
Divergent Effects of Cyclophilin-D Inhibition on the Female Rat 
Heart: Acute Versus Chronic Post-Myocardial Infarction

Rebecca M. Parodi-Rullán, Jadira Soto-Prado, Jesús Vega-Lugo, Xavier Chapa-Dubocq, 
Sara I. Díaz-Cordero, and Sabzali Javadov
Department of Physiology, University of Puerto Rico School of Medicine, San Juan, Puerto Rico, 
USA

Abstract

Background/Aims: The mitochondrial permeability transition pore opening plays a critical role 

in the pathogenesis of myocardial infarction. Inhibition of cyclophilin-D (CyP-D), a key regulator 

of the mitochondrial permeability transition pore, has been shown to exert cardioprotective effects 

against ischemia-reperfusion injury on various animal models, mostly in males. However, failure 

of recent clinical trials requires a detailed elucidation of the cardioprotective efficacy of CyP-D 

inhibition. The aim of this study was to examine whether cardioprotective effects of sanglifehrin 

A, a potent inhibitor of CyP-D, on post-infarcted hearts depends on reperfusion.

Methods: Acute or chronic myocardial infarction was induced by coronary artery ligation with/

without subsequent reperfusion for 2 and 28 days in female Sprague-Dawley rats. Cardiac function 

was estimated by echocardiography. Oxygen consumption rates, ROS production, permeability 

transition pore opening, protein carbonylation and respiratory supercomplexes were analyzed in 

isolated cardiac mitochondria.

Results: Sanglifehrin A significantly improved cardiac function of reperfused hearts at 2 days 

but failed to protect after 28 days. No protection was observed in non-reperfused post-infarcted 

hearts. The respiratory control index of mitochondria was significantly reduced in reperfused 

infarcted hearts at 2-days with no effect at 28-days post-infarction on reperfused and non-

reperfused hearts. Likewise, only a minor increase in reactive oxygen species production was 

observed at 2-days in non-reperfused post-infarcted hearts.

Conclusion: This study demonstrates that CyP-D inhibition exerts cardioprotective effects in 

reperfused but not in non-reperfused infarcted hearts of female rats, and the effects are observed 

only during acute post-infarction injury.
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Introduction

Cardiovascular disease is the leading cause of death in the United States [1] and worldwide, 

and myocardial ischemia (MI) is the most common [2]. Current therapy focuses on rapid 

restoration of blood flow to the ischemic area known as reperfusion (R). However, 

reperfusion exacerbates oxidative and calcium stress which induces additional damages to 

the myocardium and a ~ 50% increase in the infarct size [3]. Myocardial ischemia-

reperfusion (IR) causes com pensatory myocardial remodeling which, over time, leads to 

heart failure (HF) [4].

The heart is the most energy consuming organ in the body. Mitochondria occupy up to 30% 

of cardiomyocyte volume; they are responsible for supplying ~ 90% of the ATP needed for 

its normal function [5]. Importantly, oxidative stress-induced mitochondrial dysfunction and 

ATP depletion are hallmarks of HF [6]. Mitochondria play an important role in post-

infarction remodeling and its progression to HF. During ischemia, anaerobic metabolism is 

primarily favored over aerobic metabolism due to oxygen deficiency, resulting in an increase 

of intracellular Ca2+. At reperfusion, Ca2+ accumulates in the mitochondria. Additionally, 

dysfunctional electron transport chain (ETC) complexes increase reactive oxygen species 

(ROS) production. This results in an increase in mitochondrial membrane permeabilization 

known as the mitochondria permeability transition (mPT) accompanied by the opening of 

the mitochondrial permeability transition pore (mPTP) [7].

The mPTP is a non-selective pore with an unknown molecular identity that allows passage 

of molecules with molecular weight less than 1.5 kDa through the inner mitochondrial 

membrane. The pathological opening of the mPTP causes loss of mitochondrial membrane 

potential, m atrix swelling, and ROS generation leading to rupture of outer mitochondrial 

membrane and cell death. Inhibition of the mPTP at reperfusion could offer cardioprotective 

advantages delaying the development of post-MI HF. Nevertheless, due to the lack of 

knowledge of the molecular components of the mPTP, pharmacological inhibition without a 

specific target has proven to be impossible. Importantly, previous studies reported a major 

regulatory role of cyclophilin D (CyP-D), a matrix-located peptidyl-prolyl cis-trans 

isomerase (PPIase), in pore formation [8]. Genetic ablation or pharmacological inhibition of 

CyP-D increased the resistance of mitochondria to Ca2+-induced swelling as a m arker of 

mPTP opening. Although many studies have shown the beneficial effects of CyP-D 

inhibition in IR, recent failure of Cyclosporine Improve Clinical Outcome in ST Elevation 

Myocardial Infarction Patients (CIRCUS) clinical trials [9] using cyclosporine A (CsA), a 

CyP-D inhibitor, highlight the necessity to further study the role of CyP-D inhibition in 

reperfusion injury.

