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Cell survival or death is critical for cardiac function. Myocardial pyroptosis, as a newly recognized programmed cell death, remains poorly understood in sepsis. In this study, we evaluated the effect of aldehyde dehydrogenase (ALDH2) on myocardial pyroptosis and revealed the underlying mechanisms in sepsis. We established a septic shock mice model by intraperitoneal injection of Lipopolysaccharide (LPS, 15 mg/kg) 12 h before sacrifice. It was found that aldehyde dehydrogenase significantly inhibited NOD-like receptor protein 3 (NLRP3) inflammasome activation and Caspase-1/GSDMD-dependent pyroptosis, which remarkably improved survival rate and septic shock-induced cardiac dysfunction, relative to the control group. While aldehyde dehydrogenase knockout or knockdown significantly aggravated these phenomena. Intriguingly, we found that aldehyde dehydrogenase inhibited LPS-induced deacetylation of Hydroxyacyl-CoA dehydrogenase trifunctional multienzyme complex α subunit (HADHA) by suppressing the translocation of Histone deacetylase 3 (HDAC3) from nuclei to mitochondria. Acetylated HADHA is essential for mitochondrial fatty acid β-oxidation, and its interruption can result in accumulation of toxic lipids, induce mROS and cause mtDNA and ox-mtDNA release. Our results confirmed the role of Histone deacetylase 3 and HADHA in NOD-like receptor protein 3 inflammasome activation. Hdac3 knockdown remarkedly suppressed NOD-like receptor protein 3 inflammasome and pyroptosis, but Hadha knockdown eliminated the effect. aldehyde dehydrogenase inhibited the translocation of Histone deacetylase 3, protected ac-HADHA from deacetylation, and significantly reduced the accumulation of toxic aldehyde, and inhibited mROS and ox-mtDNA, thereby avoided NOD-like receptor protein 3 inflammasome activation and pyroptosis. This study provided a novel mechanism of myocardial pyroptosis through mitochondrial Histone deacetylase 3/HADHA- NOD-like receptor protein 3 inflammasome pathway and demonstrated a significant role of aldehyde dehydrogenase as a therapeutic target for myocardial pyroptosis in sepsis.
Keywords: septic shock, aldehyde dehydrogenase 2, myocardial pyroptosis, NLRP3 inflammasome, HADHA
INTRODUCTION
Sepsis is a life-threatening condition characterized by organ dysfunction due to unregulated host immune response against infection (Singer et al., 2016), and is widely recognized as the ultimate cause of death from many diseases. Nearly 50 million cases of sepsis were reported worldwide in the year of 2017 (Kempker and Martin, 2020; Rudd et al., 2020), and this number was considered significantly underestimated. More than 60% of patients with severe sepsis or septic shock were reported to have cardiac dysfunction (Pulido et al., 2012), the presence of which is related to mortality as high as 70%–90% (Parrillo et al., 1990; Merx and Weber, 2007; Beesley et al., 2018; Hollenberg and Singer, 2021). Therefore, exploring novel therapeutic targets for septic shock-induced cardiac dysfunction is a key research imperative.
Programmed death of cardiomyocytes is one of the critical mechanisms of impaired cardiac function (Del Re et al., 2019). In the last two decades, several types of programmed cell death were newly recognized and interpreted, such as necroptosis, ferroptosis and pyroptosis. Of all the types of cell death, pyroptosis is most closely related to infection and inflammation. It is also referred as Gasdermin-dependent inflammatory programmed cell death, and characterized by rapid rupture of cell membrane and the release of inflammatory cytokines and cellular contents (Bergsbaken et al., 2009; Li et al., 2019). Thus, pyroptosis can be triggered by inflammation and further greatly amplifies the inflammation response, which may play key role in septic shock-induced cardiac dysfunction. NOD-like receptor protein 3 (NLRP3) inflammasome/Caspase-1/Gasdermin D (GSDMD) pathway is the well-known canonical regulatory pathway of pyroptosis. NRLP3 inflammasome is a multi-protein complex composed of intracellular receptor NLRP3, adaptor protein apoptosis-associated speck-like protein (ASC) and precursor pro-Caspase-1 (Swanson et al., 2019; Xue et al., 2019). The activation of this complex ultimately cleaves pro-Caspase-1 to its active form (He et al., 2016; Jo et al., 2016), which mediates the maturation and secretion of IL-1β and IL-18, and the cleavage of GSDMD, a key executor of pyroptosis (Kovacs and Miao, 2017; Shi et al., 2017; Kang et al., 2018). The existence of pyroptosis in cardiomyocytes induced by sepsis was proved by several studies (Li et al., 2021; Xiong et al., 2022), however its regulatory mechanism remains unclear and needs further research.
Mitochondrial homeostasis is essential for myocardial survival. Mitochondrial fatty acid β-oxidation is the major pathway for fatty acid degradation and energy supply of cardiomyocytes, and its disturbance leads to energy shortage and mitochondrial instability (Houten et al., 2016; Panov et al., 2022). It has been reported that mitochondrial instability is closely associated with NLRP3 inflammasome activation (Zhou et al., 2011; Wang et al., 2020). However, whether fatty acid β-oxidation disorder is associated with NLRP3 inflammasome activation and cardiomyocyte pyroptosis remains unknown. Hydroxyacyl-CoA dehydrogenase trifunctional multienzyme complex α subunit (HADHA), known as the α-subunit of mitochondrial trifunctional enzyme complex, is a key protein for fatty acid β-oxidation (Liu et al., 2020), the enzymatic activity of which can be regulated by acetylation at Lysine 303 (Chi et al., 2020). Loss of HADHA activity or mutations in its encoding gene can lead to cardiomyopathy and other disorders (Miklas et al., 2019).
