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Abstract

:

Lung fibrosis is the primary pathology in idiopathic pulmonary fibrosis and is considered to result from an increase in reactive oxygen species (ROS) levels in alveolar epithelial cells. However, the exact mechanism underlying lung fibrosis remains unclear and there is no effective therapy. The hydroxyl radical (•OH) has the strongest oxidizing potential among ROS. Recently, •OH localized to the cytoplasm (cyto •OH) was reported to induce cellular senescence, while mitochondria-localized •OH (mt •OH) was reported to induce apoptosis. We developed the cyto •OH- and mt •OH-scavenging antioxidants TA293 and mitoTA293 to evaluate the effects of cyto •OH and mt •OH in a bleomycin (BLM)-induced pulmonary fibrosis model. Treatment of BLM-induced pulmonary fibrosis mice with TA293 suppressed the induction of cellular senescence and fibrosis, as well as inflammation in the lung, but mitoTA293 exacerbated these. Furthermore, in BLM-stimulated primary alveolar epithelial cells, TA293 suppressed the activation of the p-ATMser1981/p-p53ser15/p21, p-HRI/p-eIF2ser51/ATF4/p16, NLRP3 inflammasome/caspase-1/IL-1β/IL1R/p-p38 MAPK/p16, and p21 pathways and the induction of cellular senescence. However, mitoTA293 suppressed the induction of mitophagy, enhanced the activation of the NLRP3 inflammasome/caspase-1/IL1β/IL1R/p-p38 MAPK/p16 and p21 pathways, and exacerbated cellular senescence, inflammation, and fibrosis. Our findings may help develop new strategies to treat idiopathic pulmonary fibrosis.
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1. Introduction


Idiopathic pulmonary fibrosis (IPF) is characterized by diffusive and rapidly developing fibrosis, resulting in impaired gas exchange, restricted ventilation problems, and eventual respiratory failure [1]. Therefore, the mortality rate associated with IPF is high [2,3]. In addition, the prevalence of IPF is estimated to be 14–43 per 100,000 worldwide [4,5]. Since fibrosis is irreversible, effective treatment for this disorder needs to be administered early before major lung destruction and fibrosis occur. Oxidative stress has been speculated to play a central role in the onset and exacerbation of IPF [6]. Reactive oxygen species (ROS) cause oxidative stress and inflammation and damage tissues [7]. Inflammation has been suggested to cause fibrosis via fibroblast proliferation and collagen deposition. However, in IPF, the effects of oxidative stress and inflammation on the induction and exacerbation of fibrosis remain unclear.



The bleomycin (BLM)-induced pulmonary fibrosis model is an experimental model of human IPF involving ROS [8]. BLM-induced ROS production is based on intracellular iron binding. The BLM–iron complex reduces molecular oxygen to a superoxide radical (O2•−) and hydroxyl radical (•OH). It has been suggested that BLM forms a complex with Fe (II) or Fe (III) and secondarily produces •OH, which in turn damages lung tissue [9]. In the lungs of the BLM-induced pulmonary fibrosis model, generation of ROS results in lipid peroxidation, DNA injury, alterations in prostaglandin synthesis and degradation, and an increase in collagen synthesis [10,11]. ROS-induced oxidative damage in tissues induces fibrosis by acute inflammation, fibroblast infiltration, and collagen production [12]. Among the intracellular ROS, O2•−, hydrogen peroxide (H2O2), and •OH, are produced in sequence [13]. To date, in BLM-induced pulmonary fibrosis models, ROS-induced oxidative damage has been inhibited, at least in part, by the addition of various antioxidants [14,15,16]. However, since these antioxidants non-specifically scavenge all ROS, they suppress the immune response and redox signal regulation by O2•− and H2O2, and it is highly possible that they inhibit the maintenance of homeostasis. Among the ROS, •OH, with the strongest oxidative potential, plays a central role in oxidative damage to cells [17,18,19]. Therefore, •OH is presumed to be the source of oxidative stress in the BLM-induced pulmonary fibrosis model. However, the effect of •OH on lung fibrosis in this model is unknown. Furthermore, •OH does not diffuse inside cells, unlike other ROS, owing to its high reactivity [17,19]. Consequently, it is inferred that the intracellular compartment that produces •OH is specifically oxidatively damaged by •OH itself. Recent reports have suggested that differences in these intracellular compartments can cause different pathophysiological effects [17,20,21,22]. In the BLM-induced pulmonary fibrosis model, differences in the intracellular compartments oxidatively damaged by OH are expected to have different effects on the induction of fibrosis, but these effects have not been clarified.



Based on these findings, we developed the cyto •OH- and mt •OH-targeted antioxidants TA293 and mitoTA293 to clarify the effects of cyto •OH and mt •OH in a BLM-induced pulmonary fibrosis model in vivo and in vitro. Here, we report a novel mechanism by which cyto •OH and mt •OH respectively induce or suppress cellular senescence, inflammation, and fibrosis in a BLM-induced model.




2. Materials and Methods


2.1. Reagents


TA293, a cyto •OH-targeted antioxidant was designed based on the structure of ascorbic acid in our laboratory and was developed by DIC Corporation (Chiba, Japan) [17,23] (Supplementary Figure S1). MitoTA293, in which the mitochondrial localization signal triphenylphosphonium is added to TA293, was synthesized by Takasaki University of Health and Welfare (Gunma Prefecture) [17,23] (Supplementary Figure S1). BLM was procured from Nippon Kayaku (Tokyo, Japan). Antimycin A was purchased from Sigma-Aldrich (St. Louis, MO, USA).




