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Aims: We examined the change in endogenous hydrogen sulfide (H2S) production and its role in sepsis-induced myocardial dysfunction (SIMD).

Results: Significant elevations in plasma cardiac troponin I (cTnI), creatine kinase (CK), tumor necrosis factor-α (TNF-α), and interleukin-1β (IL-1β) were noted in SIMD patients, whereas left ventricular ejection fraction (LVEF), left ventricular fractional shortening (LVFS), and plasma H2S were significantly decreased relative to those in the controls. Plasma H2S was linearly related to LVEF and LVFS. Subsequently, an SIMD model was developed in mice by injecting lipopolysaccharide (LPS), and NaHS, an H2S donor, was used to elucidate the pathophysiological role of H2S. The mice showed decreased ventricular function and increased levels of TNF-α, IL-1β, cTnI, and CK after LPS injections. Toll-like receptor (TLR) 4 protein and endoplasmic reticulum stress (ERS) proteins were over expressed in the SIMD mice. All of the parameters above showed more noticeable variations in cystathionine γ-lyase knockout mice relative to those in wild type mice. The administration of NaHS could improve ventricular function and attenuate inflammation and ERS in the heart.

Conclusion: Overall, these findings indicated that endogenous H2S deficiency contributed to SIMD and exogenous H2S ameliorated sepsis-induced myocardial dysfunction by suppressing inflammation and ERS via inhibition of the TLR4 pathway.
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INTRODUCTION

Sepsis is the predisposing factor of organ failure and has a considerable mortality rate in critical care patients (Singer et al., 2016). The heart, as a circulatory system component, is a key target organ for injury in sepsis. Sepsis-induced myocardial dysfunction (SIMD) was observed in approximately half of the patients with sepsis, and associated with adverse outcomes and increased mortality (Frencken et al., 2018).

The etiology and pathogenesis of SIMD, including inflammation, altered metabolism, microcirculatory impairment, oxidative stress, and cell dysfunction, are incompletely understood (Liu et al., 2017). Inflammation is fundamental to the development of SIMD. Toll-like receptors (TLRs), particularly TLR4, increase inflammatory cytokines expression, especially tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and interleukin-6 (IL-6), which may lead to myocardial depression. Several studies have confirmed that TNF-α and IL-1β were associated with myocardial injury, and inhibition of TLR4 improved myocardial dysfunction (Zhao et al., 2016; Tan et al., 2019).

The endoplasmic reticulum (ER) is a system of tubular and flat vesicular structures for calcium storage. During inflammation, ischemia, stress, and other pathological states, misfolded/unfolded proteins aggregate in the ER and induce endoplasmic reticulum stress (ERS) (Wang et al., 2018). There are three ER-localized protein sensors for ERS: double-stranded RNA-dependent protein kinase RNA-like endoplasmic reticulum kinase (PERK), inositol-requiring enzyme 1α (IRE-1α), and activating transcription factor 6 (ATF6). In addition, glucose-regulated protein 78 (GRP78), CCAAT/enhancer-binding protein- homologous protein (CHOP), and caspase-12 are commonly used as ERS markers (Almanza et al., 2019). Recent studies have reported that ERS was involved in organ damage in septic animals and that inhibiting ERS could depress inflammation, attenuate organ damage, and improve survival (Liu et al., 2016; Zhong et al., 2019).

Hydrogen sulfide (H2S) is the most recently discovered gasotransmitter that is endogenously generated from cystathionine β-synthase (CBS), cystathionine γ-lyase (CSE), and 3-mercaptopyruvate sulfur transferase (3-MST) (Aroca et al., 2020). Earlier studies focused on the protective role of H2S during hypertension, stroke, and ischemia–reperfusion injury in multiple organ systems (Cui et al., 2020; Xia et al., 2020). Our team has previously shown that H2S was considered protective in takotsubo (stress-induced) cardiomyopathy and acute kidney injury by attenuating inflammation and stress-induced oxidative stress (Zhang Z. et al., 2017; Chen et al., 2018). However, it is not yet clear if H2S is involved in SIMD.

The study was aim to examine the change in H2S production and its role in SIMD.



