[image: image1]Effects of Real-Ambient PM2.5 Exposure on Lung Damage Modulated by Nrf2−/−

		ORIGINAL RESEARCH
published: 23 April 2021
doi: 10.3389/fphar.2021.662664


[image: image2]
Effects of Real-Ambient PM2.5 Exposure on Lung Damage Modulated by Nrf2−/−
Hao Ding1, Menghui Jiang1, Daochuan Li2, Yanjie Zhao1, Dianke Yu1, Rong Zhang3, Wen Chen2, Jingbo Pi4, Rui Chen5, Lianhua Cui1, Yuxin Zheng1 and Jinmei Piao1*
1School of Public Health, Qingdao University, Qingdao, China
2Department of Toxicology, School of Public Health, Sun Yat-sen University, Guangzhou, China
3Department of Toxicology, School of Public Health, Hebei Medical University, Shijiazhuang, China
4School of Public Health, China Medical University, Shenyang, China
5School of Public Health, Capital Medical University, Beijing, China
Edited by:
Stefan Schildknecht, University of Konstanz, Germany
Reviewed by:
Ning Gu, Harbin Institute of Technology, China
Isaac Kirubakaran Sundar, University of Kansas Medical Center, United States
* Correspondence: Jinmei Piao, jinmeipark@163.com
Specialty section: This article was submitted to Predictive Toxicology, a section of the journal Frontiers in Pharmacology
Received: 03 February 2021
Accepted: 08 April 2021
Published: 23 April 2021
Citation: Ding H, Jiang M, Li D, Zhao Y, Yu D, Zhang R, Chen W, Pi J, Chen R, Cui L, Zheng Y and Piao J (2021) Effects of Real-Ambient PM2.5 Exposure on Lung Damage Modulated by Nrf2−/−. Front. Pharmacol. 12:662664. doi: 10.3389/fphar.2021.662664