In this study, we elucidate the divergent effects of CyP-D inhibition in reperfused and non-

reperfused MI. Female rats were subjected to non-reperfused or reperfused MI in the 
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presence or absence of a single intravenous bolus of sanglifehrin A (SfA), a potent CyP-D 

inhibitor similar to CsA [10], 25 min after MI. The rationale for utilizing SfA rather than 

CsA is that the later also inhibits calcineurin activity therefore making SfA a more specific 

CyP-D inhibitor [10]. Additionally, to understand if the beneficial effects of SfA are long-

lasting, we examined post-MI cardiac function in an acute (2-days) and chronic (28-days) 

phase of post-infarction remodeling. Results demonstrated that the beneficial effects of SfA 

were only present in reperfused hearts, and this effect was no longer observed at 28-days 

post-MI. However, in contrast to our previous studies in male rats [11, 12], we demonstrate 

that cardiac dysfunction is not linked to mitochondrial dysfunction in female rats after 28-

days post-MI perhaps due to a protective role of estrogen. Most importantly, the use of 

female rats in these experiments is concordant to NIH guidelines for the inclusion of females 

in biomedical research, especially in physiological studies where females represent only 

21% of the data published [13]. The lack of studies in females may potentially limit the 

translational power of findings obtained in males to clinical studies.

Materials and Methods

Animals

Female Sprague-Dawley rats (200–250g) were purchased from Taconic (Rensselaer, NY). 

All experiments were performed according to protocols approved by the UPR Medical 

Sciences Campus Animal Care and Use Committee and conformed to the National Research 

Council Guide for the Care and Use of Laboratory Animals published by the NIH (2011, 

eighth edition).

In-vivo model of MI

Animals were randomly assigned to one of the following six treatment groups and followed 

for 2- or 28-days: 1) S, sham (2 days: n=8; 28 days: n=7); 2) SS, sham+SfA (2 days: n=9; 28 

days: n=10); 3) I, MI by coronary artery ligation (CAL, 2 days: n=8; 28 days: n=9); 4) IS, 

MI+SfA (2 days: n=9; 28 days: n=10); 5) IR, MI+reperfusion (2 days: n=10; 28 days: n=8); 

6) IRS, IR+SfA (2 days: n=11; 28 days: n=11). The design of experiments is shown in Fig. 

1. The surgical procedure was performed as previously described [11, 12]. Briefly, rats were 

anesthetized with an anesthetic cocktail (179.2 mg/kg body weight, IP) containing 4.2 mg/kg 

xylazine, 87.5 mg/kg ketamine, and 0.88 mg/kg acepromazine. Then, they were intubated, 

and artificially ventilated with room air. The animal’s body temperature was maintained at 

37°C and subcutaneous leads were position on the extremities to monitor cardiac electrical 

activity through ECG using the Rodent Surgical Monitor (Indus Instruments). After lateral 

thoracotomy the heart was gently exposed, and MI was induced by ligation of the left main 

coronary artery ~3 mm from its origin using a firmly tied silk suture (7–0). In the sham 

group, the ligature was placed in an identical fashion but not tied. To induce reperfusion, the 

ligature was released immediately after 30 min of CAL (MI). The animals were followed for 

2 or 28 days. A single bolus of SfA (5 mg/kg, IV) was administered 25 min after the start of 

sham or CAL in both, reperfused and non-reperfused hearts. SfA was generously provided 

by Novartis Pharma AG (Basel, Switzerland). On the day of the experiment, rats were 

anesthetized, cardiac function was analyzed by echocardiography, then the rats were 
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sacrificed, and their hearts were quickly removed for mitochondria isolation or infarction 

size assay (n=4 per each group).

Echocardiography and infarction size

Echocardiography measurements were performed by a technician blinded to the groups [11]. 

Infarction size was determined using tetrazolium chloride (TTC) staining [12].

Mitochondria isolation

To isolate mitochondria, the left ventricles were homogenized using a Polytron homogenizer 

in ice-cold sucrose buffer containing (in mM): 300 sucrose, 10 Tris-HCl, and 2 EGTA; pH 

7.4. Mitochondria were isolated by centrifugation [14], and then used for subsequent 

analysis.

Enzymatic activity of citrate synthase (CS) was determined spectrophotometrically by 

measuring coenzyme A formation at 412 nm [11].