MATERIALS AND METHODS


Patients

Ten patients without sepsis as the controls and 10 patients with SIMD were recruited from the intensive care unit (ICU) of the Fourth Hospital of Hebei Medical University between July 2017 and December 2017. The inclusion criteria were (1) age > 18 years, (2) ICU stay > 48 h, and (3) SIMD patients who also fit the diagnosis of sepsis and SIMD (see below). Sepsis was defined according to consensus international guidelines (Sepsis-3.0) (Singer et al., 2016). When left ventricular ejection fraction (LVEF) deteriorated to < 50%, patients were defined as having SIMD (Cheng et al., 2019). The exclusion criteria were (1) heart surgery, heart attack, or acute exacerbation of previous heart disease in the last week; (2) previous abnormal echocardiography; and (3) pregnancy. Upon ICU admission, blood samples were collected. Ethics approval was obtained from the Research Ethics Committee of the Fourth Hospital of Hebei Medical University. All patients gave written informed consent. This study followed all of the applicable Chinese laws, regulations, and guidelines.



Animals and Reagents

All experiments received Animal Care and Use Ethics Committee approval and conformed to the Guide for the Care and Treatment of Laboratory Animals (1985, NIH).

Male C57BL/6J 8–12-week-old mice were provided by Vital River Laboratories (Beijing, China). CSE heterozygous mice were a gift from Professor Yichun Zhu (Fudan University, Shanghai, China). The CSE heterozygous mice were used for reproduction, and CSE wild type (WT) and CSE knockout (CSE KO) mice were used for the formal trials. The mice were fed a normal diet under standard animal housing conditions.

LPS and NaHS (H2S donor) were purchased from Sigma (Sigma–Aldrich, United States), and NaHS was freshly prepared before each use. The cTnI, TNF-α, and IL-1β kits were obtained from Xinbosheng Bioengineering (Shenzhen, China). Bicinchoninic acid (BCA) reagent was obtained from Generay Biotechnology (Shanghai, China). All other chemicals were reagent grade and used as received.



Animal Models and Groups

C57BL/6J mice were randomized into three groups: the Control, LPS, and LPS + NaHS (50 μmol/kg) groups (n = 8 in each group). The WT and CSE KO mice were arranged into five groups: the WTControl, WT + LPS, CSE KOControl, CSE KO + LPS, and CSE KO + LPS + NaHS (100 μmol/kg) groups (n = 8 in each group).

The LPS (10 mg/kg) administration method was an established model for SIMD (Ndongson-Dongmo et al., 2015), and NaHS was administered intraperitoneally 3 h after LPS treatment. Blood samples and heart tissues were obtained 6 h after LPS treatment. After centrifugation for 10 min at 4,000 rpm at4°C, plasma was removed and frozen at –80°C. The hearts were fixed in 4% paraformaldehyde, and left ventricle tissues were frozen at –80°C.



Measurement of Echocardiography

We used a Vevo 2100 ultrasound device (Visual Sonics Inc., Toronto, Canada) to obtain transthoracic M-mode echocardiography 6 h after LPS treatment. Five consecutive cardiac cycles were captured, LVEF and LVFS were measured, and average readings were recorded.



Histological Analysis

The heart samples were routinely fixed with paraformaldehyde (4%) for 48 h and mounted with paraffin. Five-μm sections were stained with hematoxylin and eosin (HE) and observed under a light microscope for histopathological analysis (Olympus BX40, Tokyo, Japan). Histological changes were assessed via quantitative measurements of tissue damage by a blinded observer. Pathology scores were assigned as follows (Kishimoto et al., 2001): 0 = normal; 1 = lesions < 25% of the myocardium; 2 = lesions between 25 and 50% of the myocardium; 3 = lesions between 50 and 75% of the myocardium; and 4 = lesions between 75 and 100% of the myocardium.



Measurement of CK, cTnI, and Inflammatory Cytokines in Plasma

Plasma CK level was tested by using an automatic biochemical analyzer (Cobas 6000, Roche, Switzerland). Enzyme-linked immunosorbent assay (ELISA) kits (Xinbosheng, Shenzhen, China) were used to determine cTnI, TNF-α, and IL-1β levels in plasma following the manufacturer instructions.