2.2. Mice


We purchased C57BL/6J mice from CLEA Japan, Inc. (Tokyo, Japan) and Keap1-based oxidative stress detector 48-transgenic (OKD48-Tg) and IL-1β-based dual-operating luciferase transgenic (IDOL-Tg) albino C57BL/6J mice from TransGenic Inc. (Kobe, Japan) [24,25]. Only 12-week-old male mice were used in the experiment. However, the sex of mice was not expected to affect the results. Mice were intratracheally treated with BLM (20 mg/kg) using a microsprayer (Penn-Century, Philadelphia, PA, USA). TA293 (10 mg/kg) or mitoTA293 (10 mg/kg) was sprayed intratracheally using a microsprayer once a day from day 0 to day 7 (n = 5 in each group).



The animal studies in this study were strictly in compliance with the Guide for the Care and Use of Laboratory Animals by the US National Institutes of Health (NIH Publications No. 8023, revised 1978), and were approved by the Animal Experiment Ethics Committee of Takasaki University of Health and Welfare, Japan.




2.3. Cell Culture and Drug Treatment


Primary pulmonary alveolar epithelial cells (PAECs) isolated from the lungs of C57BL/6J mice were obtained from Cell Biologics (Chicago, IL, USA). The PAECs were cultured in vitro in complete medium comprising base medium and supplements (Cell Biologics) in 5% CO2 at 37 °C. The PAECs were passaged 4–10 times before use in experiments. To test the cellular response to drugs, PAECs were treated with either 10 μg/mL BLM or 2 μg/mL antimycin A and either 100 μM TA293 or 100 μM mitoTA293 for 72 h.




2.4. Measurement of Senescence-Associated β-Galactosidase Activity


Senescent cells in lungs collected from mice 8 days after BLM administration and senescent PAECs 3 days after BLM stimulation were assessed by senescence-associated β-galactosidase (SA-β-gal) staining using the Senescence Detection Kit (BioVision, Mountain View, CA, USA) following the manufacturer’s instructions. Briefly, frozen tissue sections and PAECs on glass coverslips were fixed in 2% formaldehyde and incubated with staining solution for 16 h at 37 °C. Subsequently, the slides were washed with phosphate-buffered saline (PBS) and mounted using Permount (Fisher Scientific, Bridgewater, NJ, USA). Finally, positively stained cells were counted under an NIS-Elements microscope (Nikon Instruments, Tokyo, Japan) at 20× magnification in five random fields for each experimental condition, and SA-β-gal positive cells were quantified.




2.5. RNA Isolation and Quantitative RT-PCR


Total RNA was extracted from the lung tissue of mice and PAECs using the ISOGEN Regent (Takara Bio, Kyoto, Japan) according to the manufacturer’s protocol. The reverse transcription of the extracted RNA (1 μg) was performed using the RNA LA PCR Kit (Takara Bio), and mRNA expression was analyzed by qRT-PCR using the Thunderbird SYBR qPCR Mix (Toyobo, Osaka, Japan) and previously described primers [17]. Five replicates were used in each experiment.




2.6. Western Blotting


Lung tissue and cells were homogenized on ice in RIPA buffer containing protease and phosphatase inhibitors (Nacalai Tesque Inc., Kyoto, Japan) and the homogenate was centrifuged at 11,000× g for 30 min at 4 °C. The protein concentration in the supernatant was measured by Bradford assay (Bio-Rad, Hercules, CA, USA). Western blotting was performed following standard procedures, using primary antibodies against p16INK4a (1:1000, BS1265, Bioworld Technology, St. Louis Park, MN, USA), p21Waf1/Cip1 (1:1000, sc-6246, Santa Cruz Biotechnology, Dallas, TX, USA), α-SMA (1:1000, #14968, Cell Signaling Technology, Beverly, MA, USA), COL1A1 (1:1000, #8433, Cell Signaling Technology, Beverly, MA, USA), ATF4 (1:1000, #11815, Cell Signaling Technology, Beverly, MA, USA), p-p53ser15 (1:1000, #9284, Cell Signaling Technology, Beverly, MA, USA), p-eIF2ser51 (1:1000, #9721, Cell Signaling Technology, Beverly, MA, USA), NLRP3 (1:1000, #15101, Cell Signaling Technology, Beverly, MA, USA), p-p38MAPK (1:1000, #9211, Cell Signaling Technology, Beverly, MA, USA), β-actin (1:1000, #4967, Cell Signaling Technology, Beverly, MA, USA), p-ATMser1981 (1:1000, 200-301-500, Rockland Immunochemicals Inc., Limerick, PA, USA), PINK1 (1:1000, 23274-1-AP, Proteintech, Chicago, IL, USA), Parkin (1:1000, 14060-1-AP, Proteintech, Chicago, IL, USA), and HRI (1:1000, 07-728, Merck Millipore, Bedford, MA, USA). After incubation with anti-rabbit horseradish peroxidase (HRP)-conjugated secondary antibody (1:2000, #7074, Cell Signaling Technology, Beverly, MA, USA) and anti-mouse HRP-conjugated secondary antibody (1:2000, #7076, Cell Signaling Technology, Beverly, MA, USA), signals were detected using ECL Plus Western Blotting Detection Reagents (GE Healthcare Life Sciences, Piscataway, NJ, USA).