Mitochondrial respiratory function

Mitochondrial respiration rates were measured using a YSI Oxygraph (Yellow Springs, OH) 

equipped with a Clark-type oxygen electrode [11]. Mitochondria were incubated in a buffer 

containing (in mM) 125 KCl, 20 MOPS, 10 Tris, 0.5 EGTA, 2 MgCl2, and 2 KH2PO4, at pH 

7.2, supplemented with 3 mM 2-oxoglutarate and 1.25 mM L-malate to measure the rate of 

oxygen consumption at complex I. Oxygen consumption was measured in the absence (state 

2) and presence (state 3) of 1.25 mM ADP. Respiratory control index (RCI) was calculated 

as the ratio of state 3 to state 2 respiration.

mPTP opening

Swelling of de-energized mitochondria, as an indicator of mPTP opening, in the presence or 

absence of Ca2+ was monitored as a decrease in absorbance at 525 nm [15]. Briefly, freshly 

isolated mitochondria were incubated at 37°C in 0.1 mL of incubation buffer containing: 200 

mM sucrose, 10 mM Tris-MOPS, 5 mM α-ketoglutarate, 2 mM malate, 1 mM Pi, and 10 

μM EGTA-Tris, pH 7.4. Mitochondrial swelling was measured in the presence of CaCl2 at 

final (cumulative) concentrations of 100, 200, 300 and 1000 μM. To verify CyP-D 

dependence of mPTP opening, 0.5 μM SfA was directly added to the mitochondrial 

suspension before the addition of the above mentioned Ca2+ concentrations.

ROS production

Freshly isolated mitochondria were used for measurement of ROS levels as an indicator of 

ROS generation [14]. Mitochondrial H2O2 production was measured with 50 mM Amplex 

Red (Molecular Probes) at 37°C in the presence of CaCl2 at final (cumulative) 

concentrations of 100, 200, 300 and 1000 μM in the incubation buffer containing 25 mM 

sodium phosphate, 5 μM EGTA-Tris, pH 7.4, and 0.1 U/mL HRP. Fluorescence intensity 

was monitored in the presence or absence of Ca2+ at an excitation of 560 nm and emission at 

590 nm.
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Protein carbonylation

To detect the level of protein carbonyls, as a marker of protein oxidation, mitochondrial 

proteins were derivatized with dinitrophenylhydrazine (DNPH, Sigma-Aldrich) under acid 

denaturing conditions [15]. In order to correct for non-specific binding of antibodies, 

separate aliquots of the mitochondrial proteins that had been acid-denatured but not treated 

with DNPH were run in parallel.

Blue native PAGE

Mitochondrial respirasome levels were analyzed using blue native polyacrylamide gel 

electrophoresis (BN-PAGE) and normalized to total mitochondrial protein [14].

SDS-PAGE and western blotting

Equal amounts of mitochondrial protein were resolved by SDS-PAGE and transferred onto 

nitrocellulose membranes (GE Healthcare Bio-Sciences). The membranes were 

immunoblotted with acetylated lysine (Ac-K, Cell Signaling), SIRT3 (Cell Signaling), 

Estrogen Receptor (ER) α (Santa Cruz), ERβ (Abcam), or ATP5a (Abcam) antibodies 

followed by IRDye® (LI-COR Biosciences) secondary antibodies. Bands were visualized 

using ODYSSEY® CLx (LI-COR Biosciences) infrared scanner and analyzed with Image 

Studio Lite Software.

Statistical analysis

Data are presented as means±SEM. Data normality was evaluated using the Shapiro-Wilk 

test. Statistical significance was then evaluated using Prism Graph Pad (San Diego, CA) 

using an unpaired 2-tailed student’s t-test or a Mann-Whitney test. Differences were 

considered statistically significant when P<0.05.

Results

Cardiac function

To assess the possible divergent effects of CyP-D inhibition in cardioprotection against post-

MI with and without reperfusion, SfA was administered to rats 25 min after CAL and 

cardiac function was assessed at 2- or 28-days post-MI (Fig. 1). Our rationale for choosing 

these time points is to determine cardiac and mitochondrial function during two distinct 

phases of post-MI remodeling. The first phase occurs within hours and peaks at 2-days post-

MI. The second phase is reactive; myocardial remodeling develops within weeks of post-MI 

and entails scar formation to replace the nonviable myocardium [16].

At 2-days post-surgery, SfA had no detrimental effects on the sham procedure, ejection 

fraction (EF) and left-ventricular dimension fraction shortening (LVDFS; Fig. 2B, C) were 

conserved. Animals that underwent non-reperfused MI developed severe cardiac dysfunction 

as observed by a 44% reduction of EF (P< 0.0003) and a 50% reduction of LVDFS 

(P<0.0003). SfA did not protect against the detrimental effects of non-reperfused MI (Fig. 

2B, C). Similarly, animals that underwent reperfused MI developed impairm ent of cardiac 

function and revealed 5 7% (P< 0.0001) less EF compared to controls (Fig. 2B). 

Additionally, LVDFS was reduced by 64% (P < 0.0001) in reperfused hearts (Fig. 2C). 
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However, SfA significantly improved (IR vs IRS) EF by 86% (P< 0.0001) and LVDFS by 

111% (P < 0.0001; Fig. 2B, C).

At 28-days post-surgery, SfA did not affect EF or LVDFS in sham-operated animals. 