Measurement of H2S Levels

H2S concentrations in the plasma and hearts were measured as previously described with some modifications (Tan et al., 2017). First, snap-frozen cardiac tissue was homogenized and centrifuged (12,000 rpm, 20min, 4°C). The protein content in supernatants was measured by using the BCA reagent. Plasma was thawed and mixed before assay. Thirty microliter of samples (plasma or supernatant) was spiked with 80μL monobromobimane (Sigma–Aldrich) and 10 μL of 0.1% ammonia. After being agitated for 60 min at room temperature, the reaction was stopped by adding 10 μL of 20% formic acid. Then, the mixture was subjected to centrifugation at 15,000rpm for 10min, clear supernatants were collected as samples. H2S levels were quantified against a standard curve generated by Na2S (0–40 μmol/L). The plasma H2S levels were expressed as μmol/L, and the heart H2S levels were divided by the protein concentrations, which were expressed as μmol/g of protein.



Western Blot Analysis

Heart tissues were homogenized in lysis buffer, and protein content was measured by using the BCA reagent. Equivalent amounts of protein were separated in 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes (Millipore-Upstate). Membranes were blocked with 5% non-fat milk for 1 h and incubated overnight at 4°C in primary antibodies, anti-CSE (1:1,000, Proteintech, United States), anti-CBS (1:1,000, Proteintech, United States), anti-3-MST (1:500, Abcam, United States), anti-TLR4 (1:500, Abcam, United States), anti-CHOP (C/EBP homologous protein) (1:1,000, Abcam, United States), anti-GRP78 (78-kDa glucose-regulated protein) (1:1,000, Abcam, United States), anti-caspase-12 (1:1,000, Abcam, United States), anti-total PERK (1:1,000, Santa Cruz, United States), anti-pPERK (1:1,000, Santa Cruz, United States), anti-ATF6 (1:1,000, Santa Cruz, United States), anti-IRE-1α (1:1,000, Abcam, United States), anti-pIRE-1α (1:1,000, Abcam, United States), and β-actin (1:1,000, Proteintech, United States). The membranes were rinsed in tris-buffered saline and Tween 20 three times for 5 min and incubated with horseradish-peroxidase-conjugated secondary antibodies for 1 h. Specific bands were developed by using a chemiluminescence detection system (Thermo, Scientific-Pierce). The band intensity was quantified by Image J software.



Statistical Analysis

All data were analyzed by using SPSS version 21.0 statistical software (IBM SPSS Statistics for Windows, IBM Corp., Armonk, NY). Data of patients were presented as the mean ± deviation (SD). Data of mice were presented as the mean ± standard error of the mean (SEM). Student’s t-test was used to assess the difference between two groups, whereas one-way analysis of variance (ANOVA) was used for analysis for three or more groups. The least significant difference method was used after ANOVA to determine differences between groups. Statistical significance was defined as P < 0.05.




RESULTS


Plasma H2S Level Decreased in SIMD Patients

To investigate H2S level in SIMD patients, we used a cohort of 10 controls and 10 patients with SIMD whose characteristics were shown in Table 1. There were no differences between the two groups in age, gender, body mass index (BMI) and previous history of chronic heart disease. The LVEF and LVFS levels were lower in the SIMD group than in the Control group (Figures 1A–C). The cardiac troponin I (cTnI), creatine kinase (CK), TNF-α, and IL-1β levels in plasma were significantly higher in the SIMD patients than in the controls (Figures 1D–G, respectively). The plasma H2S level was significantly lower in the SIMD group than in the Control group (Figure 1H), and plasma H2S showed linear relationships with LVEF and LVFS (Figures 1I,J).


TABLE 1. Characteristics of control and SIMD patients.
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FIGURE 1. Plasma H2S level decreased in SIMD patients: (A) Representative echocardiogram images from the Control group and the SIMD group. (B) The changes of left ventricular ejection fraction (LVEF). (C) The changes of left ventricular fractional shortening (LVFS). (D) cTnI levels in the plasma. (E) CK levels in the plasma. (F) TNF-α levels in the plasma. (G) IL-1β levelsin the plasma. (H) H2S levels in the plasma. (I,J) Plasma H2S level is positively correlated with LVEF and LVFS. n = 10 in every group. Results are means ± SD. p < 0.05 was considered significant.




