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Abstract

:

Succinate dehydrogenase inhibition with malonate during initial reperfusion reduces myocardial infarct size in both isolated mouse hearts subjected to global ischemia and in in situ pig hearts subjected to transient coronary ligature. However, the long-term effects of acute malonate treatment are unknown. Here, we investigated whether the protective effects of succinate dehydrogenase inhibition extend to a reduction in scar size and adverse left ventricular remodeling 28 days after myocardial infarction. Initially, ten wild-type mice were subjected to 45 min of left anterior descending coronary artery (LAD) occlusion, followed by 24 h of reperfusion, and were infused during the first 15 min of reperfusion with saline with or without disodium malonate (10 mg/kg/min, 120 μL/kg/min). Malonate-treated mice depicted a significant reduction in infarct size (15.47 ± 3.40% of area at risk vs. 29.34 ± 4.44% in control animals, p < 0.05), assessed using triphenyltetrazolium chloride. Additional animals were then subjected to a 45 min LAD ligature, followed by 28 days of reperfusion. Treatment with a single dose of malonate during the first 15 min of reperfusion induced a significant reduction in scar area, measured using Picrosirius Red staining (11.94 ± 1.70% of left ventricular area (n = 5) vs. 23.25 ± 2.67% (n = 9), p < 0.05), an effect associated with improved ejection fraction 28 days after infarction, as determined using echocardiography, and an attenuated enhancement in expression of the pro-inflammatory and fibrotic markers NF-κB and Smad2/3 in remote myocardium. In conclusion, a reversible inhibition of succinate dehydrogenase with a single dose of malonate at the onset of reperfusion has long-term protective effects in mice subjected to transient coronary occlusion.
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1. Introduction


Restoration of coronary blood flow following transient coronary occlusion is accompanied by a burst of reactive oxygen species (ROS) [1], which play a key role in reperfusion injury. ROS contribute to the opening of the mitochondrial permeability transition pore (MPTP) during reperfusion and to cardiomyocyte hypercontrature, the two primary mechanisms responsible for cell death during myocardial infarction [2,3]. The main sources of ROS in postischemic tissues include xanthine oxidase, NADPH oxidase, nitric oxide synthase, and notably, the mitochondria [4]. Under physiological conditions, electron transport to oxygen, occurring in this organelle, is closely coupled with oxidative phosphorylation to generate ATP. However, the low oxygen tension present in a reperfused myocardium causes some electrons to leak from mitochondrial complexes I and III, resulting in the generation of superoxide [1,5]. The involvement of ROS in reperfusion injury has been confirmed by studies using antioxidants or ROS scavengers, which, when given at the onset of reperfusion, have been able to reduce infarct size in various experimental models [4,6]. However, clinical trials testing the efficacy of antioxidants in patients with cardiovascular disease have not yielded conclusive results [7,8]. A reduction in oxidative stress can also be achieved through direct inhibition of mitochondrial respiratory complexes, as has been demonstrated with drugs targeting complex I [9,10]. Moreover, recent studies have suggested that, in addition to complexes I and III, mitochondrial complex II may also play a significant role in ROS production after ischemia [11,12]. Supporting this notion, it has been demonstrated that myocardial levels of succinate, the endogenous substrate of complex II (or succinate dehydrogenase, an enzyme also involved in the tricarboxylic acid cycle), are markedly enhanced during ischemia, and that treatments aimed at preventing this increase can reduce infarct size [13,14]. The mechanisms involved in this protective effect include the rapid oxidation of accumulated succinate during initial reperfusion, leading to a reverse electron transfer from mitochondrial complex II to complex I and ROS production by the latter [13,14].



However, application of adjunctive treatments before ischemia is not feasible in patients with ST segment elevation myocardial infarction (STEMI). In this regard, we have recently demonstrated that reversible and transient inhibition of mitochondrial complex II with disodium malonate, given at the onset of reperfusion, is able to reduce infarct size in both isolated mouse hearts [15] and in pigs subjected to transient coronary occlusion, with the treatment being selectively applied to the area at risk [16]. This protective effect was associated with reduced succinate oxidation during reperfusion, decreased oxidative stress, and attenuated MPTP opening [15,16].



Unlike the scenario involving a transient coronary occlusion followed by reperfusion, others have failed to demonstrate a reduction in infarct size when malonate was given daily for three days and began within the first hour after ischemia onset in mice subjected to permanent coronary ligature (thus lacking reperfusion) [17]. In contrast, under these conditions, chronic treatment with malonate for 14 days was able to promote adult cardiomyocyte proliferation and cardiac regeneration 4 weeks after coronary occlusion [17].



In this context, it remains unclear whether the protective effect of malonate, when administered during reperfusion as a single dose, persists long after ischemia and whether it may influence post-infarction left ventricular remodeling. Therefore, the aim of this work has been to analyze the effects of reversible inhibition of mitochondrial complex II with a single dose of disodium malonate on post-infarction scar size and ventricular remodeling in an in vivo mouse model of transient coronary occlusion (45 min) followed by 28 days of reperfusion.




