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Abstract

:

Autophagy is a cellular process by which mammalian cells degrade and assist in recycling damaged organelles and proteins. This study aimed to ascertain the role of autophagy in remote ischemic preconditioning (RIPC)-induced cardioprotection. Sprague Dawley rats were subjected to RIPC at the hindlimb followed by a 30-min transient blockade of the left coronary artery to simulate ischemia reperfusion (I/R) injury. Hindlimb muscle and the heart were excised 24 h post reperfusion. RIPC prior to I/R upregulated autophagy in the rat heart at 24 h post reperfusion. In vitro, autophagy inhibition or stimulation prior to RIPC, respectively, either ameliorated or stimulated the cardioprotective effect, measured as improved cell viability to mimic the preconditioning effect. Recombinant interleukin-6 (IL-6) treatment prior to I/R increased in vitro autophagy in a dose-dependent manner, activating the Janus kinase/signal transducers and activators of transcription (JAK-STAT) pathway without affecting the other kinase pathways, such as p38 mitogen-activated protein kinases (MAPK), and glycogen synthase kinase 3 Beta (GSK-3β) pathways. Prior to I/R, in vitro inhibition of the JAK-STAT pathway reduced autophagy upregulation despite recombinant IL-6 pre-treatment. Autophagy is an essential component of RIPC-induced cardioprotection that may upregulate autophagy through an IL-6/JAK-STAT-dependent mechanism, thus identifying a potentially new therapeutic option for the treatment of ischemic heart disease.
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1. Introduction


Myocardial infarction (MI) is one of the leading causes of mortality and morbidity worldwide. Timely reperfusion is essential to protect the ischemic myocardium from cell death. Paradoxically, reperfusion can aggravate tissue injury. Brief episodes of non-lethal ischemia to the heart prior to MI can reduce MI damage [1]. This endogenous cardioprotective phenomenon cannot be applied to MI patients, as they present with a blocked coronary artery. Over the last 30 years, thousands of studies on different animal models have identified a vast number of signaling proteins and mediators [2]. In order to improve the outcome of MI patients, it is essential to avoid the damaging effect of I/R injury. From the various alternatives, remote ischemic preconditioning (RIPC) is one of the most promising and attractive non-invasive strategies to attenuate the myocardial damage resulting from ischemia reperfusion (I/R) injury [3]. Accumulating evidence suggests that RIPC strategies can protect not only the human heart but also improve coronary circulation, which has clinical significance [4]. RIPC also demonstrated its cardioprotective potential in high-risk patients with some variability [5,6,7,8,9]. Many studies investigating the impact of RIPC in patients undergoing cardiac surgery showed improved clinical outcomes, such as death, myocardial infarction, stroke, renal failure, length of stay at the intensive care unit, length of mechanical or inotropic support, and length of hospital stay [10]. High-risk patients are most likely to get the largest benefit from RIPC as an adjunctive therapy to percutaneous coronary intervention (PCI) [11]. Daily use of RIPC prevented cardiac remodeling after acute myocardial infarction (AMI) [12], suggesting a prolonged beneficial effect beyond infarct size reduction. A large number of clinical trials have investigated the clinical efficacy of RIPC, with varied results [13]. As an adjunct therapy to standard patient care, RIPC has been demonstrated to reduce cardiac mortality and hospitalization for heart failure patients [14], and improves the myocardial salvage index [15] in ST-elevation myocardial infarction (STEMI) patients. However, a large multi-center trial with cardiac death and hospitalization for heart failure at one year as clinical endpoints in STEMI patients treated with PCI could not deliver any clinical benefit with RIPC [16]. In clinical settings, patients usually have underlying pathological conditions and suffer from multiple comorbidities. These patients are usually treated with multiple medications. As experimental animal models with comorbidity usually does not receive multiple medications for the underlying comorbidity [17], it is difficult to translate the experimental findings to clinical settings. We have previously summarized the effect of RIPC on PCI and coronary artery bypass grafting (CABG) patients [13].



An understanding of the signaling mechanism would be an attractive pharmacological target to be reinforced in situations where cardioprotection is required, such as MI, CABG, and PCI.



Autophagy is a cellular process by which mammalian cells degrade and recycle damaged organelles and proteins [18]. In the heart, autophagy plays a major role in maintaining intracellular homeostasis. Dysregulation of autophagy is associated with several cardiovascular diseases, including ischemic heart disease, cardiac hypertrophy, and heart failure [19]. However, current research suggests that autophagy may be implicated in both the protection and exacerbation of I/R injury following AMI depending on the extent of autophagy induced [20]. A time-dependent upregulation of autophagy in a Langendorff model of rabbit heart subjected to I/R was first described by Decker and Wildenthal in 1980 [21,22]. Inhibition of hypoxia-reoxygenation (H/R)-induced autophagy during reperfusion decreased cardiomyocyte death in vitro [20]. Findings from these previous studies suggested a detrimental effect of autophagy upregulation. However, cardioprotective strategies like ischemic preconditioning and postconditioning have been reported to upregulate autophagy [23,24,25,26]. Perpetually, autophagy inhibition reversed the protective effect of direct ischemic preconditioning and postconditioning [23,26]. Recently, RIPC has also been shown to protect the liver [27], brain [28], and heart [29] from I/R injury by inducing autophagy. However, the pattern of autophagy response varied depending on the extent of the preconditioning stimulus prior to stressing the heart to sustain I/R injury. Previous research has variably linked signal transducer and activator of transcription (STAT)-3 with autophagy regulation [30,31]. We previously demonstrated in a rat model of RIPC that hind limb preconditioning can protect the heart from I/R injury by upregulating the JAK-STAT signaling mechanism [32].



Our group has previously demonstrated that cycles of hypoxia and reoxygenation, which we termed remote hypoxic preconditioning (RHPC), upregulated IL-6 expression and secreted the IL-6 protein into the preconditioned media in vitro [32]. IL-6 is a pleiotropic cytokine stimulated in response to acute injury [33]. Cardiomyocytes express IL-6 [34], and recombinant IL-6 has been demonstrated to be cardioprotective in limiting viral myocarditis in mice [35]. In addition, exercise-mediated upregulation of IL-6 protects against myocardial I/R injury [36]. On the contrary, post-MI and heart failure also chronically elevates IL-6, which is associated with left ventricular (LV) dysfunction and depressed cardiac function [34]. IL-6 has been reported to downregulate starvation-induced autophagy [37], provide chemoresistance in prostate cancer LNCaP cells [38], and protect pancreatic beta cells from apoptosis through autophagy [39]. Moreover, IL-6 activates STAT3 [40], and STAT3-deficient mice showed increased sensitivity to I/R injury [41]. Importantly, preconditioning stimulus confers cardioprotection via IL-6-mediated JAK-STAT pathway activation [42].



