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Introduction: Short episodes of ischemia-reperfusion (IR) in the heart (classical ischemic preconditioning, IPC) or in a limb (remote ischemic preconditioning, RIPC) before a prolonged ischemic episode, reduce the size of the infarct. It is unknown whether IPC and RIPC share common mechanisms of protection. Animals KO for NOX2, a superoxide-producing enzyme, or KO for NLRP3, a protein component of inflammasome, are not protected by IPC. The aim of this study was to investigate if NOX2 or NLRP3 inflammasome are involved in the protection induced by RIPC.
Methods: We preconditioned rats using 4 × 5 min periods of IR in the limb with or without a NOX2 inhibitor (apocynin) or an NLRP3 inhibitor (Bay117082). In isolated hearts, we measured the infarct size after 30 min of ischemia and 60 min of reperfusion. In hearts from preconditioned rats we measured the activity of NOX2; the mRNA of Nrf2, gamma-glutamylcysteine ligase, glutathione dehydrogenase, thioredoxin reductase and sulfiredoxin by RT-qPCR; the content of glutathione; the activation of the NLRP3 inflammasome and the content of IL-1β and IL-10 in cardiac tissue. In exosomes isolated from plasma, we quantified NOX2 activity.
Results: The infarct size after IR decreased from 40% in controls to 9% of the heart volume after RIPC. This protective effect was lost in the presence of both inhibitors. RIPC increased NOX2 activity in the heart and exosomes, as indicated by the increased association of p47phox to the membrane and by the increased oxidation rate of NADPH. RIPC also increased the mRNA of Nrf2 and antioxidant enzymes. Also, RIPC increased the content of glutathione and the GSH/GSSG ratio. The inflammasome proteins NLRP3, procaspase-1, and caspase-1 were all increased in the hearts of RIPC rats. At the end of RIPC protocol, IL-1β increased in plasma but decreased in cardiac tissue. At the same time, IL-10 did not change in cardiac tissue but increased by 70% during the next 50 min of perfusion.
Conclusion: RIPC activates NOX2 which upregulates the heart’s antioxidant defenses and activates the NLRP3 inflammasome which stimulates a cardiac anti-inflammatory response. These changes may underlie the decrease in the infarct size induced by RIPC.
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1 INTRODUCTION
Ischemic heart disease and acute myocardial infarction constitute a major cause of death worldwide. Following a myocardial infarction patients are at increased risk of heart failure, arrhythmias, and death (Yellon and Hausenloy, 2007). Although reperfusion is mandatory following cardiac ischemia, reperfusion itself increases the damage and the infarct size (Vanden Hoek et al., 1996; Yellon and Hausenloy, 2007) and several approaches have been developed to reduce the damaging effects of IR. Classical ischemic preconditioning is a strategy whereby brief episodes of ischemia by occlusion of a coronary artery followed by reperfusion, activate endogenous protective mechanisms and decrease IR damage after a lethal ischemia (Murry et al., 1986). Protection also occurs when the brief preconditioning ischemic episodes do not occur in the heart but in a distant tissue, such as a limb (Kharbanda et al., 2002). This is called remote ischemic preconditioning. Preclinical studies demonstrate that the brief episodes of ischemia in the limb trigger neuronal and humoral signals, which activate protective mechanisms in the heart (Hausenloy and Yellon, 2008; Lim et al., 2010). It is not completely understood how these protective mechanisms are initiated. Still, conceivably, the first line of defense should be against the molecules or pathways that initiate IR damage.
Reactive oxygen species and inflammation contribute significantly to the harmful effects of ischemia-reperfusion (Granger and Kvietys, 2015; Toldo and Abbate, 2018), yet, if they are inhibited during preconditioning, protection does not develop. In preclinical studies, KO animals for NADPH oxidase type 2 (NOX2), an enzyme that oxidizes NADPH to generate superoxide anion, lose the ability to develop protection against ischemia-reperfusion injury when subjected to classical ischemic preconditioning (Bell et al., 2005). Tachycardia or exercise-induced preconditioning are also prevented by inhibition of NOX2 (Sánchez et al., 2008). Likewise, KO animals for the NLRP3 inflammasome, a complex involved in innate immunity, are not protected by classical ischemic preconditioning (Zuurbier et al., 2012).
There is scarce information about the involvement of NOX2 or NLRP3 inflammasome in remote ischemic preconditioning, which theoretically activates other pathways of protection (Pearce et al., 2021). The aim of this work is to evaluate if the activity of NOX2 and the NLRP3 inflammasome is also involved in the protection produced by RIPC. Knowing the molecular mechanisms of cardiac protection may help improve the design and application of protective protocols in patients exposed to ischemia-reperfusion injury.
2 MATERIALS AND METHODS