Nonreperfused post-MI resulted in severe impairment of cardiac function; EF was reduced 

by 48% (P< 0.0001) and LVDFS by 61% (P< 0.0001) compared to controls (Fig. 2E, F). 

SfA did not improve EF and LVDFS in non-reperfused MI hearts (Fig. 2E, F). Similarly, 

reperfused MI significantly deteriorated cardiac function as evidenced by a 46% (P< 0.0001) 

and 56% (P< 0.0001) reduction of EF and LVDFS, respectively. Although SfA increased EF 

by 18% (P<0.06) and LVDFS by 24% (P<0.057) in reperfused hearts (IR vs. IRS), this 

difference was not significant (Fig. 2E, F).

Thus, inhibition of CyP-D by SfA significantly improved cardiac function in reperfused 

hearts at 2-days post-surgery, but this effect was absent at 28-days post-MI. Also, SfA was 

not cardioprotective in non-reperfused MI hearts.

Mitochondrial respiratory function

To determine if there were any changes in mitochondrial content and respiratory function, 

CS activity and mitochondrial respiration rates were measured. At 2-days post-surgery, CS 

activity in non-reperfused and reperfused hearts was, respectively, 17% (P<0.007) and 23% 

(P<0.002) lower than sham. SfA did not affect CS activity in sham-operated rats. 

Interestingly, SfA was able to increase CS activity by 22% (P<0.039) in reperfused hearts 

but not in non-reperfused hearts (Fig. 3A). Mitochondrial RCI in non-reperfused MI was 

reduced by 17% (P<0.06) compared to sham, although the difference did not reach 

statistically significant levels. However, mitochondria isolated from reperfused hearts 

exhibited a 24% (P<0.004) lower RCI than sham hearts (Fig. 3B). SfA conferred no 

beneficial effects on RCI in reperfused MI. In conclusion, at 2-days post-surgery non-

reperfused and reperfused MI reduced mitochondrial content; however, CyP-D inhibition 

was able to restore mitochondrial content in reperfused hearts; concurrent with its effects in 

cardioprotection (Fig. 3A). Although CyP-D inhibition preserved mitochondrial content 

after reperfusion, it did not affect mitochondrial respiration (Fig. 3B).

At 28-days post-surgery, SfA increased CS activity by 37% (P<0.01) in sham-operated 

animals. Interestingly, although MI with or without reperfusion did not affect CS activity, 

SfA significantly increased its activity in non-reperfused and reperfused MI by 25% 

(P<0.039) and 28% (P<0.049), respectively (Fig. 3C). The RCI was the same in all groups at 

28-days post-surgery (Fig. 3D]. In addition, SfA was able to increase mitochondrial content 

in all groups suggesting a possible role of CyP-D in mitochondrial biogenesis [17] (Fig. 3C). 

However, we observed no significant effect of SfA on mitochondrial respiration in post-MI 

hearts with or without reperfusion (Fig. 3D].

Mitochondrial swelling, ROS production, and respirasome levels

To determine if cardiac dysfunction was coupled to altered mitochondrial function, we 

examined mPTP formation, ROS production, and mitochondrial respirasome.
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To determine the sensitivity of the mitochondria to mPTP, we measured Ca2+-induced 

mitochondrial swelling. Interestingly, no differences in mPTP sensitivity were observed 

between groups at 2- (Fig. 4A, B] and 28-days post-MI (Fig. 4C, D). Since mitochondrial 

Ca2+ overload has been shown to induce not only mPTP opening but also ROS production 

[14], we measured Ca2+-induced ROS production in mitochondria. At 2-days, Ca2+ 

gradually increased the rate of mitochondrial ROS production (Fig. 5A). At 100 μM of Ca2+, 

the rate of mitochondrial H2O2 production from non-reperfused MI hearts increased by 37% 

(P< 0.0286) compared to sham-operated hearts (Fig. 5B). The increased ROS production at 

100 μM of Ca2+ is likely due to enhanced activity of TCA cycle and ETC chain. Indeed, 

high conductance mPTP and remarkable mitochondrial swelling does not occur in the 

presence of 100 μM of Ca2+. However, no significant differences between groups were 

observed in H2O2 production rate in the presence of 200 μM CaCl2 (Fig. 5C). To determine 

if the increased ROS production results in oxidation of mitochondrial proteins, we assessed 

protein carbonylation in mitochondria. Interestingly, the increase in ROS production after 

non-reperfused MI was not associated with an increase in protein carbonylation (Fig. 5D). 

SfA significantly decreased (by 26%, P < 0.049) protein carbonylation in reperfused hearts 

at 2-days post-MI (Fig. 5D).

In conclusion, although the mitochondrial ROS production rate was higher in nonreperfused 

hearts at 100 μM of CaCl2, this increase was not observed basally (not shown) nor with the 

subsequent addition of CaCl2 As a consequence, no difference in protein carbonylation was 

observed between S and I groups although SfA was able to reduce protein carbonylation in 

reperfused hearts.