Mitochondrial aldehyde dehydrogenase (ALDH2) is well-known for its role in maintaining mitochondrial homeostasis through aldehyde scavenging and antioxidant effects (Chen et al., 2014). Aldh2 rs671 genetic mutation is an independent risk factor for cardiovascular diseases (Pang et al., 2019; Bartoli-Leonard et al., 2020), and about 30%–50% of East Asian individuals carry this mutation, causing a 90% loss of its enzyme activity (Gross et al., 2015). However, as a protein mainly located in mitochondria, it is still unclear whether ALDH2 affects fatty acid β-oxidation and plays a role in myocardial pyroptosis.
This study will demonstrate the role of ALDH2 as a therapeutic target for myocardial pyroptosis, and elucidate novel mechanisms focusing on the mitochondrion-NLRP3 inflammasome interaction.
MATERIALS AND METHODS
Animals and treatment
Six to 8 weeks old C57BL/6J mice, Aldh2 knockout mice (Aldh2−/−) were used. Only male mice were chosen for experiment to avoid sex hormone interference. Mice were housed in an appropriate environment (23.0°C ± 2.0°C, 45%–50% humidity) with a 12/12-light/dark cycle, and they had access to food and water ad libitum until experimentation. They were randomly divided into different groups. Model was established by administrating 15 mg/kg of Lipopolysaccharide (LPS, Sigma) intraperitoneally (i.p.) 12 h before sacrifice. Alda-1 (20 mg/kg i.p., Sigma-Aldrich) or necrosulfonamide (NSA, 20 mg/kg i.p., Abcam) was administered half an hour before LPS injection. An equal amount of pathogen-free normal saline (NS) was used as control.
Cell culture and treatment
The rat cardiomyocyte cell line (H9C2) was cultured in a high-sugar medium (DMEM, Gibco) containing 1% penicillin/streptomycin and 10% fetal bovine serum (FBS, Gibco), and were exposed to 95% O2 and 5% CO2 at 37°C. After starving with serum-free medium overnight and replacing with complete medium, H9C2 cells were stimulated by LPS (2 μg/mL, 24 h) and ATP (40 μmol/L, 45 min) with or without Alda-1 (20 μmol/L, 30 min before LPS challenge). And H9C2 cells were stimulated by 4-HNE (40 μmol/L, 12 h) with or without Alda-1 (20 μmol/L, 30 min before stimulation).
Echocardiography
Septic mice were anesthetized (inhaled 2% isoflurane) for echocardiography, which was performed by a Vevo770 imaging system. Two-dimensional and M-mode images of the heart were collected. Cardiac function was measured in at least five repetitive cardiac cycles. The subsequent procedure was to calculate the left ventricular ejection fraction (LVEF%), fraction shortening (FS%), and heart rate (HR).
Cytokine measurement
Mouse cardiac IL-1β, IL-6 levels were measured using R&D ELISA kits, TNF-α was measured via eBioscience ELISA kit. The levels of mice IL-18 were measured using RayBiotech ELISA kit. The levels of mice LDH were measured with a biochemical analyzer (Mindray, Shenzhen, China).
ALDH2 activity
The mitochondria were isolated from myocardial tissue using the issue mitochondria isolation kit (Beyotime) according to the manufacturer’s instructions. Mitochondrial protein concentration was detected. Then samples were incubated with sodium pyrophosphate, NAD+, and propionaldehyde for 10 min. NAD+ was reduced to NADH, which was used to determine ALDH2 activity. Production of NADH was determined by spectrophotometric absorbance at 340 nm. ALDH2 activity was expressed as nmol NADH/min per mg protein (Wang et al., 2011).
Murine sepsis score
Murine sepsis score was used to evaluate the severity of sepsis (Shrum et al., 2014; Sulzbacher et al., 2020). The score includes seven aspects, namely, appearance, level of consciousness, activity, response to stimulus, eyes, respiration rate, and respiration quality; each part is divided into 0–4 levels, total score ranges from 0 to 28.
Morphological imaging of pyroptosis
To observe the morphology of cardiomyocytes, the cells were seeded in confocal dish, which were stimulated by LPS (2 μg/mL, 24 h) and ATP (40 μmol/L, 6 h) with or without Alda-1 (20 μmol/L, 30 min before LPS challenge). PI (1 μg/mL, 10 min) was added to the culture medium to evaluate cell membrane integrity. Static bright-field and fluorescent images of pyroptotic cells were captured using a confocal microscope (Leica, Wetzlar, Germany). All imaging data are representative of at least three randomly selected fields. The images were processed using ImageJ software. Results were expressed as the number of PI-positive cells/total cells × 100%.
Dihydroethidium fluorescence staining
Dihydroethidium fluorescence staining was used to assess the production of ROS. The samples were incubated with dihydroethidium solution (5 μmol/L; Beyotime Biotechnology) in a light-protected humidified chamber at 37°C for 30 min. The images were observed under a fluorescence microscope (Olympus, BX43, Tokyo, Japan).
