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Abstract

:

Peripheral arterial disease (PAD) strikes more than 200 million people worldwide and has a severe prognosis by potentially leading to limb amputation and/or death, particularly in older patients. Skeletal muscle mitochondrial dysfunctions and oxidative stress play major roles in this disease in relation with ischemia-reperfusion (IR) cycles. Mitochondrial dynamics through impairment of fission–fusion balance may contribute to skeletal muscle pathophysiology, but no data were reported in the setting of lower-limb IR despite the need for new therapeutic options. We, therefore, investigated the potential protective effect of mitochondrial division inhibitor-1 (mDivi-1; 50 mg/kg) in young (23 weeks) and old (83 weeks) mice submitted to two-hour ischemia followed by two-hour reperfusion on systemic lactate, muscle mitochondrial respiration and calcium retention capacity, and on transcripts specific for oxidative stress and mitochondrial dynamics. At the systemic levels, an IR-related increase in circulating lactate was still major despite mDivi-1 use (+305.9% p < 0.0001, and +269.4% p < 0.0001 in young and old mice, respectively). Further, IR-induced skeletal muscle mitochondrial dysfunctions (more severely impaired mitochondrial respiration in old mice (OXPHOS CI state, –68.2% p < 0.0001 and −84.9% p < 0.0001 in 23- and 83-week mice) and reduced calcium retention capacity (–46.1% p < 0.001 and −48.2% p = 0.09, respectively) were not corrected by mDivi-1 preconditioning, whatever the age. Further, mDivi-1 treatment did not oppose superoxide anion production (+71.4% p < 0.0001 and +37.5% p < 0.05, respectively). At the transcript level, markers of antioxidant enzymes (SOD 1, SOD 2, catalase, and GPx) and fission markers (Drp1, Fis) remained unchanged or tended to be decreased in the ischemic leg. Fusion markers such as mitofusin 1 or 2 decreased significantly after IR in both groups. In conclusion, aging enhanced the deleterious effects or IR on muscle mitochondrial respiration, and in this setting of lower-limb IR, mDivi-1 failed to protect the skeletal muscle both in young and old mice.
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1. Introduction


Peripheral arterial disease (PAD), which usually develops on the basis of atherosclerosis and the narrowing of the arteries in the lower extremities, causes repeated ischemia-reperfusion (IR) cycles affecting skeletal muscles of the limb, resulting in lifestyle-limiting disability, including rest pain, exercise intolerance, and in the most severe cases, limb amputation. PAD is a major public health concern, with more than 200 million people diagnosed in the world, and is often associated with other cardiovascular diseases, including myocardial infarction, stroke, and cognitive dysfunctions.



Revascularization is not the first-choice option in asymptomatic PAD or claudication, since exercise therapy is preferred. However, in some cases such as critical limb ischemia, revascularization is required for limb salvage.



Further, revascularization is complemented with exercise and pharmacotherapy and improves the functional status and clinical outcome in PAD patients [1,2,3,4,5,6,7,8,9].



However, improved therapeutic options based on PAD pathophysiology are still needed.



Growing evidence suggests that skeletal muscle mitochondrial dysfunction and oxidative stress play major roles in the disease manifestation and decline of patients suffering from PAD, because alteration of oxidative phosphorylation capacity hampers energy generation and increases oxidative stress, promoting cell damage and death. Particularly, although indispensable, the reperfusion results in mitochondrial Ca2+ overload and the early opening of the mitochondrial permeability transition pore (mPTP) leads to severe muscle damage [10,11,12,13,14,15,16].



Interestingly, further underlining the importance of mitochondria, mitochondrial content in skeletal muscle demonstrated to be a good predictor of the mortality rate during PAD in humans and mitochondrial dysfunctions participate in PAD-associated sarcopenia [17,18]. Thus, improving our knowledge of the mitochondrial implication during IR appears mandatory.



Experimental models demonstrated various effects concerning limb protection when using ischemic or pharmacological pre- and post-conditioning [6,19], but mitochondrial dynamic modulation might be promising since it plays a critical role in controlling mitochondrial morphology and energetic metabolism [20,21,22,23]. Mitochondrial fission modulation with the mitochondrial division inhibitor-1 (mDivi-1), known as an inhibitor of dynamin-related protein 1 (Drp1) function, demonstrated protective effects in the setting of IR in several organs, including kidneys, brain, and heart [24,25,26,27,28,29,30]. On the other hand, Ong et al. recently demonstrated that using mDivi-1 failed to reduce myocardial infarction size or to preserve left ventricular function in pigs submitted to coronary artery ligation [31].



Although the impairment of mitochondrial quality control related to fission–fusion abnormalities may contribute to muscle alterations in the setting of cardiac or hindlimb IR [32,33], to the best of our knowledge, there is no study aiming to modulate the mitochondrial dynamics during lower-limb IR in young and old mice.



The aim of this study was, therefore, to investigate such new therapeutic options, and we determined whether modulation of mitochondrial fission with the administration of mDivi-1 might protect skeletal muscle, improving, thus, mitochondrial respiration and calcium retention capacity (CRC), and reducing oxidative stress through decreased reactive oxygen species (ROS) production and/or stimulated antioxidant system. Since, IR is often more deleterious in young versus aged muscles, and since old mitochondria are more sensitive to several toxins such as alcohol and cannabis than younger ones [34,35], we analyzed the mitochondrial muscular responses to IR both in young and old animals using mDivi-1 as pharmacological preconditioning.




2. Results


2.1. Effects of IR on Systemic Lactate in mDivi-1-Treated Young and Old Mice


As expected, ischemia increased systemic lactate and reperfusion allowed a return toward baseline values.



In the young (23 weeks) group, lactate increased at the end of 2 h of ischemia (4.17 ± 0.75, 16.93 ± 1.40 mmol/L, p < 0.05) and returned toward baseline value at the end of reperfusion (3.86 ± 0.82 mmol/L, p < 0.01, Figure 1).



A similar evolution was observed in the old (83 weeks) group and lactate increased at the end of 2 h of ischemia (4.15 ± 0.57 vs. 15.33 ± 2.35 mmol/L, p = 0.06) and decreased at the end of the reperfusion, (3.70 ± 0.42 mmol/L).



Results are presented as mean ± SEM. Lactate is measured just before starting ischemia (baseline) and, thereafter, at the end of 2 h of ischemia and at the end of the 2 h of reperfusion, respectively. *: p < 0.05, **: p < 0.01 compared to ischemia group.




2.2. Effects of IR on Mitochondrial Respiration and Calcium Retention Capacity in mDivi-1-Treated Young and Old Mice


2.2.1. Mitochondrial Respiration


In the young population (23 weeks), ischemia reperfusion (IR) altered the oxidative phosphorylation (OXPHOS) complex I (CI) rate compared to the contralateral hindlimb (10.28 ± 4.16 vs. 34.98 ± 2.25 pmol/(s×mg wet weight), p < 0.0001, Figure 2A). This impairment is also observed in the OXPHOS CI + II rate with 29.58 ± 3.70 and 43.22 ± 2.66 pmol/(s×mg wet weight), p < 0.0001, Figure 2B.



When the complex I was inhibited by rotenone, IR tended to decrease the mitochondrial respiration (Figure 2C).



Finally, the respiratory control capacity (i.e., VADP/V0 ratio), representing the degree of coupling between oxidation and phosphorylation, is significantly decreased with IR (2.56 ± 0.31 and 3.78 ± 0.52, p < 0.05 Figure 2D).



In the older population (83 weeks), IR decreased significantly the OXPHOS CI rate compared to the contralateral hindlimb: 3.97 ± 0.79 vs. 32.11 ± 2.37 pmol/(s×mg wet weight), p < 0.0001 (Figure 2A).



For OXPHOS CI + II, the mitochondrial respiration is also impaired significantly: 18.30 ± 1.10 vs. 49.51 ± 6.02 pmol/(s×mg wet weight), p < 0.001 (Figure 2B).



Similarly, OXPHOS CII also decreased: 18.57 ± 1.26 vs. 37.21 ± 5.41 pmol/(s×mg wet weight), p < 0.01 (Figure 2C).



Finally, the RCR is not altered in the older population (Figure 2D).



When comparing these impairments in both populations, the alteration is significantly more severe in the older group of mice, particularly considering complex II (Figure 2E). For OXPHOS CI + II, the decrease is −29.63 ± 0.10 and 61.06 ± 4.56% for young and old mice group, respectively, with p < 0.05.



And for OXPHOS CII, the decrease is also more severe in the older group (−15.56 ± 8.29 vs. −47.13 ± 7.17%, p < 0.05).