Next, we examined mitochondrial Ca2+-induced ROS production at 28-days post-surgery. 

First, Ca2+addition to a mitochondrial suspension significantly increased H2O2 production 

(Fig. 5E). SfA addition to the control group induced a 47% (P < 0.0283) increase in H2O2 

production at 100 μM Ca2+ (Fig. 5F). Interestingly, neither non-reperfused nor reperfused 

MI significantly increased mitochondrial ROS production rate when compared to sham. 

Subsequent additions of Ca2+ did not result in significant changes in H2O2 production rate 

between groups (Fig. 5G). Similarly, no differences were observed in the level of 

mitochondrial protein oxidation (Fig. 5H). These data suggest that at 28-days post-surgery 

the H2O2 production rate does not differ between groups resulting in no differences in 

protein oxidation levels (Fig. 5H).

The mitochondrial respirasome is a mitochondrial supercomplex containing the ETC 

complexes I, III and IV. The respirasome has been suggested to increase the effectiveness of 

ETC and ATP production thereby reducing electron leakage and ROS production [18], 

although its physiological role is unclear. We recently demonstrated that in an ex vivo model 

of cardiac IR in male rats, respirasome integrity was affected in an reperfusion time-

dependent manner and this was prevented by SfA treatment [19]. We examined whether the 

structural integrity of the respirasome was affected by reperfused and non-reperfused MI in 

female rats. At 2-days post-surgery, there was a 17% (P<0.014) decrease in respirasome 

levels only in the IRS group compared to IR (Fig. 6A, B). No significant difference was 

observed after non-reperfused MI. At 28-days post-surgery, reperfusion alone was able to 

increase by 14% (P<0.02) respirasome content (Fig. 6C, D). These data suggest that 
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mitochondrial respirasome integrity is minimally affected in reperfused and non-reperfused 

MI.

SIRT3 and mitochondrial protein acetylation

Acetylation is an im portant regulator of mitochondrial metabolism [20]. We have previously 

shown an increase in acetylation of mitochondrial proteins in post-MI HF in male rats [11]. 

Acetylation of CyP-D has been shown to be associated with increased mPTP formation [21]. 

In addition to CyP-D, many other mitochondrial proteins involved in energy metabolism 

have been found acetylated due to downregulation of sirtuins in aging and aging-related 

diseases such as HF [11, 22]. Sirtuins are NAD+-dependent deacetylases and SIRT3 is the 

main mitochondrial deacetylase. In post-MI HF, a decrease in mitochondrial metabolism 

would result in a decrease NAD+/NADH, therefore, reducing SIRT3 activity and increasing 

mitochondrial acetylation. Therefore, we determined whether the impaired cardiac function 

observed in non-reperfused or reperfused MI was associated with increased protein 

acetylation.

At 2-days post-surgery, SfA administration to sham-operated animals resulted in a 34% (P< 

0.065) decrease in protein acetylation, although this difference did not reach statistical 

significance. Also, SfA was able to reduce protein acetylation after non-reperfused MI by 

25% (P<0.04; Fig. 7A, B); however, no difference was observed between IR and IRS 

groups. Next, we examined if there was a decrease in SIRT3 expression in post-MI hearts. 

We were unable to detect any differences in SIRT3 expression between all six groups (Fig. 

7C). Thus, these findings suggest that the difference in acetylation levels in post-MI with 

SfA could be due to reduced SIRT3 activity but not expression. At 28-days post-surgery, we 

found no difference in protein acetylation (Fig. 7D, E) nor SIRT3 expression (Fig. 7F) in 

mitochondria. Overall, it seems that conservation of SIRT3 expression between groups 

prevented any significant changes in protein acetylation.

Discussion

Recent failure of CIRCUS clinical trials [9] stipulates a necessity for additional studies on 

the role of the mPTP as a therapeutic target in MI/IR injury. Previous studies on ex-vivo 
models of IR revealed beneficial effects of CsA at the onset of reperfusion [10, 23]. It should 

be noted that a myriad of mPTP-independent factors that are involved in post-MI remodeling 

with the progression of MI to HF, such as inflammation [24] and nitric oxide [25], can affect 

the efficiency of mPTP inhibitors in chronic MI/IR injury. Moreover, long-term inhibition of 

CyP-D may compromise the physiological role it plays in mitochondria [26, 27]. Also, the 

lack of studies in females may potentially limit the translational power of findings obtained 

in males to clinical studies [28]. In this study we sought to: (i) understand the divergent 

effects of SfA in reperfused and non-reperfused post-MI, (ii) evaluate two distinct phases 

(acute and chronic) of post-MI, (iii) study the role of cardiac mitochondria in reperfusion 

injury, and (iv) include the use of females in pre-clinical studies of mPTP inhibition as a 

target for protection against reperfusion injury.