Transferase-mediated dUTP Nick-End labeling (TUNEL) staining
An ApopTag® In Situ Apoptosis Detection Kits (Millipore) was used for TUNEL staining. The sections were observed and photographed under a fluorescence microscope (Olympus, BX43, Tokyo, Japan). Results were expressed as the number of TUNEL-positive cells/total cells × 100%.
Immunohistochemical staining
Heart tissue paraffin sections were dewaxed in xylene and dehydrated in a graded series of ethanol. Following this, the sections were incubated with 3% H2O2 and blocked with 5% BSA. For immunohistochemical analyses, the sections were probed with primary antibody against caspase-1 (1:100, CST) and then incubated with DAB. Finally, the sections were observed and photographed under microscope.
Immunofluorescence staining and NLRP3/ASC speck formation
In short, the samples were infiltrated with 0.1% Triton X-100 and blocked with 5% goat serum, then incubated with primary antibody at 4°C overnight. The secondary antibody was incubated for 2 h, then incubated with DAPI to label the nucleus. The NLRP3/ASC speck formation is a sign of NLRP3 inflammasome activation by double staining for NLRP3 (ABclonal 1:200) and ASC (Abcam 1:200). The images were observed under fluorescence microscope or confocal microscope.
Nuclear, cytoplasmic and mitochondrial protein extraction
Cytoplasmic and nuclear proteins were extracted using NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo) according to the manufacturer’s instructions. In brief, H9C2 cells were harvested with trypsin-EDTA and lysed in CER. After centrifuging at 15,000 rpm for 5 min, the supernatant was collected as a cytosolic fraction. The remaining pellet was suspended in NER, and the supernatant was collected as nuclear fraction.
Mitochondria were isolated by cell mitochondrial isolation kit (Beyotime). In brief, after lysing and centrifuging at first time, the cell-debris pellet in the collection tube was used to extract nuclear protein, the supernatant was transferred to a new microcentrifuge tube and centrifuged at 16,000 g for 10 min, the remaining pellet was suspended with lysis buffer as mitochondrial protein. Nuclear protein was extracted using NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo).
Flow cytometry
After treatment, H9C2 cells were stained at RT for 60 min with FAM-FLICA working solution (ImmunoChemistry Technologies) and mixed every time 15 min, followed by the addition PI staining for 5 min at RT. After being washed three times with wash buffer, cells were trypsinized to suspend. The FAM-FLICA/PI double-positive ratio was analyzed with Cytoflex cytometry and related analyzer software (Beckman, California, United States).
Small-interfering RNA transfection
H9C2 cells were plated in 6-well plates and transfected with 100 nM siRNA using Lipofectamine RNAiMAX (Thermo Fisher Scientific) according to the manufacturer’s instructions. The siRNA sequences for rat Aldh2 (5′-GUG​GAU​GAG​ACU​CAG​UUU​ATT-3′), rat Hdac3 (5′-GGG​AAU​GUG​UUU​GAA​UAU​GUT​T-3′) and rat Hadha (5′-GUG​UAG​AAC​UGC​UGA​AAC​UTT-3′); and negative control were synthesized by Genepharma (Shanghai, China).
Mitochondrial respiration function
Mitochondrial respiratory function was detected with the Seahorse XF Cell Mito Stress Test Kit (Agilent Technologies, Santa Clara, California) using Seahorse XFe96 analyzer. Briefly, 1*106 cells were seeded in a cell culture microplate. After the treatment, cells were equilibrated with XF assay media. Sensor cartridge was hydrated in Calibrant at 37°C in a non-CO2 incubator overnight. Then, the mitochondrial respiratory function was analyzed by XFe96 analyzer with compounds.
Transfection of mtDNA
Mitochondria were isolated by tissue or cell mitochondrial isolation kit (Beyotime), according to the manufacturer’s instructions. mtDNA was isolated from the mitochondrial pellet with a DNeasy blood and tissue kit (Qiagen). The mtDNA was incubated with 100 mM hydrogen peroxide for 50 min at 37°C to generate oxidized mtDNA. H9C2 cells were transfected isolated mtDNA or oxidized mtDNA (2 mg/mL, 6 h) via Attractene (Qiagen) according to the manufacturer’s instructions.
Measurement of oxidative mtDNA
Mitochondria DNA was extracted from H9C2 cells by Allprep tissue/cell RNA-DNA extraction kit (Aidlab Biotech) according to the manufacturer’s instructions. The oxidative mtDNA was measured with 8-OHdG quantification kit (Cell Biolabs) which quantified the levels of 8-OHdG (the marker of oxidized DNA), as the manufacturer’s instructions.
Western blot and co-immunoprecipitation
Protein samples were separated by 8%–12% SDS-PAGE and transferred to nitrocellulose membranes (Millipore). After blocking with 5% milk in TBST for 1h, the membranes were incubated overnight at 4°C with primary antibodies. Subsequently, membranes were washed and incubated with secondary antibodies (1:10,000) and detected using the chemiluminescence method. The intensity of the bands was quantified by ImageJ software. Antibodies included anti-NLRP3 antibody (1:1,000, CST), anti-GSDMD antibody (1:1,000, Abcam), anti-N-GSDMD antibody (1:1,000, Abcam), anti-Capspase-1 p20 antibody (1:1,000, AdipoGen), anti-4-HNE antibody (1:1,000, Abcam), anti-HDAC3 antibody (1:1,000, Proteintech), anti-HADHA antibody (1:1,000, Abcam), anti-Ace-lys antibody (1:1,000, Abcam), anti-H3 antibody (1:1,000, Proteintech), anti-COX4 antibody (1:1,000, Abcam), anti-PCNA antibody (1:1,000, Abcam). Anti-GAPDH (1:5,000, Invitrogen) was used as an internal control.
