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ABSTRACT:  

Roles of cardiac fibroblasts (CF) in the regulation of myocardial structure and function 

have been emphasized in the last decade. Their implications in pathophysiological aspects of 

chronic heart diseases such as myocardial remodelling and fibrosis is now well established; 

however their contribution to the acute phase of ischemia reperfusion injury still remains 

elusive. We hypothesized that CF may contribute to cardiomyocytes (CM) protection against 

ischemia reperfusion injuries. The present study was designed to investigate this protection 

and identify some of its mechanisms. 

Experiments performed both on isolated neonatal rat CF and CM and in vivo mice 

model of myocardial infarction demonstrated that the presence of CF increases CM viability 

in co-cultures (58±2 % versus 30±2 % in control) and that CF protect CM against hypoxia 

reoxygenation injury in a paracrine manner. It was confirmed by a similar effect of hypoxic 

CF secretome alone on CM viability (51± 9 % versus 31±4 % in untreated cells). These 

findings were corroborated by in vivo experiments in which a 25% infarct size reduction was 

observed in CF secretome treated compared to control mice. Furthermore, injection of 

Tissue Inhibitor of Metalloproteinases-1 (TIMP-1) alone, abundantly detected in CF 

secretome, was able to both decrease CM cell death (35%) and infarct size (37%). 

Experiments with pharmacological inhibitors of PI3K/Akt and ERK1/2 pathways provided 

more evidence that this paracrine protection is partly mediated by PI3K/Akt and ERK 

signalling pathways.  

Our data demonstrated for the first time that CF participate in cardioprotection 

during the acute phase of ischemia reperfusion via a paracrine pathway involving TIMP-1. 

 

Key words: growth factors, cytokines, ischemia reperfusion injury, hypoxia, fibroblasts, 

cardiomyocytes
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 ABBREVIATIONS 

 

AN: Area of Necrosis 

AR: Area at Risk 

CF: Cardiac fibroblasts 

CM: Cardiomyocytes 

H: Hypoxia 

H/R: Hypoxia Reoxygenation  

I/R: Ischemia Reperfusion 

MMPs: Metalloproteinases 

R: Reoxygenation 

S: CF secretome 

TIMPs: Tissue Inhibitor of Metalloproteinases 
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1. Introduction 

 

Cardiac fibroblasts (CF) are well-recognized as active participants both in cardiac 

development and function [1,2]. Their primary role is to produce extracellular matrix 

proteins including interstitial collagens, proteoglycans, glycoproteins, matrikines and 

metalloproteinases (MMPs) [3]. By secreting soluble factors, they are implicated in 

intercellular cross-talks that contribute to regulate cardiomyocytes phenotype in response to 

various environmental changes [4]. For example, TGF  [5], IL-6 [6] or angiotensin II produced 

by CF can induce cardiomyocytes hypertrophy. Several studies have shown their 

involvement in various cardiac pathological processes including adaptive response to 

ventricular pressure overload, inflammation or hypertrophy where they are involved in 

tissue remodelling and fibrosis [7].  

 

It has been suggested that CF may also play a role in myocardial ischemia-reperfusion injury. 

Paracrine factors like FGF-1 or FGF-2 and more recently IL-33 produced by CF have been 

reported to be cardioprotective after myocardial ischemia reperfusion [8,9]. Among the 

factors secreted by cardiac fibroblasts, tissue inhibitors of metalloproteinases (TIMPs) are 

endogenous proteases inhibitors. TIMP-1 is the most characterized TIMP isoform and 

recently a novel function of TIMP-1 distinct from MMPs-dependent mechanisms was 

described. A direct biological activity able to exhibit anti-apoptotic characteristics in non-

cardiac cell types such as breast epithelial cell line has been reported [10-12]. Reports 

suggest that the imbalance between MMPs and TIMPs play a role in myocardial infarction 

and adverse remodelling [13-16]. 
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However, the actual function of CF during acute myocardial ischemia-reperfusion remains 

unclear. Using both in vitro and in vivo experimental preparations, we present evidence that 

TIMP-1 secreted by cardiac fibroblasts can protect cardiomyocytes from lethal reperfusion 

injury, likely through the activation of the ERK1/2 and the PI3 kinase-Akt signalling pathways. 
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2. Methods 

All the experiments were performed in accordance with the recommendations of the 

European Ethical Committee (EEC) (2010/63/EU), the French National Ethical Committee 

(87/848), and the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) 

for the care and use of laboratory animals. Protocols were approved by the Lyon University 

animal care committee under the reference BH2012-64 and BH2012-65. 

 

2.1 Isolation and enrichment of neonatal rat cardiomyocytes and cardiac fibroblasts 

Primary cultures of neonatal rat cardiomyocytes (CM) were prepared from 2 days-old rat 

hearts (Wistar, Charles River, France) as described previously [17]. Briefly, ventricles were 

washed and minced in cold PBS (Phosphate Buffer Saline) solution. A series of digestion by 

0.3% trypsin (Trypsin 2.5% 10X, Life Technologies) was performed at 37°C in a spinner bottle 

under a stirring platform. Supernatant from all cycles of trypsinization was centrifuged and 

cell pellets were resuspended in complete medium composed by DMEM F-12 (Life 

Technologies), 20 % Gold Fetal Bovine Serum (PAA) and 1% Penicillin/Streptomycin (Life 

Technologies). Cells were then plated at 37°C in humidified air with 5% CO2. 