Loss of Endogenous H2S Aggravated LPS-Induced Myocardial Dysfunction

The levels of H2S in the plasma and heart tissue in mice were significantly decreased after LPS injection (Figures 2A,B). H2S is generated by CBS, CSE, and 3-MST, so we examined the expressions of three enzymes in the hearts of mice concomitantly. Our results showed that the expressions of these three enzymes, especially of CSE, were significantly lower in the LPS-treated mice than in the controls (Figures 2C–F). CSE was the main H2S-producing enzyme in the cardiovascular system, so CSE KO mice, which had lower H2S levels in plasma and heart (Supplementary Figures 1A–C), were used to determine whether endogenous H2S was involved in the progression of SIMD. Our results showed that the levels of LVEF and LVFS were significantly decreased (Figures 3A–C), whereas cTnI and CK levels were significantly higher (Figures 3D,E) in the WT + LPS group than in the WT Control group. HE staining showed a normal morphology of hearts from the controls, whereas the morphology of those in the LPS group exhibited the characteristic findings of acute cardiomyocyte injury and inflammation, including tissue edema, inflammatory cell infiltration, and nuclear swelling (Figures 3F,G). A similar result was observed between the CSE KO Control group and CSE KO + LPS group, but the mice in the CSE KO + LPS group had lower cardiac function and more severe myocardial injury than those in the WT + LPS group (Figures 3A–G).
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FIGURE 2. LPS decreased plasma and heart tissues levels of H2S in LPS-induced myocardial dysfunction mice: (A) H2S levels in the plasma. (B) H2S levels in the heart tissues. (C–F) Representative Western blots and quantification of CBS, CSE, and 3-MST protein expression in heart tissues. β-actin was used as the internal control. n = 8 in every group. Results are means ± SEM. p < 0.05 was considered significant.
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FIGURE 3. Loss of endogenous H2S aggravated LPS-induced myocardial dysfunction: (A) Representative M-mode images from WT Control, WT + LPS, CSE KO Control, and CSE KO + LPS groups. (B) The changes of left ventricular ejection fraction (LVEF). (C) The changes of left ventricular fractional shortening (LVFS). (D) cTnI levels in the plasma. (E) CK levels in the plasma. (F) Representative HE-stained left ventricular sections (scale bar = 50μm). (G) Pathological score of the HE-stained left ventricular sections. n = 8 in every group. Results are means ± SEM. p < 0.05 was considered significant.




Exogenous H2SAmeliorated LPS-induced Myocardial Dysfunction

C57BL/6J mice were intraperitoneally injected with NaHS at doses of 10 μmol/kg, 50 μmol/kg, or 100 μmol/kg (n = 8) 3 h after the injection of LPS. A 50 μmol/kg dose of NaHS improved the cardiac function of LPS-treated mice (Supplementary Figures 2A,B), so the dose of 50 μmol/kg was chosen for subsequent experiments. Treatment with 50 μmol/kg NaHS significantly improved myocardial dysfunction and reduced the plasma levels of cTnI and CK (Figures 4A–E). HE staining in the LPS + NaHS groupalso showed less cardiomyocyte injury and inflammation (Figures 4F,G).
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FIGURE 4. Exogenous H2S ameliorated LPS-induced myocardial dysfunction: (A) Representative M-mode images from the Control, LPS, and LPS + NaHS groups. (B) The changes of left ventricular ejection fraction (LVEF). (C) The changes of left ventricular fractional shortening (LVFS). (D) cTnI levels in the plasma. (E) CK levels in the plasma. (F) Representative HE-stained left ventricular sections (scale bar = 50 μm). (G) Pathological score of the HE-stained left ventricular sections. (H) Representative M-mode images from the WT + LPS, CSE KO + LPS, and CSE KO + LPS + NaHS groups. (I) The changes of left ventricular ejection fraction (LVEF). (J) The changes of left ventricular fractional shortening (LVFS). (K) cTnI levels in the plasma. (L) CK levels in the plasma. (M) Representative HE-stained left ventricular sections (scale bar = 50 μm). (N) Pathological score of the HE-stained left ventricular sections. n = 8 in every group. Results are means ± SEM. p < 0.05 was considered significant.


A 50 μmol/kg dose of NaHS did not improve heart function in the CSE KO + LPS group, and a higher dose of 100 μmol/kg was needed (Supplementary Figures 2C,D). Treatment with 100 μmol/kg NaHS significantly improved the myocardial dysfunction (Figures 4H–J) and reduced the plasma levels of cTnI and CK (Figures 4K,L) of the mice in the CSE KO + LPS + NaHS group. Histological examination showed that the cardiomyocyte injury was more severe in the CSE KO + LPS group than in the WT + LPS group, and treatment with 100 μmol/kg NaHS significantly attenuated the damage (Figures 4M,N).