The answer of whether RIPC-induced cardioprotection, IL-6, and autophagy upregulation are linked together or are parallel events remains elusive. The current study sought to evaluate the role of autophagy in RIPC, elucidate the underlying mechanisms, and establish the link between circulating IL-6 with cardioprotective autophagy. We found that RIPC prior to I/R upregulates autophagy in vitro and in vivo. RIPC alone also upregulated autophagy in the heart. Inhibition of autophagy prior to H/R failed to confer RIPC-induced cardioprotection, whereas rapamycin-stimulated autophagy mimicked an in vitro preconditioning-like effect. Our study reports the novel findings that RIPC increases circulating IL-6 levels in the blood plasma and regulates cardioprotective autophagy through the myocardial JAK-STAT pathway.




2. Results


2.1. RIPC Prior to I/R Upregulates Autophagic Activity In Vitro and In Vivo


To determine autophagic activity, Atg5-Atg12 and LC3-II autophagic markers were assessed in vitro and in vivo. Stimulating with RHPC prior to H/R (RHPC-H/R) in H9c2 cells increased Atg5-Atg12 expression by 1.70 ± 0.08-fold relative to the normoxic control (p < 0.05) (Figure 1A). Similarly, LC3-II was significantly increased in RHPC H/R compared to the H/R group (1.95 ± 0.21 vs. 1.38 ± 0.11-fold relative to normoxic control, p < 0.05) (Figure 1B). Consistent with the in vitro results, RIPC stimulation in the hindlimb prior to I/R (RIPC I/R) significantly elevated the Atg5-Atg12 conjugate (2.24 ± 0.36 vs. 1.29 ± 0.0.19-fold relative to sham, p < 0.05) (Figure 1C) and LC3-II (2.07 ± 0.28 vs. 1.16 ± 0.12-fold relative to sham, p < 0.05) (Figure 1D) compared to I/R injury alone. Induction of autophagy was confirmed by pre-treatment of H9c2 cells with bafilomycin A-1 prior to exposing them to H/R. Increased levels of LC3-II in the presence of bafilomycin A-1 are indicative of autophagy flux. However, to assess if H/R and RHPC alter the autophagic flux through substrate digestion, it is important to compare the treatment plus bafilomycin A-1 with the treatment alone group [43]. An additive effect of LC3-II levels with bafilomycin A-1 is suggestive of autophagy flux due to the treatment/intervention; however, if the treatment plus bafilomycin A-1 does not increase LC3-II levels, then it is likely that the autophagy process is impaired [44,45]. In our study, the treatment plus bafilomycin significantly increased LC3-II levels compared to the treatment alone (p < 0.001) in all the study groups, suggesting functioning autophagy flux in the normoxia, H/R, and RHPC H/R groups (Figure 1E).




2.2. Autophagy Functions as a Signaling Mechanism for RIPC and Confers Cardioprotection Against I/R Injury in Rats


Consistent with the increase of autophagy in H9c2 cells exposed to RHPC-H/R, RHPC alone significantly increased LC3-II protein by 2.29 ± 0.44-fold relative to the normoxic control (p < 0.05) (Figure 2A) in vitro. In order to evaluate the contribution of RIPC alone, without left coronary artery (LCA) occlusion and reperfusion, on myocardial autophagy and the cardioprotective JAK-STAT3 pathway, myocardial tissue was assessed for LC3-II and phosphorylated STAT3 levels immediately post-RIPC (0 min post-RIPC) and 24 h post-RIPC. In rats subjected to RIPC only, LC3-II protein in the myocardial tissue increased 1.37 ± 0.13-fold relative to the control group at 24 h post-RIPC (p < 0.05 vs. sham, p < 0.05 vs. 0 min post-RIPC) (Figure 2B). However, no effect on LC3-II was observed at 0 min post-RIPC compared to the control group (1.04 ± 0.08-fold relative to sham). Interestingly, at 0 min post-RIPC, the autophagy regulator STAT3 was increasingly phosphorylated (3.97 ± 1.33-fold relative to the sham (p < 0.05) in myocardial tissue (Figure 2C). However, this value decreased to 2.21 ± 0.45-fold relative to the sham (p = 0.32 vs. 0 min post-RIPC) at 24 h post-RIPC.



In confirmation of previous studies, infarct size 24 h following I/R injury was reduced to 36.66 ± 3.87% with RIPC prior to I/R injury compared to I/R injury alone (52.96 ± 1.48%) (p < 0.01) (Figure 2D). There was no significant difference in the area at risk (AAR) between groups (Figure 2E). This cardioprotection from RIPC was confirmed by the reduction of cleaved poly(ADP-ribose) polymerase (PARP), an apoptotic marker, in RIPC I/R cardiac tissue compared to I/R alone (1.75 a± 0.44 vs. 5.45 ± 1.12-fold relative to sham, p < 0.01) (Figure 2F). Cardioprotective kinase signaling pathways, JAK-STAT, GSK-3β, and p38 MAPK, showed varied outcomes with RIPC prior to I/R. In RIPC I/R, STAT3 phosphorylation was significantly increased compared to I/R only (3.81 ± 0.26 vs. 2.26 ± 0.38-fold relative to sham, p < 0.01) (Figure 2G). Interestingly, phosphorylated GSK-3β was significantly elevated in I/R (1.78 ± 0.14-fold relative to the sham group (p < 0.05) but reversed to almost the sham group level in RIPC I/R (0.80 ± 0.07-fold relative to the sham group, p < 0.05) (Figure 2H). In contrast, p38 MAPK phosphorylation was unchanged after RIPC I/R and I/R alone (Figure 2I).




2.3. Autophagy is Essential for RHPC-Induced Cardioprotection In Vitro


To assess the importance of autophagy in the RIPC protective effect, H9c2 cells were pre-treated with 3-Methyladenine (3-MA) (inhibits autophagy) or rapamycin (Rapa) (promotes autophagy) prior to stimulation in the H/R injury model (Figure 3A). Pre-treatment with 3-MA significantly reduced cell viability in 3-MA RHPC-H/R cells compared to RHPC-H/R alone (38.89 ± 4.44% vs. 78.43 ± 3.68%, p < 0.0001). In contrast, pre-treating the cells with rapamycin significantly reduced cell viability in the RAPA-RHPC-H/R group compared to RHPC-H/R alone (64.93 ± 3.47% vs. 78.43 ± 3.68%, p < 0.05) and in Rapa H/R compared to H/R (61.32 ± 2.22 vs. 34.83 ±3.63, p < 0.05). Consistent with these results, pro-apoptotic Bax protein expression was significantly increased with 3-MA RHPC-H/R treatment compared to RHPC-H/R alone (7.02 ± 1.60 vs. 1.44 ± 0.11-fold relative to the normoxic control, p < 0.01) (Figure 3B). Additionally, 3-MA pre-treatment resulted in a significant increase in H9c2 apoptosis in the RHPC-H/R group compared to the untreated RHPC-H/R group (6.13 ± 0.77% vs. 2.97 ± 0.69%, p < 0.05) (Figure 3C). However, treatment with rapamycin prior to H/R resulted in a significant decrease in apoptosis in the H/R group compared to the untreated H/R group (2.75 ± 0.79% vs. 5.01 ± 0.30%, p < 0.05) (Figure 3D). Changes in the mitochondrial membrane potential triggers the cycle of reactive oxygen species (ROS) formation [46], and is linked with cell death [47,48]. We analyzed the mitochondrial membrane potential level in H9c2 cells with and without RHPC prior to H/R. The mitochondrial membrane potential was lost in the H/R group (0.66 ± 0.05%-fold relative to control, p < 0.01); however, the mitochondrial membrane potential was maintained in the RHPC-H/R group (1.01 ± 0.08%-fold relative to control, p < 0.05 vs. H/R) (Figure 3E).