Cardiac fibroblasts (CF) were separated from CM by differential plating. CM were seeded at 

a concentration of 2.5 x 103 cells/mm2 in presence of a non-proliferative drug AraC 

(Cytosine-1- -D-arabinofuranoside, Sigma-Aldrich) 5 M to enrich CM population. Culture 

media of CM and CF were changed every 2 days. CF primary cultures were prepared each 

week to avoid in vitro differentiation into myofibroblasts.  

 

 

 

115



 

 

 

2.2 Hypoxia Reoxygenation (H/R) 

H/R experiments were completed 4 days after cells isolation. The hypoxia insult combined a 

substrate and oxygen deprivation in Tyrode buffer (in mM: NaCl 130, KCl 5, HEPES 10, MgCl2 

1, CaCl2 1, pH 7.4) by 3 hours exposure to N2 95% and CO2 5% at 37°C into a specifically 

manufactured bio-incubator  (Verretech Laboratories, France) as previously validated [17]. 

Oxygen concentration, pH, and temperature were continuously recorded. “Reoxygenation” 

included exposure to nutrient-rich and serum-deprived fresh DMEM F-12 together with 

placement into a normoxic humidified incubator with CO2 5% for 21 hours.  

 

2.3 Transwells experiments  

We set up an original model to investigate paracrine interaction between CM and CF. The 

first objective was to determine whether a crosstalk between the two cell types would play a 

role in the tolerance of CM to H/R. To do so, we first performed H/R on a co-culture of CM 

and CF separated by cell culture transwells (Transwell, 0.3 m pore size, Falcon, Becton 

Dickinson). The transwell is a semi permeable membrane separating both cell types to only 

allow paracrine interaction. CF were seeded at 1.5 x 103 cells/mm2 in cell culture transwells 

24 hours before applying the H/R protocol. CF were positioned above CM culture dishes 

thereby allowing a paracrine interaction with CM during all the sequence of H/R (Fig 1A).  

 

2.4 Cardiac fibroblasts secretome experiments 

A second objective was to assess whether this crosstalk might be mediated by factors 

secreted by CF during H/R. We then separated the two cell types and collected the fluids 

secreted by CF alone when exposed to 3 hours of hypoxia (named  CF secretome: S).  
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For each experiment, CF secretome (S) was freshly prepared from 80% confluence CF 

submitted to 3 hours of hypoxia by deprivation from serum, nutrients and oxygen in Tyrode 

buffer. After filtration (0,2μm), the collected CF secretome was diluted into fresh deprived-

serum DMEM F-12 (1:1 volume) and added at the beginning of reoxygenation into CM 

dishes. In control H/R experiments, Tyrode buffer was diluted into fresh DMEM F-12 (1:1 

volume) (Fig1A). For in vivo experiments, CF secretome was prepared as previously 

described before being concentrated 10 times with Millipore Amicon Ultra-15 Centrifugal 

Filter Devices with a 3kDa cut off. It was then injected in the in vivo in mice model of 

myocardial ischemia reperfusion (Fig1B). 

  

2.5 Evaluation of cell death 

At the end of the reoxygenation period, the medium was removed and cells were incubated 

with a solution of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Sigma-

Aldrich) 1.2mM. After 90 min at 37°C, formazan crystals were dissolved in DMSO 

(Dimethylsulfoxide, Sigma-Aldrich). The activity of mitochondrial dehydrogenases was 

quantified spectrophotometrically at 550 nm (Multiskan Ex, Thermo Electron Corporation, 

Shanghai, China). Measurement of troponin I in the supernatant was used for specific 

evaluation of CM death according to the manufacturer instructions Architect Stat Troponin-I 

Abbott, using anti-troponin I primary antibody and acrinidium coupled secondary antibody 

[17]. A cell death assay by flow cytometry was performed using Annexin V and Propidium 

Iodide (PI) staining according to the manufacturer’s instructions (Life Technologies). The 

analysis was performed according to FL1-H (relative fluorescence intensity of annexin V) and 

FL3-H (relative fluorescence intensity of PI) fluorescence channels. Results were expressed 

as percentage of PI or Annexin V positive cells reflecting cell death proportion of in each 

group. 
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2.6 Western blots 

Lysates were obtained by lysing cell monolayer with 1% Triton X-100 lysis buffer (1% Triton 

X-100, 50mM Tris, 150 mM NaCl, 0.5% Sodium deoxycholate, 0.1% SDS, 1mM DTT, 5mM 

EDTA) supplemented with a cocktail of protease inhibitors (Sigma Aldrich) and phosphatase 

inhibitors (PhosphoStop, Roche Diagnostics). Protein concentration was normalized by 

determination of total protein concentration using BCA (Bicinchoninic acid) method 

(Interchim). In each sample, 25 μg of total proteins migrated in sodium dodecyl sulfate 12% 

polyacrylamide gel (SDS-PAGE). After migration, proteins were blotted to PVDF 

(polyvinylidene difluoride) membrane by electro transfer (Trans-Blot Turbo Transfer, Biorad). 