This study conformed to the Guide for the Care and Use of Laboratory Animals, published by the U.S. National Institutes of Health (NIH, Publication No. 85-23, revised in 1996), and was approved by the Institutional Ethics Review Committee, protocol number CBA 22547-MED-UCH.
2.1 Remote ischemic preconditioning protocol
Rats (male, 250–300 g) were anesthetized (80 mg/kg pentobarbital,i.p.) and subjected to four cycles of 5 min ischemia and 5 min reperfusion using a tourniquet placed on the right hind limb. Controls were maintained for an equivalent period of time under anesthesia. When used, Apocynin (5 mg/kg, i.p.) or Bay11-7082 (130 μg/kg, i.p.) were administered 5 or 30 min respectively, before starting RIPC. An adjustable heating pad kept the body temperature constant at 37°C. Following RIPC, some hearts were rapidly frozen under liquid nitrogen and kept at −80°C until analyzed. Other hearts, were perfused in a Langendorff system to measure the infarct size. In these animals, a sternotomy was performed and heparin 100 U/kg IV was administered. The heart was rapidly excised, mounted in a temperature-regulated heart chamber, and perfused retrogradely via the ascending aorta using a peristaltic infusion pump at a constant flow of 10–14 mL/min to generate an initial mean coronary (aortic) perfusion pressure (CPP) of 60–70 mm Hg with physiological modified Krebs Henseleit Buffer solution containing (in mM) NaCl (128.3), KCl (4.7), CaCl2 (1.35), NaHCO3 (20.2), NaH2PO4 (0.4), MgSO4 (1.1), glucose (11.1), pH 7.4 at 37 °C when equilibrated with a mixture of 95% O2/5% CO2. Perfusion solution and bath temperatures were maintained at 37°C by a thermostatically controlled water circulator. We measured the left ventricular pressure developed by the heart by a latex balloon inserted in the left ventricle, connected to a pressure transducer (Bridge Amp ML221 AD Instruments, Australia), and filled with normal saline to produce a left ventricle end-diastolic pressure of 5–10 mm Hg. Hearts were paced at 240 beats/min. After 20 min stabilization, hearts were subjected to 30 min of global ischemia followed by 60 min of reperfusion.
2.2 Measurement of the infarct size
Hearts subjected to IR in the absence (IR, N = 15; RIPC, N = 7) or in the presence of inhibitors (Apocynin, N = 4 and Bay11-7082, N = 5) were perfused with triphenyl tetrazolium chloride (TTC, Sigma-Aldrich, St. Louis, MO) to measure the infarct size as described previously (Vila-Petroff et al., 2007).
2.3 Preparation of tissue fractions
Whole-ventricle homogenates and membrane-enriched fractions were prepared from frozen tissue, as described before (Donoso et al., 2014; Sanchez et al., 2016). Proteins were determined in western blots as described below.
2.4 Preparation of exosomes
At the end of the preconditioning protocol, blood samples were collected in sodium citrate blood collecting tubes (Becton Dickinson) from the abdominal aorta. Blood (5 mL) was centrifuged at 2,000 x g for 10 min at room temperature. The plasma obtained was centrifuged at 10,000 x g for 30 min, and the supernatant was carefully separated (platelet-free plasma) and diluted with an equal volume of PBS. The diluted plasma was ultracentrifuged at 100,000xg for 70 min. The pellet was washed once with PBS and finally resuspended in 100 μL of PBS and kept frozen at −80°C. Exosomes were characterized using a Nanosight LM10-HS (Nanosight Ltd., Malvern, United Kingdom).
2.5 RNA Isolation and qRT-PCR
Total RNA was isolated from cardiac tissue using TRIzolTM (Thermo Fisher, Waltham, MA, United States) according to the manufacturer’s instructions. RNA from each sample was used for reverse transcription (RT) using the iScriptTM cDNA synthesis kit (Bio-Rad). The cDNA was used for quantitative polymerase chain reaction (qPCR) analysis in an amplification system (CFX96 Touch, Bio-Rad, Hercules, CA, United States) using Brilliant III Ultra-Fast SYBR® Green QPCR Master Mix (Agilent, Santa Clara, CA, United States). Values were normalized to the expression of the constitutive 18S gene. The 2−ΔΔCT method was used to calculate relative transcript abundances. Primers used for RT-PCR were as follows: Nrf2: Forgard 5′-GCC AGC TGA ACT CCT TAG AC -3’; Reverse 5′-GAT TCG TGC ACA GCA GCA -3. γ-GCL (gamma-glutamylcysteine ligase): Forward 5′-ATC​TGG​ATG​ATG​CCA​ACG​AGT​C-3’; Reverse 5′-CCT​CCA​TTG​GTC​GGA​ACT​CTA​CT-3’. Glutathione Reductase: Forward 5′-ACC​ACG​AGG​AAG​ACG​AAA​TG-3’; Reverse 5′-ATC​TCA​TCG​CAG​CCA​ATC​C-3’. Thioredoxin Reductase: Forward 5′-GGT​GAA​CAC​ATG​GAA​GAG​CA-3’; Reverse 5′-GGA​CTT​AGC​GGT​CAC​CTT​GA-3’. Sulfiredoxin-1: Forward 5′-CCC​AAG​GCG​GTG​ACT​ACT​A-3′; Reverse 5′-GGC​AGG​AAT​GGT​CTC​TCT​CT-3′. 18S: Forward 5′-AAA​CGG​CTA​CCA​CAT​CCA​A-3’; Reverse 5′-CCT​CCA​ATG​GAT​CCT​CGT​TA-3’
2.6 Glutathione content
Total glutathione (GSH + GSSG) concentration was determined in heart homogenates as described by Griffith (1980).
2.7 Interleukin-1B determination
IL-1B was determined by ELISA using a commercial kit from Invitrogen (catalog number BMS 630), according to the manufacturer’s instructions
2.8 Interleukin-10 determination
IL-10 was determined in heart homogenates by ELISA using a commercial kit from Invitrogen (catalog number BMS 629) according to the manufacturer’s instructions