H2S Inhibited Inflammation and ERS in LPS-Induced Myocardial Dysfunction

We investigated the contribution of exogenous H2S to inflammation in mice with SIMD. Plasma TNF-α and IL-1β and TLR4 expressions in the heart were obviously higher in the LPS group than in the Control group. Additionally, treatment with 50 μmol/kg NaHS significantly decreased the TNF-α and IL-1β levels as well as the expression level of TLR4 (Figures 5A,B,D). The effects of exogenous H2S on the expression of ERS-related proteins in the heart specimens were also evaluated by western blot analysis and the representative western blots were shown in Figure 5C. PERK, IRE-1, and ATF6 are the primary effectors of ERS. GRP78 relocates from the luminal domains of PERK, IRE-1, and ATF6 and contributes to activation of these three effectors, which can activate the downstream transcription factors (CHOP and caspase-12) and induce inflammatory responses. We found that the expressions of CHOP, caspase-12, PERK, ATF6, and IRE-1α were obviously higher in the LPS group than in the Control group, which were significantly reduced by subsequent treatment with 50 μmol/kg NaHS (Figures 5E,F,H–K). However, there were no significant differences in GRP78 expression among the three groups (Figure 5G).
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FIGURE 5. H2S inhibited inflammation and ERS in LPS-induced myocardial dysfunction: (A) TNF-α levels in the plasma. (B) IL-1β levels in the plasma. (C–K) Representative Western blots and quantitative analysis for TLR4, CHOP, Caspase-12, GRP78, p-PERK/PERK, p-IRE1/IRE1, p90 ATF6, and p50 ATF6 protein expression in heart tissues. β-actin was used as the internal control. n = 8 in every group. Results are means ± SEM. p < 0.05 was considered significant.


The effect of endogenous H2S on inflammation and ERS was also assessed and the representative western blots were shown in Figure 6C. The levels of TNF-α and IL-1β and the expression of TLR4 were obviously higher in the CSE KO + LPS group than in the WT + LPS group, and treatment with 100 μmol/kg NaHS significantly decreased the TNF-α and IL-1β levels and TLR4 expression (Figures 6A,B,D). The protein expressions of CHOP, caspase-12, PERK, ATF6, and IRE1-α were obviously higher in the CSE KO + LPS group than those in the WT + LPS group. Treatment with 100 μmol/kg NaHS significantly inhibited CHOP, caspase-12, PERK, ATF6, and IRE1-α expressions (Figures 6E,F,H–K). However, there were no significant differences in GRP78 expression among the three groups (Figure 6G).
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FIGURE 6. H2S inhibited inflammation and ERS in CSE KO mice: (A) TNF-α levels in the plasma. (B) IL-1β levels in the plasma. (C–K) Representative Western blots and quantitative analysis for TLR4, CHOP, Caspase-12, GRP78, p-PERK/PERK, p-IRE1/IRE1, p90 ATF6, and p50 ATF6 protein expression in heart tissues. β-actin was used as the internal control. n = 8 in every group. Results are means ± SEM. p < 0.05 was considered significant.





DISCUSSION

Our results revealed three important findings. First, endogenous H2S was significantly decreased in the patients with SIMD. Second, H2S had a protective role in SIMD. Third, inhibition of inflammation and ERS might mediate the protective effect of H2S against SIMD.

Sepsis is a systemic inflammation induced by infection, and severe sepsis is the main cause of high mortality (Coopersmith et al., 2018). SIMD is a transient cardiac dysfunction that usually results in hemodynamic instability, which is generally believed to be the cause of death for patients with sepsis (L’Heureux et al., 2020). In 1984, Parker and Parrillo et al. first introduced the definition of SIMD, including decreased LVEF and increased end-diastolic volume index (Parker et al., 1984). However, the mechanism of SIMD is not certain, and inflammation is believed to be one of the pathological bases of cardiac injury in sepsis (L’Heureux et al., 2020). During sepsis, pathogen-associated molecular patterns and damage-associated molecular patterns activate TLRs, which then trigger inflammation by stimulating the production and release of pro-inflammatory cytokines, specifically TNF-α and IL-1β (Yang et al., 2018). Tang et al. (2014) demonstrated that TNF-α expression in cardiomyocytes was increased after dealing with LPS, and propofol alleviated cardiac dysfunction by decreasing the generation of TNF-α. Hobai et al. (2015) reported that the contractility of adult rat ventricular myocytes could be depressed after long-term exposure to LPS and an inflammatory cytokines mixture (TNF, IL-1, and IL-6). Previous studies confirmed that cTnI was a highly sensitive and specific marker of SIMD, as well as an independent risk factor for mortality (Liu et al., 2017; L’Heureux et al., 2020). In our study, patients with SIMD were defined as having an LVEF of < 50%, and the levels of cTnI, CK, TNF-α, and IL-1β in plasma were increased. We successfully replicated the SIMD model by using LPS in mice, and the results were in agreement with our results in humans and the results of previous studies (Li et al., 2019; Huang et al., 2020).