Proteins were detected after labelling by specific primary antibodies (rabbit anti Phospho-

Akt (Ser473) and rabbit anti-Akt from Cell signalling technology, rabbit anti Phospho-ERK1/2, 

mouse anti ERK1/2 from R&D Systems) revealed by secondary HRP (Horseradish peroxidase) 

coupled antibodies. Revelation was obtained by addition of the reaction substrate (ECL plus 

kit and western blotting detection system from GE Healthcare). The protein amount was 

determined using ImageLab software (Biorad). 

 

2.7 Cytokine array 

Cytokine detection was performed according to manufacturer’s instructions (ARY008, R&D 

systems). Briefly, CF secretome was pre-mixed with a detection antibody cocktail (Biotin-

coupled antibodies) and then, incubated with the membrane where cytokine specific 

antibodies were spotted. Any cytokine/detection antibody complex present is bound by its 

cognate immobilized capture antibody on the membrane. Following the removal of unbound 
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materiel, streptavidin-HRP and chemiluminescent detection reagents were added 

sequentially. The intensity of chemiluminescent signal is proportional to the amount of 

cytokine bound and was determined using the freewere Image J v.1.44 (NIH, Bethesda, MD). 

 

2.8 Immunoprecipitation 

Lysates were obtained using the lysis buffer previously described for western blot 

experiments. Insoluble materials were pelleted at 12,000 rpm for 20 min and lysates were 

pre-cleared by incubation with magnetic beads (Millipore) conjugated with goat control IgG 

(Santa Cruz) antibody overnight at 4°C. 500 g of pre-cleared lysates were incubated with or 

without 500 ng/ml TIMP-1 at 4°C for 4 hours. Immune complexes were precipitated with the 

magnetic beads that were pre-bound with appropriate antibodies  (TIMP-1 goat antibody (R-

18) from Santa Cruz or goat control IgG antibody) at 4°C overnight, followed by four washes 

with the immunoprecipitation buffer. Immune complexes were then eluted from the beads 

with 2x SDS sample buffer and subjected to SDS-PAGE.   

2.9 Pharmaceuticals and drug preparation 

Rat TIMP-1 recombinant protein from R&D Systems was added at the time of reoxygenation 

at a final concentration of 0.5nM (optimal) obtained from test dose assay (data not shown).  

PI3K/Akt and ERK1/2 signalling pathway inhibitors LY294002 (Sigma-Aldrich) and PD98059 

(Sigma-Aldrich) were used at a final concentration of 0.5μM and 1μM respectively at 

reoxygenation. 
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2.10 In vivo mouse model of myocardial ischemia reperfusion 

Male mice (C57BL/6J, 8-weeks old) were anesthetized by intraperitoneal injection of 75 

mg/kg of pentobarbital sodium and analgesia was performed by 150 μg/kg of Fentanyl. They 

were subsequently intubated and ventilated. Following a left thoracotomy, all animals 

underwent 60 min of the left coronary artery ligation followed by 24 hours of reperfusion 

[18] (Fig 1B). 

For CF secretome experiments, animals received an i.v. bolus (5mL/kg) of Tyrode buffer (I/R 

group, n=12) or CF secretome (+ S group, n=10), 5 min before reperfusion. 

For TIMP-1 experiments animals received either an i.v. bolus of the drug vehicle (I/R group, 

n=11) or TIMP-1 mouse recombinant protein (R&D Systems) at the concentration of 1 g/kg, 

final plasmatic concentration = 0.5 nM (+TIMP-1 group, n=11), 5 min before reperfusion. At 

the end of reperfusion, area at risk (AR) was evaluated using Uniperse blue staining (Ciba-

Geigy, Hawthorne NY), as previously described [18]. Hearts were excised and cut into five 

slices before measuring area of necrosis (AN) by tissue incubation in a 1% 

triphenyltetrazolium chloride solution. 

 

2.11 Statistical analysis 

All values are expressed as mean ± SEM. Comparisons among groups was done with 1-way 

ANOVA; when a significant F value was obtained, a posthoc Tukey’s test was applied. 

Relationship between infarct size and AR was evaluated by analysis of covariance with the 

AN (expressed in mg) as the dependent variable and AR (expressed in mg) as the covariate. 

Statistical significance was defined as a value of p<0.05.  
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3. Results 

3.1 CF protect CM from H/R in a paracrine manner  

As expected, H/R resulted in a significant reduction of CM viability compared to Sham. When 

CM underwent H/R in the presence of CF seeded in transwells, the average viability 

significantly improved to 58 ± 2 % vs 30 ± 2 % in the absence of CF (p<0.05 vs H/R) (Fig 2A). 

This was confirmed by the measurement of troponin I release (Fig 2B); 0.90 ± 0.03 in the 

presence of CF vs 2.20 ± 0.14 ng/mL in the absence of CF (p<0.05 vs H/R).  

 

3.2 Impact of CF secretome on PI3K/Akt and ERK1/2 activation  

We determined the optimal dose of CF secretome (1:1 volume with reoxygenation medium), 

after assessing CM viability with a dose response assay (data not shown). When CF 

secretome only (without CF) was added to CM at the onset of reoxygenation, we observed a 

significant increase (p<0,05 vs H/R) in viability that averaged 51 ± 9 % versus 31 ± 4 % (Fig 

3A). 