2. Results


There were no deaths between animals subjected to 45 min of LAD occlusion and 24 h of reperfusion (n = 5/group). In contrast, among the 21 mice reperfused for 28 days, 4 died during follow-up (3 in the control group and 1 in the malonate-treated group). In addition, one animal from the malonate-treated group was excluded due to a lack of reperfusion. Finally, two more animals from this group were excluded due to poor LAD visualization during surgery, with repeated attempts at occluding the artery resulting in extensive myocardial injury. Thus, the final number of individuals included in the study was nine for the control group and five for the malonate-treated group.



2.1. Short-Term Effects of Reversible Succinate Dehydrogenase Inhibition with Malonate during Reperfusion on Myocardial Infarct Size


Malonate administration at the onset of reperfusion induced a reduction in myocardial infarct size, measured using 2,3,5-triphenyltetrazolium chloride staining 24 h after reperfusion in mice subjected to transient coronary occlusion (Figure 1A). No differences were observed in the size of the area at risk (Figure 1B).




2.2. Long-Term Effects of Reversible Succinate Dehydrogenase Inhibition with Malonate during Reperfusion on Scar Size and Post-Infarction Left Ventricular Remodeling


Treatment with a single dose of malonate during the first 15 min of reperfusion induced a significant reduction in scar area, measured using Picrosirius Red staining 28 days after LAD occlusion (Figure 2A,B). Similarly, interstitial collagen deposition in the remote myocardium (Figure 2A,C) and perivascular fibrosis (Figure 2A,D) were also diminished by malonate treatment. These protective effects were associated with a significantly attenuated deterioration in myocardial function (i.e., EF and FS) in malonate-treated animals (two-way ANOVA, p = 0.005 and 0.012 for interaction between time and treatment for EF and FS, respectively), as compared with that occurring in control mice treated with saline (Figure 3 and Figure 4). Repeated measures ANOVA demonstrated a significantly lower body weight in treated animals and a significant effect of time, but there was no interaction between both variables, suggesting that body weight was similarly reduced during the 28-day experimental period in both groups (Figure 2E).




2.3. Expression of Pro-Inflammatory and Fibrotic Markers in the Remote Myocardium


Western blot analysis demonstrated significantly enhanced expression in the remote myocardium of control animals subjected to LAD occlusion followed by 28 days after reperfusion of NF-κB and Smad2/3, together with increased levels of phosphorylated Smad2/3, as compared with sham-operated animals. The enhancement in NF-κB and Smad2/3 was attenuated in animals treated with malonate (Figure 5).



Expression of α-smooth muscle actin was highly variable in the remote myocardium of both sham-operated mice and in animals subjected to transient coronary occlusion and 28 days of reperfusion. Despite this fact, a significant reduction in α-smooth muscle actin expression was observed in mice subjected to LAD occlusion, independently of group allocation, as compared with sham-operated animals (Figure 6). No differences in fibroblast activation protein α (FAPα) were observed between groups (Figure 6).



RT-PCR analysis demonstrated a significant increase in mRNA levels for COL1A1 in myocardial samples from infarcted animals as compared with sham-operated mice. Similar trends were observed for other proteins involved in collagen synthesis (COL3A1, TGFβ1, and ACTA2). However, contrary to Western blot data, no differences were observed between samples from infarcted animals treated with or without malonate (Figure 7). Furthermore, no significant differences were observed in mRNA levels for IL-1β, whereas a significant increase in TNFα was detected in those animals receiving malonate as compared with those receiving saline (Figure 7).





3. Discussion


This study demonstrates that a transient and reversible inhibition of succinate dehydrogenase with a single dose of malonate, given at the onset of reperfusion, has long-term protective effects in mice subjected to transient coronary occlusion. Thus, malonate-treated mice showed a reduced area of scarring after myocardial infarction, an effect associated with significant decreases in interstitial and perivascular fibrosis in distant areas, improvements in left ventricular function, as assessed by echocardiography, and attenuated enhancements in expression of the fibrotic markers NF-κB and Smad2/3 in the remote myocardium.



Previous studies have demonstrated that reversible succinate dehydrogenase inhibition during reperfusion with malonate is cardioprotective against acute myocardial infarction, both in isolated mouse hearts subjected to global ischemia followed by 1 h of reperfusion [15] and in pigs subjected to transient coronary occlusion and 2 h of reflow [16]. These effects were associated with the accumulation of succinate in the reperfused myocardium of treated animals, leading to attenuated reverse electron transfer to complex I, reduced ROS production, and lower MPTP opening [13,14,15]. However, hypothetically, it would be possible that these protective actions of malonate disappear in the long term. For this reason, in this study, we have evaluated the long-term effects of succinate dehydrogenase inhibition on scar size and post-infarction left ventricular remodeling. Adverse left ventricular remodeling is one of the most important consequences of acute myocardial infarction, leading to heart failure and a poor quality of life for affected patients [18].