2.9 Caspase-1 activity
Caspase activity was determined using a commercial kit from Abcam (abcam 39412) according to manufacturer’s instructions
2.10 Western blot analysis
Proteins were separated by electrophoresis in polyacrylamide gel (8 or 15% gels), transferred to PVDF membranes (Bio-Rad), and immunoblotted. The primary antibodies used were: anti-p47phox (SAB 4502810, Sigma Aldrich), anti-gp91phox (Sc-74514, Santa Cruz), anti-GAPDH (G9545, Sigma Aldrich), anti-CD81 (555675, BD Biosciences), anti-CD63 (Sc-15363, Santa Cruz), anti-caspase-1 (Sc-56036, Santa Cruz), anti-NLRP3 (MA5-32255, Thermo Fisher), anti-ASC (Sc-271054, Santa Cruz). Antigen-antibody reactions were detected by ECL (Amersham Biosciences), and blots were quantified using ImageJ Lab software. Results were normalized to GADPH.
2.11 Determination of protein concentration
Total protein concentration was determined using the bicinchoninic acid assay (Pierce BCA Protein Assay Kit; Thermo Scientific, Rockford, IL).
3 RESULTS
3.1 Remote ischemic preconditioning and infarct size
Global ischemia resulted in an average infarct of 40% of the heart volume in isolated rat hearts. Hearts from remote ischemic preconditioned (RIPC) rats had significantly smaller infarct sizes, averaging 9% of the heart (Figures 1A, B). When apocynin, a NOX2 inhibitor, and ROS scavenger, or BAY11-7082, an NLRP3 inflammasome inhibitor, were given before RIPC, the protective effect was eliminated (Figures 1A, B). RIPC also improved the recovery of the pressure developed by the heart after ischemia (Figure 1C). Hearts subjected to 30 min of ischemia and 60 min of reperfusion developed a pressure of less than 10 mm Hg while control hearts developed over 65 mmHg after being perfused in Langendorff during an equivalent period of time (110 min). Hearts from RIPC rats developed a pressure of 43 mm Hg on average, a value that is 65% of the pressure developed by controls (Figure 1C). The developed pressure after IR was negligible when apocynin or BAY11-7082 was given before RIPC (Figure 1C). Changes in +dP/dt followed the pattern of LVDP (Figure 1D) but left ventricular end diastolic pressure (LVDEP) remained elevated in all cases (Figure 1E). These results suggest that RIPC prevents irreversible damage caused by IR, but persist a transitory mechanical dysfunction that will require more time to improve. Importantly, the elimination of ROS or inhibition of the NLRP3 inflammasome causes the loss of the protection on the irreversible damage afforded by RIPC.
[image: Figure 1]FIGURE 1 | Inhibition of NOX2 or NLRP3 inflammasome prevent the protection by RIPC. (A) Representative hearts slices after IR. (B) Quantification of infarct size in hearts as those shown in A. (C) left ventricle developed pressure (LVDP). (D) +dP/dt. (E) Left ventricular end diastolic pressure (LVEDP). IR: hearts subjected to 30 min of ischemia and 60 min of reperfusion; RIPC: hearts subjected to remote ischemic preconditioning prior to the IR protocol; Apo: apocynin, Bay: Bay11-7082; Mean ± SEM; Number in the bar correspond to the experimental N; Kruskal-Wallis test followed by Dunn’s multiple comparison test; ***p < 0.001 and **p < 0.01 RIPC vs. all conditions.
3.2 RIPC activates NOX2 in the heart
The effect of apocynin and BAY11-7082 on the infarct size suggests that ROS and the NLRP3 inflammasome are both involved in the protection by RIPC. We and others have determined before that NOX2, a superoxide-generating enzyme, is critical in the protection induced by classical ischemic preconditioning (Bell et al., 2005) and in non-ischemic forms of preconditioning such as tachycardia or exercise (Sánchez et al., 2008). To determine if NOX2 was activated in rat hearts after RIPC we quantified p47, a cytosolic NOX2 subunit recruited to the membrane to activate the catalytic subunit gp91 at the membrane. Figure 2A shows that the ratio of p47/gp91 in a membrane-enriched fraction isolated from hearts increased by 3-fold after RIPC. The oxidation rate of NADPH also increased by 2-fold after RIPC as shown in Figure 2B, showing that NOX2 is active in this membrane fraction.
[image: Figure 2]FIGURE 2 | RIPC activates NOX2 in the heart and exosomes: (A) Representative western blots and quantification of NOX2 subunits p47phox and gp91phox in heart homogenates. (B) NADPH oxidation rate in membrane-enriched fraction isolated from hearts. (C) representative Western blot of marker proteins CD63 and CD81 in exosomes (top) and nanoparticle tracking analysis of particle concentration vs. size; the solid line represents the mean, and the standard deviation is shown in red (bottom). (D) representative Western blot and quantification of gp91phox normalized to CD81 in exosomes. (E) NADPH oxidation rate in exosomes. Bars represent the mean ± SEM; the number of hearts or exosome preparations analyzed is shown in the bar. Mann Whitney test; *p < 0.05.