Addition of LY294002 (a specific inhibitor of PI3K/Akt pathway) did not significantly modify 

the protection induced by CF secretome (Fig 3A). In contrast, the addition of PD98059 (a 

specific inhibitor of ERK pathway) partially prevent the beneficial effect of CF secretome on 

viability (Fig 3A). Western blot analysis showed that CF secretome induced no significant 

change of Akt phosphorylation (Fig 3B), but increased ERK phosphorylation (Fig 3C). This 

effect was unaltered by LY294002 (Fig 3B) but significantly inhibited by PD98059 (Fig 3C). 

 

3.3 Secretome from CF reduces infarct size in vivo 

Area at risk (AR) was comparable between the two groups of mice. Administration of CF 

secretome, as an i.v. bolus, 5 min before reperfusion resulted in a significant reduction in 
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infarct size: AN/AR averaged 35.4 ± 2.6% in treated group versus 46.9 ± 3% in control group 

(p<0.05), (Fig 4). When infarct was considered as a dependent variable and area at risk as 

the covariate, the analysis of covariance confirmed that for any value of area at risk, 

administration of CF secretome significantly reduced infarct size (Data not shown).  

 

3.4 Soluble factors present in the secretome of hypoxic CF  

The cytokine array detected several soluble factors in the secretome of CF subjected to 3 

hours of hypoxia. Among them, five were systematically upregulated compared to negative 

control (by decreasing order of importance): TIMP-1, CXCL-7, IFN-γ, CINC-1, RANTES and IL-1  

(Fig 5). In comparison to negative control, hypoxia increased TIMP-1 by 2.3 fold (p<0.001), 

while CXCL-7, IFN-γ, CINC-1 and RANTES increased by 1.51, 1.33, 1.26, 1.25, 1.19 fold 

respectively (n=4 cytokine arrays).  

 

3.5 TIMP-1 protection is mediated by the activation of the RISK pathway 

Cell viability analysis revealed that TIMP-1 (0.5nM), added at the onset of reoxygenation, 

significantly decreased the amount of annexin V-positive cells from 20.8 ± 5.0 to 12 ± 3 % 

(p<0.05) in control with a parallel reduction in the number of PI-positive cells (26.3 ± 6.0 vs 

14.7 ± 4.0 %, p<0,05), (Fig6A). By MTT assay, TIMP-1 significantly improved CM viability, 68.0 

± 1.7 % versus 44.0 ± 0.1 % (p<0.05) in the absence of TIMP-1 (Fig 6B). The addition of both 

LY294002 and PD98059 to cell preparations treated by TIMP-1 prevented the beneficial 

effect of TIMP-1 on CM viability (Fig 6B). Western blot analysis showed that Akt 

phosphorylation was significantly increased while there was a non-significant increasing 

trend in ERK phosphorylation in CM treated with TIMP-1 (Fig 6C-D). Moreover, these effects 

were attenuated by treatment with LY2894002 and PD98059, respectively.  
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Previous studies in other cell models have demonstrated a contribution of TIMP-1 in the 

activation of different cellular signalling pathways promoting cell survival by its interaction 

with cell surface proteins including 1-integrin. We therefore investigated whether TIMP-1 

interacted with 1-integrin in CM. As demonstrated by the immunoprecipitation assay, 

TIMP-1 interacted with 1-integrin in our cell culture model. In cell lysates treated with 

recombinant protein TIMP-1, we revealed 1-integrin by western blot analysis after TIMP-1 

immunoprecipitation compared to control IgG immunoprecipation (Fig 6E). Investigations 

with CXCL-7, the second cytokine upregulated in CF secretome, have been performed on CM 

viability after H/R, but no increase of viability was observed with this cytokine (data not 

shown). 

 

3.6 TIMP-1 reduces infarct size in the in vivo mouse heart 

Area at risk (AR) were comparable between the two groups of mice. Administration of an i.v. 

bolus of TIMP-1, 5 min before reperfusion, significantly reduced infarct size that averaged 

25.4 ± 3.4% vs 40.5 ± 4.1% (p<0.05) of area at risk in controls (Figure 7). When infarct was 

considered as a dependent variable and area at risk as the covariate, the analysis of 

covariance confirmed that for any value of area at risk, administration of TIMP-1 significantly 

reduced infarct size (Data not shown).  
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4. Discussion 

In the present study, we demonstrated that during hypoxia-reoxygenation (H/R), CF 

contributed to attenuate ischemia-reperfusion injury of CM in a paracrine manner. TIMP-1, 

an inhibitor of MMPs secreted by CF following an hypoxic challenge, may play an important 

role in this protective effect likely through the activation of the PI3K-Akt and/or ERK1/2 

pathways in reperfused CM. 

Cardiac fibroblasts have long been recognized as prominent contributors of cardiac fibrosis 

in response to various cardiovascular diseases. Recent works have emphasized their role as 

key regulators of the inflammatory and reparative response following injury [19]. These 

processes being critical for myocardial dysfunction and patients prognosis after myocardial 

infarction, there is a need to investigate the role of CF in myocardial ischemia reperfusion 

injuries. Various studies have shown that different stem cell types can be cardioprotective by 

releasing soluble factors [17,20,21]. Several other studies (including from our group) have 

demonstrated that conditioned medium from Mesenchymal Stem Cells (MSC) can reduce 

myocardial ischemia reperfusion injury [17,20,21]. Hypoxia was shown to induce 

upregulation of various factors related to angiogenesis or survival and to enhance 

conditioned medium protective properties [20,22]. 