2.2.2. Mitochondrial Calcium Retention Capacity


The resistance of mPTP opening in response to the calcium challenge was evaluated as shown in Figure 3. In the 23-week group, CRC is significantly altered in the ischemic hindlimb compared to the contralateral one, with a change of –55.8% (from 4.75 ± 0.87 to 10.76 ± 1.58 µmol/mg dry weight, p < 0.001). And, the CRC is altered in the 83-week group at the same level, −54.3%, but not significantly (5.57 ± 0.79 and 2.54 ± 0.24 µmol/mg dry weight for contralateral and ischemic hindlimb, respectively, Figure 3A–C).





2.3. Effects of IR on Oxidative Balance in mDivi-1-Treated Young and Old Mice


2.3.1. Production of Superoxide Anion


In the 23-week group, IR increased the superoxide production in the IR hindlimb compared to the contralateral one: 0.12 ± 0.01 vs. 0.07 ± 0.01 µmol/(min × mg dry weight), p < 0.0001. A similar profile was observed in the 83-week group: 0.11 ± 0.01 vs. 0.08 ± 0.01 µmol/(min×mg dry weight), p < 0.05 (Figure 4A).




2.3.2. Antioxidant System


Assessment of antioxidant enzyme transcripts showed no significant variation in superoxide dismutase (SOD) 1, in SOD2, catalase, and glutathione peroxidase (GPx) (Figure 4B–E). However, there was a downward trend for SOD2 (−44.2%, p = 0.07, and −54.3%, in the 23-week and 83-week group, respectively).





2.4. Effects of IR on Mitochondrial Dynamics in mDivi-1-Treated Young and Old Mice


Study of RNA transcripts encoding for mitochondrial fission in gastrocnemius muscle was evaluated. Drp1 remained unchanged after IR (Figure 5A). On the other hand, another fission protein, Fis1 transcript tended to decrease in the two age groups (−30%, 1.50 ± 0.26 vs. 1.05 ± 0.28 for the 23-week group, and −44,4%, 1.35 ± 0.19 vs. 0.75 ± 0.25 for the 83-week group), but such decrease did not reach statistical significance (Figure 5B).



RNA transcripts encoding for mitochondrial fusion, mitofusin (Mfn) 1, was decreased in the IR of the young group compared to the contralateral hindlimb (1.20 ± 0.21, 0.64 ± 0.19, p < 0.05). In the older group the decrease was not significant (1.05 ± 0.24, 0.56 ± 0.28). For Mfn 2, the RNA transcripts decreased significantly in the older group (1.47 ± 0.30, 0.62 ± 0.29, p < 0.05). At 23 weeks old, the RNA transcripts encoding Mfn 2 tended to decrease (1.36 ± 0.26, 0.83 ± 0.26).





3. Discussion


Besides confirming that aging enhances the deleterious effects of IR on muscle mitochondrial respiration, the main findings of this study are that IR-induced skeletal muscle mitochondrial dysfunctions (impaired mitochondrial respiration and reduced calcium retention capacity) were not corrected by mDivi-1 preconditioning, whatever the age. Further, mDivi-1 treatment did not oppose ROS production. At the transcript level, markers of antioxidant enzymes (SOD 1, SOD 2, catalase, and GPx) and fission markers (Drp1, Fis) remained unchanged or tended to be decreased in the ischemic leg. Fusion markers such as Mfn 1 or 2 decreased significantly. At the systemic levels, an IR-related increase in circulating lactate was still major despite mDivi-1 use.



3.1. Effect of Age on IR-Induced Deleterious Effects


Globally, the mitochondrial respiration characteristic in the non-ischemic muscle were similar to that previously reported in mice of similar age not treated with mDivi-1 [34]. This is consistent with the data reported recently by Kugler et al. showing that mDivi-1 did not modify the mitochondrial respiration in myotubes derived from obese human [36]. However, the decrease in mitochondrial respiration induced by IR was more severe in older mice, further supporting that aging favors greater lesion when muscle is submitted to IR [34,37].



This does not hold true when analyzing the CRC, but it might be because the CRC of the non-ischemic limb was lower in older mice, potentially blunting an IR-induced decrease.



Concerning oxidative stress and mitochondrial dynamics, the values were similar in young and old mice, suggesting no or little effect of age per se on these parameters.




3.2. Inhibition of Mitochondrial Fission as a Therapeutic Option


In hindlimb IR, several therapeutic approaches targeting oxidative stress, inflammatory response, and calcium overload have been studied and demonstrated protective effects on skeletal muscle [19,38,39,40,41,42,43,44,45]. However, new therapeutic approaches still need to be open and growing evidence suggests that mitochondrial dynamics might be an interesting target to protect against IR injury since molecules inhibiting mitochondrial fission, including P110 and dynasore, improved mitochondrial functions [46,47,48,49,50]. In our study, we investigated a novel therapeutic approach through mitochondrial fission inhibition. Indeed, treatment with mDivi-1, a selective cell-permeable inhibitor of Drp1, inhibits the self-assembly of Drp1 by blocking Drp1’s GTPase activity and prevents apoptosis through inhibiting mitochondrial fission [51,52,53,54]. It showed protective effects against IR injury in other organs when it was administrated acutely, using variable dose and administration times. In vivo and in vitro studies demonstrated amelioration of mitochondrial functions and reduction in apoptosis and cell death after IR [25,28,29,55,56,57,58,59,60,61]. In several of them, mDivi-1 has been employed at a dose close to 50 mg/kg [24,26,27,49]. Accordingly, based on these previous data, we administered 50 mg/kg mDivi-1 1 h before ischemia induction.




3.3. No Protective Effect of mDivi-1 on Skeletal Muscle Ischemia Reperfusion-Induced Deleterious Effects


To the best of our knowledge, mDivi-1 treatment has never been investigated concerning the skeletal muscle mitochondrial function response to IR injury in young and aged mice. We here evaluated the effects of mDivi-1 on mitochondrial functions on the superficial gastrocnemius muscle (i.e., glycolytic muscle), known to be more sensitive to IR than oxidative muscles [62,63,64,65].



Interestingly, mDivi-1 did not protect against IR-induced mitochondrial respiration impairment. Indeed, as we previously reported in the same setting, an IR-induced decrease in mitochondrial respiration was similar without [34] and with mDivi-1. This was consistent with other studies, demonstrating that mDivi-1 had no protective effects on mitochondrial respiration, either after cytoplasmic irradiation [66], or after cerebral IR [67]. Also, Li et al. demonstrated that IR-induced renal dysfunctions were exaggerated with mDivi-1 treatment, particularly affecting mitochondrial complex I and apoptosis pathway [68].



Concerning mPTP opening, mDivi-1 reduced the intracellular calcium concentration increased by IR in the heart [59] Similarly, mDivi-1 can restore the cardioprotection of sevoflurane in a high glucose condition by inhibiting mPTP opening [69,70]. Ong et al. used pharmacological treatment with mDivi-1 to protect HL-1 cells from simulated IR and showed that inhibiting mitochondrial fission decreased mPTP opening susceptibility [25]. However, later, the same team reported a lack of cardiac protection against IR deleterious effects in large animals [31]. We also observed that mDivi-1 did not enhance the CRC after lower-limb IR.



To go further, we investigated oxidative stress, which is considered as a key factor in IR-related muscular damage, and we determined both ROS production and the antioxidant defense. Superoxide anion is one of the main free radicals produced during IR, mainly by complex I and III of the mitochondrial respiratory chain [11,71]. Despite mDivi-1, IR increased ROS production significantly, as inferred from the increase in superoxide anion. Interestingly, and contrary to these results, mDivi-1 has also been shown to reduce ROS production and lipid oxidation and to increase antioxidant defense activity after IR in other organs, such as the heart and neurons [28,59,60], and in other in vivo and in vitro physio pathological conditions [49,72,73,74,75,76,77,78]. Possible mechanisms on the reduction in ROS production include increased activity of antioxidant defenses, such as SOD and/or improved mitochondrial respiration reducing ROS production at the source [79,80]. However, Rosdah et al. demonstrated on a simulated-IR injury model that the cytoprotective effect of mDivi-1 was not accompanied by changes in ROS production [58]. Kim et al. also demonstrated in differentiated 3T3-L1 adipocytes that mDivi-1 did not inhibit ROS production [81]. Similarly, we observed that the transcripts of the main antioxidant enzymes were not increased with mDivi-1 during IR. Thus, taken together, data are controversial and the relationship between mDivi-1 and ROS still deserves further study.