In parallel experiments we isolated exosomes from the blood of control rats and after RIPC by differential ultracentrifugation. The concentration and size of exosomes were determined by nanoparticle tracking analysis. From the blood of one rat, we typically obtained 200 µL of exosomes with a modal size of 89 ± 12 nm and a concentration of 2 ± 0.9 × 1010 particles/mL (N = 3). Western blot analysis of these exosomes showed they contain characteristic proteins such as CD63 and CD81 (Figure 2C). Additionally, exosomes isolated after RIPC were enriched in gp91phox and p47phox (Figure 2D), and had a 3-fold rate of NADPH oxidizing activity compared to controls (Figure 2E). These results show that exosomes isolated after RIPC contain active NOX2.
3.3 RIPC increased the mRNAs of Nrf2 and of antioxidant enzymes in the heart
The activation of NOX2 suggests that ROS are generated in the hearts of rats subjected to RIPC. ROS may activate the antioxidant defenses of the heart. Nrf2 is a transcription factor involved in the transcriptional regulation of several antioxidant enzymes; therefore, we measured by qRT-PCR the mRNA of Nrf2 and of enzymes controlled by this transcription factor. We found that RIPC increased the mRNA content of Nrf2 in the heart (Figure 3A) and also increased the mRNA content of gamma-glutamyl-cysteine ligase, the rate-limiting enzyme in the synthesis of glutathione (Figure 3B), glutathione reductase (Figure 3C), thioredoxin reductase (Figure 3D), and Sulfiredoxin-1 (Figure 3E). These results suggest that Nrf2 and antioxidant enzymes controlled by Nrf2 are upregulated by RIPC.
[image: Figure 3]FIGURE 3 | RIPC increases the mRNAs of Nrf2 and of antioxidant enzymes in the heart: Quantification of mRNA by RT-qPCR of (A) Nrf2, (B) Gamma-glutamyl cysteine ligase, (C) Glutathione reductase, (D) Thioredoxin reductase, (E) Sulfiredoxin-1. Bars show the mean ± SEM of the number of hearts indicated in each bar. Mann Whitney test; *p < 0.05, **p < 0.001.
3.4 RIPC increases the antioxidant buffer capacity of the heart
Glutathione is the primary redox buffer in the heart and changes in concentration or redox state have a deep impact on the antioxidant cell defense. The increase in the mRNAs of gamma-glutamyl-cysteine ligase and of glutathione reductase shown in Figure 3, suggests that RIPC may change the concentration or the equilibrium in the reduced to oxidized form of this redox buffer. We then measured the content of glutathione, the ratio of reduced to oxidized glutathione, and the activity of glutathione reductase in heart homogenates. After RIPC, we observed a 35% increase in total glutathione content (Figure 4A), together with a 55% decrease in GSSG (Figure 4B), resulting in a 70% increase in the GSH/GSSG ratio (Figure 4C). There was also a significant 37% increase in the activity of glutathione reductase (Figure 4D). These changes indicate that the glutathione system is upregulated in the heart and give further support to the notion that RIPC initiates a defensive mechanism against ROS which may play an important role in the defense against the massive amount of ROS produced during reperfusion.
[image: Figure 4]FIGURE 4 | RIPC increases the antioxidant buffer capacity of the heart: (A) Total glutathione content (GSH), (B) Oxidized glutathione content (GSSG), (C) GSHred/GSSG ratio (D) Glutathione reductase activity (GR). Bars represent the mean ± SEM of the number of hearts indicated in each bar. Mann Whitney test; *p < 0.05, **p < 0.001.
3.5 RIPC activates NLRP3 inflammasome in the heart
The abolition of the RIPC protective effect on the infarct size by BAY11-7082 supports a role for NLRP3 inflammasome in the protection. This complex is formed by 3 proteins: the NLRP3 protein, the adapter protein ASC, and pro-caspase-1. Activation of the complex by danger signals cleaves pro-caspase-1. Active caspase-1 processes and releases the inflammatory cytokines IL-1β and IL-18. Both cytokines, especially IL-1β, are upregulated in myocardial infarction and other cardiac pathologies and have a role in the progression to heart failure (Hanna and Frangogiannis, 2020). We found that RIPC produced a 75% increase in the content of NLRP3 protein in heart homogenates (Figure 5A), but no changes in ASC (Figure 5B). There was also a 3.4-fold increase in procaspase (Figure 5C) together with a 3-fold increase in caspase-1 (Figure 5D) determined in western blots of heart homogenates. The enzymatic activity of caspase-1 increased by 63% (Figure 5E). Blood taken before (basal) and at the end of the RIPC protocol showed a significant 30% increase in circulating IL-1β (Figure 5F), indicating that RIPC produced a systemic pro-inflammatory response. To investigate the response of the heart to this pro-inflammatory state, we quantified both, IL-1β and IL-10, an anti-inflammatory cytokine, in cardiac tissue at the end of RIPC and after further perfusion for 50 min. We found that, at the end of RIPC, IL-1β decreased in cardiac tissue (Figure 5G) but IL-10 was unchanged (Figure 5H). After another 50 min IL-1β remained lower than control (Figure 5I) but IL-10 increased by 70% compared to control. This results suggest that the heart activates an anti-inflammatory response that may be responsible, at least in part, for the observed protection.
