cause lung injury (Wang et al., 2005).
The cytoskeleton is a complex network-like structural system that runs through the interior of eukaryotic cells and plays an important role in phagocytosis by macrophages. The cytoskeleton can not only maintain cell morphology but can also participate in cell division and motility, intracellular substance transport, phagocytosis, and other functions, and it has important regulatory functions in all aspects of signal transduction. The cytoskeleton is composed of microtubules, intermediate filaments, and microfilaments, and the main component of microfilaments is actin (Moller et al., 2005). The correct rearrangement of cytoskeletal actin is necessary for phagocytosis by macrophages (May and Machesky, 2001). Macrophage membranes undergo morphological changes and extend pseudopodia, lamellipodia, or phagocytic cups under the continuous polymerization and depolymerization of cytoskeletal actin to engulf pathogens and form phagolysosomes, thereby clearing pathogens (Allen and Aderem, 1996; Egami et al., 2017). In this study, we observed cytoskeletal changes in alveolar macrophages using laser confocal microscopy. The experimental results were consistent with the findings of phagocytosis experiments. Combined stimulation by PM2.5 and P. aeruginosa caused the most severe damage to the cytoskeleton of alveolar macrophages and significantly inhibited phagocytosis by alveolar macrophages. This outcome also shows that high concentrations of PM2.5 could lead to impaired rearrangement of the cytoskeleton of mouse alveolar macrophages and that the delayed phagocytosis of P. aeruginosa further affects the cytoskeleton of alveolar macrophages, causing significantly decreased phagocytic ability.
Autophagy is an important component of the innate and adaptive immunity of macrophages, playing an important role in regulating intracellular protein and metabolic homeostasis. Appropriate autophagy can increase the defence ability of cells. However, under pathological conditions, the level of autophagy in cells can be changed, and changes in the degree of autophagy can lead to different consequences. Excessive autophagy can lead to cell death, while autophagy dysfunction has been found to be associated with a variety of diseases, including cancer and lung diseases (Shintani and Klionsky, 2004; Nakahira et al., 2011). LC3 is an important autophagy-related protein that occurs in cells in three forms: LC3 precursor, LC3-I, and LC3-II. When autophagy occurs, cytosolic LC3-I is translocated to the membrane of autophagosomes and converted into LC3-II, marking the formation of autophagosomes (Tanida et al., 2008). As the action centre of regulatory proteins and ubiquitinated protein aggregates, p62 is involved in the regulation of protein metabolism and multiple signal transduction pathways and is a ubiquitin-binding protector that isolates harmful proteins. Increased expression of p62 often suggests blockage of autophagic flux (Lamark et al., 2017). Many studies have shown that autophagy is involved in different types of lung injury, such as chronic obstructive pulmonary disease caused by cigarette smoke and ventilator-induced lung injury (Ryter et al., 2010; Gao et al., 2013). PM2.5 exposure can cause different types of cellular autophagy disorders, resulting in a variety of diseases. PM2.5 induces autophagy and apoptosis in human lung epithelial A549 cells through oxidative stress, leading to cell death (Deng et al., 2013). Wan et al. showed that PM2.5 can downregulate autophagy in macrophage RAW264.7 cells by activating the PI3K/Akt/mTOR signalling pathway, increase the concentration of inflammatory cytokines such as IL-6 and TNF-α in the supernatant, and accelerate atherosclerosis in mice (Wan et al., 2021). Our findings showed that