First, it was needed to confirm the efficacy of malonate against myocardial infarction in our present model. In this case, we administered the succinate dehydrogenase inhibitor during initial reperfusion through a jugular vein at a concentration of 10 mg/kg/min. Under these conditions, disodium malonate was able to reduce infarct size by about 47%, a similar reduction to that previously described in other animal models [15,16]. Moreover, when we analyzed the long-term effects of a single dose of malonate, we were able to demonstrate that transient inhibition of succinate dehydrogenase during initial reperfusion reduced the area of scarring after infarction, an effect associated with a significant improvement in myocardial function 28 days after infarction. Furthermore, an attenuated enhancement in expression of the pro-inflammatory and fibrotic markers NF-κB and Smad2/3 was observed in the remote myocardium.



In contrast to NF-κB and Smad2/3, no changes were detected in the expression of the fibroblast differentiation/activation marker FAPα, whereas a reduction in αSMA, as compared with sham-operated mice, was observed 28 days after infarction in hearts from both malonate-treated and untreated animals, with no significant differences between them. As collagen deposition probably occurs during the first days following infarction, these data do not preclude the occurrence of enhanced differentiation of fibroblasts in the untreated animals early after injury. Further, contributions from smooth muscle cells may also explain these last findings. On the other hand, an RT-PCR analysis detected increases in several markers of fibrosis 28 days after myocardial infarction, as compared with sham-operated animals, but with no differences between saline- and malonate-treated mice.



Despite previous studies that have nicely demonstrated that chronic treatment with malonate for 14 days promotes cardiomyocyte proliferation and cardiac regeneration 4 weeks after permanent coronary occlusion in adult mice [17], it is unlikely that a single dose, as that used in the present study, results in such effects. Instead, and as previously suggested [15,16,19,20], it is plausible that malonate in this setting would be reducing cell death, which is known to occur during the first minutes of reperfusion [21].



The main determinant of adverse post-infarction left ventricular remodeling is the size of the necrotic area [18]. However, different authors have postulated that, in addition to necrosis, apoptosis may also play an important role in cell death after myocardial infarction [22,23,24]. If this were the case, it may cause a late enhancement of the final infarct size. Under these conditions, it is plausible that treatments able to acutely reduce infarct size fail to have long-term protective effects against scar size and left ventricular remodeling. In contrast, our present results, in which transient succinate dehydrogenase inhibition is able to reduce the area of scar and post-infarction left ventricular remodeling, do not support this possibility. In fact, they are in accordance with other studies suggesting that apoptosis does not play an important role in cell death after an episode of myocardial ischemia–reperfusion. In this sense, we have previously demonstrated that cell death after myocardial ischemia–reperfusion predominantly occurs in the form of necrosis, as denoted by extensive propidium iodide staining of isolated mouse hearts subjected to ischemia and 1 h of reperfusion, but not by apoptosis, as demonstrated by the absence of positive cells using the TUNEL technique [15]. Furthermore, some studies have suggested that the caspase 3-dependent apoptotic pathway would not be operative in adult cardiomyocytes [25]. Indeed, genetic deletion of caspases-3 and -7 has not been associated with changes in infarct size, determined 24 h after coronary occlusion, nor in the scar area, measured 28 days after reperfusion in mice subjected to transient coronary ligature [26].



An important limitation of this work is that experiments were conducted using a mouse model of myocardial infarction. Whether our findings can be replicated in more clinically relevant and complex models, such as the pig model of transient coronary occlusion, warrants further investigation. Furthermore, in our experimental setup, malonate was administered at the onset of reperfusion. However, it is foreseeable that some patients may experience some treatment delays. The efficacy of malonate when administered later during reperfusion remains unknown. Lastly, the formulation utilized in our study, disodium malonate, is able to permeate cardiomyocyte membranes through monocarboxylate transporter 1 (MCT1), a process facilitated by the low pH environment present in the area at risk [19]. The use of ester prodrugs of malonate or even acidic formulations could potentially offer additional benefits [20].



In conclusion, our present results, in combination with those obtained in other animal models [15,16], strengthen the possibility that succinate dehydrogenase inhibition with malonate at the onset of reperfusion becomes a new therapeutic approach in patients with STEMI.




4. Materials and Methods


The present study conforms to the NIH Guide for the Care and Use of Laboratory Animals (NIH publications No. 85-23, revised 1996) and was performed in accordance with European legislation (Directive 2010/63/UE). The study was approved by the Ethics Committee of our institution (CEEA 35.17).