2.4. RIPC-Induced Autophagy Regulated by the IL-6-Dependent JAK-STAT Pathway


After RIPC, the secretion of cytokines critical in cardiovascular pathology was assessed. In rats subjected to RIPC, circulating IL-6 protein levels in the plasma were significantly increased to 103.4 ± 1.08 pg/mL compared to 98.4 ± 0.68 pg/mL in the sham group (p < 0.01) (Figure 4A). Similarly, in rat hindlimb tissue where RIPC was performed, localized messenger RNA (mRNA) IL-6 expression was upregulated by 1.87 ± 0.22-fold relative to the sham group (p < 0.05, Figure 4B). In contrast, RIPC did not modulate the expression of other critical cytokines in cardiovascular pathology, including cardiotrophin-1 (Card-1) (1.30 ± 0.16-fold relative to the sham group) (Figure 4C), interleukin-11 (IL-11) (0.84 ± 0.33-fold relative to the sham group) (Figure 4D), leukemia inhibitory factor (LIF) (0.89 ± 0.21-fold relative to the sham group) (Figure 4E), and IL-1β (1.53 ± 0.32-fold relative to the sham group) (Figure 4F).



When H9c2 cells were treated with increasing doses of recombinant IL-6, LC3-II protein was upregulated compared to the untreated H/R group (p < 0.05) (Figure 4G). However, the LC3-II protein levels in the IL-6-treated H/R groups were similar to the RHPC-H/R group. Similarly, increasing concentrations of IL-6 treatment during hypoxia followed by reoxygenation increased STAT3 phosphorylation in a dose-dependent manner (Figure 4H). However, recombinant IL-6 treatment during hypoxia followed by reoxygenation did not modulate the phosphorylation level of p38 MAPK (Figure 4I) and GSK-3β (Figure 4J).



Pre-treatment of H9c2 cells with the STAT3 inhibitor tyrphostin AG-490 (50μM) prior to RHPC-H/R significantly reduced the RHPC-H/R-induced increase in LC3-II protein levels compared to the untreated RHPC-H/R group (0.41 ± 0.17-fold relative to the untreated RHPC-H/R group, p < 0.05) (Figure 4K). Tyrphostin AG-490 pre-treatment prior to H/R failed to upregulate LC3-II protein levels despite pre-treating H9c2 cells with 500 pg/mL of recombinant IL-6 during the hypoxic period prior to exposure to reoxygenation (1.44 ± 0.05 vs. 2.02 ± 0.08-fold relative to the normoxic control, p < 0.01) (Figure 4L).





3. Discussion


In this study, we highlight the importance of autophagy in the initiation of RIPC prior to I/R injury. Our in vivo studies confirm that autophagy is associated with reduced infarct size in RIPC. Additionally, RIPC increases autophagy at the myocardium. We found that RIPC induces the expression of IL-6 at the preconditioned hindlimb muscle and increases plasma IL-6 secretion in vivo, a finding that aligns with our previous in vitro findings [32].



Serum provides an optimum growing environment for cells [49,50,51,52]. However, the composition of serum is complex, and contains various known and unknown factors that may confound the experimental findings. It is possible to minimize the analytical interference from unknown variables by omitting or growing the cells in serum-free conditions prior to exposing the cells to the experimental condition. Serum starvation also provides more reproducible experimental conditions [53,54]. In addition, serum-free conditions apparently reduce basal cellular activity [55], and the growing cell population becomes more homogenous and synchronized by entering the quiescent G0/G1 phase of the cell cycle [56,57]. In the current study, overnight serum starvation was used as a preparatory measure. During the experiments, serum- and glucose-free medium was used to mimic the nutrition deficiency aspect of AMI [58,59]. In our study, we serum starved the cells overnight by lowering the serum concentration in Dulbecco’s modified Eagle’s medium (DMEM) from 10% to 1%. Other research groups also followed a similar technique to serum starve H9c2 cells overnight prior to exposing them to H/R injury [32,60]. In order to minimize any bias or potential confounding effect from overnight serum starvation, we serum starved all the experimental and control groups, and maintained a homogenous condition across the groups prior to the experiments. Nonetheless, complete serum starvation in H9c2 cells can inhibit apoptosis, and promote cell proliferation and cell cycle progression through Rac1 protein [61]. However, in a particular study by Zhao and colleagues, they completely serum starved (0% fetal bovine serum (FBS)) H9c2 cells for 48 h, which does not align with our experimental condition.



Stimulators, such as oxidative stress, intracellular Ca2+ overload, rapid restoration of physiological pH at the time of reperfusion, and mitochondrial permeability transition pore (mPTP) pore opening, all operate in the first few minutes of myocardial reperfusion, providing a narrow window for reducing myocardial MI size. However, ischemia-induced apoptosis and inflammation continue over several hours into reperfusion and may contribute to lethal myocardial reperfusion injury. Myocardial reperfusion injury is a progressive injury, and experimental data demonstrated an increase in MI size with increasing reperfusion time well beyond coronary occlusion and reflow [62,63]. Myocardial reperfusion injury is a dynamic injury with peak myeloperoxidase (MPO) activity and endothelial dysfunction at 24 h [64]. RIPC has two windows of protection: A first or early window of protection opens within minutes of RIPC stimulus and remains open for 4–5 h, whereas the second window of protection opens at a later time point after RIPC stimulus and remains open for some days [13]. Autophagy was regarded as being involved in non-apoptotic programmed cell death and was considered a doubled-edged sword in cell survival [65,66]. Previous studies suggested autophagy as being cardioprotective in myocardial ischemic injury; however, autophagy during reperfusion causes cell death [67]. Our group has previously published studies on rat myocardial I/R injury with 24 h of reperfusion [32]. Hence, assessing reperfusion injury at 24 h allows the wide therapeutic window of protection to mitigate the dynamic and progressive reperfusion injury. We observed a non-significant increase in autophagy in the heart after I/R injury at 24 h (Figure 1C,D). We showed that RIPC prior to I/R further upregulated autophagy in the heart tissue and was associated with a smaller infarct size (Figure 2D). Consistent with our findings, chloramphenicol succinate conferred cardioprotection against I/R injury by upregulating autophagy in a swine model [68]. Furthermore, autophagy is prevalent in viable tissue of the chronically ischemic myocardium [69]. However, recent reports suggest that RIPC prior to CABG failed to activate autophagy in LV myocardium despite activated cardioprotective signaling cascades [70].