concerted stimulation by PM2.5 and P. aeruginosa could lead to autophagy dysfunction in mouse alveolar macrophages, which could in turn reduce the defence ability of the cells and lead to severe inflammation. In addition, autophagy can inhibit or enhance apoptosis or induce cell death independent of apoptosis, depending on the cell type and the type and duration of stimulation (Delgado and Tesfaigzi, 2013). This study showed that the concerted action of PM2.5 and P. aeruginosa could inhibit autophagy and induce apoptosis. The specific mechanism between the two requires further study.
The mTOR signalling pathway is closely related to cell growth, proliferation, autophagy, apoptosis, and cytoskeletal rearrangement. mTOR, a serine/threonine protein kinase, is a central signalling regulatory molecule that integrates various intracellular and extracellular signals and regulates cell growth, metabolism, autophagy, and cytoskeletal rearrangement. Intracellular and extracellular signals (cytokines, growth factors, growth hormone, stress, etc.) can activate mTOR by stimulating the Akt signalling pathway (Zoncu et al., 2011). Akt, also known as protein kinase B, plays very important roles in regulating cell growth, proliferation, migration, and survival (Brown and Banerji, 2017). The mTOR signalling pathway can recruit and activate immune cells to secrete immune factors, thus playing an important role in the development and progression of inflammation (Felger, 2018). Some studies have shown that autophagy is regulated by the mTOR pathway, confirming that activation of the mTOR pathway can inhibit the occurrence of autophagy (Xu et al., 2020). Nicotine can inhibit autophagy and induce apoptosis of human alveolar epithelial cells by activating the mTOR pathway (He Li, 2021). Our study showed that both PM2.5 and P. aeruginosa can enhance the expression of Akt/mTOR proteins, and the enhancement effect is greatest when the two act synergistically. This finding suggests that PM2.5 and P. aeruginosa can destroy the cytoskeleton of alveolar macrophages and affect their phagocytic function by activating the mTOR pathway, thereby inhibiting autophagy and inducing apoptosis. Past studies have reported that there is crosstalk between the mTOR signalling pathway and the NF-κB pathway and that activated Akt can lead to activation of the NF-κB pathway and can enhance the activation of mTOR (Kim et al., 2007; Zoncu et al., 2011). As shown in our previous study, the lung tissues of mice exhibited greater pathological damage when costimulated by PM2.5 and P. aeruginosa, and this treatment increased the expression levels of IL-6, IL-8, and TNF-α through the NF-κB pathway. This finding demonstrated that PM2.5 in combination with P. aeruginosa can aggravate the inflammatory response by activating the NF-κB pathway (Li et al., 2020). The present study suggests that stimulation by PM2.5 in poultry houses in combination with P. aeruginosa can lead to abnormal expression of the Akt/mTOR signalling pathway and damage the function of alveolar macrophages. Moreover, activated Akt further activates the NF-κB pathway, causing the secretion of a large number of inflammatory cytokines, which aggravate the inflammatory response of the respiratory system, resulting in more severe lung injury.
CONCLUSION