For acetylation-immunoprecipitation, cells were lysed with immunoprecipitation buffer [supplemented with TSA (10 mM)] and sonicated. The samples were immunoprecipitated with protein A/G beads (Sigma) overnight at 4°C, washed three times in lysis buffer, resolved by loading buffer, and analyzed by Western blotting.
Reverse transcription quantitative polymerase chain reaction
The total RNA was extracted from cardiac tissue with TRIzol (Invitrogen), according to the manufacturer’s instructions. Then, 2 μg of total RNA was reverse transcribed into cDNA. The 7500 quantitative polymerase chain reaction machine (Thermo Fisher Scientific) was used for real-time polymerase chain reaction analysis. Actin was used as an internal control.
Statistical analysis
The continuous data were presented as mean ± SEM. Group comparisons were performed by one-way analysis of variances (ANOVA) with Tukey’s post hoc test or Student’s t-test. Survival was presented by Kaplan-Meier curves, and the log-rank test was used for comparing survival rate between groups. p < 0.05 was considered statistically significant (2-tailed).
RESULTS
Aldh2 knockout aggravates septic shock-induced cardiac dysfunction and mortality
The mice model of septic shock was established by intraperitoneal injection of LPS as shown in Figure 1A. Compared with the control group, LPS treatment induced a very high murine sepsis score, while Aldh2 knockout (Aldh2−/− genotype) and Alda-1 treatment further aggravated and reduced the score relative to the LPS group, respectively (Figure 1B). To further clarify the beneficial effect of ALDH2 activation, we also studied the role of its activator Alda-1 on the short-term (12 h) survival rate of septic mice. In the septic shock group, the 12-hour survival rate was 55.5%, Aldh2 knockout exacerbated the survival rate to 33.3%, while Alda-1 treatment improved the survival rate to 80% (Figure 1C). Results of cardiac echocardiography showed that, compared with the control group, LPS significantly reduced the left ventricular ejection fraction (LVEF%) and fraction shortening (FS%), which is consistent with the results of our previous studies (Pang et al., 2019). Although Aldh2−/− genotype per se did not affect cardiac function, Aldh2 knockout exacerbated LPS-induced cardiac dysfunction, while Alda-1 significantly ameliorated it (Figures 1D–G). LPS was also found to significantly reduce the activity of ALDH2 in cardiac tissue of wild-type mice (Figure 1H).
[image: Figure 1]FIGURE 1 | Effect of ALDH2 on LPS-induced cardiac dysfunction and mortality. (A) Experimental modeling. Mice were treated with or without LPS (15 mg/kg, i.p. for 12 h). Alda-1 (20 mg/kg, i.p.) was given 30min before LPS injection. (B) Murine Sepsis Score, n = 7 per group. (C) Survival rate was monitored up to 12 h. A Kaplan-Meier plot was used to show the survival rate of mice from each group, n = 12 per group. (D–G) Representative echocardiographic images from different groups and the quantitative analysis of echocardiography, n = 11 per group. (H) The quantitative analysis of ALDH2 enzymatic activity, n = 4 per group, Mean ± SEM. ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; ns = not significant.
ALDH2 attenuates myocardial pyroptosis through NLRP3 inflammasome/caspase-1/GSDMD pathway in septic shock
To evaluate the effect of ALDH2 on cardiac injury and the potential mechanisms, we performed staining to assess myocardial morphology and cell death. Compared with the control group, LPS challenge increased inflammatory cell infiltration and broken myocardial fibers as revealed via hematoxylin-eosin (HE) staining (Figure 2A), and overtly elevated the numbers of dead cardiomyocytes as showed by TUNEL staining (Figures 2B, C), which were further aggravated and effectively alleviated in Aldh2 knockout (Aldh2−/−) mice and mice pre-treated with Alda-1, respectively. The level of plasma LDH, a marker of organ damage, also indicated the protective effect of ALDH2 in sepsis (Figure 2D). As for the inflammatory cytokines IL-1β, IL-6, and TNF-α, the results showed that the transcription and expression levels of these cytokines were markedly elevated by LPS stimulation (except the expression of TNF-α, p = 0.052). Alda-1 pretreatment did significantly reduce the transcription and expression levels of these cytokines (Figures 2E, F). The plasma IL-18 level was also consistent with these results (Figure 2I). Collectively, the above results suggest that ALDH2 attenuates inflammation and cardiomyocyte death in septic shock-induced cardiac dysfunction.
[image: Figure 2]FIGURE 2 | ALDH2 attenuates LPS-induced myocardial pyroptosis and inflammation in septic shock. (A) Representative HE staining images of cardiac tissue, red arrows indicate inflammatory infiltration, scale bar: 100 μm. (B,C) Representative TUNEL staining images of cardiac tissue and the quantitative analysis, scale bar: 50 μm. (D) The quantitative analysis of LDH release levels, n = 4 per group. (E,F) The quantitative analysis of RT-qPCR and ELISA results including IL-1β, IL-6, and TNF-α. N = 3–5 per group. (G,H) Representative morphological changes of pyroptosis in bright field and PI staining and the quantitative analysis of the PI positive H9C2 cells, red arrows indicate bubbling of pyroptotic cells, scale bar: 25 μm. (I) The quantitative analysis of IL-18 release level, n = 4 per group. Mean ± SEM, ****p < 0.0001, ns = not significant.