To further determine the importance of autophagy induction in RHPC, rapamycin was used to promote while 3-MA was used to inhibit autophagy prior to RHPC-H/R in vitro [71,72]. This study demonstrated that rapamycin treatment significantly reduced apoptosis and improved cell viability in both the H/R and RHPC-H/R groups, suggesting that autophagy upregulation can mimic the cardioprotective effect against H/R injury (Figure 3A,D). In contrast, 3-MA pre-treatment almost completely suppressed the protective effect of RHPC as suggested by the significant increase in apoptosis and decline in cell viability in the RHPC-H/R group (Figure 3A–C). However, 3-MA pre-treatment did not have any significant effect on the H/R group, suggesting that autophagy might not have any contributing role in the deleterious effect of H/R injury in this study.



We found that RIPC alone increased autophagy in the rat heart at 24 h (Figure 2B). Although, Gedik and colleagues reported that autophagy is not involved in RIPC-induced protection in patients undergoing CABG surgery [70]. However, Gedik’s group only studied autophagy at baseline before initializing CABG and at 5–10 min post-aortic reperfusion, hence they did not take early or late activation of autophagy into consideration. In our model, we did not observe any significant change in autophagy levels immediately post-RIPC; however, at 24 h post-RIPC, we observed a significant upregulation in autophagy activity. In our study, JAK-STAT pathway activation immediately after RIPC (Figure 2C) suggests that cardioprotective kinase pathways’ activation precedes autophagy machinery activation, and RIPC-induced autophagy may have a signaling role in cardioprotection. A recent study in mice by Ghani and colleagues reported that RIPC induces cardiac stress and accumulates cardiac adenosine prior to cardiac ischemia [73], which further supports our findings.



We found that RIPC induces the expression of IL-6 at the preconditioned hindlimb muscle and increases plasma IL-6 secretion in vivo (Figure 4A,B), a finding that aligns with our previous in vitro findings [32]. However, Gedik and colleagues did not detect any significant change in IL-6 levels in arterial plasma sample collected after RIPC from patients undergoing elective CABG [74]. Age, presence of co-morbidity, medications, anesthetic regimen, and extent of preconditioning stimuli may all interfere with the cardioprotective modalities of RIPC [13] and may explain the discrepancy with our findings. In addition, the timing of sampling may have interfered with the detection of IL-6 protein after RIPC stimuli. We found a 5 pg/mL difference of RIPC-induced plasma IL-6 was correlated with cardioprotection and myocardial autophagy in vivo. However, in vitro, the 250 pg/mL recombinant IL-6 treatment did not have any significant effect on autophagy. The apparent differences are likely due to the different experimental conditions in vitro vs. in vivo. In response to ischemia, the endogenous STAT3 level increases; however, the ischemia-induced increase in STAT3 is not sufficient to protect the mitochondria [75]. Nonetheless, overexpression of STAT3 has been shown to protect the mitochondria during ischemia [75]. We demonstrated that RIPC alone can increase STAT3 phosphorylation in the heart beyond that of I/R injury (Figure 2C). We also found that RHPC prior to H/R maintained the mitochondrial membrane potential in vitro (Figure 3E), suggesting preserved mitochondrial function. Recent studies have documented the role of STAT3 in autophagy regulation [31]. To substantiate this link, increasing doses of IL-6 were found to increase phosphorylation of STAT3 (Figure 4H), whereas inhibition of the JAK-STAT pathway with tyrphostin AG-490 failed to upregulate autophagy despite pre-treatment with IL-6 during the hypoxic period (Figure 4L). It is likely that, RIPC mediates autophagy through an IL-6/JAK-STAT-dependent axis, and different protocols and procedures of RIPC-induced cardioprotection may use a distinctive pattern of STAT isoform signaling and humoral mediators.



We also investigated the p38 MAPK (Figure 4I) and GSK3β (Figure 4J) signaling pathways, which have been implicated in myocardial I/R injury and RIPC [76,77,78]. We aimed to delineate if the p38 MAPK and GSK3β pathways have any role in regulating RIPC-induced autophagy. Our results suggest no link between increased p38 MAPK phosphorylation and an increase in LC3-II protein levels in RIPC-I/R. This contrasts with previous studies that have implicated p38 MAPK phosphorylation in the induction of autophagy [79]. GSK-3β is activated during the ischemic phase by dephosphorylation at serine-9 (Ser-9) whereas it is deactivated by phosphorylation at Ser-9 during reperfusion. Ser-9 phosphorylation negatively regulates the activity of GSK-3β [80]. Activated GSK-3β is known to stimulate autophagy during ischemia whereas inactivation of GSK-3β inhibits autophagy during reperfusion [81], suggesting that the dephosphorylated state of GSK-3β has a cardioprotective role during the ischemic phase through upregulation of autophagy. In contrast to the findings of Hu and colleagues, who demonstrated that increased phosphorylation of GSK-3β at Ser-9 (increased inactivity) post-RIPC is associated with cardioprotection [82], we observed a significant decrease in phosphorylated GSK-3β (increased activity) in the RIPC I/R group. Increasing doses of IL-6 did not demonstrate any significant change in the phosphorylation level of both p38 MAPK and GSK-3β, suggesting no involvement of the p38 MAPK and GSK-3β pathways in IL-6-mediated autophagy regulation.



Activation of autophagy is associated with an increase in LC3-II and decrease in p62 protein [43]. In addition, p62 acts as a platform for LC3-positive structures via binding to LC3-I proteins in the cells [83], making both LC3 and p62 valuable markers of autophagy [84]. However, we did not observe any Western blot signal for p62 protein in our study. As we did not observe any impaired autophagy in our study (Figure 1E), it is possible that increased autophagy by RIPC degraded the p62 protein below the level of detection. Future studies may use autophagy and lysosomal inhibitors and assess the level of p62 protein, which may provide a more accurate scenario of p62 protein levels in cells.