In summary, PM2.5 in poultry houses, together with P. aeruginosa, can activate the Akt/mTOR signalling pathway, disrupt the cytoskeleton of alveolar macrophages, affect phagocytosis, inhibit autophagy, induce apoptosis, and jointly regulate the inflammatory process through crosstalk with NF-κB, thereby further activating macrophages to secrete various inflammatory cytokines to produce more intense inflammatory responses. This outcome can explain the pathogenic mechanism by which, after PM2.5 in the poultry house damages alveolar macrophages, P. aeruginosa-induced secondary infection further aggravates the damage to alveolar macrophage function and exacerbates inflammatory responses. This finding provides a theoretical basis for preventing secondary infection by P. aeruginosa.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/supplementary materials, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The animal study was reviewed and approved by the Animal Ethics and Experimental Committee of the Ludong University.
AUTHOR CONTRIBUTIONS
JZ and XZ designed the research; CL, QM, ML, and DM performed the experiments; GZ, LJ, XY, HZ, and QH analyzed data and contributed figures and tables; JZ, CL, and ML wrote the article; WT, YL, and PS advised on the manuscript content and reviewed the manuscript. All authors read and approved the final manuscript.
FUNDING
This work was supported by the Natural Science Foundation of Shandong Province (ZR2021QC167, ZR2020KC028, ZR2020QC227), Major Science and Technology Innovation Project of Shandong Province (2017GGH5129), Innovation Team Project for Modern Agricultural Industrious Technology System of Shandong Province (SDAIT-11-10), Cooperation Project of University and Local Enterprise in Yantai of Shandong Province (2020XDRHXMPT34, 2021XDRHXMXK23), Key Research and Development Plan of Yantai (2020XDRH101, 2021XDHZ076, 2021YT06000060), and Yantai Research Institute for Replacing Old Growth Drivers with New Ones (2020XJDN003).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Allard, B., Panariti, A., and Martin, J. G. (2018). Alveolar Macrophages in the Resolution of Inflammation, Tissue Repair, and Tolerance to Infection. Front. Immunol. 9, 1777. doi:10.3389/fimmu.2018.01777
 Allen, L. A., and Aderem, A. (1996). Molecular Definition of Distinct Cytoskeletal Structures Involved in Complement- and Fc Receptor-Mediated Phagocytosis in Macrophages. J. Exp. Med. 184 (2), 627–637. doi:10.1084/jem.184.2.627
 Annesi-Maesano, I., Moreau, D., Caillaud, D., Lavaud, F., Le Moullec, Y., Taytard, A., et al. (2007). Residential Proximity Fine Particles Related to Allergic Sensitisation and Asthma in Primary School Children. Respir. Med. 101 (8), 1721–1729. doi:10.1016/j.rmed.2007.02.022
 Brown, J. S., and Banerji, U. (2017). Maximising the Potential of AKT Inhibitors as Anti-cancer Treatments. Pharmacol. Ther. 172, 101–115. doi:10.1016/j.pharmthera.2016.12.001
 Byrne, A. J., Mathie, S. A., Gregory, L. G., and Lloyd, C. M. (2015). Pulmonary Macrophages: Key Players in the Innate Defence of the Airways. Thorax 70 (12), 1189–1196. doi:10.1136/thoraxjnl-2015-207020
 Cachia, P. J., and Hodges, R. S. (2003). Synthetic Peptide Vaccine and Antibody Therapeutic Development: Prevention and Treatment of Pseudomonas aeruginosa. Biopolymers 71 (2), 141–168. doi:10.1002/bip.10395
 Cui, L., Ma, Y., Liang, Y., Zhang, Y., Chen, Z., Wang, Z., et al. (2021). Polarization of Avian Macrophages upon Avian Flavivirus Infection. Vet. Microbiol. 256, 109044. doi:10.1016/j.vetmic.2021.109044
 Delgado, M., and Tesfaigzi, Y. (2013). BH3-only Proteins, Bmf and Bim, in Autophagy. Cell Cycle 12 (22), 3453–3454. doi:10.4161/cc.26696
 Deng, X., Zhang, F., Rui, W., Long, F., Wang, L., Feng, Z., et al. (2013). PM2.5-induced Oxidative Stress Triggers Autophagy in Human Lung Epithelial A549 Cells. Toxicol Vitro 27 (6), 1762–1770. doi:10.1016/j.tiv.2013.05.004
 Du, S., Li, C., Lu, Y., Lei, X., Zhang, Y., Li, S., et al. (2019). Dioscin Alleviates Crystalline Silica-Induced Pulmonary Inflammation and Fibrosis through Promoting Alveolar Macrophage Autophagy. Theranostics 9 (7), 1878–1892. doi:10.7150/thno.29682
 Egami, Y., Kawai, K., and Araki, N. (2017). RhoC Regulates the Actin Remodeling Required for Phagosome Formation during FcγR-Mediated Phagocytosis. J. Cell Sci. 130 (24), 4168–4179. doi:10.1242/jcs.202739