2.7. In Vivo Imaging Analysis


OKD48- and IDOL-Tg mice were injected intraperitoneally with D-luciferin (OZ Biosciences, San Diego, CA, USA) reconstituted in PBS (150 mg/kg body weight), 3 or 8 days after BLM administration with or without TA293, mitoTA293, or vehicle (saline) (n = 5/group). Oxidative stress and inflammation in the lungs of these mice were detected using the IVIS Lumina II in vivo imaging system according to standard protocols (Caliper Life Sciences, Hopkinton, MA, USA).




2.8. Histological Analysis and Detection of Fibrosis


Histological analysis was performed on lungs fixed in 4% buffered formalin, cut into 3–5-μm thick sections, and stained with hematoxylin and eosin. Fibrosis was detected by Masson’s trichrome staining under an NIS-Elements microscope (Nikon Instruments) at 20× magnification. Fibrotic zones were quantitated using the NIS-Elements imaging software (Nikon Instruments).




2.9. siRNA Transfection


Cells were transfected with 10 nM of each siRNA using the Lipofectamine RNAiMAX transfection reagent (Life Technologies, Carlsbad, CA, USA) according to the manufacturer’s instructions. Eif2ak1 (also called Hri), Atm, Pink1, Parkin, Il1b, Il18, Nlrp3, Slc25a11, and Control siRNA were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Knockdown efficiency was analyzed by qPCR-based gene expression analysis (Supplementary Figure S2).




2.10. Caspase-1 Activity Assay


The activity of intracellular caspase-1 was evaluated using the Caspase-Glo® 1 inflammasome assay (Promega, Madison, WI, USA) according to the manufacturer’s instructions. This assay is a homogeneous and bioluminescent method to selectively measure the activity of caspase-1. Briefly, after removing half (50 µL) of the medium in the wells (5 × 104 cells per well), 50 µL of the Caspase-Glo® 1 reagent was added, and the solution was incubated at 22 °C for 1 h. Luminescence was measured using a luminometer (Berthold Technologies, Bad Wildbad, Germany).




2.11. Detection of Mitophagy


Mitophagy was detected using the Mitophagy Detection Kit (Dojindo Molecular Technologies, Kumamoto, Japan) according to the manufacturer’s protocol; cells were treated according to the manufacturer’s recommendations. Briefly, cells were washed twice with Dulbecco’s modified Eagle medium (DMEM) and incubated at 37 °C for 30 min with 100 nmol of Mtphagy Dye diluted in DMEM. After incubation, the cells were again washed twice with DMEM, followed by the addition of BLM and TA293 or mitoTA293. Subsequently, cells were trypsinized, and the fluorescence intensity of Mtphagy Dye was measured by flow cytometry at an excitation wavelength of 561 nm and emission wavelength of 570–700 nm.




2.12. Subcellular Fractionation


The mitochondrial/cytosol fraction kit (BioVision Inc., Milpitas, CA, USA) was used to prepare the mitochondrial and cytosol fractions of cells. Briefly, cells washed with ice-cold PBS were resuspended in a Cytosol Extraction Buffer Mix containing dithiothreitol and a protease inhibitor, incubated on ice for 10 min, and then homogenized. The homogenate was centrifuged at 4 °C for 10 min (700× g), and the supernatant was separated and centrifuged at 1200× g at 4 °C for 30 min. The supernatant (cytosol fraction) was collected, and the pellet was resuspended in mitochondrial extraction buffer (mitochondrial fraction).




2.13. Measurement of Lipid Peroxide, H2O2, and •OH in Mitochondrial and Cytosolic Fractions


Cells were treated with hydrogen peroxide target fluorescent probe Spy-LHP (Dojindo Laboratories, Kumamoto, Japan), BES-So-AM (Wako Pure Chemicals, Osaka, Japan), and hydroxyphenyl fluorescein (Sekisui Medical, Tokyo, Japan) at 37 °C for 30 min and washed with PBS. The supernatant was then removed. Mitochondrial and cytosolic fractions were prepared using a mitochondria/cytosol fractionation kit (BioVision Inc., Milpitas, CA, USA), and the fluorescence was detected using a microplate reader (Wallac 1420 ARVO MX Multilabel Counter; Perkin-Elmer, Waltham, MA, USA).




2.14. Measurement of 8-hydroxy-2′-deoxyguanosine


Nuclear DNA (nDNA) and mitochondrial DNA (mtDNA) were extracted from the cytosolic and mitochondrial fractions using a DNA Extractor TIS kit (Wako Pure Chemicals). The obtained DNA was treated with nuclease P1 and alkaline phosphatase according to the manufacturer’s protocol. The level of 8-hydroxy-2′-deoxyguanosine (8-OHdG) in DNA was determined according to the manufacturer’s protocol by using an 8-OHdG ELISA kit (JaICA, Shizuoka, Japan) and measuring absorbance at 450 nm with a Sunrise microtiter plate reader (Tecan Japan, Kanagawa, Japan).




2.15. Quantitation of Cytosol and Mitochondrial Glutathione


Using a glutathione (GSH) quantitation kit (Dojindo Laboratories), cytosolic and mitochondrial GSH levels were determined according to the manufacturer’s instructions. Briefly, 20 μL of 5% salicylic acid was added to 80 μL of cytosol and mitochondrial fraction, and the mixture was centrifuged at 8000× g for 10 min at 4 °C. The GSH level in the supernatant was measured at 405 nm using a Sunrise Absorbance Microtiter Plate Reader (Tecan Japan).