In the present study, we set up an original preparation where CM and CF were 

separated during the hypoxia-reoxygenation insult and where CM could be exposed to the 

soluble factors secreted by CF at the time of reoxygenation. We then demonstrated that the 

secretome produced by CF under hypoxic conditions was able to protect CM against lethal 

reperfusion injury. Analysis of this secretome revealed that 5 cytokines were highly 

expressed when compared to negative control: TIMP-1, CXCL-7, IFN- , CINC-1, RANTES and 

IL1- . This result is consistent with previous studies reporting that various inflammatory 
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cytokines can be produced during ischemia-reperfusion injury [23,24]. Among them we 

identified TIMP-1 as a major contributor of this protection. Indeed, TIMP-1 alone was able to 

significantly improve CM survival in vitro and further to reduce infarct size in the in vivo 

mouse model of myocardial ischemia reperfusion.  

TIMP-1 is an endogenous inhibitor of MMPs that has been shown to increase its 

concentration within the myocardium several days after myocardial infarction in the chronic 

remodelling phase [25].  Roten et al. demonstrated that TIMP-1 expression participates in 

the maintenance of normal LV myocardial structure [15] and TIMP-1 deficiency has been 

associated with exacerbated left ventricular remodelling after myocardial infarction [14]. 

Jayasankar et al. showed that TIMP-1 gene transfer by inhibiting MMP activity preserves 

cardiac function and reduces fibrosis in ischemic cardiomyopathy [26]. To our knowledge 

this is however the first work reporting that TIMP-1 is rapidly secreted by acutely hypoxic CF 

and increases CM survival after an acute H/R stress. Detection of soluble factors present in 

the secretome of CF was not exhaustive as only 30 cytokines were detectable and other 

important cytokines like FGFs, HGF, IGF-1 or metabolites where not present on the array. 

Further studies are needed to assess whether soluble factors other that TIMP-1 may also 

trigger protection of CM against lethal reperfusion injury.  We have also investigated 

whether CXCL-7 was able to protect CM from H/R but no significant effect was observed 

(Data not shown). 

How TIMP-1 might protect CM against lethal reperfusion injury is unknown. Recently 

TIMP-1 has recently been shown to exhibit MMP-independent properties in various cell 

types which might play an important role in the regulation of apoptosis, cell survival, cell 

growth, cell differentiation and angiogenesis [10,11,27-30]. Yet, both the putative “TIMP-1-

binding receptor” and downstream signalling pathways remain to be identified. Studies have 

shown that TIMP-1 can interact with 1-integrin and CD63 on cell surface to mediate 
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activation of intracellular survival pathways implicating PI3K/Akt activation in breast tumor 

and melanoma cell lines [31,32]. In our study, we have measured both 1-integrin and CD63 

expression on CM cell surface and showed that only 1-integrin interacted with TIMP-1 in 

our model. Another group has shown that TIMP-1 was also able to bind to another cell 

surface protein, CD44 promoting erythroid cell survival [33]. The mechanism that confers 

“cytokine-like” properties to TIMP-1 remains unclear. Potential TIMP-1-binding receptor 

involved in signalling cascades triggering favourable cellular responses is not yet well 

identified and may be different among various cell types. 

We have shown here that TIMP-1 might indeed bind 1-integrin and further demonstrated 

that TIMP-1 was able to induce cardioprotection through the activation of PI3K/Akt and/or 

ERK1/2 pathways. This is consistent with previous findings by Singla et al. who reported that 

TIMP-1 was an important factor present in embryonic stem cell conditioned medium that 

can inhibit cell death from H2O2-induced apoptosis in H9c2 cardiomyoblasts [34]. The 

protection afforded by CF secretome was partly abolished by inhibition of the ERK1/2 

pathway but not by inhibition of the PI3K/Akt pathway. This may result from the fact that 

the large number of factors contained in this secretome simultaneously activates different 

signalling pathways that cannot be targeted by a single specific inhibitor. Protection afforded 

by TIMP-1 alone seems to be mainly related to the activation of the PI3K/Akt pathway and to 

a lesser extent to ERK1/2 pathway. This is consistent with previous findings of 

cardioprotection showing that post-conditioning induced the activation of the RISK 

(reperfusion injury salvage kinases) pathway including PI3K/Akt and ERK phosphorylation 

[35,36]. Others demonstrated that TIMP-1 may inhibit cell death by activation of survival 

pathways mediated by PI3K/Akt in several cancer cell lines [11,37-39]. Our group previously 

demonstrated that protection of CM by MSC conditioned medium resulted from the 
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activation of the PI3K pathway [17]. Overall, it seems that the paracrine protection of CM 

triggered by CF is likely due to the activation of PI3K/Akt and/or ERK1/2 pathways. 

This works raised several questions and warranted future investigations. First, if an hypoxic 

stress can activate release of pro-survival factors like TIMP-1 from CF in vitro, is this 

protective process happening in vivo? We have seen that CF are more resistant than CM 

against an hypoxic insult and that 3 h of hypoxia are needed for CF to produce a protective 

secretome (data not shown). Therefore, 60 min of ischemia may be not sufficient for them 

to produce protective factors like TIMP-1 in vivo. Another raised question is if TIMP-1 is 

indeed produce in vivo by CF during ischemia, what is its effect on infarct size?  TIMP-1 may 

be mobilized to its primary activity during ischemia, which is inhibiting MMPs and cannot 

exert its MMP-independent activity. Indeed, MMPs production is largely increased after 

ischemia [40,41]. Moreover it has been shown that MMP inhibition by TIMP-1 gene transfer 

preserves cardiac function after an ischemic insult [26] and cardioprotective strategies such 

as pre- and post-conditionning are known to attenuate MMP activity [42-44]. Therefore 

increasing the endogen level of TIMP-1 produced by CF to improve cell survival and MMP 

inhibition might be both potential therapeutic targets against ischemia reperfusion injury.  