 Elmore, S. (2007). Apoptosis: a Review of Programmed Cell Death. Toxicol. Pathol. 35 (4), 495–516. doi:10.1080/01926230701320337
 Engelbrecht, A. M., Niesler, C., Page, C., and Lochner, A. (2004). p38 and JNK Have Distinct Regulatory Functions on the Development of Apoptosis during Simulated Ischaemia and Reperfusion in Neonatal Cardiomyocytes. Basic Res. Cardiol. 99 (5), 338–350. doi:10.1007/s00395-004-0478-3
 Felger, J. C. (2018). Imaging the Role of Inflammation in Mood and Anxiety-Related Disorders. Curr. Neuropharmacol. 16 (5), 533–558. doi:10.2174/1570159X15666171123201142
 Fleisher, T. A. (1997). Apoptosis. Ann. Allergy Asthma Immunol. 78 (3), 245. quiz 249-250. doi:10.1016/S1081-1206(10)63176-6
 Franck, U., Odeh, S., Wiedensohler, A., Wehner, B., and Herbarth, O. (2011). The Effect of Particle Size on Cardiovascular Disorders-Tthe Smaller the Worse. Sci. Total Environ. 409 (20), 4217–4221. doi:10.1016/j.scitotenv.2011.05.049
 Gao, M., Liu, D., Du, Y., Sun, R., and Zhao, L. (2013). Autophagy Facilitates Ventilator-Induced Lung Injury Partly through Activation of NF-kappaB Pathway. Med. Sci. Monit. 19, 1173–1175. doi:10.12659/MSM.889746
 He Li, T. J. (2021). Nicotine Induces Apoptosis of BEAS-2B Cells by Inhibiting Autophagy via the PI3K/Akt/mTOR Pathway. Chin. J. Biochem. Mol. Biol 37 (6), 782–789. doi:10.13865/j.cnki.cjbmb.2021.04.1014
 Hsieh, L.-Y., Chen, C.-L., Wan, M.-W., Tsai, C.-H., and Tsai, Y. I. (2008). Speciation and Temporal Characterization of Dicarboxylic Acids in PM2.5 during a PM Episode and a Period of Non-episodic Pollution. Atmos. Environ. 42 (28), 6836–6850. doi:10.1016/j.atmosenv.2008.05.021
 Hunt, A., Abraham, J. L., Judson, B., and Berry, C. L. (2003). Toxicologic and Epidemiologic Clues from the Characterization of the 1952 London Smog Fine Particulate Matter in Archival Autopsy Lung Tissues. Environ. Health Perspect. 111 (9), 1209–1214. doi:10.1289/ehp.6114
 Kim, J. B., Han, A. R., Park, E. Y., Kim, J. Y., Cho, W., Lee, J., et al. (2007). Inhibition of LPS-Induced iNOS, COX-2 and Cytokines Expression by Poncirin through the NF-kappaB Inactivation in RAW 264.7 Macrophage Cells. Biol. Pharm. Bull. 30 (12), 2345–2351. doi:10.1248/bpb.30.2345
 Lamark, T., Svenning, S., and Johansen, T. (2017). Regulation of Selective Autophagy: the p62/SQSTM1 Paradigm. Essays Biochem. 61 (6), 609–624. doi:10.1042/EBC20170035
 Lawniczek-Walczyk, A., Górny, R. L., Golofit-Szymczak, M., Niesler, A., and Wlazlo, A. (2013). Occupational Exposure to Airborne Microorganisms, Endotoxins and β-glucans in Poultry Houses at Different Stages of the Production Cycle. Ann. Agric. Environ. Med. 20 (2), 259–268.
 Li, M., Wei, X., Li, Y., Feng, T., Jiang, L., Zhu, H., et al. (2020). PM2.5 in Poultry Houses Synergizes with Pseudomonas aeruginosa to Aggravate Lung Inflammation in Mice through the NF-kappaB Pathway. J. Vet. Sci. 21 (3), e46. doi:10.4142/jvs.2020.21.e46
 May, R. C., and Machesky, L. M. (2001). Phagocytosis and the Actin Cytoskeleton. J. Cell Sci. 114 (Pt 6), 1061–1077. doi:10.1242/jcs.114.6.1061
 Miyata, R., and van Eeden, S. F. (2011). The Innate and Adaptive Immune Response Induced by Alveolar Macrophages Exposed to Ambient Particulate Matter. Toxicol. Appl. Pharmacol. 257 (2), 209–226. doi:10.1016/j.taap.2011.09.007
 Möller, W., Brown, D. M., Kreyling, W. G., and Stone, V. (2005). Ultrafine Particles Cause Cytoskeletal Dysfunctions in Macrophages: Role of Intracellular Calcium. Part Fibre Toxicol. 2, 7. doi:10.1186/1743-8977-2-7
 Nakahira, K., Haspel, J. A., Rathinam, V. A., Lee, S. J., Dolinay, T., Lam, H. C., et al. (2011). Autophagy Proteins Regulate Innate Immune Responses by Inhibiting the Release of Mitochondrial DNA Mediated by the NALP3 Inflammasome. Nat. Immunol. 12 (3), 222–230. doi:10.1038/ni.1980