3.4. Effect of mDivi-1 on Mitochondrial Dynamics in the Setting of Lower-Limb Ischemia Reperfusion


Taken together, our study did not support a protective effect of mDivi-1 on skeletal muscle in the setting of IR. Noteworthy, mDivi-1 was not systematically beneficial, depending upon cell type, time of infusion, or duration of treatment (i.e., chronic administration) [66,67,68,82,83]. In fact, the mechanisms of mDivi-1 actions are not yet fully understood, and the specific inhibition of Drp1 activity by mDivi-1 is currently under debate.



mDivi-1 is generally described as a selective inhibitor of Drp1 on GTPase activity, inhibiting the self-assembly of Drp1 and, thus, mitochondrial fission [54]. To inhibit mitochondrial fission, Drp1 molecules assemble into a ring-like structure to constrict mitochondrial membranes in a GTP-dependent manner, and Fis1, anchored to the outer mitochondrial membrane, seems to participate in the recruitment of Drp1 through its cytosolic domain [84,85].



However, in our study, we demonstrated that mDivi-1 treatment had no effect on Drp1 and only tended to decrease mitochondrial fission protein, Fis1, transcript levels. This lack of significant Drp1 change does not preclude a potential action of mDivi-1 since mDivi-1 has been shown to attenuate skeletal muscle insulin resistance in obesity even if protein expressions of Drp1and Fis were not modified [36]. Thus, although acknowledging that a larger kinetic of transcript and protein levels of Drp1 might have been interesting, it is not certain that the acute characteristics of our study might allow change to be observed. There are many processes between transcription and translation, and the regulation and half-life of proteins is different from one protein to another, varying from minutes to days. As shown in the Ali and McStay’s review, the half-life of mitochondrial fission and fusion in humans are not reported [86,87].



Further, studies demonstrated that the actions of mDivi-1 inhibition on complex I activity, mitochondrial permeabilization, ROS production in neurons, heart, and fibroblasts can be fission-independent [69,72,80]. Bordt et al. suggested a reversible effect of mDivi-1 on complex I of the mitochondrial electron transport chain, potentially through ROS production modulation, but that was likely Drp1-independent [72]. Ruiz et al. demonstrated that mDivi-1 protects neurons against excite toxicity through Drp1-independent mechanisms, implying the modulation of mitochondrial function and intracellular calcium signaling [88]. Thus, further studies are required to clarify the pharmacokinetics, cytotoxic profiles, and the therapeutic potential of mDivi-1, especially on Drp1-dependent or independent mechanisms [83,89]. Of note, we observed that the mitochondrial dynamic balance was still impaired, since Mfn was decreased after IR, suggesting that modulating mitochondrial fusion might be interesting to perform. Indeed, although antagonists of Drp1 could likely reverse the atrophy observed during cancer-related cachexia [90], a concomitant deletion of Drp1 and Mfn 1 and 2 alleviated symptoms of cardiomyopathy and mice had better survival than when only Drp1- or Mfn 1-2 was deleted [91].




3.5. Limitations of the Study


Besides all the points debated before, another potential reason for the lack of skeletal muscle protection, like in another study [31], might be our study design. The use of multiple doses and of multiple time points for pharmacological conditioning with mDivi-1 might have been useful to totally rule out a potential protective effect of mDivi-1. Similarly, investigating the kinetic of eventual change in antioxidant activity, fission and fusion transcript and protein levels might have been interesting. However, the dose and timing chosen were based on the literature and in this specific setting of lower-limb IR, mDivi-1 failed to protect skeletal muscle mitochondrial functions.



Additionally, being the object of intense research, the precise mechanisms of mDivi-1 actions might not mainly rely on only mitochondrial fission in ischemic muscles, but this requires further studies.





4. Materials and Methods


4.1. Animals


Experiments were performed on male young and old C57Bl6J mice which were housed in a neutral temperature environment (22 ± 2 °C) on a 12 h light–dark cycle. Animals were fed with standard food and water ad libitum. All experiments were performed in agreement with the guidelines of the European Parliament on the protection of animals used for scientific purposes (Directive 2010/63/EU) and were approved by the ethics committee and the French Research Minister (agreement number 2018041811246867).




4.2. Experimental Procedure and Muscle Sampling


Mice were anesthetized with a gas mixture of 4% isoflurane (Aerrane, CSP, Cournon, France) and oxygen in a ventilated hermetic cage, placed on heating blankets (Homeothermic blanket control unit, MINERVE, Harvard Apparatus®, Esternay, France) to maintain animal body temperature near 37 °C, and breathed spontaneously.



A total of 14 mice were divided into two groups according to age (Figure 6). The first group was 23 weeks old (n = 7), and the second group was 83 weeks old (n = 7 initially but n= 6 for analysis since one mouse died at 1 h 20 min of reperfusion in this group). All mice were submitted to 2 h of ischemia with a tourniquet placed around the right hindlimb (IR), at the level of the groin, and 2 h of reperfusion. The contralateral (CL) hindlimb served as a non-ischemic control. mDivi-1 (50 mg/kg, Sigma M0199) was injected intraperitoneally 1 h before ischemia induction, as described previously [24,26,27]. Before ischemia, at the end of ischemia, and at the end of reperfusion, systemic lactates were measured in total blood obtained from the tail (lactate Pro device, LT710, Arkray®, KGK, Kyoto, Japan).



Top (23-week group): 23-week-old mice underwent 2 h unilateral hindlimb tourniquet ischemia (black bar), followed by a 2 h reperfusion (white bar). The left, non-ischemic contralateral (CL) hindlimb served as a control, and 50 mg/kg mDivi-1 was administered intraperitoneally (ip) 1 h before ischemia. Bottom (83-week group): the same protocol was performed on mice who were 83 weeks old. At the end of the reperfusion, gastrocnemius muscles (i.e., glycolytic), characterized by a greater susceptibility to IR-induced damage [63,92], from CL and IR limbs were harvested and immediately either placed in a Krebs-HEPES buffer (NaCl 99 mM, KCl 4.69 mM, CaCl2 2.5 mM, MgSO4 1.2 mM, NaHCO3 25 mM, KH2PO4 1.04 mM, D(+) glucose 5.6 mM, Na-HEPES 20 mM, pH 7.4 at 4 °C) for mitochondrial function evaluation, or frozen at −80 °C in liquid nitrogen to perform ribonucleic acid (RNA) analysis.




4.3. Permeabilization of Skeletal Muscle Fibers


Samples were gently dissected on ice under a dissecting microscope for mitochondrial respiration and CRC measurements, and muscle fibers were permeabilized by incubation at 4 °C under stirring for 30 min in a buffer S (CaK2EGTA 2.77 mM, K2EGTA 7.23 mM, Na2ATP 6.04 mM, MgCl2 6.56 mM, taurine 20 mM, Na2Phosphocreatine 12.3 mM, imidazole 20 mM, dithiothreitol 0.5 mM, K-methane sulfonate 50 mM, pH 7.0 at 4 °C) with saponin (50 µg/mL). Then, fibers were rinsed with agitation for 10 min at 4 °C in the buffer S. Using permeabilized fibers allowed preservation of the functional cellular environment and mitochondrial morphology [93].




4.4. Study of Mitochondrial Respiration by Oxymetry


Evaluation of oxygen consumption was performed using a Clark electrode in a thermostated oxygraphic chamber at 37 °C with continuous stirring (Oxygraph-2k, Oroboros instruments, Innsbruck, Austria). Briefly, 3–4 mg of wet weight fibers were incubated twice at 4 °C for 5 min with agitation in a buffer R+ (CaK2EGTA 2.77 mM, K2EGTA 7.23 mM, MgCl2 1.38 mM, imidazole 20 mM, taurine 20 mM, dithiothreitol 0.5 mM, K-methane sulfonate 90 mM, Na-methane sulfonate 10 mM, glutamate 5 mM, malate 2 mM, K2HPO4 3 mM, and bovine serum albumin 2 mg/mL, pH 7.0 at 22.1 °C). The permeabilized fibers were placed in 2 mL of buffer R+ in the oxygraphic chamber (V0). Then, a multiple substrate–inhibitor titration protocol was used before the addition of the saturating amount of adenosine diphosphate (ADP) (2 mM) (OXPHOS CI, also VADP). Then, succinate was injected (25 mM) (OXPHOS CI + II). Finally, an injection of rotenone (0.5µM) inhibited the complex I (OXPHOS CII). The degree of coupling between oxidation and phosphorylation was evaluated by calculating the VADP/V0 ratio. Results were expressed as pmol/(s×mg wet weight).




4.5. Calcium Retention Capacity Evaluation in Ghost Fibers


CRC of skeletal muscle mitochondria under energized conditions allowed measuring the mitochondrial permeability transition pore (mPTP) opening. Briefly, permeabilized fibers (5–6 mg wet weight) were incubated at 4 °C for 30 min under stirring in buffer R+ containing KCl (800 mM) to extract myosin, block the calcium uptake by the sarcoplasmic reticulum, and, thus, allow calcium uptake only by mitochondria. Then, fibers were washed 3 times for 10 min in CRC buffer (Tris-Base 20 mM, saccharose 150 mM, KCl 50 mM, KH2PO4 2 mM, and succinate 5 mM, pH 7.4 at 23 °C) containing bovine serum albumin (2 mg/mL) and ethylene glycol-bis (β-aminoethyl ether)-N, N,N′,N′-tetraacetic acid (EGTA) (5 μM).