2.16. Measurement of Mitochondrial Membrane Potential


Mitochondrial membrane potential was assessed using the JC-1 MitoMP Detection Kit (Dojindo Laboratories), according to the manufacturer’s protocol. Briefly, PAECs (1 × 106 cells/well) were incubated with JC-1 working solution at 37 °C for 30 min. Subsequently, cells were washed twice with PBS and imaging buffer was added. Fluorescence was detected using a Wallac1420 ARVO MX multi-label counter (Perkin-Elmer) and the ratio of fluorescence measured at 435 and 590 nm to that measured at 485 and 535 nm was calculated.




2.17. Hydroxyproline Assay


The Sensitive Tissue Hydroxyproline assay kit (QuickZyme Biosciences, Leiden, The Netherlands) was used to measure the collagen content in the lungs of mice. Briefly, lung tissue was homogenized with 100 μL of distilled water per 10 mg tissue, acid hydrolyzed with 100 μL of 12 N HCl at 100 °C for 20 h, and centrifuged at 13,000× g for 10 min. Hydroxyproline was measured according to the manufacturer’s protocol.




2.18. Quantitation of Intracellular Heme


Intracellular heme content of PAECs was quantified using a heme assay kit (Sigma-Aldrich). Briefly, 200 μL of heme reagent was added to each 50 μL sample, incubated at about 22 °C for 5 min, and then the absorbance was measured at 400 nm.




2.19. Statistical Analysis


The standard error of the mean (SEM) was calculated based on five independent experiments. Statistical analysis was performed using one-way analysis of variance (ANOVA) using Excel Statistics (BellCurve, Tokyo, Japan) and IBM SPSS Statistics (Tokyo, Japan). Statistical significance was set at p < 0.01 and p < 0.05.





3. Results


3.1. TA293 Suppresses Induction of Oxidative Stress, Inflammation, and Fibrosis, but mitoTA293 Exacerbates These Conditions in BLM-Induced Pulmonary Fibrosis


Based on the timeline shown in Supplementary Figure S3, TA293 and mitoTA293 were administered daily to the lungs of mice for seven days after BLM stimulation. In the lungs of OKD48-Tg mice three days after BLM stimulation, TA293 suppressed the increase in oxidative stress, but mitoTA293 exacerbated the oxidative stress (Figure 1a and Supplementary Figure S4a). In the lungs of the BLM-induced pulmonary fibrosis mouse model, the peaks of increased expression of inflammatory and fibrotic markers are observed around days 8 and 14, respectively [8]. Inflammation and fibrosis “switching” occurs approximately nine days after BLM administration [26]. In the present study, in the lungs of IDOL-Tg mice, eight days after BLM stimulation, TA293 suppressed the increase in inflammation, but mitoTA293 exacerbated inflammation (Figure 1b and Supplementary Figure S4b).



In the lung, 14 days after BLM administration, TA293 suppressed alveolar thickening, but mitoTA293 did not (Figure 1c). Furthermore, TA293 reduced the increase in Masson’s-stained areas and hydroxyproline content, while mitoTA293 further increased these (Figure 1c–e). In addition, TA293 suppressed the increase in expression of the fibrosis markers Acta2 and Col1a1α mRNA, while mitoTA293 further increased their expression (Figure 1f,g).



Taken together, these results suggest that cyto •OH induces oxidative stress and inflammation in the lungs of mice with BLM-induced pulmonary fibrosis, which leads to fibrosis. In contrast, mt •OH attenuates oxidative stress and inflammation and suppresses the exacerbation of fibrosis.




3.2. In the Lungs of BLM-Induced Pulmonary Fibrosis Mice, TA293 Suppresses and mitoTA293 Exacerbates Cellular Senescence


Bleomycin induces cellular senescence [27]. Senescent cells secrete senescence-associated secretory phenotype (SASP) factors that induce and exacerbate inflammation and fibrosis [28,29,30]. Based on these findings, we examined the effects of TA293 and mitoTA293 on cellular senescence in the lungs of BLM-induced pulmonary fibrosis mice. In the lung, eight days after BLM administration, TA293 suppressed the increase in the number of SA-β-gal positive cells, but mitoTA293 further increased their number (Figure 2a). These results show that cyto •OH induces cellular senescence, but mt •OH suppresses the exacerbation of cellular senescence.



Next, we examined the expression of SASP factor mRNAs in the lungs of BLM-induced pulmonary fibrosis mice. In the lungs, eight days after BLM administration, TA293 suppressed the increase in the expression of SASP factor mRNAs Il6, Il1b, Il18, and Tgfb1, whereas mitoTA293 further increased their expression (Figure 2b–f).



Taken together, these results indicate that cyto •OH causes cellular senescence and induces the secretion of SASP factors in the lungs of BLM-induced pulmonary fibrosis mice. In contrast, mt •OH plays a role in suppressing the exacerbation of cellular senescence and reducing the secretion of SASP factors.




3.3. In BLM-Treated PAECs, TA293 Suppresses and mitoTA293 Exacerbates Cellular Senescence


Alveolar epithelial cells are composed of type I and type II alveolar epithelial cells and cover more than 99% of the surface area inside the lung [31]. In addition, in the lungs of the BLM-induced pulmonary fibrosis mouse model, cellular senescence is induced in alveolar epithelial cells [27]. In vitro, BLM induces cellular senescence, and senescent cells secrete SASP factors such as TGF-β and inflammatory cytokines [32,33].



We examined the effects of TA293 and mitoTA293 on the induction of cellular senescence and the secretion of SASP factors in BLM-stimulated PAECs. In BLM-treated PAECs, TA293 suppressed the increase in the number of SA-βgal-positive cells, whereas mitoTA293 increased this number (Figure 3a). Furthermore, TA293 suppressed the upregulation of the SASP factors Il6, Il1b, Il18, and Tgfb1 mRNAs, while mitoTA293 further upregulated their expression levels (Figure 3b–e).