 Nayak, D. K., Mendez, O., Bowen, S., and Mohanakumar, T. (2018). Isolation and In Vitro Culture of Murine and Human Alveolar Macrophages. J. Vis. Exp. 134, 57287. doi:10.3791/57287
 Ni, L., Chuang, C. C., and Zuo, L. (2015). Fine Particulate Matter in Acute Exacerbation of COPD. Front. Physiol. 6, 294. doi:10.3389/fphys.2015.00294
 Ryter, S. W., Lee, S. J., and Choi, A. M. (2010). Autophagy in Cigarette Smoke-Induced Chronic Obstructive Pulmonary Disease. Expert Rev. Respir. Med. 4 (5), 573–584. doi:10.1586/ers.10.61
 Schlesinger, R. B., and Cassee, F. (2003). Atmospheric Secondary Inorganic Particulate Matter: the Toxicological Perspective as a Basis for Health Effects Risk Assessment. Inhal. Toxicol. 15 (3), 197–235. doi:10.1080/08958370304503
 Schwartz, J. (2004). The Effects of Particulate Air Pollution on Daily Deaths: a Multi-City Case Crossover Analysis. Occup. Environ. Med. 61 (12), 956–961. doi:10.1136/oem.2003.008250
 Shintani, T., and Klionsky, D. J. (2004). Autophagy in Health and Disease: a Double-Edged Sword. Science 306 (5698), 990–995. doi:10.1126/science.1099993
 Tanida, I., Ueno, T., and Kominami, E. (2008). LC3 and Autophagy. Methods Mol. Biol. 445, 77–88. doi:10.1007/978-1-59745-157-4_4
 Walker, S. E., Sander, J. E., Cline, J. L., and Helton, J. S. (2002). Characterization of Pseudomonas aeruginosa Isolates Associated with Mortality in Broiler Chicks. Avian Dis. 46 (4), 1045–1050. doi:10.1637/0005-2086(2002)046[1045:COPAIA]2.0.CO;2
 Wan, Q., Yang, M., Liu, Z., and Wu, J. (2021). Atmospheric Fine Particulate Matter Exposure Exacerbates Atherosclerosis in Apolipoprotein E Knockout Mice by Inhibiting Autophagy in Macrophages via the PI3K/Akt/mTOR Signaling Pathway. Ecotoxicol. Environ. Saf. 208, 111440. doi:10.1016/j.ecoenv.2020.111440
 Wang, L., Bowman, L., Lu, Y., Rojanasakul, Y., Mercer, R. R., Castranova, V., et al. (2005). Essential Role of P53 in Silica-Induced Apoptosis. Am. J. Physiol. Lung Cell Mol. Physiol. 288 (3), L488–L496. doi:10.1152/ajplung.00123.2003
 Wang, W., Zhu, M., Xu, Z., Li, W., Dong, X., Chen, Y., et al. (2019). Ropivacaine Promotes Apoptosis of Hepatocellular Carcinoma Cells through Damaging Mitochondria and Activating Caspase-3 Activity. Biol. Res. 52 (1), 36. doi:10.1186/s40659-019-0242-7
 Xia, R., Zhou, G., Zhu, T., Li, X., and Wang, G. (2017). Ambient Air Pollution and Out-Of-Hospital Cardiac Arrest in Beijing, China. Int. J. Environ. Res. Public Health 14 (4), 423. doi:10.3390/ijerph14040423
 Xu, J., Zhang, M., Lin, X., Wang, Y., and He, X. (2020). A Steroidal Saponin Isolated from Allium Chinense Simultaneously Induces Apoptosis and Autophagy by Modulating the PI3K/Akt/mTOR Signaling Pathway in Human Gastric Adenocarcinoma. Steroids 161, 108672. doi:10.1016/j.steroids.2020.108672
 Zhang, F., Ma, H., Wang, Z. L., Li, W. H., Liu, H., and Zhao, Y. X. (2020). The PI3K/AKT/mTOR Pathway Regulates Autophagy to Induce Apoptosis of Alveolar Epithelial Cells in Chronic Obstructive Pulmonary Disease Caused by PM2.5 Particulate Matter. J. Int. Med. Res. 48 (7), 300060520927919. doi:10.1177/0300060520927919
 Zhang, J., Wei, X., Jiang, L., Li, Y., Li, M., Zhu, H., et al. (2019). Bacterial Community Diversity in Particulate Matter (PM2.5 and PM10) within Broiler Houses in Different Broiler Growth Stages under Intensive Rearing Conditions in Summer. J. Appl. Poult. Res. 28 (2), 479–489. doi:10.3382/japr/pfz006
 Zoncu, R., Efeyan, A., and Sabatini, D. M. (2011). mTOR: from Growth Signal Integration to Cancer, Diabetes and Ageing. Nat. Rev. Mol. Cell Biol. 12 (1), 21–35. doi:10.1038/nrm3025
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Zhang, Liu, Zhao, Li, Ma, Meng, Tang, Huang, Shi, Li, Jiang, Yu, Zhu, Chen and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-13-924242-g005.gif