4.1. Animals


Thirty-one adult male C57BL/6J mice (10–12 weeks, 30–35 g) were anesthetized with ketamine (50 mg/kg, IP) and sodium pentobarbital (40 mg/kg, IP) [27]. After intubation and ventilation (SAR-830/P Ventilator, CWE Inc., Ardmore, PA, USA), the animals were placed on an adjustable heating pad to maintain a core temperature of 36–37 °C. Their hearts were exposed through a lateral thoracotomy at the fourth intercostal space, and the left anterior descending coronary artery (LAD) was ligated using a 6/0 silk snare (Ethincon Endo-surgery, Cincinnati, OH, USA), located 1 mm distal to the left atrial appendage. All animals were subjected to 45 min of LAD occlusion followed by reperfusion. During the ischemic period, an external jugular vein was dissected free and cannulated using a polyethylene PE-10 catheter. This catheter was used to continuously administer a saline solution with or without malonate at a dose of 10 mg/kg/min, given at a flow rate of 120 μL/kg/min. The infusion began during the last 5 min of ischemia and was extended for the first 15 min of reperfusion. This dose is in the same order of magnitude as those previously shown to be effective against acute ischemia–reperfusion injury in vivo [13,19]. Successful performance of LAD occlusion was verified visually by the appearance of a pallor tone in the distal myocardium and by elevation of the ST segment at the electrocardiogram. After reperfusion, the occluding snare was kept in place to allow later determination of the ligature position. Following surgery, all animals were treated with buprenorphine (0.05 mg/kg every 6 h, subcutaneously) during the first 48 h.




4.2. Experimental Protocols


First, to confirm that succinate dehydrogenase inhibition with malonate during reperfusion was also protective against myocardial infarction in our present model, 10 mice were subjected to LAD occlusion followed by 24 h of reperfusion (n = 5/group). Thereafter, in the remaining animals, the reperfusion phase was extended for 28 days to assess the effects of malonate on myocardial scars and post-infarction left ventricular remodeling.




4.3. Infarct Size and Myocardial Scar Measurements


Animals used to assess the acute effects of succinate dehydrogenase inhibition on myocardial infarction were sacrificed by a sodium pentobarbital overdose (100 mg/kg, IP). LAD was reoccluded, and the hearts were quickly removed and retrogradely perfused through the aorta with a Krebs solution in a Langendorff system (3 mL/min), as previously described [15]. Then, 0.5 mL of a 5% Evans Blue saline solution were given through a side port to delineate the area at risk. Immediately, hearts were removed from the system and cut into slices that were incubated in a 1% 2,3,5-triphenyltetrazolium chloride solution (37 °C, 15 min) to stain infarct size, as previously described (Figure 1A) [15]. Area at risk was expressed as a percentage of total ventricular weight, whereas infarct size was expressed as a percentage of area at risk.



The histological extent of the myocardial scar after 28 days of reperfusion was calculated as the percentage of the fibrotic area to the left ventricular area, as previously described [28]. At the end of the experimental protocol, animals were sacrificed by a sodium pentobarbital overdose (100 mg/kg, IP). Hearts were quickly excised, and after removal of both atria and great vessels, ventricles were weighted and divided into two parts. The basal half was immediately snap-frozen in liquid N2, whereas the apical area, just below the occluding snare, was fixed overnight with 4% paraformaldehyde, embedded in paraffin, and cut into 4 μm sections. Histological sections were then stained with Picrosirius Red (Sigma-Aldrich, Saint Louis, MO, USA) and scanned and evaluated using Image ProPlus 4.5 software (Media Cybernetics, Rockville, MD, USA).




4.4. Transthoracic Echocardiography


Echocardiographic measurements were performed in animals reperfused for 28 days, both at baseline and at the end of the experimental protocol, with a Vivid q portable ultrasound system using an ILS 12 MHz transducer (GE Healthcare, Chicago, IL, USA) applied to the shaved chest wall of mice lightly anesthetized with isoflurane (1–1.5%). Ejection fraction (EF), left ventricular end-diastolic internal diameter (LVEDD), left ventricular end-systolic internal diameter (LVESD), interventricular septum thickness (IVS), and posterior wall thickness (LVPW) were measured in M-mode recordings. Fractional shortening (FS) was calculated as (LVEDD-LVESD)/LVEDD × 100.