Previous studies have shown that long-term exposure to fine particulate matter (PM2.5) increases the morbidity and mortality of pulmonary diseases such as asthma, chronic obstructive pulmonary disease and pulmonary emphysema. Oxidative stress and inflammation play key roles in pulmonary damage caused by PM2.5. Nuclear factor erythroid 2-related factor 2 (Nrf2) could regulate the expression of antioxidant and anti-inflammatory genes and is pivotal for protection against PM2.5-induced oxidative stress. In this study, a real-ambient exposure system was constructed with the outdoor ambient air in north China. Wild-type (WT) and Nrf2−/− (KO) mice were exposed to the real-ambient system for six weeks. After PM2.5 exposure, our data showed that the levels of inflammatory factors and malondialdehyde were significantly increased in WT and KO mice. Moreover, the lung function and pathological phenotype of the WT mice were altered but there was no obvious change in the Nrf2−/− mice. To further explore the potential molecular mechanisms, we performed RNA-sequencing. The RNA-sequence analysis results showed that the CYP450 pathway in the first ten pathways of KEGG was related to the metabolism of PM2.5. In WT and KO mice, the expression of CYP2E1 in the CYP450 pathway showed opposite trends after PM2.5 exposure. The data showed that the expression of the CYP2E1 gene in WT-PM mice increased while it decreased in KO-PM; the expression of the CYP2E1 protein showed a similar trend. CYP2E1 is primarily distributed in the endoplasmic reticulum (ER) where it could metabolize various exogenous substances attached to PM2.5 and produce highly toxic oxidation products closely related to ER stress. Consistently, the expression level of GRP94, a biomarker of ER stress, was increased in WT mice and reduced in KO mice under PM2.5 exposure. Persistent ER stress is a mechanism that causes lung damage under PM2.5 exposure. Nrf2 facilitates lung injury during PM2.5 exposure and CYP2E1 metabolism is involved in this process.
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INTRODUCTION
PM2.5 is fine ambient particulate matter with aerodynamics diameter <2.5 μm. Due to its small particle size and large specific surface area, a large number of toxic substances such as heavy metals and microorganisms are adsorbed on its surface; they can reach the deep parts of the human respiratory tract and deposit in the alveoli through respiration (Kirrane et al., 2019). PM2.5 exposure can induce or aggravate diseases such as pulmonary inflammation (Sint et al., 2008), asthma, and atherosclerosis (Yang et al., 2019). Accumulating evidence has confirmed that inflammatory responses and oxidative stress are involved in PM2.5-induced pulmonary disease, including chronic obstructive pulmonary disease and pulmonary emphysema (Gu et al., 2017; Wang et al., 2019).
Nuclear factor E2-related factor 2 (Nrf2) is an important transcription regulator that belongs to the family of bZIP and is a key antioxidant response gene that could regulate the expression of many antioxidant genes (Buendia et al., 2016; Ahmed et al., 2017). Previous studies have demonstrated in both in vivo and vitro experiments that PM2.5 could activate the expression of Nrf2, which could then regulate oxidative stress and inflammation (Jin et al., 2019; Sun et al., 2020). Nrf2 has a wide range of biological functions, including the ability to affect the metabolism of CYP450 enzymes (Abu-Bakar et al., 2007; Shen and Kong, 2009; Ashino et al., 2014).
Cytochrome P450 (CYP450) is a general term for a series of heme-thiolate proteins that play an important role in the metabolic process. CYP450 could metabolize the polycyclic aromatic hydrocarbons attached to PM2.5 and produce ROS during their metabolism, which can cause oxidative stress and lung damage. As a member of the phase I detoxification enzyme system, CYP2E1 is primarily distributed in the endoplasmic reticulum (ER) and mitochondrial membrane and can metabolize various endogenous and exogenous substances (Son et al., 2017). A recent study showed that the liver damage in CYP2E1-knockout mice was significantly less than in WT mice after exposure to N, N-dimethylformamide (DMF). These results suggest that ER stress is decreased in the KO mice because the toxic metabolites of DMF are reduced by the loss of CYP2E1 (Wu et al., 2019b).
Traditional animal models of PM exposure typically use intratracheal instillation or concentrated ambient particles (CAPs) systems to introduce the pollutants (Su et al., 2017; Lin et al., 2018). Intratracheal instillation will change the physical and chemical properties of particulate matter, and the CAPs exposure system transforms the size of the particles and increases the negative pressure in cages. To represent real-ambient exposure, this study used an individually ventilated cage (IVC) system that almost completely simulates the real-ambient exposure of PM2.5 under outdoor atmospheric PM2.5 pollution (Li et al., 2019a; Li et al., 2019b; Chu et al., 2019; Li et al., 2020a; Cui et al., 2020). The composition and exposure dose of PM is also accurately recorded. Therefore, this real-ambient exposure system made up for the shortcomings of unclear exposure dose and the concentration of PM2.5 in traditional epidemiological studies and could better explain the results and provide valuable clues for disease prevention.
In the present study, we investigated the role of Nrf2 in PM2.5-induced lung damage by applying a real-ambient exposure system. These findings provide new evidence about the role of Nrf2 in lung injury caused by PM2.5 exposure.
MATERIALS AND METHODS
Animal
Our experiment used Nrf2-knockout and wild-type mice bred from C57BL/6J mice as animal models. The Nrf2−/− mice were developed by Prof. Masayuki Yamamoto of Tohoku University and offered by the lab of Jingbo Pi, China Medical University. We used the female and male Nrf2 heterozygous (Nrf2+/−) mice to breed the Nrf2−/− (KO) mice. And the wild-type (WT) mice were littermate Nrf2+/+ mice in the experiments. We used PCR to characterize the offspring of mice according to previous protocol (Jiang et al., 2020a). The expression of Nrf2 protein in different groups was showed in the Supplemental Material. The procedures for care and use of animals were approved by the Ethics Committee of the Qingdao University and all applicable institutional and governmental regulations concerning the ethical use of animals were followed.
Real-Ambient Exposure System
This study used a real-ambient exposure system; the exposure device is located in Shijiazhuang. The PM2.5 concentration in this city far exceeds the mean daily recommended dose limit in China. In winter, the main pollution source in this city is burning coal. The installation of exposure was described in a previous study (Li et al., 2019a; Jiang et al., 2020b). In brief, the unique system consists of control and exposure chambers. And the control chambers were connected to high efficiency particulate air (HEPA)-filtered air (FA), while the exposure chambers were ventilated with unfiltered outdoor air (PM). The factors in all chambers were identical, including temperature, humidity, pressure, ventilation frequency, and noise. The WT and KO mice were exposed to FA or PM chambers (sixteen in each chamber), respectively. The mice could access to standard food and water freely in the chambers with a 12 h light/dark cycle. The time of mice exposure to PM2.5 or FA was 24 h/day and 7 days/week for 6 weeks. PM concentration in FA and PM chambers was monitored daily using the Aerosol Detector DUSTTRAKTM II and analyzed the size of particle with an Aerodynamic Particle Sizer Spectrometer 3321 (TSI Incorporated, Shoreview, MN, United States). During the 6-week exposure period, there are 12 days when the exposure concentration exceeds 150 μg/m3 in the exposure chamber (Li et al., 2019a). Our previous study showed the average daily PM2.5 concentration in the air around the study site was 151.40 μg/m3, while the average PM concentration in the exposure chamber was 89.95 μg/m3 (Jiang et al., 2020a). According to our previous method, the cumulative amount of PM2.5 inhaled into pulmonary was calculated. The cumulative amount of PM2.5 inhaled into pulmonary was 87.04 μg after exposed for 6 weeks (Jiang et al., 2020b).
Histopathological Analysis
The lung tissues were extracted from the mice and washed with phosphate buffered saline (PBS). After fixed in 4% formaldehyde for 24 h at the room temperature, dewatered by graded ethanol, implanted in paraffin, and sectioned transversely. Tissue sections were deparaffinized and stained with hematoxylin and eosin (H&E). The histological assessment was achieved under the light microscope. The histopathological analysis of acute lung injury were quantified using a scoring system described in a previous study (Matute-Bello et al., 2011). Five regions were randomly selected from each pathological section, and the inflammatory cells in each region were quantified with ImageJ (NIH, United States) software.
RNA-Seq Assay