Taken together, these results demonstrate that cyto •OH causes cellular senescence and induces the secretion of SASP factors in BLM-stimulated PAECs. In contrast, mt •OH suppresses the exacerbation of cellular senescence and secretion of SASP factors.




3.4. In BLM-Treated PAECs, TA293 Suppresses the Reduction of GSH in Cytoplasmic and Mitochondrial Fractions and Thereby, the Oxidative Damage to nDNA and mtDNA


The •OH ion is formed from hydrogen peroxide by a metal-catalyzed Fenton reaction at the water interface opposite a hydrophobic medium, such as the plasma membrane [34]. Therefore, it is speculated that cyto •OH and mt •OH are involved in the oxidation of lipid components in cell membranes and mitochondrial membranes, respectively. In BLM-treated PAECs, TA293 and mitoTA293 specifically suppressed the production of lipid peroxides in the cytoplasm and mitochondrial fractions, respectively (Figure 4a). These results indicate that cyto •OH and mt •OH produce lipid peroxides in the cytoplasm and mitochondrial fractions, respectively.



Hydrogen peroxide depletes intracellular GSH and increases H2O2 levels [35]. GSH is synthesized in the cytoplasm and translocates to the mitochondria via SLC25A11 [36]. In this study, TA293 suppressed the decrease in cytoplasmic fraction GSH (cytoGSH) and mitochondrial fraction GSH (mtGSH) in BLM-treated PAECs (Figure 4b). However, TA293 did not suppress the decrease in mtGSH in BLM-treated PAECs with knocked down SLC25A11 (Supplementary Figure S5a). mitoTA293 did not suppress the decrease in cytoGSH and mtGSH in BLM-treated PAECs but did suppress the decrease in mtGSH in antimycin A-treated PAECs (Figure 4b and Supplementary Figure S6b). These results indicate that cytoplasmic lipid peroxides produced by cyto •OH reduce cytoGSH and mtGSH in BLM-treated PAECs. Furthermore, the results suggested that cytoGSH deficiency did not suppress the decrease in mtGSH, even if it suppressed the mitochondrial lipid peroxide produced by mt •OH. These results indicate that cytoplasmic lipid peroxides produced by cyto •OH reduce cytoGSH and mtGSH in BLM-treated PAECs. In BLM-treated PAECs, TA293 suppressed the enhancement of H2O2 in the cytoplasmic fraction (cytoH2O2) and the mitochondrial fraction (mtH2O2) but did not suppress the enhancement of mtH2O2 in Slc25a11 knock-down BLM-treated PAECs. (Figure 4c and Supplementary Figure S5b). In contrast, mitoTA293 suppressed the enhancement of mtH2O2 in antimycin A-treated PAECs but did not suppress the enhancement of cytoH2O2 or mtH2O2 in BLM-treated PAECs (Figure 4c and Supplementary Figure S5c).



Hydrogen peroxide increases 8-OHdG in GSH-deficient cells [37]. In BLM-treated PAECs, TA293 suppressed the increase in 8-OHdG in nDNA and mtDNA (Figure 4d). TA293 suppressed the increase in 8-OHdG in nDNA and mtDNA in BLM-treated PAECs but did not suppress the increase in Slc25a11 knock-down BLM-treated PAECs. In contrast, mitoTA293 suppressed the enhancement of 8-OHdG in mtDNA in antimycin A-treated PAECs but did not suppress such enhancement in nDNA or mtDNA in BLM-treated PAECs (Figure 4d and Supplementary Figure S5c).



Taken together, these findings suggest that cyto •OH produces lipid peroxides in the cytoplasmic fraction and reduces cytoGSH and mtGSH in BLM-treated PAECs, which increases cytoH2O2 and mtH2O2 levels, resulting in oxidative damage to nDNA and mtDNA. However, mt •OH produces lipid peroxide in the mitochondrial fraction but does not affect GSH reduction, H2O2 enhancement, or oxidative damage of mtDNA in the mitochondrial fraction.




3.5. In BLM-Treated PAECs, TA293 Suppresses and mitoTA293 Exacerbates Cellular Senescence by Different Pathways


Lipid peroxides easily react with heme proteins to produce reactive carbonyls, which directly reduce heme [38]. Heme proteins, such as GSH peroxidase and catalase, indirectly reduce heme by eliminating H2O2 increased by GSH deficiency [39]. Damage to DNA and heme reduction due to excess H2O2 activates the p-ATMser1981/p-p53ser15/p21 and p-HRI/p-eIF2ser51/ATF4/p16 pathways to induce cellular senescence [40]. Based on these reports, we examined the effects of TA293 and mitoTA293 on the pathways that induce cellular senescence in BLM-treated PAECs. In these cells, TA293 suppressed the depletion of intracellular heme concentration, but mitoTA293 did not (Figure 5a). In BLM-stimulated PAECs, TA293 suppressed the activation of the p-ATMser1981/p-p53ser15/p21 and p-HRI/p-eIF2ser51/ATF4/p16 pathways, but mitoTA293 did not (Figure 5b). Similarly, in the BLM-induced pulmonary fibrosis model mice, TA293 suppressed the activation of these pathways, but mitoTA293 did not (Supplementary Figure S7). In BLM-stimulated PAECs, Hri and Atm siRNAs reduced the number of SA-β-positive cells, but TA293 did not affect their number (Figure 5c). However, mitoTA293 reduced the number of these cells, but not to the same level as that by TA293 (Figure 5c).