We first evaluated the effects of SfA in an in vivo model of non-reperfused vs. reperfused 

post-MI. SfA conferred no cardioprotection in non-reperfused hearts at 2- and 28-days (Fig. 
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2). However, it significantly improved EF and LVDFS by 86% and 111%, respectively, in 

reperfused hearts at 2-days post-MI. Interestingly, SfA was only effective at 2-days but not 

at 28-days post-MI; EF and LVDFS were recovered by 18% and 24%, respectively, and the 

difference was not significant. These data suggest the presence of different molecular 

mechanisms during early and late reperfusion. During early post-MI, cell death is primarily 

mediated via apoptotic pathways [29]. Furthermore, the reintroduction of oxygen to a 

previously ischemic tissue results in a significant increase in ROS production that induces 

tissue damage, mPTP formation, and activation of an inflammatory response. However, 

during the chronic phases of reperfusion (28-days post-MI), ROS primarily mediates 

generation of growth factors, remodeling mechanisms, and scar tissue formation [30].

In the CIRCUS trial, patients with an elevated S-T segment MI (STEMI) were given a single 

bolus of CsA before coronary intervention [9]. This clinical trial evaluated the effects of 

CsA 1-year post-intervention, a period where the therapeutic benefits of mPTP inhibition 

were no longer observed. The outcome of the clinical trial and our results support the notion 

that inhibition of the mPTP at early reperfusion could prevent mitochondrial swelling, ROS 

burst, and recover respiratory function of mitochondria and ATP synthesis. At late phases of 

post-MI, characterized by myocardial remodeling and scar tissue formation, mPTP 

inhibition has no cardioprotection due to the involvement of mPTP-independent factors.

CsA is an immunosuppressant drug that inhibits calcineurin and CyP-D activity. SfA is a 

more specific inhibitor than CsA for CyP-D. Unlike CsA, SfA does not inhibit calcineurin 

activity and binds to Cyp-D at a site different from that for CsA [10]. Although CsA and 

SfA have proven to exert cardioprotective effects on IR [10, 23], inhibition of CyP-D, which 

possesses important physiological functions in mitochondria, was recently questioned [27]. 

CyP-D, a mitochondrial isoform of cyclophilins, has several functions in the mitochondria 

under physiological conditions. It is involved in the regulation of synthasome assembly [31] 

and ATP synthase activity [32], mitochondrial dynamics [17], mitoflashes and mitochondrial 

metabolism [33, 34] as well as the redox status of the cell [35]. Therefore, the lack of 

cardioprotection observed in clinical trials [9] along with the reduced efficacy at 28-days 

post-surgery observed in our experiments could be explained by the inhibition of the 

physiological functions of CyP-D. However, further studies are needed for understanding the 

mPTP-mediated mechanisms of reperfusion injury during acute and chronic post-MI. The 

therapeutic limitations in the use of CyP-D inhibitors are associated with the suppression of 

its physiological functions. This emphasizes the importance of developing new compounds 

that could prevent mPTP opening without inhibiting CyP-D [27].

Mitochondria play a central role in IR injury and prevention of mitochondrial dysfunction 

has been shown to be cardioprotective [23]. At 2-days post-MI, we observed a marked 

decrease in mitochondrial CS activity in reperfused and non-reperfused hearts (Fig. 3A). The 

activity of CS, a matrix-localized enzyme of the TCA cycle, is a marker of mitochondrial 

mass, and CS activity is widely used to estimate mitochondrial content under physiological 

and pathological conditions. Mitochondrial mass (and CS activity) in our studies could be 

affected by oxidative stress, in addition to artefacts associated with the isolation procedure. 

Ischemia-reperfusion injury can induce mitochondrial fission through recruitm ent of 

dynamin-regulated protein-1 (Drp-1) from the cytoplasm to mitochondria [36]. Fission 

Parodi-Rullán et al. Page 9

Cell Physiol Biochem. Author manuscript; available in PMC 2018 November 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



increases the number of small-sized mitochondria which cannot be isolated from the 

homogenate using standard isolation techniques. Loss of fragmented and dysfunctional 

mitochondria during the isolating procedure results in decreased CS activity [37]. Also, 

damaged mitochondria could be eliminated by mitophagy, or mitochondrial autophagy, 

thereby reducing mitochondria content [38, 39]. However, at 28-days post-MI, animals 

treated with SfA display a significant increase in CS activity (Fig. 3C). A recent study 

demonstrated that CyP-D could modulate phosphorylation and activation/translocation of 

Drp-1 to the mitochondria, therefore, promoting mitochondrial fission [17]. In our study, 

SfA could protect cardiac mitochondria from excessive fission through inhibition of CyP-D-

mediated Drp-1 phosphorylation thereby preserving mitochondria content.