To further validate the occurrence of pyroptosis, we performed immunofluorescence and observed the typical morphological changes of pyroptosis. In response to LPS and ATP stimulation, H9C2 cells firstly underwent deformation, and then the cell membrane gradually expanded, developed bubble-like herniations, and finally the cell membrane ruptured. Alda-1 was found to alleviate these changes (Figures 2G, H). To further clarify the role of pyroptosis in septic shock-induced cardiac dysfunction, necrosulfonamide (NSA), a well-recognized chemical inhibitor of pyroptosis (Rathkey et al., 2018), was administered 30 min prior to LPS treatment to C57/BL6 male mice, and it significantly improved LPS-induced cardiac dysfunction as shown in echocardiography (Supplementary Figure S1). To further validate the role of ALDH2 in pyroptosis, we evaluated the protein expression of N-GSDMD, a key marker that mediates membrane perforation in pyroptosis. Compared to wild-type mice, LPS challenge triggered even a higher level of N-GSDMD and N-GSDMD/GSDMD ratio in Aldh2−/− mice (Figures 3A, B). On the contrary, pretreatment with Alda-1 significantly reduced the LPS-induced upregulated levels of N-GSDMD and the N-GSDMD/GSDMD ratio (Figures 3C, D). These findings illustrated that ALDH2 protects against septic shock-induced cardiac dysfunction through inhibiting cardiomyocyte pyroptosis.
[image: Figure 3]FIGURE 3 | ALDH2 inhibits myocardial pyroptosis through NLRP3/Caspase-1/GSDMD signaling pathway. (A-F) Representative immunoblots and quantification of N-GSDMD, GSDMD, NLRP3 and caspase-1 p20 protein in LPS-stimulated Aldh2−/− and WT mice (GAPDH; loading control), n = 3-4 per group. (G) Representative immunofluorescence tissue images showing caspase-1 (green) and DAPI (blue), scale bar: 50 μm. (H) Representative immunohistochemical images showing caspase-1 (brown), scale bar: 50 μm. (I–L) H9C2 cells were stimulated by LPS plus ATP with or without pre-treated Alda-1. (I) Representative immunofluorescence images showing caspase-1 (green) and DAPI (blue), scale bar: 100 μm. (J,K) Representative flow cytometry graphs showing positive-caspase-1/PI double staining and the quantitative analysis of the double positive, n = 3 per group. (L) Representative immunofluorescence images showing NLRP3/ASC speck, scale bar: 25 μm. Mean ± SEM. ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; ns = not significant.
NLRP3 inflammasome/Caspase-1 signaling pathway is the canonical pathway of pyroptosis (Jo et al., 2016; Gaul et al., 2021). We investigated the protein levels of NLRP3 and the activated Caspase-1 form Caspase-1 p20, a sign of NLRP3 inflammasome activation. Compared to wild-type mice, LPS challenge triggered even a higher level of NLRP3 and Caspase-1 p20 in Aldh2−/− mice (Figures 3A, B). On the contrary, pretreatment with Alda-1 significantly reduced LPS-induced upregulated levels of NLRP3 and Caspase-1 p20 (Figures 3E, F). Both immunohistochemistry staining and immunofluorescence staining showed increased expression of Caspase-1 in LPS-challenged cardiac tissue, which was further enhanced in Aldh2−/− mice, while Alda-1 pretreatment significantly reversed it (Figures 3G, H). The results of flow cytometry and Caspase-1 immunofluorescence staining were consistent in H9C2 cells, which showed increased the number of double positive ratio and increased expression of Caspase-1 in LPS and ATP group compared with the control group, while the changes were attenuated by Alda-1 pretreatment (Figures 3I–K). We also examined NLRP3/ASC speck formation, another sign of NLRP3 inflammasome activation (Qiao et al., 2021). We observed an increase in the number of cells with NLRP3/ASC specks induced by ATP in LPS-primed cells compared with Alda-1 pretreatment cells (Figure 3L). These results demonstrated that activated ALDH2 attenuated NLRP3 inflammasome activation. Collectively, these findings demonstrated that ALDH2 may protect against septic shock-induced cardiac dysfunction through inhibiting cardiomyocyte pyroptosis mediated by NLRP3 inflammasome/Caspase-1/N-GSDMD pathway.
ALDH2 inhibited the activation of NLRP3 inflammasome through reducing mtDNA and ox-mtDNA
To explore the potential role of ALDH2 in regulating the mitochondrion-NLRP3 inflammasome pathway, we performed in vitro studies focusing on the mitochondrial DNA release. Compared with the control group, LPS in addition to ATP significantly increased the cellular level of mtDNA as well as ox-mtDNA, while ALDH2 activation remarkably reduced LPS-induced mtDNA and ox-mtDNA release (Figures 4A, B). To further verify the roles of mtDNA and ox-mtDNA in NLRP3 inflammasome activation, mtDNA or ox-mtDNA was transfected to the H9C2 cells in vitro. Western blot and fluorescence staining results showed that both mtDNA and ox-mtDNA transfection directly elevated the expression of NLRP3 and NLRP3/ASC speck formation (Figures 4C–E). Collectively, these data suggest that mitochondrial damage plays an important role in mediating NLRP3 inflammasome activation, which may be through the release of mtDNA and ox-mtDNA.