OPS/images/fphar-13-924242-g003.gif





OPS/images/fphar-13-924242-g004.gif
ok changer

s i RS
|2
| R ‘

® 381 Te5y
HE13
MMM

2 L
g






OPS/xhtml/nav.xhtml
Contents

		Cover

		PM2.5 Synergizes With Pseudomonas aeruginosa to Suppress Alveolar Macrophage Function in Mice Through the mTOR Pathway		Introduction

		Experimental Materials and Methods		Ethical Statement

		PM2.5 Sampling and Processing

		Animals

		Bacterial Culture

		Isolation and Culture of Alveolar Macrophages

		Neutral Red Phagocytosis Assay

		Detection of Apoptosis

		Cytoskeletal Observations

		Western Blotting

		Data Analysis





		Experimental Results		PM2.5 and Pseudomonas aeruginosa Exposure Decreases Phagocytosis of Cells

		PM2.5 and Pseudomonas aeruginosa Mediate Macrophage Apoptosis

		Effect of PM2.5 and Pseudomonas aeruginosa on the Cytoskeleton of Macrophages

		PM2.5 and Pseudomonas aeruginosa Exposure Suppresses Autophagy in Macrophages

		Importance of Akt/mTOR in the Response to PM2.5 and Pseudomonas aeruginosa





		Discussion

		Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Pharmacology






OPS/images/fphar-13-924242-g001.gif
FPhagocytosks Indewi%)

Pes TPz

i ]

2





OPS/images/fphar-13-924242-g002.gif
Fos TFas TPz T A TPz RIS
P2 “PHS









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