Anesthesia is a confounder of cardioprotection by RIPC [85]. A meta-analysis by Zangrillo and colleagues reported that volatile anesthesia combined with RIPC reduced the post-operative mortality rate in patients undergoing cardiac surgery [86]. However, a meta-analysis by Zhou and colleagues reported an attenuation of RIPC-induced protection in cardiac surgery patients exposed to volatile anesthesia. [87]. Volatile anesthetics, such as isoflurane, sevoflurane, and propofol, have been previously reported to precondition the myocardium and also upregulate autophagy [88,89]. Isoflurane preconditioning relies on an acute memory phase, and discontinuation of isoflurane 30 min prior to left anterior descending (LAD) artery occlusion resulted in cardioprotection [90]. Isoflurane exposure before, but not during, prolonged LAD artery reduced the myocardial infarction size similar to ischemic preconditioning. However, whether the residual isoflurane remains in the myocardial tissue after 30 min of its discontinuation is debatable. Volatile anesthesia had no effect on the myocardial infarct size when applied throughout the procedure (continuous anesthesia) compared to intermittent anesthesia, which reduced infarct size [91,92,93]. Sheng and colleagues reported that 3 h of isoflurane exposure increased autophagy in mouse cortical neurons [94]. However, Li and colleagues reported that isoflurane exposure for 1 h did not have any effect on hippocampal autophagy levels in aged rats. In this study, we applied continuous isoflurane (2% v/v) for three cycles of 5 min intermittent hind limb ischemia and reperfusion, and during the 30 min of LCA occlusion, totaling around 1 h of isoflurane exposure, which may not be long enough to implicate any direct effect on the autophagy levels observed in our study. In addition, we exposed all the animal groups (including the sham surgery group) to continuous isoflurane to eliminate any possibility of inter-animal variation unrelated to the treatment group. However, future studies with a similar anesthetic protocol are essential to assess the impact of isoflurane exposure on infarct size reduction.



The translation of cardioprotection to the clinical setting is a challenging issue. Heusch and colleagues reported STAT3 activation in [95] pigs but not in [96] humans. Previous studies demonstrated that STAT5 but not STAT3 activation is associated with the signaling mechanism of RIPC in humans, suggesting the presence of species-specific differences in the signaling mechanism [96]. Pepe and colleagues performed RIPC in children as young as 1 month (average 7 months age) undergoing tetralogy of Fallot repair, and found no differences in phosphorylated Akt or STAT3 between the control and RIPC groups [97]. Yet, Wu and colleagues demonstrated significant STAT3 activation in similar clinical settings but with older children (average 10- to 11-month-old children) [98]. Long-term regular RIPC was demonstrated to increase STAT3 in arterial samples discarded from patients undergoing CABG [99].




4. Study Limitations


This study did not modulate autophagy in vivo to analyze its effect on RIPC-induced cardioprotection. Further experiments are needed to establish the therapeutic window of cardioprotection by autophagy activation to clinically translate autophagy to therapeutic settings. Though acute ischemic injury also causes myocardial injury [100], this study focused on the effect of autophagy regulation on RIPC-induced protection from reperfusion injury, hence studying the effect of autophagy regulation on ischemic injury was beyond the scope of this paper. IL-6/JAK-STAT pathway involvement in the activation of autophagy in vitro was demonstrated in this study. Partial evidence was provided for in vivo as well. However, replicating the total in vitro findings in vivo using knock-out mice is a possibility for a future study. RIPC has previously been demonstrated to improve coronary vasodilation in pigs [101], microcirculation in both healthy volunteers and patients with heart failures [102], and LV function and remodeling in patients at risk of large myocardial infarcts [11]. However, an assessment of cardiac function pre- and post-RIPC in our animal model was beyond the scope of the current study and warrants future studies. Currently, techniques to monitor autophagy flux in vivo are still underdeveloped and the available techniques cannot reliably replicate the in vitro findings in the in vivo setting. It is possible to assess autophagy in vivo by using GFP-LC3 transgenic animals or by transfecting with GFP-LC3 plasmids [103,104]. However, this technique requires tissue specificity and caution is warranted to interpret the autophagy level in the heart when the specified animal models are used. We did not inhibit IL-6 prior to RHPC to assess the effect on protection and autophagy. We did, however, use different concentrations of recombinant IL-6 protein prior to H/R and demonstrated that it mimics a similar effect as RHPC-induced protection and RHPC-induced autophagy. Further studies that explore the levels of STAT3 and autophagy following RIPC in the presence of IL-6 antibody are necessary to consolidate the proposed mechanism of IL-6/STAT3-dependent RIPC-induced autophagy. The current study is a proof of concept of RIPC-mediated cardioprotection through IL-6-dependent autophagy. While we did not assess the combined effect of RHPC and recombinant IL-6 on autophagy, it is possible that both have such effects, and are more pronounced with RIPC, in which case other factors may contribute to cardioprotection. However, assessing the combined effect of RHPC and recombinant IL-6 on the autophagy level was beyond the scope of the current study. In addition, we did not specifically study the effect of RIPC on selective degradation of mitochondria by autophagy (mitophagy), which warrants future investigation. In order to replicate the in vivo findings in a controlled in vitro environment, we used H9c2 cells in our study. H9c2 cells are widely used to study H/R injury [105] and are more closely connected to cardiomyocytes than HL-1 cells in terms of their energy metabolism [106]. H9c2 cells have biochemical and electrophysiological properties of both cardiac and skeletal tissues [107], hence they have previously been used as an in vitro model for both skeletal and cardiac tissue [108]. There are challenges in using an in vitro cell line as a model with respect to the translation of mechanistic insight. Embryonic or neonatal cardiomyocytes and undifferentiated myoblast cell lines, such as H9c2 cells, can undergo apoptosis; however, it is unclear whether studying apoptosis and relevant targets in H9c2 cells can be relevant to cardioprotective interventions in humans [109]. Though the in vivo rat hind limb was preconditioned to induce a cardioprotective effect, in our study, we preconditioned H9c2 cells in media. We have previously published the use of H9c2 cells as an in vitro RHPC model [32]. In vivo RIPC stimulus involves neuronal, humoral, and systemic mediators to induce cardioprotection [13], while our in vitro model relies on the transfer of soluble mediators of preconditioning, which does not completely mimic the in vivo RIPC signal transfer mechanism. Besides apparent static vs. flow differences, the in vivo setting is three-dimensional and includes various cell types and a range of soluble mediators, unlike the in vitro setting, which although it is more controlled, it has regimented change by way of exposure of one cell type to one cytokine and new media. We used this simplistic in vitro approach to study the signaling mechanism; however, this limitation can be overcome in future studies by incorporating other myocardial cells, including fibroblasts, endothelial cells, and pericytes to cardiomyocytes, in a co-culture model.



The proteasome, a highly sophisticated protease complex, degrades unneeded and damaged proteins. The ubiquitin proteasome system (UPS) and autophagy are two major intracellular degradation pathways. Though it was generally assumed that UPS and autophagy serve distinct functions, major investigations have revealed shared mechanisms and interplay between these two proteolytic systems in the heart [110]. UPS not only degrades damaged proteins but also regulates various cellular processes [111]. UPS becomes dysfunctional as a result of I/R injury [112]; however, ischemic preconditioning preserves the UPS function [113]. However, we did not assess changes in the proteasome pathway, and it was beyond the scope of the current study. Future studies may explore the contribution of UPS to RIPC-induced cardioprotection.




5. Materials and Methods


In order to ensure the rigor and reproducibility in preclinical and clinical studies on cardioprotection, practical guidelines published by Botker and colleagues were followed for the mitochondrial membrane potential analysis and in vivo I/R model [109].