H2S, a gaseous mediator along with NO and CO, is a pivotal factor in modulating cardiovascular function. Previous studies have confirmed the cardiac protective effect of H2S, however, the specific mechanisms remain unclear in sepsis (Li et al., 2017; Zhang H. X. et al., 2017; Liu et al., 2019). It was reported that the lower plasma level of H2S indirectly predicted increased morbidity and mortality (Perridon et al., 2016; Yuan et al., 2017). In our study, we noticed that plasma H2S level decreased in SIMD patients and mice, and H2S levels in hearts of SIMD mice also decreased. We further evaluated the expressions of H2S-producing enzymes in the hearts of mice, and found that LPS could reduce the expressions of CBS, CSE, and 3-MST, which may be mainly responsible for endogenous H2S deficiency. Because CSE was the main H2S-producing enzyme in the heart, CSE KO mice which had lower H2S levels in plasma and heart were used to investigate the role of endogenous H2S in SIMD mice. The results showed that cardiac function was worse in the CSE KO + LPS group than those in the WT + LPS group. The plasma levels of TNF-α, IL-1β, cTnI, and CK were higher in the CSE KO + LPS group than those in the WT + LPS group. These data were consistent with those of a recently published study showing that H2S level in the heart and the survival rate were lower in CSE KO mice with myocardial infarction than in WT mice (Miao et al., 2016). Our result suggested that H2S deficiency participated in the pathophysiology and progression of SIMD.

The role of hydrogen sulfide in inflammation remains controversial. Zhang et al. (2006) showed that plasma H2S significantly increased in mice that received CLP, and an intraperitoneal bolus of H2S (10 mg/kg) increased mortality. Conversely, Ferlito et al. (2014) reported that H2S improved the prognosis of sepsis when administered subcutaneously at a dose of 100 μmol/kg (5.6 mg/kg). Therefore, we investigated whether exogenous H2S could protect cardiac function from LPS-induced myocardial dysfunction in vivo. We injected NaHS at doses of 10, 50, and 100 μmol/kg and found that 50 μmol/kg and 100 μmol/kg improved the cardiac function of SIMD mice. However, there was no significant difference in the improvement effects between the two dosages, so we used 50 μmol/kg NaHS to further elucidate the underlying mechanisms. We found that 50 μmol/kg NaHS could not improve cardiac function in the CSE KO + LPS group, but improvement was observed after administering a dose of 100 μmol/kg NaHS. One explanation for this result might be that the H2S level in plasma was lower in the CSE KO mice than in the WT mice after LPS administration. These results once again indicated that deficiencies of endogenous H2S may exert a negative effect on cardiac function, and H2S supplementation may be protective in SIMD.

Previous studies have demonstrated that ERS proteins were involved in the pathophysiology of sepsis-associated organ damage, including SIMD, by tightly recycling cytoplasmic calcium concentrations (Pang et al., 2019; Zhong et al., 2019). Sodhi et al. (2015) explored the role of ERS in traumatic/hemorrhagic lung injury and showed that TLR4 activation in epithelial cells led to ERS. They also showed that TLR4 inhibitors reduced ERS and lung injury by inhibiting the TLR4 signaling pathway. Similarly, Hiramatsu et al. (2006) found that GRP78 expression in the spleen, lungs, kidneys, liver, and heart of septic mice were significantly increased after intravenous LPS administration, indicating that LPS-induced systematic ERS. Zhang et al. (2015) also demonstrated that the expressions of GRP94, CHOP, and caspase-12 in the hearts of septic rats were upregulated and cardiomyocytes apoptosis could be attenuated by inhibiting ERS. A review stated that the ERS-related genes GRP78, IRE-1α, PERK, ATF6, CHOP, and caspase-12 were all upregulated in sepsis (Khan et al., 2015). We found that LPS increased the expression of TLR4, an upstream receptor in the inflammatory signaling pathway, and the expression of ERS effectors (PERK, p-PERK, IRE-1α, p-IRE-1α, p90ATF6, and p50ATF6) and downstream transcription factors (CHOP and caspase-12), finally resulted in increased levels of TNF-α and IL-1β in plasma. The expressions of the above markers were also higher in the CSEKO + LPS group than in the WT + LPS group, which was similar to the results of previous studies.