Taken together, these results suggest that cyto •OH indirectly causes oxidative damage to nDNA and depletion of heme and induces cellular senescence via the p-ATMser1981/p-p53ser15/p21 and p-HRI/p-eIF2ser51/ATF4/p16 pathways. However, mt •OH suppresses the exacerbation of cellular senescence via a different pathway.




3.6. In BLM-Treated PAECs, mitoTA293 Suppresses the Induction of Mitophagy and Exacerbates Cellular Senescence


In Figure 4a, the lipid peroxide in the mitochondrial fraction produced by mt •OH is speculated to be derived from the mitochondrial membrane. Oxidative damage to the mitochondrial membrane causes depolarization of the mitochondrial membrane potential and induces mitophagy [41,42,43]. Based on these reports, we examined the effects of TA293 and mitoTA293 on mitochondrial membrane potential and mitophagy in BLM-treated PAECs. In these cells, TA293 did not suppress mitochondrial membrane depolarization, but mitoTA293 did (Figure 6a). In BLM-treated PAECs, TA293 did not suppress the induction of mitophagy, but mitoTA293 did (Figure 6b). In addition, TA293 did not suppress the expression of mitophagy inducers, such as PTEN-induced putative kinase 1 (PINK1) or E3 ubiquitin-protein ligase (Parkin), in BLM-stimulated PAECs, but mitoTA293 did (Figure 6c). Similarly, in the BLM-induced pulmonary fibrosis model mice, TA293 did not suppress PINK1 or Parkin expression, but mitoTA293 did (Supplementary Figure S8). Furthermore, Pink1 and Parkin siRNA increased the number of SA-β-gal-positive cells in BLM-stimulated PAECs, but TA293 further increased their number (Figure 6d).



Taken together, these results suggest that, in BLM-stimulated PAECs, mt •OH induces PINK1/Parkin-mediated mitophagy by depolarization due to peroxidation of the mitochondrial membrane and suppresses the exacerbation of cellular senescence, but cyto •OH does not.




3.7. TA293 and mitoTA293 Have Opposite Effects on the NLRP3 Inflammasome/Caspase-1/IL1β/ILR/p-p38/p16 and p21 Pathways and Cellular Senescence


Oxidized mtDNA induces activation of the NLRP3 inflammasome [44]. The NLRP3 inflammasome activates caspase-1 and induces the expression of IL-1β and IL-18 [45,46]. In BLM-stimulated PAECs, TA293 suppressed the expression of NLRP3 and activation of caspase-1, but mitoTA293 increased these effects (Figure 7a,b). Similarly, in the BLM-induced pulmonary fibrosis model mice, TA293 suppressed the expression of NLRP3, but mitoTA293 increased these effects (Supplementary Figure S8). In the BLM-induced pulmonary fibrosis model mice and BLM-stimulated PAECs, TA293 suppressed the expression of Il1b and Il18 mRNAs, but mitoTA293 increased their expression levels (Figure 2d,e and Figure 3c,d). Nlrp3, Il1b, and Il18 siRNAs did not change the number of SA-β-gal-positive cells in BLM-treated PAECs (Figure 7c). Similarly, TA293 did not change the number of SA-β-gal-positive cells in siRNA-transfected BLM-treated PAECs (Figure 7c). mitoTA293 suppressed the increase in the number of SA-β-positive cells in Nlrp3 and Il1b siRNA-transfected BLM-treated PAECs but did not suppress the increase in the number of such cells in Il18 siRNA-transfected BLM-treated PAECs (Figure 7c).



Alveolar epithelial cells express IL1R [47]. IL-1β activates the MKK3/6 and p38MAPKα/β pathways [48]. In addition, p38MAPKα/β induces the expression of p16 and p21 [49]. In BLM-treated PAECs, TA293 did not affect the phosphorylation of p38 MAPK, but mitoTA293 increased it (Figure 7a). Similarly, in the BLM-induced pulmonary fibrosis model mice, TA293 did not affect the phosphorylation of p38 MAPK, but mitoTA293 increased it (Supplementary Figure S8). Furthermore, TA293 did not affect the number of SA-β-positive cells in BLM-treated PAECs with the IL1R inhibitor IL1Ra and the p38MAPKα/β inhibitor SB239063, but mitoTA293 suppressed the increase in their number (Figure 7d).



Taken together, these results indicate that oxidized mtDNA produced by cyto •OH activates the NLRP3 inflammasome and induces the secretion of IL1-β and IL-18. IL1-β activates the IL-1R/p-p38 MAPK/p16 and p21 pathways in autocrine signaling, exacerbating cellular senescence. mt •OH-induced mitophagy suppresses the activation of the NLRP3 inflammasome and exacerbation of cellular senescence via these pathways.





4. Discussion


Bleomycin produces ROS during DNA cleavage [50]. Since ROS plays an important role in the etiology of lung injury, it is considered one of the causes of lung fibrosis [6]. Among ROS, •OH has been inferred to play a central role in lung injury and fibrosis formation because it has the strongest oxidizing power. Recent reports have shown that •OH scavengers, such as hydrogen-rich saline and suplatast tosilate, suppress fibrosis formation [51,52]. However, in BLM-induced pulmonary fibrosis, the mechanism by which •OH induces and exacerbates fibrosis has not been elucidated. In addition, the effect of differences in intracellular compartments, where •OH is oxidatively damaged during fibrosis, is completely unknown. In this study, using TA293 and mitoTA293 in a BLM-induced pulmonary fibrosis model, we found that cyto •OH and mt •OH play different roles in fibrosis.