[image: Figure 4]FIGURE 4 | MtDNA and ox-mtDNA promotes NLRP3 expression and NLRP3 inflammasome activation. (A,B) The levels of total mtDNA or 8-OHdG (ox-mtDNA) in LPS plus ATP-stimulated or control H9C2 cells pre-incubated with or without Alda-1, n = 3-5 per group. (C,D) Representative immunoblots and the relative quantification analysis of NLRP3 with or without mtDNA or ox-mtDNA transfection, n = 4 per group. (E) Representative immunofluorescence images showing NLRP3/ASC speck, scale bar: 25 μm. Mean ± SEM. ****p < 0.0001; ***p < 0.001; *p < 0.05; ns = not significant.
Results of dihydroethidium (DHE) staining showed that LPS triggered excessive oxidative stress in murine cardiac tissue, an effect that was significantly reduced by ALDH2 (Figure 5A). Toxic aldehyde 4-hydroxynonenal (4-HNE) as a product of oxidative stress interacting with lipids, is a marker of oxidative stress. LPS challenge significantly increased the accumulation of protein adducts of 4-HNE, which was significantly reduced by ALDH2 activation (Figures 5B, C). Consistent with those observations, mitochondrial respiratory function reflected by the reduced oxygen consumption rate (OCR) was altered by LPS and ATP treatment, and was aggravated by Aldh2 knockdown in H9C2 cells (Figures 5D–G), while it was reversed by Alda-1 pretreatment (Figures 5H–K). In addition, we found that ROS scavenger NAC significantly improved mitochondrial damage caused by LPS and ATP treatment (Supplementary Figure S2A). To verify the effect of ALDH2 on mtDNA/ox-mtDNA release, H9C2 cells were stimulated by 4-HNE with or without Alda-1. Compared with the control group, 4-HNE significantly increased mtDNA and ox-mtDNA release, while ALDH2 reduced it, suggesting that sepsis triggered mtDNA and ox-mtDNA release through oxidative stress (Figures 5L, M).
[image: Figure 5]FIGURE 5 | ALDH2 suppresses myocardial toxic aldehyde accumulation, oxidative stress, and improves mitochondrial respiratory function. (A) Representative dihydroethidium (DHE) staining images in cardiac tissue, scale bar: 200 μm. (B,C) Representative immunoblots and quantification of 4-HNE-protein adducts in cardiac tissue, the LPS stimulated mice were pre-treated with or without Alda-1, n = 4 per group. (D–K) Mitochondrial respiration measurements of OCR in H9C2 cells treated with Aldh2 siRNA or negative control (NC) or Alda-1, quantification of basal respiration, ATP production, and maximal respiration. (L,M) The levels of total mtDNA or ox-mtDNA in 4-HNE-stimulated or control H9C2 cells pre-incubated with or without Alda-1, n = 4 per group. Mean ± SEM. ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; ns = not significant.
ALDH2 elevated acetylation level of HADHA through suppressing the translocation of HDAC3 from nuclei to mitochondria
To further elaborate the mechanism by which ALDH2 regulates mitochondrial homeostasis, we focused on mitochondrial membrane proteins. It was found that although HADHA protein levels were unchanged, sepsis significantly reduced HADHA acetylation levels compared with controls, which was reversed by ALDH2 (Figure 6A). To further determine the role of HADHA in mitochondrial respiratory dysfunction, we silenced Hadha in H9C2 cells with siRNAs and found that Hadha knockdown impaired ALDH2-induced improvement of OCR (Figures 6B–E). Moreover, Hadha knockdown effectively impaired ALDH2-induced improvement of pyroptosis after LPS and ATP stimulation (Figures 6F, G). These results indicate that deacetylation of HADHA is responsible for mitochondrial damage and cardiomyocytes pyroptosis.
[image: Figure 6]FIGURE 6 | HADHA deacetylation is responsible for mitochondrial damage and cardiomyocytes pyroptosis, and ALDH2 suppresses HADHA deacetylation. (A) Representative immunoblots of HADHA acetylation levels in LPS plus ATP-stimulated or control H9C2 cells with or without pre-treated Alda-1, n = 3 per group. (B–E) Mitochondrial respiration measurements of OCR in Hadha silenced or negative control H9C2 cells with or without LPS plus ATP stimulation, quantification of basal respiration, ATP production, and maximal respiration. (F,G) Representative flow cytometry graphs showing positive-caspase-1/PI double staining in Hadha silenced or negative control H9C2 cells with or without LPS plus ATP stimulation and quantitative analysis of the double positive, n = 4 per group. Mean ± SEM. ****p < 0.0001; ***p < 0.001; *p < 0.05; ns = not significant.