Three lung tissue samples were randomly selected from per group (WT-FA, WT-PM, KO-FA, and KO-PM) and carried on RNA-sequencing test. The assay was performed by BioMiao Biological Technology (Beijing, China). A total amount of 3 μg RNA per sample was used as input material for the RNA sample preparations. Sequencing libraries were generated using NEBNext®Ultra™ RNA Library Prep Kit for Illumina® (NEB, United States) following manufacturer’s recommendations and index codes were added to attribute sequences to each sample. Briefly, mRNA was purified from total RNA using poly-T oligo-attached magnetic beads. Fragmentation was carried out using divalent cations under elevated temperature in NEBNext First Strand Synthesis Reaction Buffer (5X). First strand cDNA was synthesized using random hexamer primer and M-MuLV Reverse Transcriptase (RNaseH-). Second strand cDNA synthesis was subsequently performed using DNA Polymerase I and RNase H. Remaining overhangs were converted into blunt ends via exonuclease/polymerase activities. After adenylation of 3′ ends of DNA fragments, NEBNext Adaptor with hairpin loop structurewere ligated to prepare for hybridization. To select cDNA fragments of preferentially 150–200 bp in length, the library fragments were purified with AMPure XP system (Beckman Coulter, Beverly, United States). Then 3 μl USER Enzyme (NEB, United States) was used with size-selected, adaptor-ligated cDNA at 37°C for 15 min followed by 5 min at 95 C before PCR. Then PCR was performed with Phusion High-Fidelity DNA polymerase, Universal PCR primers andIndex (X) Primer. At last, PCR products were purified (AMPure XP system) and library quality was assessed on the Agilent Bioanalyzer 2100 system. The clustering of the index-coded samples was performed on a cBot Cluster Generation System using TruSeq SR Cluster Kit v3-cBot-HS (Illumia) according to the manufacturer’s instructions. After cluster generation, the library preparations were sequenced on an Illumina Hiseq 2000/2500 platform and 150 bp/100 bp/50 bp paired/single-end reads were generated. A differential expression analysis of two groups was achieved by the DESeq2 R package. KEGG enrichment pathways over the differential expression genes were performed by the Cluster Profiler R package.
RT-PCR
Total mRNA was extracted from 50 mg lung tissues of mice with the Trizol agent (Thermo Scientific, Waltham, United States) according to the instructions of manufacturer-provided. cDNA was synthesized using the reverse transcription kit (Takara, Kyoto, Japan). And performed quantitative real time PCR (qRT-PCR) using a SYBR Green PCR Master Mix (Thermo Fisher Scientific, Waltham, United States) with QuantStudio seven Real-Time PCR Systems (Thermo Scientific, Waltham, United States). The level of each gene expression was adjusted to the β-actin. The method of calculate relative expression of genes was 2–ΔΔCt. The primers used are described in the Supplemental Material.
Western Blotting
The lung samples of mice were homogenized in a RIPA buffer (Solarbio, Beijing, China) with phenylmethylsulfonyl fluoride (PMSF) and alkaline phosphatase inhibitor cocktail (Solarbio, Beijing, China). The protein concentration was determined using the Bicinchonic acid (BCA) protein analysis kit (Epizyme, Shanghai, China) according to its protocol. Then, 40–60 μg protein from lungs were separated using 10% SDS-Polyacrylamide-Gel-Electrophoresis (SDS-PAGE) followed by transfer to polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA, United States). The PVDF membranes were blocked with defatted milk for 3 h at room temperature, then incubated with specific primary antibodies including CYP2E1 (Affinit, Beijing, 1:1,000), Nrf2 (Cell Signaling Technology, Boston, 1:1,000), GRP94 (Affinit, Beijing, 1:1,000), CHOP (Affinit, Beijing, 1:1,000), GAPDH (Bioss, Beijing, 1:3,000) overnight at 4°C. After washing four times with TBST (15 min per time), the goat anti-rabbit IgG secondary antibody (Epizyme, Shanghai, China) were incubated for 1 h at room temperature. Followed by additional three times washing, the membranes were detected using automatic chemiluminescence image analysis system (Millipore, Billerica, MA, United States) and quantified with ImageJ (NIH, United States) software.
Immunohistochemistry and TUNEL Assay
The expression levels of GRP94 and CHOP were evaluated with immunohistochemical staining of the aortic tissue. Sections of lung tissue were incubated with GRP94 (Affinit, Beijing, 1:1,000) or CHOP (Affinit, Beijing, 1:1,000) antibodies at 37°C for 1 h, washed with PBS (pH 7.4) and then incubated with secondary antibody for 20 min. Sections were treated with Biotin-labeled Goat Anti-Rabbit IgG, developed with freshly prepared DAB solution, and counterstained with hematoxylin. Pictures were taken with a microscope (Changfang, Shanghai, China), and quantified using a scoring system described in a previous study (Li et al., 2019b). Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay kit was used to detect apoptotic cells in lung tissue sections following manufacturers’ instructions. Sections were counter stained with DAPI. Five regions were randomly selected from each section, and the TUNEL positive cells in each region were quantified with ImageJ (NIH, United States) software.
Malondialdehyde and Superoxide Dismutase Assay
The MDA and SOD concentration of lung tissue samples was determined using a special kit (Solarbio, Beijing, China). Briefly, 100 mg homogenate of lung tissues were mixed with 200 μl MDA detection solution and 600 μl MDA working solution. Subsequently, the mixture was incubated at 100°C for 1 h according to the instructions of the kit. The mixture was centrifuged at 15,000 r for 15 min using centrifuge. Then, 200°µl of the supernatant was moved to a 96-well plate to read absorbance at 450, 532, and 600 nm using a microplate reader. And the concentration of MDA in lung was calculated by the absorbance according to the instructions of kit. SOD assays were performed using assay kits, according to manufacturers’ instructions.
Statistical Analysis
Statistical analysis was performed with GraphPad Prism (8.0) software. Data were presented as mean ± SEM. A factorial design two-way analysis of variance (TWO WAY-ANOVA) was used to assess differences among groups. Results were considered statistically significant when p < 0.05.
RESULT
Effects of Nuclear Factor Erythroid 2-Related Factor 2 on Pulmonary Function and Pathology In PM2.5-Exposed Mice
To study the effects of PM2.5 on the lung, mice were exposed to the real-ambient system. During PM exposure, no significant changes were observed in the body weight of the four groups mice (Jiang et al., 2020a). After PM2.5 exposure, no remarkable difference was observed in the lung weight or the ratio of the lung-to-body weight between the WT-FA and WT-PM groups or the KO-FA and KO-PM groups (Figures 1A,B).
[image: Figure 1]FIGURE 1 | Effects of Nrf2 knockout on pulmonary function and pathology in PM2.5-exposed mice. (A) The lung weight and ratio of lung to body weight of four groups mice after the treatment. n = 4 per each group. (B) The tracheas of mice were connected to the instrument measuring pulmonary function under anaesthesia (n = 6), and the indicators of lung function were monitored by instrument. Lung function parameters: FVC, forced vital capacity; FEV0.1, forced expiratory volume in the first 0.1°s; FEV0.2, forced expiratory volume in the first 0.2°s. (C) Lung was isolated, fixed, sectioned, and observed microscopically after hematoxylin and eosin (H&E) staining (representative of four mice, magnification ×200). The lung injury scores and inflammatory cells counts were calculated in different groups of mice. (D) Lung tissue sections from four groups mice were isolated and test the apoptosis cells by TUNEL assay kit. The TUNEL positive cells were quantified with ImageJ (NIH, United States) software. FA, filtered air; PM, fine particulate matter. WT, wild type mice; KO, Nrf2−/− mice. Scale bars are 50°μm, and magnification is ×200. Data are expressed as the mean ± SEM, *p < 0.05.
To assess the effects of PM exposure on the lung, we conducted lung function tests on the mice. The forced vital capacity (FVC) and forced expiratory volume in the first 0.2 s (FEV0.2) were significantly decreased in the WT-PM group relative to the WT-FA group, while no remarkable difference was detected between the KO-FA and KO-PM groups (Figure 1B). However, the forced expiratory volume in the first 0.1 s (FEV0.1) displayed no statistically significant between groups difference (Figure 1B). Taken together, these results suggest that PM2.5 leading to pulmonary injure in WT mice and Nrf2 loss ameliorated lung damage under PM2.5 exposure. To appraise the effects of PM2.5-induced lung injury, we conducted histopathological assessments. In wild-type mice, the pathological tests suggested serious alveolar congestion and alveolar wall thickening after PM exposure. The typical manifestations of lung damage were alveolar congestion and alveolar wall thickening. Interestingly, there was no significant pathological change between the KO-FA and KO-PM groups (Figure 1C). To better characterize the degree of lung injury in the course of PM exposure, we quantified lung injury based on the histopathological features as described previously (Matute-Bello et al., 2011). And the inflammatory cell counts data in different groups were presented. To evaluate whether PM2.5 could induce apoptosis in the lung tissue of WT and KO mice, we decided to observe the apoptotic cells using TUNEL assay (Figure 1D). Consistent with pathological test results, PM2.5 exposure significantly increased apoptotic cells in WT mice; however, there was no difference between the KO-FA and KO-PM mice. Collectively, the results suggested that PM2.5 exposure led to lung damage of WT mice rather than KO mice.