In summary, our study suggests that cardiac fibroblasts are important players in acute 

ischemia-reperfusion injury and that they mainly act through the production of soluble 

factors, including TIMP-1. We claim that CF may protect jeopardized cardiomyocytes in a 

paracrine way, likely resulting in the activation of the PI3kinase and/or ERK1/2 pathways. 

Our work provides new data suggesting that fibroblast-released protective cytokine may be 

of interest for cardioprotection against ischemia reperfusion injuries. They may be beneficial 

both at the time of reperfusion and later during the remodelling process.  
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Figure legends 

Figure 1: In vitro and in vivo experimental protocols 

A: In vitro model of neonatal rat CM subjected to 3h of hypoxia (H) and 21h of reoxygenation 

(R). CM group not subjected to H/R was named Sham. For transwells experiments (+CF), CF 

seeded in transwells, were added in CM culture dishes during all H/R sequence. For CF 

secretome experiments (+S), CF were subjected to hypoxia alone and their supernatant 

named S was collected and added in CM dishes at reoxygenation. For TIMP-1 experiments, 

recombinant protein TIMP-1 (0.5nM) was added in CM reoxygenation medium.  

B: In vivo model of mice myocardial infarction (MI). All animals underwent 60 minutes of 

ischemia (I) performed by left coronary artery ligation and followed by 24h of reperfusion 

(R). For CF secretome experiments (+S), animals received an i.v bolus of concentrated S 

(5mL/kg), 5 minutes before reperfusion. Control animals received Tyrode buffer. For TIMP-1 

experiments (+TIMP-1), animals received an i.v. bolus of TIMP-1  (1 g/kg), 5 min before 

reperfusion. Control animals received TIMP-1 vehicle alone. 

 

Figure 2: CF protect CM against H/R in a paracrine manner 

A: MTT assay, measuring CM viability, was performed after 3 h of hypoxia and 21 h of 

reoxygenation. CF, seeded in transwells, were positioned above CM dishes during the whole 

sequence of H/R.   

B: Troponin I measurement assessed CM mortality after H/R.  

All groups (n=6/group) were done with the same number of CM seeded in culture dishes and 

CF in transwells. Sham CM (white bar) were not subjected to H/R. *p<0.001 vs H/R. 
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Figure 3: CF secretome confers protection to CM via activation of ERK1/2 signalling 

pathway but not Akt 

A: MTT assay measuring CM viability after H/R. CF secretome (S) was added at reperfusion. 

PI3K/Akt and ERK inhibitors were used in secretome treated groups (+S). Results are 

expressed as % of sham. *p<0.05 vs H/R. ¥ p<0.065 vs + S. (n = 3/group)  

B: Evaluation of S effect on Akt phosphorylated forms in CM cell lysates after H/R by western 

blot and upon treatment with PI3/Akt inhibitor: LY294002. We show a representative 

western blot from 3 different experiments. Quantitative histograms of phosphorylated Akt 

forms vs total forms. Results are expressed as fold vs H/R. 

C: Evaluation of CF secretome effect on ERK1/2 phosphorylated forms in CM cell lysates 

after H/R by western blot and treatment with ERK1/2 inhibitor: PD98059. We show 

representative western blot from 3 different experiments. Quantitative histograms of ERK 

phosphorylated forms vs total forms. Results are expressed as fold vs H/R.  *p<0.05 vs H/R, ¥ 

p<0.05 vs + S. 

 

Figure 4: CF secretome reduces infarct size in vivo in a mice model of myocardial ischemia 

reperfusion 

Infarct size was measured in control group (I/R) and CF secretome treated group (+S). AR 

(area at risk) and AN (area of necrosis) are presented for each group (n = 12 and 10/group). 

AR/LV (left ventricle) were similar between groups but AN/AR is significantly reduced in S of 

CF group. *p<0.05 vs I/R.  
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Figure 5: TIMP-1 is the major factor present in CF secretome after hypoxia 

Comparative histogram expression of all soluble factors present in CF secretome after 3 

hours of hypoxia, detected by cytokine array. Results are expressed as fold of negative 

control. Data are the mean ± sem of 4 cytokines arrays. (*p<0.01 vs negative control)  

 

Figure 6: TIMP-1 alone protects CM from H/R injury via activation of Akt and ERK1/2 

signalling pathway and 1-integrin binding. 

 

A: Quantitative histograms of cell death assay by PI and Annexin V staining using flow 

cytometry. Results were expressed as % of labelled cells. (n=4) *p<0.05 vs H/R 

B: MTT assay measuring CM viability after H/R treated or not with TIMP-1. LY294002 and 

PD98059, respectively PI3K/Akt and ERK inhibitors, were used in groups treated with TIMP-

1. Results were expressed as % of sham. *p<0.05 vs H/R. ¥ p<0.05 vs + TIMP-1. 

C: Evaluation of TIMP-1 effect on Akt phosphorylated form in CM after H/R by western blot 

and after treatment with the inhibitor LY294002. We show a representative western blot of 

3 different experiments. Quantitative histograms of Akt phosphorylated form vs total form. 