As a gasotransmitter, H2S has been recognized for its important role in various disease models by inhibiting ERS. In a renal ischemia–reperfusion model in rats, Ling et al. (2017) found that ERS-related signaling pathways (i.e., PERK, ATF6, and IRE1) and related proteins (GRP78, GRP94, XBP1, and eIF2α) were upregulated significantly in ischemia–reperfusion rats, with concomitant reduction in the levels of endogenous H2S. They also showed that NaHS treatment improved kidney damage by decreasing the expression of ERS-related genes. In mice with sepsis-associated organ damage, Ferlito et al. (2014) reported that CHOP expression was upregulated in the spleen, lungs, and liver, whereas exogenous H2S reduced the expression of CHOP in these organs, alleviated the inflammatory response, and improved the survival rate in septic mice, indicating that H2S had a protective role in sepsis by inhibiting ERS. Li et al. (2016) also examined the effect of H2S on the cardiac function of diabetic rats and reported that GRP78, CHOP, and caspase-12 expressions were elevated in the hearts of the diabetic rats relative to those of the controls. In that study, NaHS reduced the expression of the three ERS markers and improved myocardial hypertrophy and myocardial collagen deposition in diabetic rats, which demonstrated that H2S can attenuate cardiac dysfunction caused by diabetes by suppressing ERS. In the present study, we found that 50 and 100 μmol/kg NaHS downregulated the expressions of TLR4 and ERS markers in the LPS + NaHS group and CSE KO + LPS + NaHS group, respectively. The levels of TNF-α and IL-1β in plasma showed the same trend. Overall, our findings provided further evidence that H2S could reduce LPS-induced inflammation and ERS by inhibiting TLR4 and might have a cardioprotective role in SIMD.

This study also has several limitations. One limitation is the choice of H2S donors. There is still a lack of compounds that would meet all requirements for the ideal H2S donor in clinical studies. The different H2S releasing pattern of these donors may explain the difference of their effects in different models (Wu et al., 2016). SIMD is an acute disease process and a rapid releasing H2S donor is needed to elevate H2S concentration in the plasma as soon as possible. Previous studies from our group and others also showed that NaHS was often used in the acute inflammation models induced by LPS (Chen et al., 2018; Sun et al., 2019). Also, in our preliminary study, we found that NaHS could improve ventricular function of SIMD mice. However, NaHS salt will generate poly sulfides upon rapid oxidation in aqueous solution, which maybe not the best H2S donor. Another limitation to this study is the method to measure free hydrogen sulfide levels in blood or heart tissues. H2S exists as three forms in aqueous solution, including hydrogen sulfide gas, hydrosulfide anion (HS–), sulfide anion (S2–) and other bound forms. Hence it’s difficult to accurately measure H2S. Though various methods (such as colorimetry, gas chromatography, electrodes selective for sulfide, polarographic sensors, fluorescent probes, and high performance liquid chromatography) have been established, and the monobromobimane method we used is not specified (not just H2S, also include S2– and HS–), but is one of the most widely used methods at present for simple and robust (Tan et al., 2017). The third limitation, we are not well-known of mechanisms about how LPS works in the reduction of H2S. Previous studies have implicated a role for PI3K/Akt/Sp1 signaling in the regulation of CSE (Yin et al., 2012), LPS may also influence CSE production through the same signaling.



CONCLUSION

We showed that a deficiency in endogenous H2S contributed to SIMD, whereas exogenous H2S ameliorated SIMD by inhibiting inflammation and ERS via inhibition of the TLR4 pathway. These findings shed light on the role of H2S in treating SIMD.
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