4.5. Western Blot Analysis


Myocardial samples from the basal half of the heart, located above the site of the coronary ligature, were snap-frozen and homogenized (Diax 600 homogenizer, Heidolph, Schwabach, Germany) in homogenization ice-cold RIPA buffer (NaCl 150 mmol/L, Trizma Base 50 mmol/L, Triton X-100 1%, SDS 0.1%, Tween20 0.1% (pH 8.0), containing phosphatase inhibitors (sodium fluoride 1 mmol/L and sodium orthovanadate 1 mmol/L), and a protease cocktail inhibitor (1%)). Myocardial samples from four additional sham-operated animals were also included. Protein lysates were obtained from the supernatant after centrifugation at 3600× g for 10 min (4 °C). Protein extracts were then electrophoretically separated on 10% polyacrylamide gels. Expression of markers involved in the pro-inflammatory and fibrotic responses, including NF-κB p65 (#ab16502, abcam, 1:1000), Smad2/3 (#sc-398844, Santa Cruz Biotechnology, 1:500), pSMAD2/3 (Thr8) (#TA325852, OriGene, 1:1000), transforming growth factor β1 (TGFβ1) (#ab92486, abcam, 1:1000), connective tissue growth factor (CTGF) (#ab6992, abcam, 1:1000), fibroblast activation factor α (FAPα) (#PIPA5120990, Invitrogen, 1:1000), and α-smooth muscle actin (αSMA) (#A5228, Sigma, 1:2000), was analyzed in remote myocardium using Western blot according to standard procedures [29,30]. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (#GTX627408, GeneTex, 1:1000) was used as a loading control.




4.6. qPCR Analyses


Total RNA was extracted from myocardial samples obtained from the basal half of the heart, above the site of coronary ligature, using the Nucleospin RNA extraction kit (Macherey-Nagel, Düren, Germany). RNA was retrotranscribed into cDNA with a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Waltham, MA, USA). Gene expression was measured in duplicate with a 7900HT Fast Real-Time PCR System (Applied Biosystems, Waltham, MA, USA) using TaqMan Universal PCR master mix (Thermofisher, Waltham, MA, USA) and pre-designed gene-specific probes (Thermofisher, Waltham, MA, USA). Relative mRNA levels were determined using the comparative threshold method and expressed as fold change with respect to sham-operated animals. RPL19 was used as an endogenous control housekeeping gene.




4.7. Statistics


Data are expressed as mean ± SEM. Differences were assessed using a Student’s t test. ANOVA and Tukey tests were used to assess differences in expression of fibrotic markers by Western blot. A repeated measures ANOVA (MANOVA) was used to assess changes in echocardiographic or body weight data. Differences were considered significant at p < 0.05.





5. Conclusions


Reversible inhibition of succinate dehydrogenase with malonate at the onset of reperfusion has long-term protective effects in mice subjected to transient coronary occlusion. These effects are associated with an attenuated enhancement of pro-inflammatory and fibrotic markers in the remote myocardium.







Author Contributions


Conceptualization, A.R.-S., M.R.-M., J.I., B.B. and I.F.-G.; methodology, L.V.-L., M.C., F.G.G., L.Y.-B. and J.P.; validation, L.V.-L., M.R.-M., J.I. and A.R.-S.; formal analysis, L.V.-L., M.C., F.G.G., L.Y.-B. and J.P.; investigation, M.R.-M. and A.R.-S.; resources, A.R.-S.; data curation, A.R.-S.; writing—original draft preparation, L.V.-L. and A.R.-S.; writing—review and editing, L.V.-L., M.C., F.G.G., L.Y.-B., J.P., M.R.-M., J.I., B.B., I.F.-G. and A.R.-S.; supervision, A.R.-S.; project administration, A.R.-S.; funding acquisition, A.R.-S. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Spanish Ministry of Economy and Competitiveness, Instituto de Salud Carlos III (grants PI23/00260, PI17/01397, and CIBERCV), and the Spanish Society of Cardiology (Proyectos de la FEC para Investigación Básica en Cardiología 2018, Sociedad Española de Cardiología) and was co-funded by the European Regional Development Fund (ERDF-FEDER, a way to build Europe). Antonio Rodríguez-Sinovas has a consolidated Miguel Servet contract.




Institutional Review Board Statement


The animal study protocol was approved by the Ethics Committee of Vall d’Hebron Research Institute (code CEEA 35.17, 2017) and conforms to the NIH Guide for the Care and Use of Laboratory Animals (NIH publications Nº. 85-23, revised 1996) and was performed in accordance with European legislation (Directive 2010/63/UE).




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article and available from the corresponding author upon reasonable request.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Chen, Y.R.; Zweier, J.L. Cardiac Mitochondria and Reactive Oxygen Species Generation. Circ. Res. 2014, 114, 524–537. [Google Scholar] [CrossRef]

	



Halestrap, A.P.; Richardson, A.P. The Mitochondrial Permeability Transition: A Current Perspective on Its Identity and Role in Ischaemia/Reperfusion Injury. J. Mol. Cell Cardiol. 2015, 78, 129–141. [Google Scholar] [CrossRef] [PubMed]

	



Hausenloy, D.J.; Yellon, D.M. Myocardial Ischemia-Reperfusion Injury: A Neglected Therapeutic Target. J. Clin. Investig. 2013, 123, 92–100. [Google Scholar] [CrossRef]

	



Granger, D.N.; Kvietys, P.R. Reperfusion Injury and Reactive Oxygen Species: The Evolution of a Concept. Redox Biol. 2015, 6, 524–551. [Google Scholar] [CrossRef]