PM2.5 Exposure Enhanced the Inflammation and Oxidative Stress of the Lung in the Wild-Type and KO Mice
The Keap1-Nrf2 signaling pathway plays a vital role in protecting cells from inflammation and oxidative stress (Ruiz et al., 2013). In hence, we determined the inflammation and oxidative stress levels in the lungs of WT and KO mice after exposure to PM2.5 for 6 weeks. The mRNA levels of IL-6 and IL-1β in the WT and KO mice were all obviously increased after PM exposure compared to the FA group (Figure 2A). Although the changes in the mRNA expression levels of IL-1α and IL-5 were not statistically different, they showed the same trend as IL-6 and IL-1β. Subsequently, we assessed the effects of Nrf2 knockout on the oxidative stress response upon PM exposure. Treatment with PM2.5 for six weeks increased the levels of MDA and SOD in the lungs of WT and KO mice (Figures 2B,C). Nrf2 can regulate the expression of many antioxidant genes, including HO-1, NQO1 and GCLC. Our study tested the expression of HO-1, NQO1 and GCLC (Supplemental Material), and there was a significant down-regulation in the Nrf2 knockout mice, while the PM2.5 exposure seemed to effectively increase the expression levels in WT-PM mice. These results showed that PM2.5 exposure could promote inflammation and oxidative stress in the lung in both WT and KO mice.
[image: Figure 2]FIGURE 2 | Nrf2 knockout exacerbates PM2.5-induced inflammation and oxidative stress in lung. (A) The expression level of inflammatory factors in four groups (n = 3). (B) MDA contents in four groups. n = 3 per group. (C) SOD contents in four groups. n = 3 per group. FA, filtered air; PM, fine particulate matter. WT, wild type mice; KO, Nrf2−/− mice. Data are expressed as the mean ± SEM, *p < 0.05.
The CYP450 Pathway is Involved in Lung Damage in KO Mice After Exposure to PM2.5
To further explore the mechanism of lung damage induced by Nrf2 knockout after exposure to PM2.5, we used the lung tissue of the mice for RNA-seq analysis. The RNA-seq results suggested that thousands of genes had been changed by Nrf2 knockout or PM exposure. The selection criteria of differentially expressed genes (DEGs) were fold-change greater than twofold and p-value <0.05 in different groups. The numbers of DEGs among the different groups are shown in Figure 3A. The initial analysis screened out 4,908 and 5,289 DEGs based on the comparison between WT-FA and WT-PM and between KO-FA and KO-PM. Of these, 1,618 genes were confirmed as shared by the two parts. To determine the influence of Nrf2 loss, we removed 1,618 of the 5,289 genes and studied the remaining 3,671 genes. These 3,671 genes were subjected to top-10 KEGG pathway enrichment analysis (Figure 3B). Major KEGG signaling pathways observed with significant changes included vascular smooth muscle contraction, osteoclast differentiation, hypertrophic cardiomyopathy, dilated cardiomyopathy pathways, and metabolism of xenobiotics by cytochrome P450 (CYP450). In those pathways, major pathways were associated with cardiovascular disease, osteoclast differentiation and CYP450 enzyme; Plenty studies showed that the expression of CYP450 was related to the metabolism of various exogenous compounds has an impact on the lung damage caused by PM2.5 (Saint-Georges et al., 2008; Abbas et al., 2009; Oesch et al., 2019), we chose to further explore the “Metabolism of xenobiotics by cytochrome P450” pathway. This pathway enrichment contains 18 genes and their p-value was 0.01. The heatmaps of all samples in this pathway are shown in Figure 3C. Meanwhile, 2,302 DEGs were identified in KO-PM mice relative to WT-PM mice and the 2,302 genes were subjected to top-10 KEGG pathway enrichment analysis (Figures 3D,E). The top 10 KEGG pathways are mainly related to metabolism, including metabolism of xenobiotics by cytochrome P450. The metabolism of xenobiotics by the cytochrome P450 signaling pathway mainly involves the genes encoding the phases I (CYP2E1, CYP2F2, CYP2S2, ALDH3A1, ALDH3B1, ADH7, and CBR1) and II (GSTA2, GSTA4, GSTP2, GSTT3, and MGST1) metabolic enzymes among these 3,671 genes. The expression of phase I metabolic enzyme-related genes was down-regulated in the WT and KO mice following exposure to PM2.5. Phase I metabolic enzymes could metabolize organic components in PM2.5 such as polycyclic aromatic hydrocarbons (PAHs) and release more toxic oxidation products that impact lung function.
[image: Figure 3]FIGURE 3 | CYP450 pathway in involved in lung damage of KO mice after exposure to PM2.5. (A) Venn diagram showing the number of genes that fold change >2 shared by WT-FA vs. WT-PM and KO-FA vs. KO-PM. n = 3 per group (B) KEGG enrichment of 3,671 genes in four groups mice. n = 3 per group (C) Heatmap for all the samples of “Metabolism of xenobiotics by cytochrome P450” pathway. n = 3 per group (D) The Venn diagram of 2,302 DEGs were identified in KO-PM mice relative to WT-PM mice. n = 3 per group (E) The top-10 KEGG pathway enrichment of 2,302 DEGs were identified in KO-PM mice relative to WT-PM mice. n = 3 per group. FA, filtered air; PM, fine particulate matter. WT, wild type mice; KO, Nrf2−/− mice.
Expression of CYP450 Pathway-Related Genes in the Four Groups of Mice
CYP450 expression can be generally regulated by many factors including xenobiotics such as acetaminophen, PAHs, and drugs (Guengerich et al., 2016; Yao et al., 2019) and it could metabolize the polycyclic aromatic hydrocarbons attached to PM2.5 and produce ROS during this metabolism, which can cause oxidative stress and lung damage. Under exposure to PM2.5, the mRNA expression levels of CYP2E1, HPGDS, and UGT1A7C in the WT mice were increased. However, the mRNA expression levels of CYP2E1, CYP2S1, GSTA4, and MGST1 in the Nrf2-knockout mice were down-regulated after PM2.5 exposure (Figure 4A). Moreover, we observed a remarkable decrease in the protein levels of CYP2E1 expression in the PM2.5-treated lungs of Nrf2-knockout mice, but not in WT mice (Figure 4B). CYP450 enzymes participate in the phase I metabolism of chemical toxins and poisons in the body and could produce highly toxic oxidation products (Saint-Georges et al., 2008). Our results showed that the CYP2E1 was decreased in KO mice after exposure to PM2.5. Based on this result, we speculate fewer toxic products were produced in the KO-PM mice, which led to less damage to the lung. In addition, the decreased expression of CYP2E1 may lead to lower ER stress levels (Torres et al., 2019).
[image: Figure 4]FIGURE 4 | Expression of CYP450 pathway related genes in four groups of mice. (A) The expression of main genes in the “Metabolism of xenobiotics by cytochrome P450” pathway. n = 3 per group. (B) The CYP2E1 protein expression levels in four groups of mice were analyzed by Western blot and the quantification of the CYP2E1 expression. n = 2 per group.
Expression Level of Glucose-Regulated Protein 94 and C/EBP Homologous Protein, Biomarkers of Endoplasmic Reticulum Stress
The CYP450 enzyme is rich in the ER, which is an important organelle involved in detoxification, protein synthesis, modification, and folding (Brignac-Huber et al., 2016). The metabolic activation of toxins by CYP2E1 can cause an imbalance in the homeostasis of the ER, leading to unfolded and misfolded proteins aggregating in the reticulum cavity to induce ER stress (Lewis and Roberts, 2005). ER stress participates in the toxic effects of various environmental and occupational toxicants on cells (Wang and Tang, 2020). When the ER stress response is too forceful or the stimulation time too long, it will induce cell apoptosis and cause body damage (Fernández et al., 2015; Xie et al., 2019). ER stress was shown to be activated in PM2.5-induced lung and liver injury and is an important mechanism by which PM2.5 causes lung damage (Laing et al., 2010).
GRP94 and CHOP play pivotal roles in maintaining protein homeostasis, participating in the ER unfolded protein response, and is involved in ER-related protein degradation. Therefore, GRP94 and CHOP were used as biomarkers of ER stress. To explore whether ER stress contributes to PM2.5-induced lung toxicity, GRP94 and CHOP was measured in the lungs of the four different groups of mice (Figures 5A–F). Compared with the WT-FA group mice, the expression levels of GRP94 and CHOP were high in the wild-type mice after exposure to PM2.5, while a significant decrease of GRP94 and CHOP expression was observed in the KO-PM mice compared to the KO-FA mice, suggesting that Nrf2 knockout leads to ER stress reduction following exposure to PM2.5.