[image: Figure 5]FIGURE 5 | RIPC activates NLRP3 inflammasome in the heart: Representative Western blot determined in heart homogenates and quantification of (A) NLRP3, (B) ASC, (C) Procaspase-1, (D) caspase-1. (E) caspase −1 activity (F) Plasma concentration of IL-1β determined in the same rat before (Basal) and at the end of the preconditioning protocol (RIPC). (G) IL-1β in cardiac tissue at the end of RIPC protocol (H) IL-10 in cardiac tissue at the end of RIPC protocol (I) IL-1β in cardiac tissue after 50 min of perfusion in Langendorff. (J) IL-10 in cardiac tissue after 50 min of perfusion in Langendorff. Bars represent the Mean ± SEM of the number of hearts indicated in each bar. Mann Whitney test; *p < 0.05, **p < 0.001.
4 DISCUSSION
In this study, we showed that RIPC activates NOX2, upregulates the antioxidant defenses of the heart, and activates the NLRP3 inflammasome which, in turn, initiates an anti-inflammatory response. Both, the upregulation of antioxidant defenses and the anti-inflammatory response confer protection against myocardial IR injury. Inhibition of both, NOX2 or the NLRP3 inflammasome, overrides the protection conferred by RIPC.
To the best of our knowledge, this is the first report of the involvement of NOX2 in RIPC. NOX2 is a complex enzyme made up of two integral membrane subunits, gp91phox and p22phox, and 4 cytosolic subunits (Rac, p40phox, p47phox, p67phox), that are recruited to the membrane when the enzyme is activated. Activation requires Rac’s prenylation and phosphorylation of p47phox to form the active enzyme that transfers electrons from NADPH to oxygen to produce a superoxide anion (Griendling et al., 2000).
Mice hearts KO for NOX2 are not protected by ischemic preconditioning, indicating that NOX2 is necessary for the cardioprotective mechanism (Bell et al., 2005). Also, we have shown that dogs preconditioned by tachycardia or exercise have an increased activity of NOX2 in the heart. Apocynin, a NOX2 inhibitor given before the preconditioning maneuver avoids both, the increase in NOX2 activity and the cardioprotection (Sánchez et al., 2008). At least two reasons can explain the critical role of NOX2 in preconditioning. First, ROS are second messengers that activate several protective pathways (reviewed in Perrelli et al., 2011; Cadenas, 2018). Second, a small amount of ROS generated during preconditioning produces reversible redox modification of critical cysteine residues of key proteins that prevent their irreversible oxidation when challenged with a massive amount of ROS (Yan, 2014). In this regard, we have shown that increased NOX2 activity in exercise or tachycardia preconditioning produces S-glutathionylation of the Ryanodine receptor, the calcium channel of the sarcoplasmic reticulum, turning them resistant to degradation during IR, a fact that may contribute to cardioprotection (Sánchez et al., 2005; Sánchez et al., 2008).
Circulating exosomes isolated from rat’s blood after RIPC contained active NOX2. Exosomes isolated from RIPC animals when infused to naïve hearts, decrease the infarct size to an extent similar to that observed in RIPC (Vicencio et al., 2015; Davidson et al., 2018). It is plausible, therefore, that NOX2-containing exosomes are endocytosed by cardiomyocytes or other cells in the heart, and generate ROS which initiates protective pathways or causes redox modifications of cellular proteins protecting them from irreversible damage. A recent study has shown that exosomes released from macrophages contain functional NOX2. When internalized by damaged axons these exosomes reach the cell body and generate ROS which stimulates the PI3K-pAKT pathway and produces axonal regeneration (Hervera et al., 2018).
The rapid activation of Nrf2 and the transcription of the enzymes involved in the regulation of the glutathione system was a previously unnoticed effect induced by RIPC and most likely plays an important role in cardioprotection. It has been known for a long time the inverse relationship between glutathione content and cardiac infarct size (Singh et al., 1989) and the expression of enzymes catalyzing glutathione synthesis and other glutathione-related antioxidant reactions are under the control of Nrf2 (Ma, 2013).
Reports in the literature indicate that the NLRP3 inflammasome is activated after IR and mediates the damaging effect of IR in the long term. Mice deficient in NLRP3, ASC or caspase-1 have smaller infarcts after IR (Kawaguchi et al., 2011; Liu et al., 2014). Inhibition of NLRP3 inflammasome at the moment of reperfusion has beneficial effects when assessed at 24 h-7 days (Marchetti et al., 2015; Toldo et al., 2016), but no effects are observed in response to acute IR (Jong et al., 2014). In mice subjected to RIPC, the expression of IL-10 is evident after 24 h of reperfusion (Cai et al., 2012).