*p<0.05 vs H/R, ¥ p<0.05 vs + TIMP-1. Results are expressed in fold of H/R.  

D: Evaluation of TIMP-1 effect on ERK1/2 phosphorylation in CM after H/R by western blot 

and after treatment with ERK1/2 inhibitor: PD98059. We show a representative western blot 

from 3 different experiments. Quantitative histograms of ERK1/2 phosphorylated forms vs 

total forms. Results are expressed in fold of H/R. 

E: Immunoprecipitation of TIMP-1 or control IgG after treatment with recombinant TIMP-1 

and detection by western blot of 1-Integrin (130kDa). Input reflects protein loading in each 
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condition.  

Figure 7: TIMP-1 reduces infarct size in vivo in a mice model of myocardial infarction 

Infarct size was measured in control group (I/R) and TIMP-1 treated group (+TIMP-1). AR 

(area at risk) and AN (area of necrosis) are presented for each group (n=11/group). AR/LV 

were similar between groups but AN/AR was reduced in TIMP-1 group. *p<0.02 vs I/R. 
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Reperfusion of the heart after an ischemic event leads to the opening of a nonspecific pore in the innermitochon-
drialmembrane, themitochondrial permeability transition pore (mPTP). Inhibition ofmPTPopening is an effective
strategy to prevent cardiomyocyte death. The matrix protein cyclophilin-D (CypD) is the best-known regulator of
mPTP opening. In this study we confirmed that preconditioning and postconditioning with CypD inhibitor
cyclosporin-A (CsA) reduced cell death after hypoxia–reoxygenation (H/R) in wild-type (WT) cardiomyocytes
and HL-1 mouse cardiac cell line as measured by nuclear staining with propidium iodide. The complex I inhibitor
rotenone (Rot), alone, had no effect on HL-1 andWT cardiomyocyte death after H/R, but enhanced the native pro-
tection of CypD-knocked-out (CypD KO) cardiomyocytes. Reduction of cell death was associated with a delay of
mPTP opening challenged by H/R and observed by the calcein loading CoCl2-quenching technique. Simultaneous
inhibition of complex I andCypD increased in a synergisticmanner the calcium retention capacity in permeabilized
cardiomyocytes and cardiacmitochondria. These results demonstrated that protection by complex I inhibitionwas
CypD dependent.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Mitochondria are recognized as critical mediators of cardiomyocyte
deathwhen themyocardium is subjected to ischemia–reperfusion inju-
ry. During reperfusion, mitochondrial dysfunction leads to the forma-
tion of a non-selective mega-channel, the mitochondrial permeability
transition pore (mPTP). The mPTP opening is triggered by calcium
overload and overproduction of reactive oxygen species (ROS) [1].
This leads to the collapse of mitochondrial membrane potential, ATP
deprivation and release of pro-apoptotic molecules into the cytosol
which to a certain point lead to cell death [2].

Preventing mPTP opening is an efficient strategy to protect the
heart against lethal ischemia–reperfusion injury [3,4]. For example,
inhibition of mPTP opening via ischaemic preconditioning (PreC)
and post-conditioning (PostC) decreased the myocardial infarct size

after ischemia–reperfusion [3,5]. Although the molecular composition
of the mPTP remains unclear, the matrix protein cyclophilin-D
(CypD) is the best defined regulatory component of mPTP [6–8].
CypD genetic ablation or pharmacological inhibition with cyclosporin
A (CsA) reduces the infarct size in laboratory animals submitted to
myocardial ischemia–reperfusion [8,9]. Other mPTP modulators
such as benzodiazepine receptor [10], hexokinase I and II [11], phos-
phate carrier [12], and glycogen synthase kinase-3β inhibitors [13]
can regulate the mPTP opening.

Recently, we demonstrated that rotenone (Rot), a mitochondrial
respiratory chain complex I inhibitor, is a more potent mPTP inhibitor
than CsA in various cell types [14]. Interestingly, we also showed that
tissues in which Rot alone does not appear to affect mPTP opening,
such as cardiac mice mitochondria, are characterized by high expres-
sion levels of CypD, suggesting that CypD and complex I might inter-
act to modulated mPTP opening in some conditions.

Immortalized HL-1 mouse cardiomyocyte cell line exhibits charac-
teristics of differentiated cardiac cells but shows metabolic differ-
ences from adult cardiomyocytes [15]. In these cells, glycolytic
enzyme activity is increased whereas oxidative phosphorylation is
very low, especially at the level of complex I [16]. Glycolysis must
serve as the main energy-providing system in HL-1. Unfortunately,
the level of CypD is unknown in these cells. Our studies were also
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performed on adult wild-type (WT) and CypD-knocked-out (CypD
KO) mice cardiomyocytes. Thereby, we were able to compare three
cardiac models with different levels of CypD and complex I.

In the present study, we investigated whether CypD inhibition
(CypD genetic ablation and CsA treatment) and/or complex I inhibition
(by Rot) reduced cell death bymodulatingmPTP opening. These exper-
iments were performed using an in vitro hypoxia–reoxygenation (H/R)
adult mice cardiomyocyte model or HL-1 cell-line model with PreC and
pharmacological treatment of reperfusion injury (PostC) protocols, as
well as mitochondria isolated from these cells.