[image: Figure 5]FIGURE 5 | The expression level of GRP94 and CHOP, biomarkers of ER stress. (A) Total RNA was extracted from lung tissues, and the mRNA levels of GRP94 was detected by QPCR. n = 3 per group. (B) The GRP94 protein expression levels in four groups of mice were analyzed by Western blot and the quantification of the GRP94 expression. n = 2 per group. (C) After exposure, IHC staining of GRP94 was performed in lung tissues, and the IHC score of GRP94 expression was calculated. n = 3 per group. (D) The mRNA level of CHOP was detected by QPCR. n = 3 per group. (E) The CHOP protein expression levels in four groups of mice were analyzed by Western blot and the quantification of the CHOP expression. n = 2 per group. (F) The IHC staining of CHOP was performed in lung tissues and the IHC score of CHOP expression was calculated. n = 3 per group. FA, filtered air; PM, fine particulate matter. WT, wild type mice; KO, Nrf2−/− mice. Scale bars are 50 μm, and magnification is ×300. Data are expressed as the mean ± SEM, *p < 0.05.
DISCUSSION
Shijiazhuang, located in the north of China, is one of five cities with the highest PM2.5 concentration in China. The air pollution there mainly comes from the burning of coal, industrial emissions, and vehicle exhaust (Yang et al., 2013). Therefore, we built a real-ambient exposure system in Shijiazhuang city. Traditional animal models of PM exposure typically use intratracheal instillation, which changes both the physical and chemical properties of particulate matter. To represent real-ambient exposure, our study used a real-ambient exposure system that almost completely simulates the real-ambient exposure to PM2.5 under outdoor atmospheric PM2.5 pollution (Jiang et al., 2020a; Su et al., 2020).
Our research team used the real-ambient exposure system to find that PM2.5 can cause multiple organ impairment, among which the lung damage was the most serious (Li et al., 2019a). Many studies have shown that PM2.5 contains complex toxic chemical components (Li et al., 2019a; Zhou et al., 2019). Pollutants in the air can be released into the lung surfactants and adhere to lung epithelial cells, causing lung injury. Previous studies have confirmed that PM2.5 exposure is highly associated with lung diseases such as pulmonary fibrosis, pneumonia, and chronic obstructive pulmonary disease, and the mechanism of lung damage by PM2.5 is mainly mediated by inflammation and oxidative stress (Guo et al., 2019).
Nrf2 is a vital transcription factor that regulates inflammation and antioxidant defense. Activation of the Nrf2/ARE signaling pathway can induce the expression of endogenous antioxidant enzymes and antioxidant proteins under normal conditions or under the stimulation of subtoxic doses (Ma, 2013). When the body is stimulated by PM2.5 exposure, Nrf2 can transfer from the cytoplasm to the nucleus and induce the transcription of antioxidant and anti-inflammation enzymes by binding to antioxidant response elements (AREs) (Suzuki and Yamamoto, 2015; Bellezza et al., 2018). Consequently, Nrf2 can protect the body against excessive oxidative stress damage. Several studies have reported that Nrf2-deficiency increases the effect of oxidative stress after exposure to PM2.5, causing cytotoxicity and inflammation in mice (Chen et al., 2018; Ge et al., 2020). However, another study confirmed that Nrf2 deficiency alleviates high-fat diet-induced liver damage by reducing PPARγ expression (Li et al., 2020b). Recent studies have also shown that Nrf2-knockout did not aggravate the harm caused by PM2.5 (Jiang et al., 2020b; Cui et al., 2020).
In this study, inflammatory and oxidative stress was increased in WT mice after exposure to PM2.5 and the lung function of WT-PM groups was decreased compared to WT-FA groups, and these results are consistent with other studies (Yue et al., 2019). However, there was no significant change in lung function or pathology. The level of inflammatory and oxidative stress was up-regulated between the KO-FA and KO-PM groups following PM exposure; this result may be related to the different roles played by Nrf2 in different situations. It is well-known that Nrf2 is a double-edged sword (Tebay et al., 2015; Wu et al., 2019a). In general, Nrf2 has a positive effect on body health. However, the target genes of Nrf2 might contribute to cell damage by promoting the metabolism of exogenous compounds, which suggests that the cytoprotective effect changes to promoting damage in certain contexts (Tebay et al., 2015). After short-term or sub-toxic dose stimulation, Nrf2 can regulate the expression of phase-Ⅱ metabolic enzymes and protect cells from oxidative damage. However, the expression of phase-Ⅱ metabolic enzymes is not sustained under long-term stimulation, which changes the cytoprotective effect of Nrf2 (Wu et al., 2019a).
To explore the lung damage effect of PM2.5 exposure in Nrf2-knockout mice, the RNA of all genes expressed in lung tissue was sequenced. RNA sequencing is characterized by the high-throughput screening for DEGs and it can uncover many DEGs after exposure to various toxicants (Shukla et al., 2017). In wild-type mice, PM2.5 exposure resulted in 4,908 DEGs in lung tissue relative to the FA control, which suggests that PM2.5 exposure induces a series of effects. As mentioned in the results, we studied 3,671 genes to determine the influence of Nrf2 loss and the top-10 KEGG signaling pathways were selected by RNA sequencing. One major mechanism of PM2.5 cardiotoxicity is mediated via oxidative stress. Previous studies have demonstrated that PM2.5 exposure has toxic effects on the heart such as cardiomyopathy and coronary disease (Pope et al., 2016; Qi et al., 2020). Nrf2 deletion was found to be related to cardiac injury but there was no connection between the pathways affected in cardiac damage and pulmonary injury. Among the various signaling pathways, the CYP450 signaling pathway was found to be closely related to lung injury in a previous study (Stading et al., 2021), and so the genes in the signaling pathway were selected and explored further. CYP450 participates in the metabolism of exogenous substances, including drugs and environmental compounds. It could metabolize PAHs attached to PM2.5, which can produce more toxic oxidation metabolites, leading to lung damage (Oesch et al., 2019). The mRNA expression levels of CYP2E1 in WT mice showed an increasing trend after PM2.5 exposure. However, the levels of CYP2E1 were down-regulated in the KO-PM group relative to the KO-FA group, suggesting that fewer toxic metabolites appeared in KO mice following exposure to PM2.5 and thus caused less damage to lung tissue.
CYP2E1 is a membrane protein expressed at a high level that is primarily distributed in the ER and mitochondrial membrane (Bièche et al., 2007; Hartman et al., 2017). It is closely related to ER stress, which may be why lung injury in KO mice is not obvious after PM exposure. Increasing amounts of evidence have indicated that CYP2E1-dependent ER stress contributes substantially to the pathogenesis of radiation-induced pulmonary fibrosis (Son et al., 2017) and environmental toxicant-induced liver toxicity (Wu et al., 2019b). In addition, the ER is a key organelle that causes dysfunction and affects the response of other cell structures such as the mitochondria, cytoplasm, and the nucleus (Lin et al., 2019). If ER stress continues, it will lead to apoptosis and necrotic cell death (Wu et al., 2019b). Many studies have shown that ER stress is involved in body damage caused by PM2.5 (Zhou et al., 2017; Familari et al., 2019). As markers protein of ER stress and the most abundant ER glycoprotein, GRP94 and CHOP play pivotal roles in the maintenance of protein homeostasis and participate in the ER unfolded protein response (Ghiasi et al., 2019; Klymenko et al., 2019).
Our results indicate an increased expression level of GRP94 and CHOP in WT mice after exposure to PM2.5, suggesting that ER stress induced by PM2.5 metabolites may take part in the pathogenesis of lung damage. However, the decreased expression of GRP94 and CHOP in PM-treated Nrf2-knockout mice suggests that the decreased expression of CYP2E1 in KO mice means that they have a weakened metabolic activation capacity of exogenous compounds, which reduces their production of toxic metabolites. As a result, the ER stress was decreased in KO-PM group. According to previous study, persistent inflammation and oxidative stress caused by PM2.5 exposure can lead to lung damage in mice (Cantin et al., 2015). In our study, the level of inflammation and oxidative stress were up-regulated in WT mice after exposure to PM2.5. And the ER stress was also increased in WT-PM mice compared with WT-FA mice. Previous study has shown that ER stress is involved in ventilator-induced lung injury in mice via the IRE1α-TRAF2-NF-κB pathway (Ye et al., 2020). Therefore, the lung function and pathology showed significant changes in WT mice after exposure to PM2.5. In the KO mice, the level of inflammation and oxidative stress were increased under PM2.5 exposure. However, the ER stress was decreased significantly in KO-PM mice compared with KO-FA mice. According to our study, the decrease of ER stress in KO-PM mice may be due to the down-regulated of CYP2E1 expression by Nrf2. This may explain the lack of changes in lung function and pathology in the KO-FA group.