	



Holmstrom, K.M.; Finkel, T. Cellular Mechanisms and Physiological Consequences of Redox-Dependent Signalling. Nat. Rev. Mol. Cell Biol. 2014, 15, 411–421. [Google Scholar] [CrossRef]

	



Garciarena, C.D.; Fantinelli, J.C.; Caldiz, C.I.; de Cingolani, G.C.; Ennis, I.L.; Perez, N.G.; Cingolani, H.E.; Mosca, S.M. Myocardial Reperfusion Injury: Reactive Oxygen Species vs. NHE-1 Reactivation. Cell Physiol. Biochem. 2011, 27, 13–22. [Google Scholar] [CrossRef]

	



Ekelof, S.; Jensen, S.E.; Rosenberg, J.; Gogenur, I. Reduced Oxidative Stress in STEMI Patients Treated by Primary Percutaneous Coronary Intervention and with Antioxidant Therapy: A Systematic Review. Cardiovasc. Drugs Ther. 2014, 28, 173–181. [Google Scholar] [CrossRef]

	



Kris-Etherton, P.M.; Lichtenstein, A.H.; Howard, B.V.; Steinberg, D.; Witztum, J.L. Antioxidant Vitamin Supplements and Cardiovascular Disease. Circulation 2004, 110, 637–641. [Google Scholar] [CrossRef] [PubMed]

	



Stewart, S.; Lesnefsky, E.J.; Chen, Q. Reversible Blockade of Electron Transport with Amobarbital at the Onset of Reperfusion Attenuates Cardiac Injury. Transl. Res. 2009, 153, 224–231. [Google Scholar] [CrossRef] [PubMed]

	



Xu, A.; Szczepanek, K.; Maceyka, M.W.; Ross, T.; Bowler, E.; Hu, Y.; Kenny, B.; Mehfoud, C.; Desai, P.N.; Baumgarten, C.M.; et al. Transient Complex I Inhibition at the Onset of Reperfusion by Extracellular Acidification Decreases Cardiac Injury. Am. J. Physiol. Cell Physiol. 2014, 306, C1142–C1153. [Google Scholar] [CrossRef]

	



Quinlan, C.L.; Orr, A.L.; Perevoshchikova, I.V.; Treberg, J.R.; Ackrell, B.A.; Brand, M.D. Mitochondrial Complex II Can Generate Reactive Oxygen Species at High Rates in Both the Forward and Reverse Reactions. J. Biol. Chem. 2012, 287, 27255–27264. [Google Scholar] [CrossRef]

	



Siebels, I.; Drose, S. Q-Site Inhibitor Induced ROS Production of Mitochondrial Complex II Is Attenuated by TCA Cycle Dicarboxylates. Biochim. Biophys. Acta 2013, 1827, 1156–1164. [Google Scholar] [CrossRef]

	



Chouchani, E.T.; Pell, V.R.; Gaude, E.; Aksentijevic, D.; Sundier, S.Y.; Robb, E.L.; Logan, A.; Nadtochiy, S.M.; Ord, E.N.; Smith, A.C.; et al. Ischaemic Accumulation of Succinate Controls Reperfusion Injury through Mitochondrial ROS. Nature 2014, 515, 431–435. [Google Scholar] [CrossRef]

	



Chouchani, E.T.; Pell, V.R.; James, A.M.; Work, L.M.; Saeb-Parsy, K.; Frezza, C.; Krieg, T.; Murphy, M.P. A Unifying Mechanism for Mitochondrial Superoxide Production during Ischemia-Reperfusion Injury. Cell Metab. 2016, 23, 254–263. [Google Scholar] [CrossRef]

	



Valls-Lacalle, L.; Barba, I.; Miro-Casas, E.; Alburquerque-Bejar, J.J.; Ruiz-Meana, M.; Fuertes-Agudo, M.; Rodriguez-Sinovas, A.; Garcia-Dorado, D. Succinate Dehydrogenase Inhibition with Malonate during Reperfusion Reduces Infarct Size by Preventing Mitochondrial Permeability Transition. Cardiovasc. Res. 2016, 109, 374–384. [Google Scholar] [CrossRef]

	



Valls-Lacalle, L.; Barba, I.; Miro-Casas, E.; Ruiz-Meana, M.; Rodriguez-Sinovas, A.; Garcia-Dorado, D. Selective Inhibition of Succinate Dehydrogenase in Reperfused Myocardium with Intracoronary Malonate Reduces Infarct Size. Sci. Rep. 2018, 8, 2442. [Google Scholar] [CrossRef]

	



Bae, J.; Salamon, R.J.; Brandt, E.B.; Paltzer, W.G.; Zhang, Z.; Britt, E.C.; Hacker, T.A.; Fan, J.; Mahmoud, A.I. Malonate Promotes Adult Cardiomyocyte Proliferation and Heart Regeneration. Circulation 2021, 143, 1973–1986. [Google Scholar] [CrossRef]