Histone deacetylase 3 (HDAC3) is an important acetylase enzyme (Chen et al., 2012; Nguyen et al., 2020). LPS and ATP treatment with or without Alda-1 did not affect the total protein level of HDAC3 (Figure 7A). Interestingly, we found that Hdac3 knockdown effectively increased HADHA acetylation level (Figure 7B). So we evaluated whether the location of HADC3 altered. Interestingly, after LPS plus ATP stimulation, HDAC3 obviously translocated from nuclei to mitochondria compared to the control group, and ALDH2 inhibited the translocation of HDAC3 as evidenced by WB and fluorescence colocalization staining (Figures 7C–G). Hadha knockdown and Hdac3 knockdown obviously increased and decreased the number of cells with NLRP3/ASC speck triggered by ATP in LPS-primed cells, respectively. When Hadha and Hdac3 were knocked down at the same time, Hadha knockdown effectively impaired the beneficial effect of Hdac3 knockdown for inhibiting NLRP3 inflammasome activation after LPS and ATP stimulation (Figure 7H). Hdac3 knockdown also effectively inhibited the protein level of Caspase-1 p20 (Figures 7I, J). To verify whether ALDH2 affects the acetylation level of HADHA by regulating HDAC3, we interfered with Hdac3 and Aldh2 at the same time. It was found that Aldh2 knockdown significantly aggravated the decreased acetylation level of HADHA induced by LPS and ATP, however the adverse consequences of which was eliminated by Hdac3 knockdown (Figure 7B). It was validated that ALDH2 affected HADHA acetylation via regulating HDAC3.
[image: Figure 7]FIGURE 7 | ALDH2 suppresses the translocation of HDAC3 from nucleus to mitochondria. (A) Total levels of HDAC3 and the quantitative analysis, n = 3 per group. (B) Representative immunoblots of HADHA acetylation levels in Hdac3 silenced or Aldh2 silenced or negative control H9C2 cells with or without LPS plus ATP stimulation, n = 3 per group. (C) Representative confocal images showing HDAC3 (green), Mito Tracker (red) and DAPI (blue), scale bar: 10 μm. (D,E) Total levels of HDAC3, and the cytoplasmic and nuclear levels of HDAC3 proteins, and the quantitative analysis. Histone 3 and GAPDH were used as loading control of nuclear and cytoplasmic fractions, respectively, n = 3-4 per group. (F,G) The level of HDAC in mitochondrial and nuclei and the quantitative analysis. PCNA and COX4 were used as loading control of nuclear and mitochondrial fractions, respectively, n = 5 per group. (H) Representative immunofluorescence images showing NLRP3/ASC speck in Hdac3 silenced or Hadha silenced or negative control H9C2 cells with or without LPS plus ATP stimulation, scale bar: 25 μm. (I,J) Representative immunoblots and the quantification of Caspase-1 p20 protein in H9C2 cells (GAPDH; loading control), n = 6, Mean ± SEM. ****p < 0.0001; ***p < 0.001; *p < 0.05; ns = not significant.
Collectively, these findings demonstrated that ALDH2 may protect against myocardial pyroptosis through mitochondrial HDAC3/HADHA-NLRP3 inflammasome pathway in septic shock (Figure 8).
[image: Figure 8]FIGURE 8 | A diagram showing ALDH2 as a therapeutic target to protect against septic shock-induced myocardial pyroptosis.
DISCUSSION
This study illustrated that septic shock might trigger NLRP3/Caspase-1/GSDMD-dependent myocardial pyroptosis due to activating the mitochondrion-NLRP3 inflammasome pathway via the release of mtDNA and ox-mtDNA. LPS promoted the translocation of HDAC3 from the nucleus to the mitochondria and thereby increased the deacetylation of the mitochondrial fatty acid β-oxidation enzyme HADHA, disturbing mitochondrial homeostasis and leading to overwhelming mitochondrial oxidative stress, which was supposed to be responsible for the increase of mtDNA and ox-mtDNA fragments. We also found that Aldh2 knockout and ALDH2 activation significantly aggravated and reduced myocardial pyroptosis, respectively. Alda-1, an agonist of ALDH2, remarkably reduced pyroptosis and rescued septic shock-induced cardiac dysfunction, possibly through clearing toxic aldehydes and inhibiting the translocation of HDAC3 to protecting ace-HADHA, decreasing NLRP3 inflammasome activation, and maintaining mitochondrial homeostasis. This study clarified novel mechanisms regulating myocardial pyroptosis and elucidated the underlying mechanisms of ALDH2 as a therapeutic target in myocardial pyroptosis.
In this study, we established a mouse mode of sepsis by administering LPS intraperitoneally with a relatively high dose of LPS (15 mg/kg) and successfully activated pyroptosis, indicating that myocardial pyroptosis may be less likely to be activated than apoptosis (Jiang et al., 2021). Based on the murine sepsis score and echocardiography findings, this model simulated septic shock. Cardiac dysfunction depends largely on cell death and inflammation (Mann, 2015; Zhang et al., 2017; Adamo et al., 2020). Pyroptosis is characterized by excessive inflammation and amplification of cellular injury (Bergsbaken et al., 2009), which can not only cause the death of cardiomyocytes, but also triggers a vicious circle, aggravating the inflammatory milieus and myocardial damage. Consistent with other studies, we found that inhibition of pyroptosis significantly improved the survival rate and cardiac function in sepsis. Caspase-1-dependent signaling is considered as the canonical pathway of pyroptosis (Swanson et al., 2019; Xue et al., 2019), and Caspase-11 mediates a non-canonical pathway of pyroptosis (Man and Kanneganti, 2015). Caspase family members such as Caspase-3/6/8 have recently been found to participate in pyroptosis (Fritsch et al., 2019; Zheng et al., 2020). Our study confirmed that septic shock induced myocardial pyroptosis through NLRP3 inflammasome/Caspase-1/GSDMD pathway, and inhibition of pyroptosis was found to alleviate septic shock-induced cardiac dysfunction.