First, we clarified that cyto •OH plays a role in inducing cellular senescence and inflammation and causing fibrosis in the lungs of BLM-induced pulmonary fibrosis model mice. Senescent cells secrete SASP factors, which induce inflammation and fibrosis, causing inflammation due to macrophage infiltration and tissue remodeling due to fibrosis [53]. Therefore, in BLM-induced pulmonary fibrosis model mice, senescent alveolar epithelial cells contribute to the development of pulmonary fibrosis; moreover, the removal of senescent alveolar epithelial cells by senolytic drugs suppresses the induction of fibrosis [54,55]. This study also suggested that cyto •OH induces senescence in BLM-stimulated PAECs and induces inflammation and fibrosis by inducing the secretion of SASP factors. These findings are consistent with reports that NADPH oxidase and pyocyanin, which produce cyto •OH, cause cellular senescence and induce inflammatory responses and fibrosis [23,56]. Excessive production of lipid peroxide significantly reduces intracellular GSH and enhances H2O2 production [57,58,59]. Excess H2O2 oxidatively damages DNA and induces cellular senescence via the p53/p21 pathway [60]. In this study, cyto •OH produced lipid peroxides and reduced the amount of cyto GSH in alveolar epithelial cells. In addition, excess H2O2 caused by cyto GSH deficiency induced p21 expression via the ATM/p-p53ser15 pathway by oxidative damage to nDNA.



In contrast, lipid peroxides easily react with transition metal ions such as copper, iron, and heme proteins to produce active carbonyl compounds (reactive carbonyls) [38]. In this study, we consider that intracellular heme deficiency in BLM-treated PAECs causes cyto •OH-generated lipid peroxides to directly reduce heme or heme proteins such as peroxidase and catalase, which reduce excess H2O2. Heme deficiency autophosphorylates HRI and induces the expression p16 via the p-eIF2ser51/ATF4 pathway [61,62,63]. Similarly, in this study, cyto •OH-induced heme deficiency induced the expression of p16 via the p-HRI/p-eIF2ser51/ATF4 pathway. Furthermore, the mechanism by which cyto •OH induces the expression of p16 and p21 to induce cellular senescence is consistent with the findings of studies using the •OH scavenger hydrogen in the cyto OH-induced cellular senescence model [40].



Based on our findings, we concluded that mt •OH-induced mitophagy suppresses the exacerbation of cellular senescence by eliminating the mitochondria in which cyto •OH causes dysfunction. Oxidized mtDNA activates the NLRP3 inflammasome and promotes the secretion of IL-1β and IL-18 [44]. In this study, oxidized mtDNA produced by cyto •OH increased the activation of NLRP3 inflammasome and IL-1β and IL-18 secretion. IL-1β activates the IL-1R/p38 MAPK/p16 and p21 pathways and induces cellular senescence [64]. In this study, in BLM-treated PAECs, IL-1β activated the IL-1R/p38 MAPK/p16 and p21 pathways, and IL-1ra and SB 239063 suppressed cellular senescence. These results are consistent with the findings that IL-1ra prevents or treats pulmonary fibrosis in BLM-induced mice, SB 239063 suppresses fibrosis, and p38 MAPKα induces cellular senescence [65,66,67,68]. On the contrary, our findings suggest that IL-18 secreted from PAECs is not involved in the induction of cellular senescence. Moreover, the results of this study suggest that IL-18 has no autocrine effect and is not involved in the induction of cellular senescence in PAECs. However, IL-18 accelerates fibroblast aging and exacerbates fibrosis in the lungs of mice with BLM-induced pulmonary fibrosis [69]. In addition, IL-18 causes macrophage activation syndrome and exacerbates inflammation [70,71]. Based on these findings, we suggest that IL-18 secreted from alveolar epithelial cells exacerbates fibrosis by inducing cell senescence of fibroblasts due to the paracrine effect and enhanced macrophage-mediated inflammation.



Unlike cyto •OH, mt •OH was suggested to attenuate cellular senescence and inflammation and suppress exacerbation of fibrosis in the lungs of BLM-induced pulmonary fibrosis model mice. In addition, mt •OH produced the mitochondrial fraction lipid peroxides in BLM-treated alveolar epithelial cells. Depolarization of the mitochondrial membrane potential is caused by damage to the mitochondrial membrane and triggers the induction of mitophagy [72,73]. In this study, we considered that mt •OH damaged and depolarized the mitochondrial membrane and induced mitophagy. Senescent cells show reduced mitophagy function [74]. In addition, mitophagy suppresses aging [75]. These findings suggest that mt •OH-induced mitophagy eliminates mitochondria in which cyto •OH causes dysfunction and oxidized mtDNA is increased. This is thought to suppress the activation of the NLRP inflammasome/caspase-1/IL1β/ILR/p-p38/p16 and p21 pathways and suppress the exacerbation of cellular senescence, inflammation, and fibrosis.



The limitation of this study is that the effects of cyto •OH and mt •OH on cells other than alveolar epithelial cells have not been clarified. Nevertheless, many studies have shown that cellular senescence of alveolar epithelial cells contributes to fibrosis. On the contrary, fibroblasts and macrophages other than alveolar epithelial cells are involved in the induction and exacerbation of fibrosis. Thus, clarifying the effects of cyto •OH and mt •OH on these cells may elucidate the mechanism of induction and exacerbation of fibrosis and contribute to better treatment and prevention. In particular, in this study, it is suggested that cyto •OH is one of the inducers of pulmonary fibrosis. We believe that cyto •OH scavengers such as TA293 have a protective effect on the onset and exacerbation of IPF.