Permeabilized ghost fibers were incubated in a quartz tank with continuous stirring at 24 °C in 1 mL of CRC buffer containing a calcium green-5N fluorescent probe (5 µM; excitation 500 nm; emission 530 nm). The reaction was started by the addition of a calcium pulse (20 mM), followed by calcium pulses every 5 min until it was necessary. After each pulse, a peak of extramitochondrial calcium was recorded and a rapid uptake by the mitochondria was observed, resulting in a decrease in extramitochondrial calcium concentration to a near-basal level. When mitochondria reached the maximal calcium loading threshold, the opening of mPTP happens and mitochondrial calcium is released, resulting in an abrupt increase in extramitochondrial calcium concentration. The amount of calcium necessary to trigger the mPTP opening was calculated from a standard curve relating calcium concentrations to the fluorescence of calcium green-5N. At the end of the experiment, muscle fibers were gathered, dehydrated at 150 °C for 15 min, and weighed. Results were expressed as µmol/mg dry weight.




4.6. Reactive Oxygen Species Production Measurement by Electron Paramagnetic Resonance Spectroscopy


One of the best techniques used to detect the “instantaneous” presence of free radical species in the samples was the electron paramagnetic resonance spectroscopy. This technique consisted of oxidation from superoxide anion (O2.) and other ROS of a spin probe 1-hydroxy-3-methoxycarbonyl-2, 2, 5, 5-tetramethyl-pyrrolidine (CMH; oxidized form CM., Noxygen®, Elzach, Germany). Muscles were cut into 1–2 mm3 slices and incubated at 37 °C for 30 min in Krebs–HEPES buffer containing deferoxamine (25 μM), diethyldithiocarbamate (5 μM), and CMH (200 µM) in a thermoregulated incubator under a gas mix (O2: 2.7%, N2: 97.8%) and controlled pressure (20 mmHg) (Gas Treatment Chamber BIO-V and Temperature & Gas Controller BIO-III, Noxygen®, Elzach, Germany). Then, the reaction was stopped on ice and all experiment measures of CM. concentration were performed at 15 °C in disposable capillary tubes from 40 µL of supernatant, using the e-scan spectrometer (Bruker Win-EPR®, Elzach, Germany). Detection of ROS was conducted under the following settings: center field 3461.144 g, microwave power 21.85 mW, modulation amplitude 2.40 g, sweep time 5.24 s (10 scans), sweep width 60 g, and the number of lag curve points 1. The signal amplitude was calculated, and the concentration of CM. was determined from the standard calibration curve of CM. At the end of the experiment, muscle fragments were gathered, dehydrated at 150 °C for 15 min, and weighed. Results were expressed in µmol/(min×mg dry weight).




4.7. RNA Transcripts Encoding for Antioxidant Defense and Mitochondrial Dynamic


Transcripts encoding antioxidant enzymes (cytosolic and mitochondrial superoxide dismutases (SOD1 and 2, respectively), catalase, and glutathione peroxidase (GPx)), and mitochondrial fission and fusion (dynamin-related protein 1 (Drp1), mitochondrial fission 1 protein (Fis1), mitofusin 1 (Mfn1), and mitofusin 2 (Mfn2)) were analyzed. Two micrograms of RNA, isolated with TRIzol Reagent (Invitrogen, Life Technologies, Rockville, MD, USA), were converted to cDNA with SuperScript II reverse transcriptase (Invitrogen, Life Technologies, Rockville, MD, USA) and hexamer primers according to the supplier’s protocol. Quantitative RT-PCR was performed using the Light Cycler®480 SYBR Green I Master kit (Roche Diagnostics, Meylan, France) according to the supplier’s protocol. 18S was used for normalization.



Sequences of the primer sets used are listed in Table 1.




4.8. Statistical Analysis


Values are represented by mean ± SEM. Statistical analysis was performed using Prism 8.4.3 (Graph Pad Software Inc., San Diego, CA, USA). To determine the effect on systemic lactate, a Friedman test was used for values being paired at the time but did not follow a normal curve. For the analysis of the mitochondrial respiration decrease, a non-parametric test, the Mann–Whitney test, was performed. For all other comparisons, a two-way ANOVA followed by the Sidak’s multiple comparisons post hoc test was used to evaluate effects of IR and treatment in mice, taking age into account. A p-value of less than 0.05 was considered significant.





5. Conclusions


The present study provides evidence that pharmacologic preconditioning with mDivi-1 is not protective on mouse skeletal muscle mitochondrial functions in this setting of lower-limb IR. Particularly, mDivi-1 did not oppose IR-induced mitochondrial respiration, CRC, and antioxidant defense transcript level impairments.



Many challenges and uncertainties remain to be addressed on pharmacological properties and the mechanism of action (Drp1-dependent or independent) before this molecule, or similar mitochondrial fission inhibitors, might be applied clinically.







Author Contributions


Conceptualization, S.P. and B.G.; methodology, A.-L.C.; validation, A.L., S.T. and G.L.; formal analysis, S.P. and A.-L.C.; writing—original draft preparation, S.P., A.-L.C. and B.G.; writing—review and editing, M.G., A.M. and A.C.; visualization, S.P., A.-L.C., A.L., S.T., GL., A.C. and B.G. All authors have read and agreed to the published version of the manuscript.




Funding


This research did not receive any specific grants from funding agencies in the public, commercial, or not-for-profit sectors.




Institutional Review Board Statement


The animal study protocol was approved ethics committee of Strasbourg France and the French Research Minister (agreement number 2018041811246867, in 2018).




Informed Consent Statement


Not applicable.




Data Availability Statement


Data contained within the article.




Acknowledgments


We thank Anne-Marie Kasprowicz for skillful secretarial assistance and Daniel Metzger for friendly and fruitful discussions. The authors also gratefully thank the Association D’aide aux Insuffisants Respiratoires d’Alsace Lorraine, France (ADIRAL) and the Association des Opérés du Cœur et des Vaisseaux à Strasbourg, France (OCOVAS).




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Campia, U.; Gerhard-Herman, M.; Piazza, G.; Goldhaber, S.Z. Peripheral Artery Disease: Past, Present, and Future. Am. J. Med. 2019, 132, 1133–1141. [Google Scholar] [CrossRef]

	



Criqui, M.H.; Aboyans, V. Epidemiology of Peripheral Artery Disease. Circ. Res. 2015, 116, 1509–1526. [Google Scholar] [CrossRef]

	



Dua, A.; Lee, C.J. Epidemiology of Peripheral Arterial Disease and Critical Limb Ischemia. Tech. Vasc. Interv. Radiol. 2016, 19, 91–95. [Google Scholar] [CrossRef]

	



Gardner, A.W.; Afaq, A. Management of Lower Extremity Peripheral Arterial Disease. J. Cardiopulm. Rehabil. Prev. 2008, 28, 349–357. [Google Scholar] [CrossRef] [PubMed]

	



Hamburg, N.M.; Creager, M.A. Pathophysiology of Intermittent Claudication in Peripheral Artery Disease. Circ. J. 2017, 81, 281–289. [Google Scholar] [CrossRef]

	



Pizzimenti, M.; Riou, M.; Charles, A.-L.; Talha, S.; Meyer, A.; Andres, E.; Chakfé, N.; Lejay, A.; Geny, B. The Rise of Mitochondria in Peripheral Arterial Disease Physiopathology: Experimental and Clinical Data. J. Clin. Med. 2019, 8, 2125. [Google Scholar] [CrossRef]

	



Jongkind, V.; Earnshaw, J.J.; Bastos Gonçalves, F.; Cochennec, F.; Debus, E.S.; Hinchliffe, R.; Menyhei, G.; Svetlikov, A.V.; Tshomba, Y.; Van Den Berg, J.C.; et al. Editor’s Choice—Update of the European Society for Vascular Surgery (ESVS) 2020 Clinical Practice Guidelines on the Management of Acute Limb Ischaemia in Light of the COVID-19 Pandemic, Based on a Scoping Review of the Literature. Eur. J. Vasc. Endovasc. Surg. 2022, 63, 80–89. [Google Scholar] [CrossRef]

	



Moras, E.; Khan, M.I.; Song, D.D.; Syed, M.; Prabhakaran, S.Y.; Gandhi, K.D.; Lavie, C.J.; Alam, M.; Sharma, R.; Krittanawong, C. Pharmacotherapy and Revascularization Strategies of Peripheral Artery Disease. Curr. Probl. Cardiol. 2024, 49, 102430. [Google Scholar] [CrossRef]