	



Bhatt, A.S.; Ambrosy, A.P.; Velazquez, E.J. Adverse Remodeling and Reverse Remodeling After Myocardial Infarction. Curr. Cardiol. Rep. 2017, 19, 71. [Google Scholar] [CrossRef]

	



Prag, H.A.; Aksentijevic, D.; Dannhorn, A.; Giles, A.V.; Mulvey, J.F.; Sauchanka, O.; Du, L.; Bates, G.; Reinhold, J.; Kula-Alwar, D.; et al. Ischemia-Selective Cardioprotection by Malonate for Ischemia/Reperfusion Injury. Circ. Res. 2022, 131, 528–541. [Google Scholar] [CrossRef]

	



Prag, H.A.; Pala, L.; Kula-Alwar, D.; Mulvey, J.F.; Luping, D.; Beach, T.E.; Booty, L.M.; Hall, A.R.; Logan, A.; Sauchanka, V.; et al. Ester Prodrugs of Malonate with Enhanced Intracellular Delivery Protect Against Cardiac Ischemia-Reperfusion Injury In Vivo. Cardiovasc. Drugs Ther. 2022, 36, 1–13. [Google Scholar] [CrossRef]

	



Piper, H.M.; Garcia-Dorado, D.; Ovize, M. A Fresh Look at Reperfusion Injury. Cardiovasc. Res. 1998, 38, 291–300. [Google Scholar] [CrossRef]

	



Eefting, F.; Rensing, B.; Wigman, J.; Pannekoek, W.J.; Liu, W.M.; Cramer, M.J.; Lips, D.J.; Doevendans, P.A. Role of Apoptosis in Reperfusion Injury. Cardiovasc. Res. 2004, 61, 414–426. [Google Scholar] [CrossRef]

	



Oerlemans, M.I.; Koudstaal, S.; Chamuleau, S.A.; de Kleijn, D.P.; Doevendans, P.A.; Sluijter, J.P. Targeting Cell Death in the Reperfused Heart: Pharmacological Approaches for Cardioprotection. Int. J. Cardiol. 2013, 165, 410–422. [Google Scholar] [CrossRef]

	



Ihara, M.; Asanuma, H.; Yamazaki, S.; Kato, H.; Asano, Y.; Shinozaki, Y.; Mori, H.; Minamino, T.; Asakura, M.; Sugimachi, M.; et al. An Interaction between Glucagon-like Peptide-1 and Adenosine Contributes to Cardioprotection of a Dipeptidyl Peptidase 4 Inhibitor from Myocardial Ischemia-Reperfusion Injury. Am. J. Physiol. Heart Circ. Physiol. 2015, 308, H1287–H1297. [Google Scholar] [CrossRef]

	



Sanchis, D.; Llovera, M.; Ballester, M.; Comella, J.X. An Alternative View of Apoptosis in Heart Development and Disease. Cardiovasc. Res. 2008, 77, 448–451. [Google Scholar] [CrossRef]

	



Inserte, J.; Cardona, M.; Poncelas-Nozal, M.; Hernando, V.; Vilardosa, U.; Aluja, D.; Parra, V.M.; Sanchis, D.; Garcia-Dorado, D. Studies on the Role of Apoptosis after Transient Myocardial Ischemia: Genetic Deletion of the Executioner Caspases-3 and -7 Does Not Limit Infarct Size and Ventricular Remodeling. Basic Res. Cardiol. 2016, 111, 18. [Google Scholar] [CrossRef]

	



Shekarforoush, S.; Fatahi, Z.; Safari, F. The Effects of Pentobarbital, Ketamine-Pentobarbital and Ketamine-Xylazine Anesthesia in a Rat Myocardial Ischemic Reperfusion Injury Model. Lab. Anim. 2016, 50, 179–184. [Google Scholar] [CrossRef]

	



Dufeys, C.; Daskalopoulos, E.P.; Castanares-Zapatero, D.; Conway, S.J.; Ginion, A.; Bouzin, C.; Ambroise, J.; Bearzatto, B.; Gala, J.L.; Heymans, S.; et al. AMPKα1 Deletion in Myofibroblasts Exacerbates Post-Myocardial Infarction Fibrosis by a Connexin 43 Mechanism. Basic Res. Cardiol. 2021, 116, 10. [Google Scholar] [CrossRef]

	



Valls-Lacalle, L.; Negre-Pujol, C.; Rodriguez, C.; Varona, S.; Valera-Canellas, A.; Consegal, M.; Martinez-Gonzalez, J.; Rodriguez-Sinovas, A. Opposite Effects of Moderate and Extreme Cx43 Deficiency in Conditional Cx43-Deficient Mice on Angiotensin II-Induced Cardiac Fibrosis. Cells 2019, 8, 1299. [Google Scholar] [CrossRef]