Our data showed that the NLRP3 inflammasome is rapidly activated by RIPC and the protective effect against IR is evident in less than 2 h after the end of the RIPC protocol. Moreover, the increase in caspase −1 is observed as soon as the preconditioning protocol ends (total duration 40 min) and this activation is critical because its inhibition, via inhibition of the NLRP3 inflammasome, overrides the protection. IL-1β increased in the circulation by the end of the RIPC protocol while decreased in cardiac tissue, and IL-10 increased in cardiac tissue a short time after (around 50 min). IL-10 is an anti-inflammatory cytokine that decreases the generation of other inflammatory cytokines (Moore et al., 2001). We do not know what cells are responsible for the increase in IL-10. Cardiomyocytes produce IL-10 (Stafford et al., 2020) but it can also be produced by endothelial cells or by resident immune cells. The number of endothelial cells in the heart is higher than the number of cardiomyocytes or fibroblasts (Pinto et al., 2015). Also, the number of immune cells is high (Bönner et al., 2012; Zuurbier et al., 2012) and they could contribute to the increase in cytokines or other activities observed in this work.
In conclusion, we showed here that both NOX2 and NLRP3 are needed for the short-term protection mediated by RIPC, probably because they increase the antioxidant defenses of the heart and/or the production of anti-inflammatory cytokines.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was approved by Institutional Ethics Review Committee, protocol number CBA 22547-MED-UCH. The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
SB: Investigation, Writing–original draft. RP: Investigation, Writing–original draft. JR: Investigation, Writing–original draft. LM: Investigation, Writing–original draft. JF: Investigation, Writing–original draft. PD: Conceptualization, Funding acquisition, Writing–original draft, Writing–review and editing. GS: Conceptualization, Funding acquisition, Investigation, Writing–original draft, Writing–review and editing.
FUNDING
The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by grants Puente-ICBM-570334, and Fondecyt 1220325.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Bell R. M., Cave A. C., Johar S., Hearse D. J., Shah A. M., Shattock M. J. (2005). Pivotal role of NOX-2-containing NADPH oxidase in early ischemic preconditioning. FASEB J. 19, 2037–2039. doi:10.1096/fj.04-2774fje
 Bönner F., Borg N., Burghoff S., Schrader J. (2012). Resident cardiac immune cells and expression of the ectonucleotidase enzymes CD39 and CD73 after ischemic injury. PLoS One 7, e34730. doi:10.1371/journal.pone.0034730
 Cadenas S. (2018). ROS and redox signaling in myocardial ischemia-reperfusion injury and cardioprotection. Free Radic. Biol. Med. 117, 76–89. doi:10.1016/j.freeradbiomed.2018.01.024
 Cai Z. P., Parajuli N., Zheng X., Becker L. (2012). Remote ischemic preconditioning confers late protection against myocardial ischemia-reperfusion injury in mice by upregulating interleukin-10. Basic Res. Cardiol. 107, 277. doi:10.1007/s00395-012-0277-1
 Davidson S. M., Riquelme J. A., Zheng Y., Vicencio J. M., Lavandero S., Yellon D. M. (2018). Endothelial cells release cardioprotective exosomes that may contribute to ischaemic preconditioning. Sci. Rep. 26, 15885. doi:10.1038/s41598-018-34357-z
 Donoso P., Finkelstein J. P., Montecinos L., Said M., Sánchez G. Vittone L., et al. (2014). Stimulation of NOX2 in isolated hearts reversibly sensitizes RyR2 channels to activation by cytoplasmic calcium. J. Mol. Cell Cardiol. 68, 38–46. doi:10.1016/j.yjmcc.2013.12.028
 Granger D. N., Kvietys P. R. (2015). Reperfusion injury and reactive oxygen species: the evolution of a concept. Redox Biol. 6, 524–551. doi:10.1016/j.redox.2015.08.020
 Griendling K. K., Sorescu D., Ushio-Fukai M. (2000). NAD(P)H oxidase: role in cardiovascular biology and disease. Circ. Res. 86 (5), 494–501. doi:10.1161/01.res.86.5.494
 Griffith O. W. (1980). Determination of glutathione and glutathione disulfide using glutathione reductase and 2-vinylpyridine. Anal. Biochem. 106, 207–212. doi:10.1016/0003-2697(80)90139-6
 Hanna A., Frangogiannis N. G. (2020). Inflammatory cytokines and chemokines as therapeutic targets in heart failure. Cardiovasc Drugs Ther. 34, 849–863. doi:10.1007/s10557-020-07071-0
 Hausenloy D. J., Yellon D. M. (2008). Remote ischaemic preconditioning: underlying mechanisms and clinical application. Cardiovasc Res. 79, 377–386. doi:10.1093/cvr/cvn114
 Hervera A., De Virgiliis F., Palmisano I., Zhou L., Tantardini E. Kong G., et al. (2018). Reactive oxygen species regulate axonal regeneration through the release of exosomal NADPH oxidase 2 complexes into injured axons. Nat. Cell Biol. 20, 307–319. doi:10.1038/s41556-018-0039-x
 Jong W. M., Leemans J. C., Weber N. C., Juffermans N. P., Schultz M. J. Hollmann M. W., et al. (2014). Nlrp3 plays no role in acute cardiac infarction due to low cardiac expression. Int. J. Cardiol. 1, 41–43. doi:10.1016/j.ijcard.2014.09.148
 Kawaguchi M., Takahashi M., Hata T., Kashima Y., Usui F. Morimoto H., et al. (2011). Inflammasome activation of cardiac fibroblasts is essential for myocardial ischemia/reperfusion injury. Circulation 123, 594–604. doi:10.1161/CIRCULATIONAHA.110.982777
 Kharbanda R. K., Mortensen U. M., White P. A., Kristiansen S. B., Schmidt M. R. Hoschtitzky J. A., et al. (2002). Transient limb ischemia induces remote ischemic preconditioning in vivo. Circulation 106, 2881–2883. doi:10.1161/01.cir.0000043806.51912.9b