	



Fitridge, R.; Chuter, V.; Mills, J.; Hinchliffe, R.; Azuma, N.; Behrendt, C.-A.; Boyko, E.J.; Conte, M.S.; Humphries, M.; Kirksey, L.; et al. The Intersocietal IWGDF, ESVS, SVS Guidelines on Peripheral Artery Disease in People with Diabetes Mellitus and a Foot Ulcer. J. Vasc. Surg. 2023, 78, 1101–1131. [Google Scholar] [CrossRef]

	



Lejay, A.; Meyer, A.; Schlagowski, A.-I.; Charles, A.-L.; Singh, F.; Bouitbir, J.; Pottecher, J.; Chakfé, N.; Zoll, J.; Geny, B. Mitochondria: Mitochondrial Participation in Ischemia-Reperfusion Injury in Skeletal Muscle. Int. J. Biochem. Cell Biol. 2014, 50, 101–105. [Google Scholar] [CrossRef]

	



Paradis, S.; Charles, A.-L.; Meyer, A.; Lejay, A.; Scholey, J.W.; Chakfé, N.; Zoll, J.; Geny, B. Chronology of Mitochondrial and Cellular Events during Skeletal Muscle Ischemia-Reperfusion. Am. J. Physiol.-Cell Physiol. 2016, 310, C968–C982. [Google Scholar] [CrossRef] [PubMed]

	



Ryan, T.E.; Schmidt, C.A.; Green, T.D.; Brown, D.A.; Neufer, P.D.; McClung, J.M. Mitochondrial Regulation of the Muscle Microenvironment in Critical Limb Ischemia. Front. Physiol. 2015, 6, 336. [Google Scholar] [CrossRef] [PubMed]

	



Mansour, Z.; Bouitbir, J.; Charles, A.L.; Talha, S.; Kindo, M.; Pottecher, J.; Zoll, J.; Geny, B. Remote and Local Ischemic Preconditioning Equivalently Protects Rat Skeletal Muscle Mitochondrial Function during Experimental Aortic Cross-Clamping. J. Vasc. Surg. 2012, 55, 497–505.e1. [Google Scholar] [CrossRef]

	



Galluzzi, L.; Kepp, O.; Trojel-Hansen, C.; Kroemer, G. Mitochondrial Control of Cellular Life, Stress, and Death. Circ. Res. 2012, 111, 1198–1207. [Google Scholar] [CrossRef]

	



Curcio, A.; Panarello, A.; Spaccarotella, C.; Indolfi, C. Cardiovascular Prognosis in Patients with Peripheral Artery Disease and Approach to Therapy. Biomedicines 2023, 11, 3131. [Google Scholar] [CrossRef] [PubMed]

	



Rontoyanni, V.G.; Blears, E.; Nunez Lopez, O.; Ogunbileje, J.; Moro, T.; Bhattarai, N.; Randolph, A.C.; Fry, C.S.; Fankhauser, G.T.; Cheema, Z.F.; et al. Skeletal Muscle Bioenergetics in Critical Limb Ischemia and Diabetes. J. Surg. Res. 2023, 288, 108–117. [Google Scholar] [CrossRef] [PubMed]

	



Thompson, J.R.; Swanson, S.A.; Haynatzki, G.; Koutakis, P.; Johanning, J.M.; Reppert, P.R.; Papoutsi, E.; Miserlis, D.; Zhu, Z.; Casale, G.P.; et al. Protein Concentration and Mitochondrial Content in the Gastrocnemius Predicts Mortality Rates in Patients with Peripheral Arterial Disease. Ann. Surg. 2015, 261, 605–610. [Google Scholar] [CrossRef] [PubMed]

	



Pizzimenti, M.; Meyer, A.; Charles, A.-L.; Giannini, M.; Chakfé, N.; Lejay, A.; Geny, B. Sarcopenia and Peripheral Arterial Disease: A Systematic Review. J. Cachexia Sarcopenia Muscle 2020, 11, 866–886. [Google Scholar] [CrossRef] [PubMed]

	



Pottecher, J.; Guillot, M.; Belaidi, E.; Charles, A.-L.; Lejay, A.; Gharib, A.; Diemunsch, P.; Geny, B. Cyclosporine A Normalizes Mitochondrial Coupling, Reactive Oxygen Species Production, and Inflammation and Partially Restores Skeletal Muscle Maximal Oxidative Capacity in Experimental Aortic Cross-Clamping. J. Vasc. Surg. 2013, 57, 1100–1108.e2. [Google Scholar] [CrossRef]

	



Calo, L.; Dong, Y.; Kumar, R.; Przyklenk, K.; Sanderson, T.H. Mitochondrial Dynamics: An Emerging Paradigm in Ischemia-Reperfusion Injury. Curr. Pharm. Des. 2013, 19, 6848–6857. [Google Scholar] [CrossRef]

	



Lee, H.; Yoon, Y. Mitochondrial Fission and Fusion. Biochem. Soc. Trans. 2016, 44, 1725–1735. [Google Scholar] [CrossRef] [PubMed]

	



Otera, H.; Ishihara, N.; Mihara, K. New Insights into the Function and Regulation of Mitochondrial Fission. Biochim. Biophys. Acta 2013, 1833, 1256–1268. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Dai, X.; Li, H.; Jiang, H.; Zhou, J.; Zhang, S.; Guo, J.; Shen, L.; Yang, H.; Lin, J.; et al. The Role of Mitochondrial Dynamics in Disease. MedComm 2023, 4, e462. [Google Scholar] [CrossRef] [PubMed]

	



Brooks, C.; Wei, Q.; Cho, S.-G.; Dong, Z. Regulation of Mitochondrial Dynamics in Acute Kidney Injury in Cell Culture and Rodent Models. J. Clin. Investig. 2009, 119, 1275–1285. [Google Scholar] [CrossRef] [PubMed]

	



Ong, S.-B.; Subrayan, S.; Lim, S.Y.; Yellon, D.M.; Davidson, S.M.; Hausenloy, D.J. Inhibiting Mitochondrial Fission Protects the Heart against Ischemia/Reperfusion Injury. Circulation 2010, 121, 2012–2022. [Google Scholar] [CrossRef] [PubMed]

	



Park, S.W.; Kim, K.-Y.; Lindsey, J.D.; Dai, Y.; Heo, H.; Nguyen, D.H.; Ellisman, M.H.; Weinreb, R.N.; Ju, W.-K. A Selective Inhibitor of Drp1, Mdivi-1, Increases Retinal Ganglion Cell Survival in Acute Ischemic Mouse Retina. Invest. Ophthalmol. Vis. Sci. 2011, 52, 2837–2843. [Google Scholar] [CrossRef] [PubMed]

	



Sumida, M.; Doi, K.; Ogasawara, E.; Yamashita, T.; Hamasaki, Y.; Kariya, T.; Takimoto, E.; Yahagi, N.; Nangaku, M.; Noiri, E. Regulation of Mitochondrial Dynamics by Dynamin-Related Protein-1 in Acute Cardiorenal Syndrome. J. Am. Soc. Nephrol. 2015, 26, 2378–2387. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Wang, P.; Li, S.; Wang, S.; Li, Y.; Liang, N.; Wang, M. Mdivi-1 Prevents Apoptosis Induced by Ischemia-Reperfusion Injury in Primary Hippocampal Cells via Inhibition of Reactive Oxygen Species-Activated Mitochondrial Pathway. J. Stroke Cerebrovasc. Dis. 2014, 23, 1491–1499. [Google Scholar] [CrossRef]

	



Zhang, N.; Wang, S.; Li, Y.; Che, L.; Zhao, Q. A Selective Inhibitor of Drp1, Mdivi-1, Acts against Cerebral Ischemia/Reperfusion Injury via an Anti-Apoptotic Pathway in Rats. Neurosci. Lett. 2013, 535, 104–109. [Google Scholar] [CrossRef]

	



Maneechote, C.; Palee, S.; Kerdphoo, S.; Jaiwongkam, T.; Chattipakorn, S.C.; Chattipakorn, N. Pharmacological Inhibition of Mitochondrial Fission Attenuates Cardiac Ischemia-Reperfusion Injury in Pre-Diabetic Rats. Biochem. Pharmacol. 2020, 182, 114295. [Google Scholar] [CrossRef]

	



Ong, S.-B.; Kwek, X.-Y.; Katwadi, K.; Hernandez-Resendiz, S.; Crespo-Avilan, G.E.; Ismail, N.I.; Lin, Y.-H.; Yap, E.P.; Lim, S.-Y.; Ja, K.P.M.M.; et al. Targeting Mitochondrial Fission Using Mdivi-1 in A Clinically Relevant Large Animal Model of Acute Myocardial Infarction: A Pilot Study. Int. J. Mol. Sci. 2019, 20, 3972. [Google Scholar] [CrossRef] [PubMed]