	



Sivakumar, B.; Nadeem, A.; Dar, M.A.; Kurian, G.A. PM2.5 Exposure-Linked Mitochondrial Dysfunction Negates SB216763-Mediated Cardio-Protection against Myocardial Ischemia-Reperfusion Injury. Life 2023, 13, 2234. [Google Scholar] [CrossRef]








[image: Ijms 25 04366 g001] 





Figure 1. Effects of intravenous disodium malonate (10 mg/kg/min), given during the last 5 min of coronary occlusion and the first 15 min of reperfusion, on infarct size in mice subjected to 45 min of LAD occlusion and 24 h of reperfusion. (A) Method used to delineate the total slice area and the size of the area at risk and infarction. (B) Mean infarct size and individual values in both groups of animals. (C) Size of the area at risk. n.s. indicates no significant differences, whereas * (p < 0.05) indicates significant differences vs. control hearts (Student’s t test, n = 5/group). 
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Figure 2. Effects of intravenous disodium malonate (10 mg/kg/min) given during the last 5 min of coronary occlusion and the first 15 min of reperfusion on scar area and interstitial and perivascular fibrosis in mice subjected to 45 min of LAD occlusion and 28 days of reperfusion. The upper panel (A) shows representative images of post-infarction scarring and interstitial and perivascular fibrosis in the remote myocardium, as assessed using Picrosirius Red staining, for a control mouse and a malonate-treated animal. Lower graphs depict mean and individual values for scar area (B), interstitial collagen deposition (C), and perivascular fibrosis (D) in the same groups of mice. * (p < 0.05) indicates significant differences vs. control hearts (Student’s t test, n = 9 for saline-treated animals and 5 for malonate-treated animals). (E) Changes in body weight in control animals and in malonate-treated mice. Repeated measures ANOVA demonstrated no interaction between time and treatment (n = 9 for saline-treated animals and 5 for malonate-treated animals). 
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Figure 3. Changes in interventricular septum thickness (IVS), left ventricular posterior wall thickness (LVPW), left ventricular end-diastolic internal diameter (LVEDD), left ventricular end-systolic internal diameter (LVESD), ejection fraction (EF), and fractional shortening (FS) in mice subjected to 45 min of LAD occlusion and 28 days of reperfusion and treated with or without intravenous disodium malonate (n = 9 for saline-treated mice and 5 for malonate-treated animals). Statistical analysis was performed by repeated measures ANOVA that demonstrated a significant interaction between time and treatment for EF and FS, which indicates attenuated deterioration of myocardial function in malonate-treated mice. 
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Figure 4. Percentage reduction in left ventricular (LV) ejection fraction, expressed with respect to baseline values, in mice subjected to 45 min of LAD occlusion and 28 days of reperfusion and treated with or without intravenous disodium malonate. * (p < 0.05) indicates significant differences between both groups (Student’s t test, n = 9 for saline-treated mice and 5 for malonate-treated animals). 
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Figure 5. Western blot analysis of fibrotic markers in remote myocardium. Left panels show representative Western blots for NF-κB, Smad2/3 and pSmad2/3, TGFβ1, CGTF, and GAPDH in tissue extracts from sham-operated mice and from animals subjected to 45 min of LAD occlusion followed by 28 days of reperfusion and treated with or without malonate during initial reflow. The right panels show corresponding quantifications. * (p < 0.05) indicates significant differences vs. sham-operated mice (ANOVA and Tukey post-hoc tests, n = 4 for sham animals, 9 for saline-treated mice, and 5 for malonate-treated animals). 
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Figure 6. Western blot analysis of fibroblast differentiation markers in the remote myocardium. The upper image shows a representative Western blot for fibroblast activation factor α (FAPα) and α-smooth muscle actin (αSMA), together with GAPDH, in tissue extracts from sham-operated mice and from animals subjected to 45 min of LAD occlusion followed by 28 days of reperfusion and treated with or without malonate during initial reflow. The lower panels show corresponding quantifications. * (p < 0.05) indicates significant differences vs. sham-operated mice (ANOVA and Tukey post-hoc tests; n = 4 for sham animals, 9 for saline-treated mice, and 5 for malonate-treated animals). 
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Figure 7. Myocardial levels of mRNAs coding for proteins involved in collagen synthesis (COL1A1, COL3A1, ACTA2, and TGFβ1) and in the inflammatory response (IL-1β and TNFα) in tissue extracts from sham-operated mice and from animals subjected to 45 min of LAD occlusion followed by 28 days of reperfusion and treated with or without malonate during initial reflow. Values are expressed as fold change with respect to RPL19, used as a housekeeping gene, and with respect to sham-operated animals. * (p < 0.05) indicates significant differences vs. indicated groups (ANOVA and Tukey post-hoc tests; n = 5–6 for sham animals, 7 for saline-treated mice, and 5 for malonate-treated animals). 
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