 Lim S. Y., Yellon D. M., Hausenloy D. J. (2010). The neural and humoral pathways in remote limb ischemic preconditioning. Basic Res. Cardiol. 105, 651–655. doi:10.1007/s00395-010-0099-y
 Liu Y., Lian K., Zhang L., Wang R., Yi F. Gao F. C., et al. (2014). TXNIP mediates NLRP3 inflammasome activation in cardiac microvascular endothelial cells as a novel mechanism in myocardial ischemia/reperfusion injury. Basic Res. Cardiol. 109, 415. doi:10.1007/s00395-014-0415-z
 Ma Q. (2013). Role of nrf2 in oxidative stress and toxicity. Annu. Rev. Pharmacol. Toxicol. 53, 401–426. doi:10.1146/annurev-pharmtox-011112-140320
 Marchetti C., Toldo S., Chojnacki J., Mezzaroma E., Liu K. Salloum F. N., et al. (2015). Pharmacologic inhibition of the NLRP3 inflammasome preserves cardiac function after ischemic and nonischemic injury in the mouse. J. Cardiovasc Pharmacol. 66, 1–8. doi:10.1097/FJC.0000000000000247
 Moore K. W., de Waal Malefyt R., Coffman R. L., O’Garra A. (2001). Interleukin-10 and the interleukin-10 receptor. Annu. Rev. Immunol. 19, 683–765. doi:10.1146/annurev.immunol.19.1.683
 Murry C. E., Jennings R. B., Reimer K. A. (1986). Preconditioning with ischemia: a delay of lethal cell injury in ischemic myocardium. Circulation 74, 1124–1136. doi:10.1161/01.cir.74.5.1124
 Pearce L., Davidson S. M., Yellon D. M. (2021). Does remote ischaemic conditioning reduce inflammation? A focus on innate immunity and cytokine response. Basic Res. Cardiol. 116, 12. doi:10.1007/s00395-021-00852-0
 Perrelli M. G., Pagliaro P., Penna C. (2011). Ischemia/reperfusion injury and cardioprotective mechanisms: role of mitochondria and reactive oxygen species. World J. Cardiol. 3, 186–200. doi:10.4330/wjc.v3.i6.186
 Pinto A. R., Ilinykh A., Ivey M. J., Kuwabara J. T., D'Antoni M. L. Debuque R., et al. (2015). Revisiting cardiac cellular composition. Circ. Res. 118, 400–409. doi:10.1161/CIRCRESAHA.115.307778
 Sanchez G., Berrios D., Olmedo I., Pezoa J., Riquelme J. A. Montecinos L., et al. (2016). Activation of chymotrypsin-like activity of the proteasome during ischemia induces myocardial dysfunction and death. PLoS One 11, e0161068. doi:10.1371/journal.pone.0161068
 Sánchez G., Escobar M., Pedrozo Z., Macho P., Domenech R. Härtel S., et al. (2008). Exercise and tachycardia increase NADPH oxidase and ryanodine receptor-2 activity: possible role in cardioprotection. Cardiovasc Res. 77, 380–386. doi:10.1093/cvr/cvm011
 Sánchez G., Pedrozo Z., Domenech R. J., Hidalgo C., Donoso P. (2005). Tachycardia increases NADPH oxidase activity and RyR2 S-glutathionylation in ventricular muscle. J. Mol. Cell Cardiol. 39, 982–991. doi:10.1016/j.yjmcc.2005.08.010
 Singh A., Lee K. J., Lee C. Y., Goldfarb R. D., Tsan M. F. (1989). Relation between myocardial glutathione content and extent of ischemia-reperfusion injury. Circulation 80, 1795–1804. doi:10.1161/01.cir.80.6.1795
 Stafford N., Assrafally F., Prehar S., Zi M., De Morais A. M. Maqsood A., et al. (2020). Signaling via the interleukin-10 receptor attenuates cardiac hypertrophy in mice during pressure overload, but not isoproterenol infusion. Front. Pharmacol. 11, 559220. doi:10.3389/fphar.2020.559220
 Toldo S., Abbate A. (2018). The NLRP3 inflammasome in acute myocardial infarction. Nat. Rev. Cardiol. 15, 203–214. doi:10.1038/nrcardio.2017.161
 Toldo S., Marchetti C., Mauro A. G., Chojnacki J., Mezzaroma E. Carbone S., et al. (2016). Inhibition of the NLRP3 inflammasome limits the inflammatory injury following myocardial ischemia-reperfusion in the mouse. Int. J. Cardiol. 209, 215–220. doi:10.1016/j.ijcard.2016.02.043
 Vanden Hoek T. L., Shao Z., Li C., Zak R., Schumacker P. T., Becker L. B. (1996). Reperfusion injury on cardiac myocytes after simulated ischemia. Am. J. Physiol. 270, H1334–H1341. doi:10.1152/ajpheart.1996.270.4.H1334
 Vicencio J. M., Yellon D. M., Sivaraman V., Das D., Boi-Doku C. Arjun S., et al. (2015). Plasma exosomes protect the myocardium from ischemia-reperfusion injury. J. Am. Coll. Cardiol. 65, 1525–1536. doi:10.1016/j.jacc.2015.02.026
 Vila-Petroff M., Salas M. A., Said M., Valverde C. A., Sapia L. Portiansky E., et al. (2007). CaMKII inhibition protects against necrosis and apoptosis in irreversible ischemia-reperfusion injury. Cardiovasc Res. 73, 689–698. doi:10.1016/j.cardiores.2006.12.003
 Yan L. J. (2014). Protein redox modification as a cellular defense mechanism against tissue ischemic injury. Oxid. Med. Cell Longev. 2014, 343154. doi:10.1155/2014/343154
 Yellon D. M., Hausenloy D. J. (2007). Myocardial reperfusion injury. N. Engl. J. Med. 357, 1121–1135. doi:10.1056/NEJMra071667
 Zuurbier C. J., Jong W. M., Eerbeek O., Koeman A., Pulskens W. P. Butter L. M., et al. (2012). Deletion of the innate immune NLRP3 receptor abolishes cardiac ischemic preconditioning and is associated with decreased Il-6/STAT3 signaling. PLoS One 7, e40643. doi:10.1371/journal.pone.0040643
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Benavides, Palavecino, Riquelme, Montecinos, Finkelstein, Donoso and Sánchez. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphys-14-1327402-g005.gif