In this study, we elucidated that •OH localized in different intracellular compartments has opposite effects in inducing and suppressing pulmonary fibrosis. It is expected that the difference observed in this study with respect to the action of •OH localized in intracellular compartments will contribute to the development of new preventive and therapeutic agents for pulmonary fibrosis.




5. Conclusions


This study involving BLM-induced pulmonary fibrosis mice and BLM-treated primary pulmonary alveolar epithelial cells suggests a model whereby the lipid peroxide produced by cyto •OH causes a shortage of GSH and heme, increases H2O2, and induces cellular senescence via the ATM/p-p53ser15/p21 and p-HRI/p-elF2α/ATF4/p16 pathways. In addition, cytosol •OH-induced depletion of cytosol GSH reduces mitochondrial GSH, produces H2O2 in the mitochondria and oxidized mitochondrial DNA, activates the NLRP inflammasome/caspase-1/IL1β/ILR/p-p38/p16 and p21 pathways, and exacerbates cellular senescence. In contrast, mitochondrial •OH induces mitophagy and eliminates mitochondria that produce oxidized mitochondrial DNA, thereby suppressing the induction of the NLRP inflammasome and suppressing the exacerbation of cellular senescence. This is the first report of intracellularly localized •OH having different functions.
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Figure 1. Effects of TA293 and mitoTA293 on oxidative stress, inflammation, and fibrosis in bleomycin (BLM)-induced pulmonary fibrosis model mice. Quantification of (a) oxidative stress and (b) inflammation in vivo. (c) Histopathology (hematoxylin and eosin (H&E) staining) and fibrosis (Masson’s trichrome staining) in mice 14 days after BLM administration. Pulmonary fibrogenesis was evaluated by semiquantitative analysis based on (d) Masson’s trichrome staining, (e) hydroxyproline content, and expression of (f) Acta2 and (g) Col1a1 mRNAs was determined using qRT-PCR. The data are presented as the mean ± SEM (n = 5 per group); ** p < 0.01; NS, not significant. 
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Figure 2. Effects of TA293 and mitoTA293 on cellular senescence in BLM-induced pulmonary fibrosis model mice. (a) Detection and (b) quantification of cellular senescence by SA-β-gal staining. Expression of the senescent cells secrete senescence-associated secretory phenotype (SASP) factors (c) Il6, (d) Il1b, (e) Il18, and (f) Tgfb1 mRNA. The data are presented as the mean ± SEM (n = 5 per group); ** p < 0.01; NS, not significant. 
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Figure 3. Effects of TA293 and mitoTA293 on oxidative stress and cellular senescence in BLM-induced primary pulmonary alveolar epithelial cells (PAECs) in vitro. (a) Quantification of cellular senescence in vitro. Expression of SASP factor mRNA: (b) Il6, (c) Il1b, (d) Il18, and (e) Tgfb1. PAECs were treated with saline or BLM and with vehicle, TA293, or mitoTA293 for 72 h. The data are presented as the mean ± SEM (n = 5 per group); ** p < 0.01; NS, not significant. 
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Figure 4. Effects of TA293 and mitoTA293 on the production of lipid peroxide, glutathione (GSH), H2O2, and oxidized DNA in cytosol and mitochondrial fractions in BLM-induced PAECs in vitro. Concentration of (a) lipid peroxide, (b) GSH, (c) H2O2, and (d) 8-OHdG in the cytosol and mitochondrial fractions in BLM-induced PAECs. PAECs were treated with saline or BLM and with vehicle, TA293, or mitoTA293 for 72 h. The data are presented as the mean ± SEM (n = 5 per group); ** p < 0.01; NS, not significant. 
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Figure 5. Effects of TA293 and mitoTA293 on p-ATMser1981/p-p53ser15/p21 and p-HRI/p-eIF2/ATF4/p16 pathways in BLM-induced PAECs in vitro. (a) Intracellular heme concentration. (b) Expression of p21, ATF4, and p16 and phosphorylation of ATMser1981, p53ser15, HRI, and eIF2ser51 visualized by western blotting. PAECs were treated with saline or BLM and with vehicle, TA293, or mitoTA293 for 72 h. (c) Effect of Hri and Atm siRNA on cellular senescence. The data are presented as the mean ± SEM (n = 5 per group); ** p < 0.01; NS, not significant. 
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Figure 6. Effects of TA293 and mitoTA293 on mitochondria in BLM-induced PAECs in vitro. (a) Mitochondrial membrane potential (ΔΨm). (b) Quantification of mitophagy. (c) Expression of PINK1 and Parkin visualized by western blotting. (d) Effects of Pink1 and Parkin siRNAs on cellular senescence. PAECs were treated with saline or BLM and with vehicle, TA293, or mitoTA293 for 72 h. The data are presented as the mean ± SEM (n = 5 per group); ** p < 0.01; NS, not significant. 
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Figure 7. Effects of TA293 and mitoTA293 on NLRP3 inflammasome-induced cellular senescence in BLM-induced PAECs in vitro. (a) Expression of NLRP3 and phosphorylation of p38MAPK visualized by western blotting. (b) Caspase-1 activity based on luminescence analysis. (c) Effects of Nlrp3, Il1b, and Il18 siRNAs on cellular senescence. (d) Effects of ILa1R and SB239063 on cellular senescence. PAPEs were treated with saline or BLM and with vehicle, TA293, or mitoTA293 for 72 h. The data are presented as the mean ± SEM (n = 5 per group); ** p < 0.01; NS, not significant. 
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