	



Ueta, C.B.; Gomes, K.S.; Ribeiro, M.A.; Mochly-Rosen, D.; Ferreira, J.C.B. Disruption of Mitochondrial Quality Control in Peripheral Artery Disease: New Therapeutic Opportunities. Pharmacol. Res. 2017, 115, 96–106. [Google Scholar] [CrossRef]

	



Wang, J.; Zhou, H. Mitochondrial Quality Control Mechanisms as Molecular Targets in Cardiac Ischemia-Reperfusion Injury. Acta Pharm. Sin. B 2020, 10, 1866–1879. [Google Scholar] [CrossRef]

	



Paradis, S.; Charles, A.-L.; Georg, I.; Goupilleau, F.; Meyer, A.; Kindo, M.; Laverny, G.; Metzger, D.; Geny, B. Aging Exacerbates Ischemia-Reperfusion-Induced Mitochondrial Respiration Impairment in Skeletal Muscle. Antioxidants 2019, 8, 168. [Google Scholar] [CrossRef]

	



Charles, A.-L.; Charloux, A.; Vogel, T.; Raul, J.-S.; Kindo, M.; Wolff, V.; Geny, B. Cumulative Deleterious Effects of Tetrahydrocannabinoid (THC) and Ethanol on Mitochondrial Respiration and Reactive Oxygen Species Production Are Enhanced in Old Isolated Cardiac Mitochondria. Int. J. Mol. Sci. 2024, 25, 1835. [Google Scholar] [CrossRef] [PubMed]

	



Kugler, B.A.; Deng, W.; Duguay, A.L.; Garcia, J.P.; Anderson, M.C.; Nguyen, P.D.; Houmard, J.A.; Zou, K. Pharmacological Inhibition of Dynamin-Related Protein 1 Attenuates Skeletal Muscle Insulin Resistance in Obesity. Physiol. Rep. 2021, 9, e14808. [Google Scholar] [CrossRef]

	



Charles, A.-L.; Meyer, A.; Dal-Ros, S.; Auger, C.; Keller, N.; Ramamoorthy, T.G.; Zoll, J.; Metzger, D.; Schini-Kerth, V.; Geny, B. Polyphenols Prevent Ageing-Related Impairment in Skeletal Muscle Mitochondrial Function through Decreased Reactive Oxygen Species Production. Exp. Physiol. 2013, 98, 536–545. [Google Scholar] [CrossRef]

	



Avci, G.; Kadioglu, H.; Sehirli, A.O.; Bozkurt, S.; Guclu, O.; Arslan, E.; Muratli, S.K. Curcumin Protects against Ischemia/Reperfusion Injury in Rat Skeletal Muscle. J. Surg. Res. 2012, 172, e39–e46. [Google Scholar] [CrossRef] [PubMed]

	



Bolcal, C.; Yildirim, V.; Doganci, S.; Sargin, M.; Aydin, A.; Eken, A.; Ozal, E.; Kuralay, E.; Demirkilic, U.; Tatar, H. Protective Effects of Antioxidant Medications on Limb Ischemia Reperfusion Injury. J. Surg. Res. 2007, 139, 274–279. [Google Scholar] [CrossRef]

	



Hori, K.; Tsujii, M.; Iino, T.; Satonaka, H.; Uemura, T.; Akeda, K.; Hasegawa, M.; Uchida, A.; Sudo, A. Protective Effect of Edaravone for Tourniquet-Induced Ischemia-Reperfusion Injury on Skeletal Muscle in Murine Hindlimb. BMC Musculoskelet. Disord. 2013, 14, 113. [Google Scholar] [CrossRef]

	



Lejay, A.; Paradis, S.; Lambert, A.; Charles, A.-L.; Talha, S.; Enache, I.; Thaveau, F.; Chakfe, N.; Geny, B. N-Acetyl Cysteine Restores Limb Function, Improves Mitochondrial Respiration, and Reduces Oxidative Stress in a Murine Model of Critical Limb Ischaemia. Eur. J. Vasc. Endovasc. Surg. 2018, 56, 730–738. [Google Scholar] [CrossRef] [PubMed]

	



Shih, Y.-M.; Shih, J.-M.; Pai, M.-H.; Hou, Y.-C.; Yeh, C.-L.; Yeh, S.-L. Glutamine Administration After Sublethal Lower Limb Ischemia Reduces Inflammatory Reaction and Offers Organ Protection in Ischemia/Reperfusion Injury. JPEN J. Parenter. Enter. Nutr. 2016, 40, 1122–1130. [Google Scholar] [CrossRef] [PubMed]

	



Talha, S.; Bouitbir, J.; Charles, A.-L.; Zoll, J.; Goette-Di Marco, P.; Meziani, F.; Piquard, F.; Geny, B. Pretreatment with Brain Natriuretic Peptide Reduces Skeletal Muscle Mitochondrial Dysfunction and Oxidative Stress after Ischemia-Reperfusion. J. Appl. Physiol. 2013, 114, 172–179. [Google Scholar] [CrossRef] [PubMed]

	



Tran, T.P.; Tu, H.; Liu, J.; Muelleman, R.L.; Li, Y.-L. Mitochondria-Derived Superoxide Links to Tourniquet-Induced Apoptosis in Mouse Skeletal Muscle. PLoS ONE 2012, 7, e43410. [Google Scholar] [CrossRef] [PubMed]

	



Thaveau, F.; Zoll, J.; Rouyer, O.; Chafke, N.; Kretz, J.G.; Piquard, F.; Geny, B. Ischemic Preconditioning Specifically Restores Complexes I and II Activities of the Mitochondrial Respiratory Chain in Ischemic Skeletal Muscle. J. Vasc. Surg. 2007, 46, 541–547; discussion 547. [Google Scholar] [CrossRef] [PubMed]

	



Disatnik, M.-H.; Ferreira, J.C.B.; Campos, J.C.; Gomes, K.S.; Dourado, P.M.M.; Qi, X.; Mochly-Rosen, D. Acute Inhibition of Excessive Mitochondrial Fission after Myocardial Infarction Prevents Long-Term Cardiac Dysfunction. J. Am. Heart Assoc. 2013, 2, e000461. [Google Scholar] [CrossRef] [PubMed]

	



Gao, D.; Zhang, L.; Dhillon, R.; Hong, T.-T.; Shaw, R.M.; Zhu, J. Dynasore Protects Mitochondria and Improves Cardiac Lusitropy in Langendorff Perfused Mouse Heart. PLoS ONE 2013, 8, e60967. [Google Scholar] [CrossRef] [PubMed]

	



Guo, X.; Sesaki, H.; Qi, X. Drp1 Stabilizes P53 on the Mitochondria to Trigger Necrosis under Oxidative Stress Conditions in Vitro and in Vivo. Biochem. J. 2014, 461, 137–146. [Google Scholar] [CrossRef]

	



Jheng, H.-F.; Tsai, P.-J.; Guo, S.-M.; Kuo, L.-H.; Chang, C.-S.; Su, I.-J.; Chang, C.-R.; Tsai, Y.-S. Mitochondrial Fission Contributes to Mitochondrial Dysfunction and Insulin Resistance in Skeletal Muscle. Mol. Cell Biol. 2012, 32, 309–319. [Google Scholar] [CrossRef]

	



Reddy, P.H. Inhibitors of Mitochondrial Fission as a Therapeutic Strategy for Diseases with Oxidative Stress and Mitochondrial Dysfunction. J. Alzheimer’s Dis. 2014, 40, 245–256. [Google Scholar] [CrossRef]

	



Anzell, A.R.; Maizy, R.; Przyklenk, K.; Sanderson, T.H. Mitochondrial Quality Control and Disease: Insights into Ischemia-Reperfusion Injury. Mol. Neurobiol. 2018, 55, 2547–2564. [Google Scholar] [CrossRef] [PubMed]

	



Cooper, H.A.; Eguchi, S. Inhibition of Mitochondrial Fission as a Novel Therapeutic Strategy to Reduce Mortality upon Myocardial Infarction. Clin. Sci. 2018, 132, 2163–2167. [Google Scholar] [CrossRef] [PubMed]

	



Tanaka, A.; Youle, R.J. A Chemical Inhibitor of DRP1 Uncouples Mitochondrial Fission and Apoptosis. Mol. Cell 2008, 29, 409–410. [Google Scholar] [CrossRef] [PubMed]

	



Cassidy-Stone, A.; Chipuk, J.E.; Ingerman, E.; Song, C.; Yoo, C.; Kuwana, T.; Kurth, M.J.; Shaw, J.T.; Hinshaw, J.E.; Green, D.R.; et al. Chemical Inhibition of the Mitochondrial Division Dynamin Reveals Its Role in Bax/Bak-Dependent Mitochondrial Outer Membrane Permeabilization. Dev. Cell 2008, 14, 193–204. [Google Scholar] [CrossRef] [PubMed]