OPS/images/fphys-14-1327402-g003.gif
YN 31 VN TOO°

Il |

VN SB1 £ VNN 2N

RIPC

c

W N SeL v
Lunoponjs

o

VN SeL v

@ asmpnpaiuxopaiouL

—

RIPC

VN Sl
G v v





OPS/images/fphys-14-1327402-g004.gif
RIPC

® (uetoid bur/ jowr)
2559

(uri0ud Buu 7 fownr)
<  HSO®EOL

RIPC

© (usioid B unu  jowr)
finroe asionpal SUOLREIND

9589/ *HsO





OPS/xhtml/nav.xhtml
Contents

		Cover

		Inhibition of NOX2 or NLRP3 inflammasome prevents cardiac remote ischemic preconditioning		1 Introduction

		2 Materials and methods		2.1 Remote ischemic preconditioning protocol

		2.2 Measurement of the infarct size

		2.3 Preparation of tissue fractions

		2.4 Preparation of exosomes

		2.5 RNA Isolation and qRT-PCR

		2.6 Glutathione content

		2.7 Interleukin-1B determination

		2.8 Interleukin-10 determination

		2.9 Caspase-1 activity

		2.10 Western blot analysis

		2.11 Determination of protein concentration





		3 Results		3.1 Remote ischemic preconditioning and infarct size

		3.2 RIPC activates NOX2 in the heart

		3.3 RIPC increased the mRNAs of Nrf2 and of antioxidant enzymes in the heart

		3.4 RIPC increases the antioxidant buffer capacity of the heart

		3.5 RIPC activates NLRP3 inflammasome in the heart





		4 Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		References









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






OPS/images/fphys-14-1327402-g001.gif





OPS/images/fphys-14-1327402-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
,frontiers ‘ Frontiers in Physiology