In the present study, we established a novel exposure model named the “real-ambient exposure” system. This inhalational model completely simulates the whole-body inhalation of outdoor PM2.5. Our study indicated an adverse effect on lung function under PM2.5 exposure and revealed the underlying mechanism of CYP2E1 metabolism in Nrf2-deficient mice (Figure 6). Our results further broaden our recognition of the harmful impact of PM2.5 and provide a new mechanism for the process.
[image: Figure 6]FIGURE 6 | Scheme of the Nrf2-mediated lung injury induced by PM2.5.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation, to any qualified researcher.
ETHICS STATEMENT
The animal study was reviewed and approved by Animal Protection and Care Committee of Qingdao University.
AUTHOR CONTRIBUTIONS
HD: Methodology, formal analysis, writing—original draft. MJ: Methodology, investigation, formal analysis. DL: Investigation, writing—review and editing. YZ: Data curation, investigation. DY: Data curation, writing—review and editing. WC: Resources, project administration. JP: Methodology, resources, project administration. RC: Resources, project administration. LC: Methodology, resources, project administration. YZ: Project administration, Funding acquisition. JP: Conceptualization, writing—review and editing, project administration, funding acquisition.
FUNDING
This study was primarily supported by the National Natural Science Foundation Major Research Projects of China (No. 91643203), and the Natural Science Foundation of Shandong Province (No. ZR2020MH333).
ACKNOWLEDGMENTS
We sincerely appreciate all lab members.
Supplementary Material
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2021.662664/full#supplementary-material.
REFERENCES
 Abbas, I., Saint-Georges, F., Billet, S., Verdin, A., Mulliez, P., Shirali, P., et al. (2009). Air Pollution Particulate Matter (PM2.5)-induced Gene Expression of Volatile Organic Compound And/or Polycyclic Aromatic Hydrocarbon-Metabolizing Enzymes in an In Vitro Coculture Lung Model. Toxicol. Vitro 23 (1), 37–46. doi:10.1016/j.tiv.2008.09.020
 Abu-Bakar, A. e., Lämsä, V., Arpiainen, S., Moore, M. R., Lang, M. A., and Hakkola, J. (2007). Regulation of CYP2A5 Gene by the Transcription Factor Nuclear Factor (Erythroid-derived 2)-like 2. Drug Metab. Dispos 35 (5), 787–794. doi:10.1124/dmd.106.014423
 Ahmed, S. M. U., Luo, L., Namani, A., Wang, X. J., and Tang, X. (2017). Nrf2 Signaling Pathway: Pivotal Roles in Inflammation. Biochim. Biophys. Acta (Bba) - Mol. Basis Dis. 1863 (2), 585–597. doi:10.1016/j.bbadis.2016.11.005
 Ashino, T., Ohkubo-Morita, H., Yamamoto, M., Yoshida, T., and Numazawa, S. (2014). Possible Involvement of Nuclear Factor Erythroid 2-related Factor 2 in the Gene Expression of Cyp2b10 and Cyp2a5. Redox Biol. 2, 284–288. doi:10.1016/j.redox.2013.12.025
 Bellezza, I., Giambanco, I., Minelli, A., and Donato, R. (2018). Nrf2-Keap1 Signaling in Oxidative and Reductive Stress. Biochim. Biophys. Acta (Bba) - Mol. Cel Res. 1865 (5), 721–733. doi:10.1016/j.bbamcr.2018.02.010
 Bièche, I., Narjoz, C., Asselah, T., Vacher, S., Marcellin, P., Lidereau, R., et al. (2007). Reverse Transcriptase-PCR Quantification of mRNA Levels from Cytochrome (CYP)1, CYP2 and CYP3 Families in 22 Different Human Tissues. Pharmacogenetics and genomics 17 (9), 731–742. doi:10.1097/fpc.0b013e32810f2e58
 Brignac-Huber, L. M., Park, J. W., Reed, J. R., and Backes, W. L. (2016). Cytochrome P450 Organization and Function Are Modulated by Endoplasmic Reticulum Phospholipid Heterogeneity. Drug Metab. Dispos 44 (12), 1859–1866. doi:10.1124/dmd.115.068981
 Buendia, I., Michalska, P., Navarro, E., Gameiro, I., Egea, J., and León, R. (2016). Nrf2-ARE Pathway: An Emerging Target against Oxidative Stress and Neuroinflammation in Neurodegenerative Diseases. Pharmacol. Ther. 157, 84. doi:10.1016/j.pharmthera.2015.11.003
 Cantin, A. M., Hartl, D., Konstan, M. W., and Chmiel, J. F. (2015). Inflammation in Cystic Fibrosis Lung Disease: Pathogenesis and Therapy. J. Cystic Fibrosis 14 (4), 419–430. doi:10.1016/j.jcf.2015.03.003
 Chen, X., Liu, S., Zhang, W., Wu, C., Liu, H., Zhang, F., et al. (2018). Nrf2 Deficiency Exacerbates PM2.5-induced Olfactory Bulb Injury. Biochem. biophysical Res. Commun. 505 (4), 1154–1160. doi:10.1016/j.bbrc.2018.10.057
 Chu, C., Zhou, L., Xie, H., Pei, Z., Zhang, M., Wu, M., et al. (2019). Pulmonary Toxicities from a 90-day Chronic Inhalation Study with Carbon Black Nanoparticles in Rats Related to the Systemical Immune Effects. Ijn Vol. 14, 2995–3013. doi:10.2147/IJN.S198376
 Cui, L., Shi, L., Li, D., Li, X., Su, X., Chen, L., et al. (2020). Real-Ambient Particulate Matter Exposure-Induced Cardiotoxicity in C57/B6 Mice. Front. Pharmacol. 11, 199. doi:10.3389/fphar.2020.00199
 Familari, M., Nääv, Å., Erlandsson, L., de Iongh, R. U., Isaxon, C., Strandberg, B., et al. (2019). Exposure of Trophoblast Cells to Fine Particulate Matter Air Pollution Leads to Growth Inhibition, Inflammation and ER Stress. PloS one 14 (7), e0218799. doi:10.1371/journal.pone.0218799
 Fernández, A., Ordóñez, R., Reiter, R. J., González‐Gallego, J., and Mauriz, J. L. (2015). Melatonin and Endoplasmic Reticulum Stress: Relation to Autophagy and Apoptosis. J. Pineal Res. 59 (3), 292–307. doi:10.1111/jpi.12264
 Ge, C., Hu, L., Lou, D., Li, Q., Feng, J., Wu, Y., et al. (2020). Nrf2 Deficiency Aggravates PM2.5-induced Cardiomyopathy by Enhancing Oxidative Stress, Fibrosis and Inflammation via RIPK3-Regulated Mitochondrial Disorder. Aging 12 (6), 4836–4865. doi:10.18632/aging.102906
 Ghiasi, S. M., Dahlby, T., Hede Andersen, C., Haataja, L., Petersen, S., Omar-Hmeadi, M., et al. (2019). Endoplasmic Reticulum Chaperone Glucose-Regulated Protein 94 Is Essential for Proinsulin Handling. Diabetes 68 (4), 747–760. doi:10.2337/db18-0671
 Gu, X.-Y., Chu, X., Zeng, X.-L., Bao, H.-R., and Liu, X.-J. (2017). Effects of PM2.5 Exposure on the Notch Signaling Pathway and Immune Imbalance in Chronic Obstructive Pulmonary Disease. Environ. Pollut. 226, 163–173. doi:10.1016/j.envpol.2017.03.070
 Guengerich, F. P., Waterman, M. R., and Egli, M. (2016). Recent Structural Insights into Cytochrome P450 Function. Trends Pharmacological Sciences 37 (8), 625–640. doi:10.1016/j.tips.2016.05.006
 Guo, C., Hoek, G., Chang, L.-Y., Bo, Y., Lin, C., Huang, B., et al. (2019). Long-Term Exposure to Ambient Fine Particulate Matter (PM2.5) and Lung Function in Children, Adolescents, and Young Adults: A Longitudinal Cohort Study. Environ. Health Perspect. 127 (12), 127008. doi:10.1289/EHP5220
 Hartman, J. H., Miller, G. P., and Meyer, J. N. (2017). Toxicological Implications of Mitochondrial Localization of CYP2E1. Toxicol. Res. 6 (3), 273–289. doi:10.1039/C7TX00020K
 Jiang, M., Li, D., Piao, J., Li, J., Sun, H., Chen, L., et al. (2020a). Real-ambient Exposure to Air Pollution Exaggerates Excessive Growth of Adipose Tissue Modulated by Nrf2 Signal. Sci. Total Environ. 730, 138652. doi:10.1016/j.scitotenv.2020.138652
 Jiang, M., Li, D., Piao, J., Li, Y., Chen, L., Li, J., et al. (2021b). Nrf2 Modulated the Restriction of Lung Function via Impairment of Intrinsic Autophagy upon Real-Ambient PM2.5 Exposure. J. Hazard. Mater. 408, 124903. doi:10.1016/j.jhazmat.2020.124903
 Jin, L., Ni, J., Tao, Y., Weng, X., Zhu, Y., Yan, J., et al. (2019). N-acetylcysteine Attenuates PM2.5-induced Apoptosis by ROS-Mediated Nrf2 Pathway in Human Embryonic Stem Cells. Sci. Total Environ. 666, 713–720. doi:10.1016/j.scitotenv.2019.02.307
 Kirrane, E. F., Luben, T. J., Benson, A., Owens, E. O., Sacks, J. D., Dutton, S. J., et al. (2019). A Systematic Review of Cardiovascular Responses Associated with Ambient Black Carbon and Fine Particulate Matter. Environ. Int. 127, 305–316. doi:10.1016/j.envint.2019.02.027
 Klymenko, O., Huehn, M., Wilhelm, J., Wasnick, R., Shalashova, I., Ruppert, C., et al. (2019). Regulation and Role of the ER Stress Transcription Factor CHOP in Alveolar Epithelial Type-II Cells. J. Mol. Med. 97 (7), 973–990. doi:10.1007/s00109-019-01787-9
 Laing, S., Wang, G., Briazova, T., Zhang, C., Wang, A., Zheng, Z., et al. (2010). Airborne Particulate Matter Selectively Activates Endoplasmic Reticulum Stress Response in the Lung and Liver Tissues. Am. J. Physiology-Cell Physiol. 299 (4), C736–C749. doi:10.1152/ajpcell.00529.2009
 Lewis, M. D., and Roberts, B. J. (2005). Role of CYP2E1 Activity in Endoplasmic Reticulum Ubiquitination, Proteasome Association, and the Unfolded Protein Response. Arch. Biochem. Biophys. 436 (2), 237–245. doi:10.1016/j.abb.2005.02.010
 Li, D., Chen, S., Li, Q., Chen, L., Zhang, H., Li, H., et al. (2020a). Caloric Restriction Attenuates C57BL/6 J Mouse Lung Injury and Extra-pulmonary Toxicity Induced by Real Ambient Particulate Matter Exposure. Part. Fibre Toxicol. 17 (1), 22. doi:10.1186/s12989-020-00354-2