The interaction between mitochondria and inflammasome, as well as its effects on diseases, have always been the focus of research (Zhong et al., 2016; Huang et al., 2020). Previous study showed that newly-synthesized ox-mtDNA led to NLRP3 inflammasome activation in macrophages (Zhong et al., 2018), while this study suggested that both oxidized- and non-oxidized mitochondrial DNA released from damaged mitochondria enhanced the expression and activation of NLRP3 in cardiomyocytes, which might be critical factors in mitochondria-NLRP3 inflammasome pathway. Oxidative stress is known to promote the formation of damaged mtDNA fragments and ox-mtDNA. We found that LPS promoted the deacetylation of HADHA, whereas HADHA could not properly catalyze the fatty acid β-oxidation process, resulting in insufficient energy supply as well as oxidative stress and impaired mitochondrial respiratory function due to the accumulation of long-chain saturated fatty acid acylcarnitine and triglyceride. When the Hadha gene was interfered by siRNA, similar phenomenon was observed.
The present study demonstrated for the first time the protective effect of ALDH2 on myocardial pyroptosis induced by sepsis. In this study, we also explored whether ALDH2 protected mitochondria through pathways other than aldehyde clearance and found that ALDH2 significantly rescued mitochondrial inner membrane protein HADHA from deacetylation. When the Hadha gene was interfered with, the beneficial effect of Alda-1 no longer exists. An increasing body of evidence has shown that acetylation of mitochondrial proteins is important for the regulation of mitochondrial function (Dittenhafer-Reed et al., 2015; Carrico et al., 2018; Deng et al., 2021). HDAC3 is widely known as an epigenetic regulator which inhibits the dissociation of DNA from histone octamer and compacts and curls the chromatin to block gene transcription. HDAC3 can shuttle between nucleus and cytoplasm and play different functions according to its location (Jiang et al., 2022). It was reported that ALDH2 could translocate to the nucleus and bind with HDAC3 to inhibit the expression of the lysosomal proton pump protein ATP6V0E2, resulting in impaired lysosomal function (Zhong et al., 2019). In this study, we found that ALDH2 remarkably inhibited the cytoplasmic shuttle of HDAC3 induced by sepsis, and it might be related to the binding of the two proteins. This study is the first to demonstrate that ALDH2 may inhibit sepsis-induced translocation of HDAC3 from nucleus to mitochondria.
Besides NLRP3, a variety of inflammasome-forming NLRs have been identified (including NLRP1/2/6/7/12, NLRB and NLRC4/5), which typically contain an evolutionarily conserved tripartite structure, consisting of a N-terminal effector domain, a central nucleotide-binding domain (NBD/NACHT) and a C-terminal autoregulatory LLR domain (Broz and Dixit, 2016; Olsen et al., 2022). However, the assembly of each is determined by unique pattern recognition receptors (PRRs) in response to pathogen-associated molecular patterns (PAMPs) or endogenous danger signals in the cytosol of the host cell (Rathinam and Fitzgerald, 2016; Olsen et al., 2022). A review published in 2021 has summarized the various activators of different inflammasomes, as shown in the figure below (Carriere et al., 2021). In our present study, we focused on the effect of ALDH2 on NLRP3 inflammasome through HDAC3/HADHA/ROS/mtDNA axis. It can be figured out that in addition to NLRP3, AMI2 inflammasome can be triggered by cytosolic DNA and may be a potential target of ALDH2. Moreover, further literature search showed that ROS production could activate NLRP1 (Xu et al., 2019; Fenini et al., 2020) and inhibits NLRP6 (Li et al., 2022). Therefore, NLRP1/6 and AIM2 are all potential downstream targets of ALDH2 in addition to NLRP3. However, whether other inflammasome-forming NLRs are possible targets of ALDH2 still need further investigation.
The dose of LPS used in our previous study was 4 mg/kg for 6 h to simulate cardiac dysfunction induced by mild sepsis (Pang et al., 2019). In this study, severe sepsis, septic shock is discussed. Mechanistically, in a severe state, cardiac function declines rapidly, ER stress and autophagy can no longer self-compensate and maintain balance, thereby led to cardiomyocyte death and impaired cardiac function. Interventions that directly target cell death during the severe shock phase may be the focus of rescue. Therefore, inflammatory programmed cell death, pyroptosis, is the key process of myocardial injury in septic shock, which is the focus of our research.
However, some limitations of our study should be considered. First, whether ALDH2 plays a role in the non-canonical pathway of pyroptosis needs further study. Second, the procedure of the release of mtDNA or ox-mtDNA from mitochondria into cytoplasm has not been investigated because of technical challenges. Third, the mechanism by which ALDH2 regulates HDAC3 has not been fully studied in this study, which will be illuminated in further research.
In conclusion, this study suggests that ALDH2 may protect against septic shock-induced myocardial pyroptosis by inhibiting the mitochondrion-inflammasome pathway through clearing aldehydes and blocking the translocation of nuclear HDAC3 into mitochondria and the consequent HADHA deacetylation. This study elucidates novel mechanisms of myocardial pyroptosis and provides a new therapeutic target for septic shock-induced cardiac dysfunction.
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