5.1. In Vitro H/R Injury Model


RHPC and H/R were performed as previously described [32,114]. ‘Hypoxic media’ was directly bubbled with nitrogen for 15 min to achieve less than 2% O2 followed by tightly closing the lid. Normoxic media was not bubbled with nitrogen. To stimulate RHPC, H9c2 cells grown to 70–80% confluency were exposed to 3 × 5 min alternating cycles of hypoxia (<2% O2) and reoxygenation. During hypoxia, hypoxic media was added to H/R cells and exposed to 30 min of hypoxia in the hypoxic chamber. The chamber was flushed with nitrogen to maintain the hypoxic environment inside the chamber. Restoration of oxygenation (reoxygenation) exacerbates hypoxic injury [115]. Reoxygenation but not hypoxia alone is a strong apoptotic stimuli [116]. In accordance with the previously published model of 30-min hypoxia and 1-h reoxygenation of cardiomyocytes [32,117], we exposed the overnight serum-starved H9c2 cells to 30 min of hypoxia. After 30 min of hypoxia, cells were washed with warm Dulbecco’s Phosphate-Buffered Saline (D-PBS), and exposed to normoxic media for 1 h in normoxic conditions (20% O2, 37 °C). The RHPC-H/R group received preconditioned media during the 30-min hypoxia followed by 1-h reoxygenation in normoxic media. The normoxia group received the normoxic media for 1.5 h at 37 °C. RHPC and H/R injury was achieved in hypoxic (HEPES-buffered DMEM, pH 7.4 with no glucose) and normoxic buffer (HEPES-buffered DMEM, pH 6.5 with 10mM glucose).




5.2. In Vivo I/R Injury Model


Experiments in this study were approved by the Animal Care and Ethics Committee of Royal North Shore Hospital on 20th February 2014 (Approval code 1401-004A). Experiments were performed according to the recommendations of the Australian Council for Animal Care. A schematic timeline of the in vivo experiments is shown in Figure 5.



Briefly, male Sprague Dawley rats (300–350 g) were separated into 3 groups: Sham, I/R injury, and RIPC-I/R. In this study, we used isoflurane as it provides rapid induction and safe recovery from anesthesia with comparatively negligible effects on cardiovascular parameters and respiratory rates [118]. Isoflurane anesthesia was induced and maintained as previously recommended by Guo and colleagues [119]. Anesthesia was induced in an induction chamber using 5% (v/v) vaporized isoflurane. The animal was positioned supine, and endotracheal intubation performed using an 18-gauge plastic cannula. Anesthesia was maintained with 2% (v/v) isoflurane and the animal ventilated at a rate of 80 breaths per min with a tidal volume of 1.5 mL per 100 g of body weight using a small animal ventilator. Immediately prior to surgery, an intramuscular injection of lignocaine (10 mg per kg body weight) and subcutaneous injection of Temgesic (0.1 mg per kg body weight) was administered. Animals in the RIPC group were subjected to RIPC prior to I/R injury by fastening a tourniquet around the hindlimb for 3 × 5 min alternating cycles of ischemia (tightening tourniquet) and reperfusion (loosening tourniquet), where cyanosis and a drop in the temperature of the foot confirmed limb ischemia. To induce I/R injury, a thoracotomy was performed at the left 5th intercostal space to expose the heart. After removal of the pericardium, the LCA was ligated using a 6/0 silk suture to induce 30 min of ischemia as confirmed by myocardial cyanosis. The suture was then released to induce reperfusion. The chest cavity was closed, and the animal monitored for 24 h. Subcutaneous injection of temgesic (0.1 mg per kg body weight) was administered every 8 h till euthanasia. For the sham group, the surgical technique was identical, but the LCA was not ligated. For the control group, no sham surgery was performed. The AAR was determined post-experiment with Evan’s blue and tetrazolium chloride (TTC).




5.3. Measurement of Myocardial Infarct Size and Tissue Collection


Rats were anesthetized and intubated. Sutures were removed, and self-retaining retractor was used to re-open the chest cavity. LCA was re-occluded and 5mL of 3% Evans blue in D-PBS solution was injected into the tail vein, and allowed to perfuse for 3 to 5 min. The heart was excised, and washed in D-PBS. The excised heart was wrapped in food cling film, with the heart placed in an Eppendorf vial and placed in a container, and kept on dry ice for no more than 10 min, which made the heart semi-frozen [120]. Frozen or semi-frozen hearts have been previously used by other research groups to measure infarct sizes in both rats and mice [120,121,122,123,124,125]. Food wrap prevents the heart from freeze-drying. Freeze-dried tissue is likely to appear as tetrazolium chloride (TTC) negative. However, freeze-dried tissue can easily be recognized by the presence of an unstained epicardial layer in all the slices and in both ischemic and non-ischemic regions. Semi-frozen heart was sliced into 2-mm-thick slices using a rat heart slicer matrix. In our study, we did not observe any freeze-drying effect on the heart slices. Slicing the semi-frozen heart bypassed the laborious process of embedding the heart in agarose to facilitate slicing [126]. Freezing the heart at −20 °C for up to 2h has no effect on the intensity of TTC staining [120]. TTC perfusion causes severe tissue contracture, which may prevent successful dye perfusion. In order to minimize this, we immersed the heart sections in freshly prepared 1% TTC in D-PBS solution for 10 min each side at 37 °C followed by immersion in 10% neutral formal buffer to increase the contrast, which were examined and digitally photographed as previously described [120]. Immersion in neutral formalin buffer enhances the red/pale contrast between the viable AAR and area of necrosis, and removes the fatty surface gloss [120]. Images were analyzed using ImageJ. Non-AAR appeared as blue. Area that did not appear as blue was considered as AAR. TTC stained viable myocardium as red/pink and infarcted tissue appeared as white. We measured the infarct size as the percentage of infarct size/AAR. In order to make sure that the AAR was equal in the infarcted animals, we measured the ratio of AAR over the LV size and observed no significant difference between the I/R and RIPC I/R groups. A linear relationship exists between the body weight and the heart weight of rats at 10 weeks of age [127]. All our animals were between 300–350 g of weight and aged 8–11 weeks. We used a rat heart slicer matrix and sliced the heart into 2-mm-thick slices. However, the weight of each slice was not calculated. As we used specific weighted and aged rats, and cut the heart in equal size slices, it is expected that the variance in terms of the weight of slices across the groups was minimal. In addition, the percentage of infarct size/AAR has been widely used to measure infarct size in vivo [32,114,128,129]. Hind limb tissue at the RIPC site was collected and immediately frozen in dry ice.