 Li, D., Zhang, R., Cui, L., Chu, C., Zhang, H., Sun, H., et al. (2019a). Multiple Organ Injury in Male C57BL/6J Mice Exposed to Ambient Particulate Matter in a Real-Ambient PM Exposure System in Shijiazhuang, China. Environ. Pollut. 248, 874–887. doi:10.1016/j.envpol.2019.02.097
 Li, L., Fu, J., Liu, D., Sun, J., Hou, Y., Chen, C., et al. (2020b). Hepatocyte-specific Nrf2 Deficiency Mitigates High-Fat Diet-Induced Hepatic Steatosis: Involvement of Reduced PPARγ Expression. Redox Biol. 30, 101412. doi:10.1016/j.redox.2019.101412
 Li, X., Cui, J., Yang, H., Sun, H., Lu, R., Gao, N., et al. (2019b). Colonic Injuries Induced by Inhalational Exposure to Particulate‐Matter Air Pollution. Adv. Sci. 6 (11), 1900180. doi:10.1002/advs.201900180
 Lin, C.-I., Tsai, C.-H., Sun, Y.-L., Hsieh, W.-Y., Lin, Y.-C., Chen, C.-Y., et al. (2018). Instillation of Particulate Matter 2.5 Induced Acute Lung Injury and Attenuated the Injury Recovery in ACE2 Knockout Mice. Int. J. Biol. Sci. 14 (3), 253–265. doi:10.7150/ijbs.23489
 Lin, Y., Jiang, M., Chen, W., Zhao, T., and Wei, Y. (2019). Cancer and ER Stress: Mutual Crosstalk between Autophagy, Oxidative Stress and Inflammatory Response. Biomed. Pharmacother. 118, 109249. doi:10.1016/j.biopha.2019.109249
 Ma, Q. (2013). Role of Nrf2 in Oxidative Stress and Toxicity. Annu. Rev. Pharmacol. Toxicol. 53, 401–426. doi:10.1146/annurev-pharmtox-011112-140320
 Matute-Bello, G., Downey, G., Moore, B. B., Groshong, S. D., Matthay, M. A., Slutsky, A. S., et al. (2011). An Official American Thoracic Society Workshop Report: Features and Measurements of Experimental Acute Lung Injury in Animals. Am. J. Respir. Cel Mol Biol 44 (5), 725–738. doi:10.1165/rcmb.2009-0210ST
 Oesch, F., Fabian, E., and Landsiedel, R. (2019). Xenobiotica-metabolizing Enzymes in the Lung of Experimental Animals, Man and in Human Lung Models. Arch. Toxicol. 93 (12), 3419–3489. doi:10.1007/s00204-019-02602-7
 Pope, C. A., Bhatnagar, A., McCracken, J. P., Abplanalp, W., Conklin, D. J., and O’Toole, T. (2016). Exposure to Fine Particulate Air Pollution Is Associated with Endothelial Injury and Systemic Inflammation. Circ. Res. 119 (11), 1204–1214. doi:10.1161/CIRCRESAHA.116.309279
 Qi, Z., Zhang, Y., Chen, Z.-F., Yang, C., Song, Y., Liao, X., et al. (2020). Chemical Identity and Cardiovascular Toxicity of Hydrophobic Organic Components in PM2.5. Ecotoxicology Environ. Saf. 201, 110827. doi:10.1016/j.ecoenv.2020.110827
 Ruiz, S., Pergola, P. E., Zager, R. A., and Vaziri, N. D. (2013). Targeting the Transcription Factor Nrf2 to Ameliorate Oxidative Stress and Inflammation in Chronic Kidney Disease. Kidney Int. 83 (6), 1029–1041. doi:10.1038/ki.2012.439
 Saint-Georges, F., Abbas, I., Billet, S., Verdin, A., Gosset, P., Mulliez, P., et al. (2008). Gene Expression Induction of Volatile Organic Compound And/or Polycyclic Aromatic Hydrocarbon-Metabolizing Enzymes in Isolated Human Alveolar Macrophages in Response to Airborne Particulate Matter (PM2.5). Toxicology 244 (2-3), 220–230. doi:10.1016/j.tox.2007.11.016
 Shen, G., and Kong, A.-N. (2009). Nrf2 Plays an Important Role in Coordinated Regulation of Phase II Drug Metabolism Enzymes and Phase III Drug Transporters. Biopharm. Drug Dispos. 30 (7), 345–355. doi:10.1002/bdd.680
 Shukla, S., Evans, J. R., Malik, R., Feng, F. Y., Dhanasekaran, S. M., Cao, X., et al. (2017). Development of a RNA-Seq Based Prognostic Signature in Lung Adenocarcinoma. JNCI J. Natl. Cancer Inst. 109 (1), djw200. doi:10.1093/jnci/djw200
 Sint, T., Donohue, J. F., and Ghio, A. J. (2008). Ambient Air Pollution Particles and the Acute Exacerbation of Chronic Obstructive Pulmonary Disease. Inhalation Toxicol. 20 (1), 25–29. doi:10.1080/08958370701758759
 Son, B., Kwon, T., Lee, S., Han, I., Kim, W., Youn, H., et al. (2017). CYP2E1 Regulates the Development of Radiation-Induced Pulmonary Fibrosis via ER Stress- and ROS-dependent Mechanisms. Am. J. Physiology-Lung Cell Mol. Physiol. 313 (5), L916–L929. doi:10.1152/ajplung.00144.2017
 Stading, R., Couroucli, X., Lingappan, K., and Moorthy, B. (2021). The Role of Cytochrome P450 (CYP) Enzymes in Hyperoxic Lung Injury. Expert Opin. Drug Metab. Toxicol. 17 (2), 171–178. doi:10.1080/17425255.2021.1853705
 Su, R., Jin, X., Zhang, W., Li, Z., Liu, X., and Ren, J. (2017). Particulate Matter Exposure Induces the Autophagy of Macrophages via Oxidative Stress-Mediated PI3K/AKT/mTOR Pathway. Chemosphere 167, 444–453. doi:10.1016/j.chemosphere.2016.10.024
 Su, X., Tian, J., Li, B., Zhou, L., Kang, H., Pei, Z., et al. (2020). Ambient PM2.5 Caused Cardiac Dysfunction through FoxO1-Targeted Cardiac Hypertrophy and Macrophage-Activated Fibrosis in Mice. Chemosphere 247, 125881. doi:10.1016/j.chemosphere.2020.125881
 Sun, K. A., Li, Y., Meliton, A. Y., Woods, P. S., Kimmig, L. M., Cetin-Atalay, R., et al. (2020). Endogenous Itaconate Is Not Required for Particulate Matter-Induced NRF2 Expression or Inflammatory Response. eLife 9. doi:10.7554/eLife.54877
 Suzuki, T., and Yamamoto, M. (2015). Molecular Basis of the Keap1-Nrf2 System. Free Radic. Biol. Med. 88 (Pt B), 93. doi:10.1016/j.freeradbiomed.2015.06.006
 Tebay, L. E., Robertson, H., Durant, S. T., Vitale, S. R., Penning, T. M., Dinkova-Kostova, A. T., et al. (2015). Mechanisms of Activation of the Transcription Factor Nrf2 by Redox Stressors, Nutrient Cues, and Energy Status and the Pathways through Which it Attenuates Degenerative Disease. Free Radic. Biol. Med. 88 (Pt B), 108–146. doi:10.1016/j.freeradbiomed.2015.06.021
 Torres, S., Baulies, A., Insausti-Urkia, N., Alarcón-Vila, C., Fucho, R., Solsona-Vilarrasa, E., et al. (2019). Endoplasmic Reticulum Stress-Induced Upregulation of STARD1 Promotes Acetaminophen-Induced Acute Liver Failure. Gastroenterology 157 (2), 552–568. doi:10.1053/j.gastro.2019.04.023
 Wang, M., Aaron, C. P., Madrigano, J., Hoffman, E. A., Angelini, E., Yang, J., et al. (2019). Association between Long-Term Exposure to Ambient Air Pollution and Change in Quantitatively Assessed Emphysema and Lung Function. JAMA 322 (6), 546–556. doi:10.1001/jama.2019.10255
 Wang, Y., and Tang, M. (2020). PM2.5 Induces Autophagy and Apoptosis through Endoplasmic Reticulum Stress in Human Endothelial Cells. Sci. Total Environ. 710, 136397. doi:10.1016/j.scitotenv.2019.136397
 Wu, S., Lu, H., and Bai, Y. (2019a). Nrf2 in Cancers: A Double‐edged Sword. Cancer Med. 8 (5), 2252–2267. doi:10.1002/cam4.2101
 Wu, Z., Liu, Q., Wang, L., Zheng, M., Guan, M., Zhang, M., et al. (2019b). The essential role of CYP2E1 in metabolism and hepatotoxicity of N,N-dimethylformamide using a novel Cyp2e1 knockout mouse model and a population study. Arch. Toxicol. 93 (11), 3169–3181. doi:10.1007/s00204-019-02567-7
 Xie, H., Li, X., Chen, Y., Lang, M., Shen, Z., and Shi, L. (2019). Ethanolic Extract of Cordyceps Cicadae Exerts Antitumor Effect on Human Gastric Cancer SGC-7901 Cells by Inducing Apoptosis, Cell Cycle Arrest and Endoplasmic Reticulum Stress. J. ethnopharmacology 231, 230–240. doi:10.1016/j.jep.2018.11.028
 Yang, J., Zhang, P., Meng, C., Su, J., Wei, Z., Zhang, F., et al. (2013). Quantifying the Sources of the Severe Haze over the Southern Hebei Using the CMAQ Model. Scientific World J. 2013, 1. doi:10.1155/2013/812469
 Yang, S., Lee, S.-P., Park, J.-B., Lee, H., Kang, S.-H., Lee, S.-E., et al. (2019). PM2.5 Concentration in the Ambient Air Is a Risk Factor for the Development of High-Risk Coronary Plaques. Eur. Heart J. Cardiovasc. Imaging 20 (12), 1355–1364. doi:10.1093/ehjci/jez209
 Yao, H.-T., Li, C.-C., and Chang, C.-H. (2019). Epigallocatechin-3-Gallate Reduces Hepatic Oxidative Stress and Lowers CYP-Mediated Bioactivation and Toxicity of Acetaminophen in Rats. Nutrients 11 (8), 1862. doi:10.3390/nu11081862
 Ye, L., Zeng, Q., Dai, H., Zhang, W., Wang, X., Ma, R., et al. (2020). Endoplasmic Reticulum Stress Is Involved in Ventilator-Induced Lung Injury in Mice via the IRE1α-TRAF2-NF-Κb Pathway. Int. immunopharmacology 78, 106069. doi:10.1016/j.intimp.2019.106069
 Yue, W., Tong, L., Liu, X., Weng, X., Chen, X., Wang, D., et al. (2019). Short Term Pm2.5 Exposure Caused a Robust Lung Inflammation, Vascular Remodeling, and Exacerbated Transition from Left Ventricular Failure to Right Ventricular Hypertrophy. Redox Biol. 22, 101161. doi:10.1016/j.redox.2019.101161
 Zhou, L., Su, X., Li, B., Chu, C., Sun, H., Zhang, N., et al. (2019). PM2.5 Exposure Impairs Sperm Quality through Testicular Damage Dependent on NALP3 Inflammasome and miR-183/96/182 Cluster Targeting FOXO1 in Mouse. Ecotoxicology Environ. Saf. 169, 551–563. doi:10.1016/j.ecoenv.2018.10.108
 Zhou, W., Tian, D., He, J., Zhang, L., Tang, X., Zhang, L., et al. (2017). Exposure Scenario: Another Important Factor Determining the Toxic Effects of PM2.5 and Possible Mechanisms Involved. Environ. Pollut. 226, 412–425. doi:10.1016/j.envpol.2017.04.010
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 © 2021 Ding, Jiang, Li, Zhao, Yu, Zhang, Chen, Pi, Chen, Cui, Zheng and Piao. 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-12-662664-g005.gif