Studies have shown that estrogen can regulate mitochondrial function and that estrogen 

receptors are present in the mitochondria [40]. We were able to detect ERβ and ERα in the 

mitochondrial fraction (Fig. 8). In heart mitochondria, oophorectomy resulted in decreased 

glutamate-malate respiration [41], which was able to be restored in similar experiments 

through estrogen treatm ent [42]. Our results demonstrate that mitochondrial RCI was 

reduced by 17% (P<0.06) in non-reperfused and 24% (P< 0.004) in reperfused MI at 2-days 

post-surgery. However, no differences in RCI were observed at 28-days post-MI (Fig. 3B, 

D). It is possible that estrogen could have an important role in maintaining mitochondrial 

function and metabolism. However, it is not clear if the activation of mitochondrial ERs is 

involved in the regulation of mitochondrial respiratory function.

Induction of mPT stimulates mitochondria-mediated cell death during IR. Therefore, we 

measured mPTP formation and ROS production. Interestingly, we found no differences in 

mPTP between groups (Fig. 4). In addition to preservation of mitochondrial respiration, 

estrogen inhibited mPTP in mitoplasts from rat liver using patch-clamp [43]. A variety of 

studies have shown that estrogen protects the mitochondria from mPTP [41, 42], cytochrome 

c release, and apoptosis [44]. However, it should be noted that our studies did not include 

comparable groups containing male rats which is the limitation of the study. In addition to 

prevention of mPTP opening, there were minimal effects of post-MI on ROS production 

(Fig. 5). Several groups have demonstrated that estrogen protects the mitochondria by 

preventing ROS accumulation. These effects could be mediated through its antioxidant 

abilities independent of its hormonal actions [45] or through preservation of antioxidant 

capacity [41, 42]. Therefore, we suggest that preserved mitochondrial metabolism, despite 

cardiac dysfunction, might be due to local effects of estrogen on the mitochondria 

throughout post-MI progression.

Similar to the effects of estrogen on mitochondrial function, it has also been shown to have a 

role in cardioprotection. Estrogen treatment to ovariectomized mice for two weeks before 

ex-vivo IR was able to improve cardiac recovery and decrease infarction size [46]. We 

observed a positive correlation between EF and estrogen levels (Fig. 9). Female rats that 

were in cycles of high estrogen at the moment of surgery positively correlated with higher 

cardiac function (EF) when compared to rats that were in cycles with low estrogen. This 

correlation was absent in non-reperfused hearts suggesting that the presence of estrogen in 

the blood at the moment of reperfusion significantly improved cardiovascular outcome.
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In addition to mediating different aspects of cardiac and mitochondrial metabolism and 

function, estrogen and ER are not the only factors that could enhance the differences 

between males and females. Sex-differences in response to therapeutic drugs, such as CsA, 

should be taken into consideration. CsA has been shown to have sexually-dimorphic effects 

in rats [47]. Furthermore, CsA metabolites in blood of males were higher than females due 

to differences in hepatic clearance [48] requiring in some studies to double the dose in 

females to match the observed results in males [49]. These results highlight the importance 

of evaluating physiological and pharmacological differences between males and females in 

pre-clinical studies.

Conclusion

This study demonstrates that the cardioprotective effects of CyP-D inhibition occur in early 

reperfusion of post-MI where mPTP opening is evident [7]. Therefore, a multifactorial 

treatment would be necessary to decrease the development of HF in patients after 

reperfusion therapy; rather than solely using mPTP inhibition. Different from our previous 

studies in male rats [11, 12], we demonstrate that cardiac dysfunction is not linked to 

mitochondrial dysfunction in female rats perhaps due to a protective role of estrogen. We 

therefore emphasize the importance of considering sexually-dimorphic characteristics in pre-

clinical trials.
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ETC electron transport chain
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LVDFS left-ventricular dimension fraction shortening

MI myocardial infarction

mPTP mitochondrial permeability transition pore

RCI respiratory control index

ROS reactive oxygen species

SfA sanglifehrin A
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Fig. 1. 
The design of experiments. Animals were randomly assigned to one of the following six 

treatment groups and followed for 2 or 28 days: 1) S, sham; 2) SS, sham+SfA; 3) I, MI; 4) 

IS, MI+SfA; 5) IR, MI+reperfusion; 6) IRS, IR+SfA. See Materials and Methods for details.
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Fig. 2. 
The effects of SfA on cardiac function during acute and chronic post-MI with and without 

reperfusion. Representative images of TTC analysis on infarct size at 2- (A) and 28-days (D) 

post-surgery. Left ventricular ejection fraction measured as ((LVESV-LVEDV)/LVEDV) * 

100 where LVESV: left ventricular systolic volume; LVEDV: left ventricular end diastolic 

volume; at 2- (B) and 28-days (E) post-surgery. Left ventricular dimension fraction 

shortening (LVDFS%) as measured by ((LVDD-LVDS)/LVDD)*100, where LVDD: left 

ventricular dimension at diastole; LVDS: left ventricular dimension at systole at 2- (C) and 

28-days (F) post-surgery. Data was collected using M-mode echocardiography by a 

technician blinded to the experimental groups. ***P<0.001 vs. S. n=7–11 animals per group.
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Fig. 3. 
Citrate synthase activity and respiration rates of mitochondria in reperfused and 

nonreperfused post-MI hearts. Mitochondrial citrate synthase activity 2- (A) and 28-days (C) 

post-surgery. Respiratory control index (RCI) of complex I at 2- (B) and 28-days (D) post-

surgery. Mitochondrial respiration was measured using a Clark-type oxygen sensitive probe. 