	



Cui, M.; Ding, H.; Chen, F.; Zhao, Y.; Yang, Q.; Dong, Q. Mdivi-1 Protects Against Ischemic Brain Injury via Elevating Extracellular Adenosine in a cAMP/CREB-CD39-Dependent Manner. Mol. Neurobiol. 2016, 53, 240–253. [Google Scholar] [CrossRef] [PubMed]

	



Grohm, J.; Kim, S.-W.; Mamrak, U.; Tobaben, S.; Cassidy-Stone, A.; Nunnari, J.; Plesnila, N.; Culmsee, C. Inhibition of Drp1 Provides Neuroprotection In Vitro and In Vivo. Cell Death Differ. 2012, 19, 1446–1458. [Google Scholar] [CrossRef] [PubMed]

	



Maneechote, C.; Palee, S.; Kerdphoo, S.; Jaiwongkam, T.; Chattipakorn, S.C.; Chattipakorn, N. Differential Temporal Inhibition of Mitochondrial Fission by Mdivi-1 Exerts Effective Cardioprotection in Cardiac Ischemia/Reperfusion Injury. Clin. Sci. 2018, 132, 1669–1683. [Google Scholar] [CrossRef] [PubMed]

	



Rosdah, A.A.; Bond, S.T.; Sivakumaran, P.; Hoque, A.; Oakhill, J.S.; Drew, B.G.; Delbridge, L.M.D.; Lim, S.Y. Mdivi-1 Protects Human W8B2+ Cardiac Stem Cells from Oxidative Stress and Simulated Ischemia-Reperfusion Injury. Stem Cells Dev. 2017, 26, 1771–1780. [Google Scholar] [CrossRef]

	



Sharp, W.W.; Fang, Y.H.; Han, M.; Zhang, H.J.; Hong, Z.; Banathy, A.; Morrow, E.; Ryan, J.J.; Archer, S.L. Dynamin-Related Protein 1 (Drp1)-Mediated Diastolic Dysfunction in Myocardial Ischemia-Reperfusion Injury: Therapeutic Benefits of Drp1 Inhibition to Reduce Mitochondrial Fission. FASEB J. 2014, 28, 316–326. [Google Scholar] [CrossRef]

	



Tian, Y.; Li, B.; Shi, W.-Z.; Chang, M.-Z.; Zhang, G.-J.; Di, Z.-L.; Liu, Y. Dynamin-Related Protein 1 Inhibitors Protect against Ischemic Toxicity through Attenuating Mitochondrial Ca2+ Uptake from Endoplasmic Reticulum Store in PC12 Cells. Int. J. Mol. Sci. 2014, 15, 3172–3185. [Google Scholar] [CrossRef]

	



Zhao, Y.-X.; Cui, M.; Chen, S.-F.; Dong, Q.; Liu, X.-Y. Amelioration of Ischemic Mitochondrial Injury and Bax-Dependent Outer Membrane Permeabilization by Mdivi-1. CNS Neurosci. Ther. 2014, 20, 528–538. [Google Scholar] [CrossRef] [PubMed]

	



Chan, R.K.; Austen, W.G.; Ibrahim, S.; Ding, G.Y.; Verna, N.; Hechtman, H.B.; Moore, F.D. Reperfusion Injury to Skeletal Muscle Affects Primarily Type II Muscle Fibers. J. Surg. Res. 2004, 122, 54–60. [Google Scholar] [CrossRef]

	



Charles, A.-L.; Guilbert, A.-S.; Guillot, M.; Talha, S.; Lejay, A.; Meyer, A.; Kindo, M.; Wolff, V.; Bouitbir, J.; Zoll, J.; et al. Muscles Susceptibility to Ischemia-Reperfusion Injuries Depends on Fiber Type Specific Antioxidant Level. Front. Physiol. 2017, 8, 52. [Google Scholar] [CrossRef]

	



Flück, M.; von Allmen, R.S.; Ferrié, C.; Tevaearai, H.; Dick, F. Protective Effect of Focal Adhesion Kinase against Skeletal Muscle Reperfusion Injury after Acute Limb Ischemia. Eur. J. Vasc. Endovasc. Surg. 2015, 49, 306–313. [Google Scholar] [CrossRef]

	



Woitaske, M.D.; McCarter, R.J. Effects of Fiber Type on Ischemia-Reperfusion Injury in Mouse Skeletal Muscle. Plast. Reconstr. Surg. 1998, 102, 2052–2063. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, B.; Davidson, M.M.; Zhou, H.; Wang, C.; Walker, W.F.; Hei, T.K. Cytoplasmic Irradiation Results in Mitochondrial Dysfunction and DRP1-Dependent Mitochondrial Fission. Cancer Res. 2013, 73, 6700–6710. [Google Scholar] [CrossRef]

	



Zhang, X.; Yan, H.; Yuan, Y.; Gao, J.; Shen, Z.; Cheng, Y.; Shen, Y.; Wang, R.-R.; Wang, X.; Hu, W.-W.; et al. Cerebral Ischemia-Reperfusion-Induced Autophagy Protects against Neuronal Injury by Mitochondrial Clearance. Autophagy 2013, 9, 1321–1333. [Google Scholar] [CrossRef]

	



Li, N.; Wang, H.; Jiang, C.; Zhang, M. Renal Ischemia/Reperfusion-Induced Mitophagy Protects against Renal Dysfunction via Drp1-Dependent-Pathway. Exp. Cell Res. 2018, 369, 27–33. [Google Scholar] [CrossRef]

	



Ishikita, A.; Matoba, T.; Ikeda, G.; Koga, J.-I.; Mao, Y.; Nakano, K.; Takeuchi, O.; Sadoshima, J.; Egashira, K. Nanoparticle-Mediated Delivery of Mitochondrial Division Inhibitor 1 to the Myocardium Protects the Heart From Ischemia-Reperfusion Injury Through Inhibition of Mitochondria Outer Membrane Permeabilization: A New Therapeutic Modality for Acute Myocardial Infarction. J. Am. Heart Assoc. 2016, 5, e003872. [Google Scholar] [CrossRef]

	



Yu, J.; Maimaitili, Y.; Xie, P.; Wu, J.J.; Wang, J.; Yang, Y.N.; Ma, H.P.; Zheng, H. High Glucose Concentration Abrogates Sevoflurane Post-Conditioning Cardioprotection by Advancing Mitochondrial Fission but Dynamin-Related Protein 1 Inhibitor Restores These Effects. Acta Physiol. 2017, 220, 83–98. [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] [PubMed]

	



Bordt, E.A.; Clerc, P.; Roelofs, B.A.; Saladino, A.J.; Tretter, L.; Adam-Vizi, V.; Cherok, E.; Khalil, A.; Yadava, N.; Ge, S.X.; et al. The Putative Drp1 Inhibitor Mdivi-1 Is a Reversible Mitochondrial Complex I Inhibitor That Modulates Reactive Oxygen Species. Dev. Cell 2017, 40, 583–594.e6. [Google Scholar] [CrossRef] [PubMed]

	



Iqbal, S.; Hood, D.A. Oxidative Stress-Induced Mitochondrial Fragmentation and Movement in Skeletal Muscle Myoblasts. Am. J. Physiol. Cell Physiol. 2014, 306, C1176–C1183. [Google Scholar] [CrossRef] [PubMed]

	



Kanda, H.; Liu, S.; Iida, T.; Yi, H.; Huang, W.; Levitt, R.C.; Lubarsky, D.A.; Candiotti, K.A.; Hao, S. Inhibition of Mitochondrial Fission Protein Reduced Mechanical Allodynia and Suppressed Spinal Mitochondrial Superoxide Induced by Perineural Human Immunodeficiency Virus Gp120 in Rats. Anesth. Analg. 2016, 122, 264–272. [Google Scholar] [CrossRef] [PubMed]

	



Li, P.; Wang, B.; Sun, F.; Li, Y.; Li, Q.; Lang, H.; Zhao, Z.; Gao, P.; Zhao, Y.; Shang, Q.; et al. Mitochondrial Respiratory Dysfunctions of Blood Mononuclear Cells Link with Cardiac Disturbance in Patients with Early-Stage Heart Failure. Sci. Rep. 2015, 5, 10229. [Google Scholar] [CrossRef]

	



Troncoso, R.; Paredes, F.; Parra, V.; Gatica, D.; Vásquez-Trincado, C.; Quiroga, C.; Bravo-Sagua, R.; López-Crisosto, C.; Rodriguez, A.E.; Oyarzún, A.P.; et al. Dexamethasone-Induced Autophagy Mediates Muscle Atrophy through Mitochondrial Clearance. Cell Cycle 2014, 13, 2281–2295. [Google Scholar] [CrossRef] [PubMed]