OPS/images/fphar-12-662664-g006.gif





OPS/images/fphar-12-662664-g003.gif
frntned il






OPS/images/fphar-12-662664-g004.gif
101062 03 on0]
oISSoIdXo YNHW  UoIssasdxo YW

1 .
o
—
R
foa1u05 01 ono)
UORSOEXO VNI ubrssobia w0 1SS0 onTEY
g |
f=n s -
=, . “
L

< @





OPS/xhtml/nav.xhtml
Contents

		Cover

		Effects of Real-Ambient PM2.5 Exposure on Lung Damage Modulated by Nrf2−/−		Introduction

		Materials and Methods		Animal

		Real-Ambient Exposure System

		Histopathological Analysis

		RNA-Seq Assay

		RT-PCR

		Western Blotting

		Immunohistochemistry and TUNEL Assay

		Malondialdehyde and Superoxide Dismutase Assay

		Statistical Analysis





		Result		Effects of Nuclear Factor Erythroid 2-Related Factor 2 on Pulmonary Function and Pathology In PM2.5-Exposed Mice

		PM2.5 Exposure Enhanced the Inflammation and Oxidative Stress of the Lung in the Wild-Type and KO Mice

		The CYP450 Pathway is Involved in Lung Damage in KO Mice After Exposure to PM2.5

		Expression of CYP450 Pathway-Related Genes in the Four Groups of Mice

		Expression Level of Glucose-Regulated Protein 94 and C/EBP Homologous Protein, Biomarkers of Endoplasmic Reticulum Stress





		Discussion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Acknowledgments

		Supplementary Material

		References









OPS/images/cover.jpg
‘ frontiers
in Pharmacology

Effects of Real-Ambient PM, 5
Exposure on Lung Damage
Modulated by Nrf2~~





OPS/images/fphar-12-662664-g001.gif
<





OPS/images/fphar-12-662664-g002.gif
s

lonuco o jonel  EE
uossoiche yNgW  + »

i
S = Fo . S,
= e =
N 5 . | -—” s
PRTTIL T I
dommaee, emesomer o (enioos
€z
3 i
:
T | O
“onuooofens 104103 0} jandl L
usasdna s UolSsaidxo N (Bjowu) vaw

< -









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Materials