5.4. Assessment of Autophagy


We interpreted the autophagy data according to the guidelines published by Klionsky and colleagues [43]. During autophagy, a cytosolic form of LC3 (LC3-I) is conjugated with phosphatidylethanolamine (PE) to form autophagosome-bound LC3-II. LC3-II is located in both the exterior and lumen of the autophagosome. Luminal LC3-II is degraded by the fusion of the autophagosome with lysosomes, while LC3-II on the cytoplasmic surface can be delipidated and recycled. LC3-II is only associated with autophagosomes and not with any other vesicular structures. Therefore, LC3-II levels correlate with the autophagic vacuole numbers [130]. Though assessment of early and late autophagic vacuoles by immunocytochemistry would generate valuable data regarding the overall status of autophagy in the cells, it was beyond the scope of the current study. We rather studied the level of autophagosome formation and autophagy flux in response to RIPC and rat myocardial I/R injury.




5.5. Western Blotting


Protein expression of Atg5, LC3-II, cleaved PARP, Bax, STAT3, GSK-3β, and p38 MAPK in apical heart tissue and H9c2 cell lysate were measured using western immunoblot. Separate animals were used to extract protein from the myocardial apical tissue and to measure infarct size. Cells were washed with cold D-PBS and trypsinized. Trypsinized cells were centrifuged at 1,000 rpm for 5 min at 4ºC and supernatant discarded. Cell pellet was resuspended in radioimmunoprecipitation assay (RIPA) cell lysis buffer containing 50mM TRIS hydrochloride (Tris-HCL), 150mM Sodium chloride (NaCl), 5mM ethylenediaminetetraacetic acid (EDTA) (pH 7.4), 0.5% Triton X-100, and protease and phosphatase inhibitor (Roche Diagnostics, Manheim, Germany). For tissue lysate, extracted tissue was homogenized in RIPA buffer containing protease and phosphate inhibitor. Cell/tissue lysate was centrifuged at 14,000 rpm for 15 min at 4 °C and supernatant stored at −80 °C. Protein quantification was carried out using a bicinchoninic acid (BCA) protein estimation kit (Thermofisher Scientific, Waltham, MA, USA) in accordance with the manufacturer’s instruction. Protein was prepared for electrophoresis by mixing protein sample with 10× Dithiothreitol (DTT) (Life technologies, Carlsbad, CA, United States) and 4× gel loading buffer (Life technologies) and boiling samples at 70 °C for 5 min. An equal amount of protein was resolved using Bolt Bis-Tris gel for 1 h at 150V. Depending on the separation required, either 2-(N-morpholino)ethanesulfonic acid (MES) or 3-(N-morpholino)propanesulfonic acid (MOPS) buffer was used as running buffer. Proteins were transferred to Hybond nitrocellulose membranes (Amersham Pharmacis Biotech, Bucks, UK) using Bolt transfer buffer (Life technologies) by the wet transfer method. Transfer membranes were first stained with Ponceau S to confirm successful protein transfer and even loading, and then the membranes were cut into smaller sections [131]. The smaller sections of the membrane were blocked in Tris-buffered saline with 0.5% Tween-20 (TBST) in either 5% skim milk or 5% BSA (for phospho-proteins) for 1 h and then incubated overnight at 4 °C with the primary antibodies. Primary and secondary antibodies were diluted in TBST. Membranes were washed 3 × 10 min with TBST and incubated with 1:5,000 horseradish peroxidase-conjugated secondary antibody in either 5% skim milk or 5% BSA (for phosphorylated proteins) for 2 h at room temperature. Membranes were washed 3 × 10 min with TBST. Proteins were visualized using a Supersignal West Pico Chemiluminescent substrate (ECL) kit (Thermofisher Scientific, Waltham, MA, USA) in an LAS 4000 machine. Semi-quantitative analysis was performed using Multigauge software (Fujifilm, Minato City, Tokyo, Japan). Even protein loading was confirmed by probing for either β-actin for cell lysate or GAPDH for heart tissue lysate except the phosphorylated proteins. For the phosphorylated proteins, we used the total expression of the same protein to accurately determine the equivalent protein loading. A protein’s phosphorylation status may change through modification of the protein’s phosphorylation level [132] or changes in the total amount of the protein present [133]. If the treatment affects both the phosphorylated and total protein level, then the ratio of phosphorylated to total protein remains constant. Hence, normalization of the phosphorylated proteins to the total expression of the same protein allows a more reliable and accurate assessment of the phosphorylated status of the protein. Total proteins have been widely used to confirm even loading [134,135]. We have previously published using the total expression of protein to demonstrate equal loading for phosphorylated proteins without any issue [32,114].




5.6. Flow Cytometry


In H9c2 cells subjected to an in vitro H/R model, the level of cellular apoptosis was assessed using a FITC Annexin V Apoptosis Detection Kit (556547, BD Biosciences, Franklin Lakes, NJ, USA) model. To assess the mitochondrial membrane potential loss, H9c2 cells were collected and then suspended in D-PBS, 5μL of 2μM stock of DiLC5 dye was added to the cells, and cells were incubated at room temperature for 15 min in the dark. The fluorescence intensity of the cells was analyzed by using a BD FACS flow cytometer.




5.7. Cell Viability


Cells from the H/R in vitro model were pre-treated with 3-MA, rapamycin, or no pre-treatment, and assessed for cell viability using the Live/Dead Cell Imaging kit (R37601; Thermofisher Scientific, Waltham, MA, USA). Fluorescence images were taken using green fluorescent protein (GFP) and Texas Red filter in an EVOS FL Auto Cell Imaging System (Thermofisher Scientific, Waltham, MA, USA).




5.8. Real-Time Polymerase Chain Reaction


Hindlimb tissue was homogenized in Trizol reagent (15596026; Thermofisher Scientific, Waltham, MA, USA) using TissueRuptor (Qiagen, Hilden, Germany) and RNA was extracted as per the manufacturer’s instruction. Quantitative RT-PCR was performed in triplicate on an ABI Prism 7900 HT Sequence Detection System (Applied Biosystems, Foster City, CA, USA). The average expression of the gene of interest from three replicate extractions was expressed relative to the housekeeping gene. Table 1 includes the primer sequences of the genes used for RT-PCR in this study.




5.9. Enzyme-Linked Immunosorbent Assay


A rat IL-6 Quantikine ELISA Kit (R6000B; R&D Systems, Minneapolis, MN, USA) was used to measure plasma IL-6 in rat blood collected immediately post-RIPC.




5.10. Autophagy Promotion and Inhibition


To promote autophagy, serum-starved H9c2 cells were treated with 1μM rapamycin (R0395; Sigma Aldrich, St. Louis, MO, USA) (Supplementary Figure S1) for 4 h, whilst to inhibit autophagy serum-starved H9c2 cells were treated with 10 nM 3-MA (M9281; Sigma Aldrich) for 2 h (Supplementary Figure S2). Lysosomal digestion of the autophagosomes, through fusion of the lysosomes with autophagosomes and degradation of the contents, is a key step of the autophagy mechanism, and assessing the completion of this step is a crucial part of evaluating complete autophagy (autophagy flux) [43]. To assess autophagy flux, cells were treated with 10 nM Bafilomycin A1 (Baf-A1), a lysosomal inhibitor, for 4 h. To evaluate the effect of IL-6 on autophagy, H9c2 cells were exposed to hypoxic media containing recombinant IL-6 during 30 min of hypoxia. Additionally, H9c2 cells were treated with 200μM tyrphostin AG-490 (T3434; Sigma Aldrich) (Supplementary Figure S3) for 1 h prior to exposing the cells to H/R to inhibit the JAK-STAT pathway as previously described [32].