	



Xu, X.; Luo, C.; Zhang, Z.; Hu, J.; Gao, X.; Zuo, Y.; Wang, Y.; Zhu, S. Mdivi-1 Attenuates Sodium Azide-induced Apoptosis in H9c2 Cardiac Muscle Cells. Mol. Med. Rep. 2017, 16, 5972–5978. [Google Scholar] [CrossRef] [PubMed]

	



Yu, T.; Ferdjallah, I.; Elenberg, F.; Chen, S.K.; Deuster, P.; Chen, Y. Mitochondrial Fission Contributes to Heat-Induced Oxidative Stress in Skeletal Muscle but Not Hyperthermia in Mice. Life Sci. 2018, 200, 6–14. [Google Scholar] [CrossRef] [PubMed]

	



Ding, M.; Dong, Q.; Liu, Z.; Liu, Z.; Qu, Y.; Li, X.; Huo, C.; Jia, X.; Fu, F.; Wang, X. Inhibition of Dynamin-Related Protein 1 Protects against Myocardial Ischemia-Reperfusion Injury in Diabetic Mice. Cardiovasc. Diabetol. 2017, 16, 19. [Google Scholar] [CrossRef]

	



Zhang, H.; Wang, P.; Bisetto, S.; Yoon, Y.; Chen, Q.; Sheu, S.-S.; Wang, W. A Novel Fission-Independent Role of Dynamin-Related Protein 1 in Cardiac Mitochondrial Respiration. Cardiovasc. Res. 2017, 113, 160–170. [Google Scholar] [CrossRef]

	



Kim, J.-H.; Park, S.-J.; Kim, B.; Choe, Y.-G.; Lee, D.-S. Insulin-Stimulated Lipid Accumulation Is Inhibited by ROS-Scavenging Chemicals, but Not by the Drp1 Inhibitor Mdivi-1. PLoS ONE 2017, 12, e0185764. [Google Scholar] [CrossRef]

	



Kim, B.; Kim, J.-S.; Yoon, Y.; Santiago, M.C.; Brown, M.D.; Park, J.-Y. Inhibition of Drp1-Dependent Mitochondrial Division Impairs Myogenic Differentiation. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2013, 305, R927–R938. [Google Scholar] [CrossRef]

	



Rosdah, A.A.; K Holien, J.; Delbridge, L.M.D.; Dusting, G.J.; Lim, S.Y. Mitochondrial Fission—A Drug Target for Cytoprotection or Cytodestruction? Pharmacol. Res. Perspect. 2016, 4, e00235. [Google Scholar] [CrossRef]

	



Rovira-Llopis, S.; Bañuls, C.; Diaz-Morales, N.; Hernandez-Mijares, A.; Rocha, M.; Victor, V.M. Mitochondrial Dynamics in Type 2 Diabetes: Pathophysiological Implications. Redox Biol. 2017, 11, 637–645. [Google Scholar] [CrossRef]

	



Yoon, Y.; Galloway, C.A.; Jhun, B.S.; Yu, T. Mitochondrial Dynamics in Diabetes. Antioxid. Redox Signal 2011, 14, 439–457. [Google Scholar] [CrossRef]

	



Ali, S.; McStay, G. Regulation of Mitochondrial Dynamics by Proteolytic Processing and Protein Turnover. Antioxidants 2018, 7, 15. [Google Scholar] [CrossRef]

	



Scott, I.; Youle, R.J. Mitochondrial Fission and Fusion. Essays Biochem. 2010, 47, 85–98. [Google Scholar] [CrossRef]

	



Ruiz, A.; Alberdi, E.; Matute, C. Mitochondrial Division Inhibitor 1 (Mdivi-1) Protects Neurons against Excitotoxicity through the Modulation of Mitochondrial Function and Intracellular Ca2+ Signaling. Front. Mol. Neurosci. 2018, 11, 3. [Google Scholar] [CrossRef]

	



Smith, G.; Gallo, G. To Mdivi-1 or Not to Mdivi-1: Is That the Question? Dev. Neurobiol. 2017, 77, 1260–1268. [Google Scholar] [CrossRef]

	



Mao, X.; Gu, Y.; Sui, X.; Shen, L.; Han, J.; Wang, H.; Xi, Q.; Zhuang, Q.; Meng, Q.; Wu, G. Phosphorylation of Dynamin-Related Protein 1 (DRP1) Regulates Mitochondrial Dynamics and Skeletal Muscle Wasting in Cancer Cachexia. Front. Cell Dev. Biol. 2021, 9, 673618. [Google Scholar] [CrossRef]

	



Song, M.; Franco, A.; Fleischer, J.A.; Zhang, L.; Dorn, G.W. Abrogating Mitochondrial Dynamics in Mouse Hearts Accelerates Mitochondrial Senescence. Cell Metab. 2017, 26, 872–883.e5. [Google Scholar] [CrossRef] [PubMed]

	



Picard, M.; Hepple, R.T.; Burelle, Y. Mitochondrial Functional Specialization in Glycolytic and Oxidative Muscle Fibers: Tailoring the Organelle for Optimal Function. Am. J. Physiol.-Cell Physiol. 2012, 302, C629–C641. [Google Scholar] [CrossRef] [PubMed]

	



Picard, M.; Taivassalo, T.; Ritchie, D.; Wright, K.J.; Thomas, M.M.; Romestaing, C.; Hepple, R.T. Mitochondrial Structure and Function Are Disrupted by Standard Isolation Methods. PLoS ONE 2011, 6, e18317. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 25 04025 g001] 





Figure 1. Kinetic of systemic lactate during lower-limb ischemia reperfusion. *: p < 0.05, **: p < 0.01. 
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Figure 2. Effects of IR on mitochondrial respiration in mDivi-1-treated young and old mice. (A) The OXPHOS CI state with the addition of adenosine diphosphate (ADP). (B) OXPHOS CI + II with the addition of succinate. (C) OXPHOS CII with the addition of rotenone. (D) Respiratory control ratio (RCR), VADP/V0 ratio. (E) Comparison between the 2 age groups of the extent of alteration, expressed in % of the contralateral hindlimb. Results are presented as mean ± SEM. *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001. IR: ischemia reperfusion. 
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Figure 3. Effects of IR on calcium retention capacity in mDivi-1-treated young and old mice. (A) Representative traces of calcium uptake. (B) Calcium retention capacity (CRC) before mPTP opening. (C) Comparison of CRC between the 2 age groups (expressed in %). Results are presented as mean ± SEM. ***: p < 0.001. CRC: calcium retention capacity. 
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Figure 4. Effect of IR on superoxide anion production and antioxidant enzyme transcripts in young and old mice. (A) Superoxide anion production measured with electron paramagnetic resonance. (B) SOD 1 transcript level. (C) SOD2 transcript level. (D) Catalase transcript level. (E) GPx transcript level. Results are presented as mean ± SEM. *: p < 0.05; ****: p < 0.0001. SOD: superoxide dismutase. GPx: glutathione peroxidase. 
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Figure 5. Effect of IR on mitochondrial dynamic in young and old mice. (A) Drp1 transcript level. (B) Fis1 transcript level. (C) Mfn 1 transcript level. (D) Mfn2 transcript level. Results are presented as mean ± SEM. *: p < 0.05. Drp1: dynamin-related protein 1. Fis1: mitochondrial fission protein 1. Mfn: mitofusin. 
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Figure 6. Experimental design. 
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Table 1. Primers used for real-time PCR.
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	Target Gene
	Forward Primer 5′ → 3′
	Reverse Primer 5′ → 3′





	SOD1
	CCAGTGCAGGACCTCATTTT
	TTGTTTCTCATGGACCACCA



	SOD2
	ACCCAAAGTCACGCTTGATAG
	GGACAAACCTGAGCCCTAAG



	Catalase
	CACTGACGAGATGGCACACT
	TGTGGAGAATCGAACGGCAA



	Glutathione peroxidase
	TGCAATCAGTTCGGACACCA
	AAGGTAAAGAGCGGGTGAGC



	Drp1
	AGAAAACTGTCTGCCCGAGA
	GCTGCCCTACCAGTTCACTC



	Fis1
	CCGGCTCAAGGAATATGAAA
	ACAGCCAGTCCAATGAGTCC



	Mfn1
	CCTCCATGGGCATCATCGTT
	TGCAGCTTCTCGGTTGCATA



	Mfn2
	CTCAGGAGCAGCGGGTTTAT
	GAGAGGCGCCTGATCTCTTC



	18S
	CGCGGTTCTATTTTGTTGGT
	TCGTCTTCGAAACTCCGACT
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