Respiration of mitochondria for complexI was stimulated by the addition of 3 mM 2-

oxoglutarate and 1.25 mM L-malate (state 2] and in the presence of 1.25 mM ADP (state 3). 

RCI was calculated as the ratio of state 3 to state 2 respiration. *P<0.05 and **P<0.01 vs. S. 

n=7–11 animals per group.
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Fig. 4. 
Basal and Ca2+-induced swelling as an indicator of mPTP opening in sham or post-MI 

hearts. Measurement of mPTP was performed by monitoring the decrease in light scattering 

at 525 nm. Mitochondrial swelling in the absence of Ca2+ at 2- (A) and 28-days (C) post-

surgery. Mitochondrial swelling in the presence of 100, 200, 300 and 1000 μM (cumulative 

or final concentration) of CaCl2 at 2- (B) and 28-days (D) post-surgery. S+SfA in vitro, I

+SfA in vitro, and IR+SfA in vitro represent samples where 0.5 μM of SfA was added to the 

mitochondria in vitro prior to mPTP stimulation. Curves are presented as the average of raw 

absorbance values of all samples in the group over time. Arrows (B, D) indicate the addition 

of Ca2+, values in parenthesis represent final (cumulative) concentrations of Ca2+ in media 

at a given time point.
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Fig. 5. 
The basal and Ca2+-stimulated rate of ROS production in mitochondria isolated from 

reperfused and non-reperfused post-MI hearts. The basal and Ca2+-stimulated rate of ROS 

production 2- (A) and 28-days (E) post-surgery. The rate of ROS production after 

mitochondrial incubation with 100 μM (B, F) and 200 μM (C, G) of CaCl2 at 2- and 28-days 

post-surgery, respectively. Protein carbonyl levels, as a marker for protein oxidation, 

measured by DNPH derivatization in mitochondria at 2- (D) and 28-days (H) post-surgery. 

ROS production was assessed by measurement of resorufin, the Amplex Red oxidation 

product. Each arrow (A, E) indicates the addition of Ca2+, values in parenthesis represent 

final (cumulative) concentrations of Ca2+ in media at a given time point. *P<0.05 vs. S. 

n=7–11 per group.
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Fig. 6. 
Analysis and quantification of respirasome levels in mitochondria. Representative BN-PAGE 

of left ventricle mitochondria at 2- (A) and 28-days (C) post-surgery. Respirasome levels at 

2- (B) and 28-days (D) post-surgery, expressed as percent change of sham (S). 

Mitochondrial proteins were digested using digitonin and separated using BN-PAGE. 

*P<0.05 vs. S. n=6–7 per group.
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Fig. 7. 
Acetylated lysine (Ac-K; A, B, D, E) and SIRT3 (C, F) levels in cardiac mitochondria. A, D, 

Representative immunoblots of mitochondrial proteins acetylated on lysine residues at 2- 

(A) and 28-days (D) post-surgery. B, E, Quantitative data of mitochondrial protein 

acetylation. Levels of lysine-acetylated proteins were normalized to ATP synthase subunit 

alpha (ATP5a), a mitochondrial housekeeping protein. C, F, Protein levels of SIRT3. 

Representative immunoblots of SIRT3 expression (upper panels) were obtained by western 

blotting. Protein expression levels (bottom panels) were normalized to ATP5a. *P<0.05; 

n=6–7 per group.
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Fig. 8. 
Mitochondrial protein expression of estrogen receptor (ER) ERα and ERβ. Left ventricle 

mitochondria protein expression of ERα at 2- (A) and 28-days (C) post-surgery. Protein 

levels of ERβ at 2- (B) and 28-days (D) post-surgery normalized to ATP5a. *P<0.05 vs. 

sham (S); n=4–5 per group.
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Fig. 9. 
The possible contribution of reperfusion and estrogen levels on the day of surgery to cardiac 

recovery. (A)Representative slides of vaginal smears and the menstrual cycle assigned. (B) 

EF and estrogen correlation on non-reperfused hearts (I group) from 2-and 28-days post-

surgery. (C) EF and estrogen correlation on reperfused hearts (IR group) from 2- and 28-

days post-surgery. Estrogen levels were estimated from the menstrual cycle [50] at the time 

of surgery, using a vaginal swab. Menstrual cycles with the highest estrogen levels were 

assigned a value 4 (proestrus), and those with lower estrogen levels were given a value of 1 

(diestrus, metestrus, and estrus-metestrus transition).
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