5.11. Statistical Analysis


Normalized results are expressed as mean ± standard error of the mean (SEM). We initially assessed the normality of the data distribution. If the data were normally distributed, then statistical analysis between groups was performed by one-way ANOVA, followed by post hoc comparison using Tukey’s multiple comparison tests using GraphPad Prism software (GraphPad software version 7.02; GraphPad Inc, San Diego, CA, USA). If the data were not normally distributed, we performed a Kruskal–Wallis test followed by Dunn’s multiple comparisons test. Comparison between two groups was performed using the two-tailed Student’s t-test. p ≤ 0.05 was considered to be significant.





6. Conclusions


Modulation of autophagy can be a novel, intriguing, and potential powerful molecular strategy to reduce I/R injury. Collectively, the findings of our study support an essential role for autophagy in RIPC-mediated cardioprotection. Autophagy may also mediate heart resistance to cellular stress by activating cardioprotective signaling mechanisms. In addition, our study proposes IL-6 as a possible mediator of autophagy in RIPC and suggests a possible mechanism for the induction of autophagy.
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Figure 1. Effect of RIPC prior to I/R on autophagy protein expression in vitro and in vivo. Western blot analysis of Atg5-Atg12 conjugate in (A) H9c2 cells, (B) rat heart lysate and LC3 protein levels in (C) H9c2 cells, (D) rat heart lysate, and (E) bafilomycin-A1-treated H9c2 cell extracts, expressed as mean ± SEM, fold relative to control; * p < 0.05, ** p < 0.01. 
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Figure 2. Effect of RIPC on autophagy and the cardioprotective signaling mechanism. Western blot analysis of (A) LC3 in H9c2 cells subjected to RHPC (preconditioned) media under normoxic conditions and (B) LC3 in the rat heart and (C) STAT3 phosphorylation in the rat heart assessed in the control group (without any intervention or sham surgery), at 0 min and 24 h post-RIPC. (D–I) Rats subjected to I/R with and without prior RIPC. (D) MI size expressed as the percentage of infarct size/AAR, (E) cumulative data of AAR/LV expressed as the percentage of the mean ± SEM. Western blot analysis of rat heart tissue assessing the (F) cleaved PARP (n = 8), (G) phosphorylated STAT3 (n = 8), (H) phosphorylated GSK-3β (n = 8), and (I) phosphorylated p38 MAPK (n = 8) levels at 24 h post-I/R with and without prior hindlimb RIPC. Results are expressed as mean ± SEM relative to control; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Figure 3. Effect of autophagy modulation on cell viability. (A) H9c2 cells were stained with calcein AM (green) and ethidium homodimer-1 (red). Green: live cells, Red: dead cells; the scale bar is 1000 μm. Quantitative analysis of percentage of live/dead cells expressed as mean ± SEM, (B) Western blot analysis of pro-apoptotic Bax protein expression are expressed as mean ± SEM, fold relative to the normoxic control, (C,D) Cell apoptosis assessed by fluorescein isothiocyanate (FITC)-labeled annexin V (annexin V-FITC) and propidium iodide (PI) double staining and fluorescence-activated cell sorting (FACS). Quantitative analysis of percentage of apoptotic cells (annexin-V+/PI+) cells are represented as mean ± SEM; (E) Mitochondrial membrane potential at 1 h post-reoxygenation assessed by 1,1′,3,3,3′,3′-hexamethylindodicarbocyanine iodide (DiLC5) staining and FACS represented as the percentage geo mean fluorescence ± SEM, fold relative to the normoxia control; n = at least 3 independent experiments, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Figure 4. RIPC modulates cytokines’ expression and recombinant IL-6 treatment induces autophagy through the JAK-STAT pathway. (A) Plasma IL-6 protein levels at 0 min post-RIPC expressed as mean ± SEM, n = 5, p < 0.01. mRNA expression of (B) IL-6, (C) cardiotrophin-1, (D) IL-11, (E) LIF, and (F) IL-1β in rat hind limb muscle at 0 min post-RIPC assessed by qPCR and expressed as mean ± SEM; n = 9, * p < 0.05. Western blot analysis of (G) LC3, (H) phosphorylated STAT3, (I) phosphorylated GSK-3β, and (J) phosphorylated p38 MAPK in H9c2 cells pre-treated with different concentrations of IL-6 (250 pg/mL, 500 pg/mL, 1 ng/mL, 10 ng/mL) during hypoxia followed by reoxygenation. The expression levels of phosphorylated proteins were normalized to total STAT3, GSK-3β, and p38 MAPK, respectively. Results are expressed as mean ± SEM; * p < 0.05, ** p < 0.01. H9c2 cells exposed to RHPC-H/R with and without the JAK-STAT pathway inhibitor tyrphostin AG-490. Representative immunoblots and statistical data of (K) LC3 protein are expressed as mean ± SEM, fold relative to the RHPC-H/R group. (L) Representative immunoblot of the LC3 protein level in H9c2 cells with IL-6 treatment during hypoxia with and without tyrphostin AG-490 pre-treatment followed by reoxygenation are expressed as mean ± SEM, fold relative to the normoxic control; n = at least 3 independent experiments, * p < 0.05, ** p < 0.01. 
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Figure 5. Schematic timeline of the in vivo experiments. 
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Table 1. Primer sequences used for RT-PCR.
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	Gene
	Primer Sequence
	Annealing Temperature





	Cardiotrophin-1
	Forward 5′-AGCCTTCCTGATTTCTCAGGCT-3′

Reverse 5′-AATT TCTGTGTTGGCGCAGTGTGG-3′
	60 °C



	LIF
	Forward 5′-TGTGGTAGCAGCCGAGTCATAAT-3′

Reverse 5′-CGTGGCTTGTGTGTTCGGTTTCAT-3′
	60 °C



	IL-6
	Forward 5′-GCTCGTCGTCGACAACGGCCTC-3′

Reverse 5′-CAAACATGATCTGGGTCATCTTCTC-3′
	60 °C



	IL-11
	Forward 5′-CGTGAAGCTGTGTTGTCCTG-3′

Reverse 5′-GCTCCTAGGACTGTCTTCTTC-3′
	60 °C



	IL-1β
	Forward 5′-CTGTGACTCGTGGGATGATG-3′

Reverse 5′-GGGATTTTGTCGTTGCTTGT-3′
	60 °C



	GAPDH
	Forward 5′-ATGGGAAGCTGGTCATCAAC-3′

Reverse 5′ GTGGTTCACACCCATCACAA-3′
	60 °C











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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