In this study, we present evidence that inhibition of complex I pre-
vents cardiomyocyte death after H/R in a CypD dependent manner.
Combined inhibition of complex I and CypD might represent a new
therapeutic cardioprotective strategy.

2. Materials and methods

The present study was performed in accordance with the Guide for
the Care and Use of Laboratory Animals, published by the National
Institutes of Health (NIH Publication No. 85–23, revised 1996). All
the experimental procedures were approved by the ethic committee
of Lyon I Claude Bernard University (BH-2007-07).

2.1. Animals

WT and CypD KO male mice (8–12 weeks, 20–30 g) were used
throughout the study. B6129BF1/J WT mice were used as controls
(Charles River, L'Arbresle, France). CypD KO mice were a generous
gift from the laboratory of Stanely Korsmeyer [17].

2.2. Isolating adult murine ventricular cardiomyocytes

Adult WT and CypD KO mice were pre-medicated with heparin
(100 USP units/mouse) (Sanofi Winthrop, Gentilly, France) adminis-
tered intraperitoneally. Anesthesia was induced with sodium pento-
barbital (70 mg/kg) (Sanofi Santé Animale, Libourne, France). A
thoracotomy was performed and the heart collected. Ventricular
cardiomyocytes were isolated using enzymatic digestion according
to previously described procedures [13].

2.3. HL-1 cell line

ImmortalizedHL-1 cardiomyocyte cell line derived frommouse atrial
tumors was a gift from Dr. W.C. Claycomb (Louisiana State University
Medical Center). Cells were cultured in Claycomb medium (Sigma-
Aldrich, Saint Louis, MO) supplemented with 10% fetal calf serum,
4 mM L-glutamine, penicillin and streptomycin (100 U–0.1 mg/ml),
0.3 mM ascorbic acid and 10 μM norepinephrine, at 37 °C in a humid
atmosphere of 5% CO2/95% air as previously described [18]. Cells were
split at a mean density of 15,000/cm2 in 35 mm Petri dishes coated
with a mixture of 0.02% gelatin and fibronectin (12.5 μg/ml) and were
allowed to reach 75% confluence before the experiments involving H/R.

2.4. Western Blot analysis

Cells were lysed with a lysis buffer containing in mM: Nonidet P-40
(1%), 20 Tris HCl, 138 NaCl, 2.7 MgCl2, glycerol (5%), 5 EDTA, 1 Na3O4V,
20 NaF, 1 DTT, protease inhibitor (Sigma Aldrich) and phosphatase in-
hibitors (Roche diagnostic, Mannheim, Germany) according to the
manufacturer's instructions. Protein concentration was normalized by
determination of the total protein concentration by BCA assay
(Bicinchoninic acid, Thermo scientific, Rockford, IL) method. Per lane,
15 μg of total protein migrate in sodium dodecyl sulfate, 12% polyacryl-
amide gel (SDS-PAGE). After migration, proteins were blotted to PVDF
membrane by electrotransfer. Proteins were detected after labeling by
specific primary antibodies revealed by secondary HRP coupled

antibodies (HRP-anti-rabbit and HRP-anti-mouse from GE Healthcare,
Orsay, France). The primary antibodies used were: mouse anti-VDAC
(1:1000) and mouse anti-CypD (1:2000) AP1035 from Calbiochem
(San Diego, CA). The revelation was obtained by addition of reaction
substrate (ECL plus Kit western blotting detection systems from GE
Healthcare, Pittsburgh, PA). Evaluation of protein amount was deter-
mined by using ImageLab software from BioRad (Hercules, CA). Inte-
grated density of each band was converted to arbitrary unit to
evaluate the amount of revealed protein.

2.4.1. Oxidative phosphorylation
Mitochondrial oxygen consumption was measured at 25 °C using

a Clark-type oxygen electrode. Permeabilized cardiomyocytes or
HL-1 (150 μg protein) with digitonin (40 μM) were incubated in
2 ml of respiration buffer containing, in mM: 100 KCl, 50 MOPS, 1
EGTA, 5 KH2PO4, and 1 mg/ml defatted BSA. Glutamate/malate/pyruvate
(5 mM each) were used as electron donors to complex I in the electron
transport chain. Respiration state 3 is initiated with addition of 1 mM
ADP and expressed as nmol O2 min−1 mg protein−1.

2.5. Time-lapse microscopy

For hypoxia–reoxygenation and cell death quantification, cells
were placed in a thermostated chamber (37 °C) mounted on the
stage of a IX50 Olympus microscope (Olympus, Tokyo, Japan), as pre-
viously described [13]. The chamber was connected to a constant
stream of O2 (21%), N2 (74%) and CO2 (5%). Oxygen in the solution
was measured using a fiber optic sensor system (Ocean Optics, Inc.,
Dunedin, FL). A 12-bit cooled CCD camera (Orca-R2, Hamamatsu,
Japan) allowed image acquisition. Image acquisition and analysis
was performed with ImageJ software (NIH, Bethesda, MD).

2.6. Hypoxia–reoxygenation protocol

The cells were perfused with a Tyrode's solution containing in
mM: 130 NaCl, 5 KCl, 10 HEPES, 1 MgCl2, 1 CaCl2 and 10 glucose,
pH 7.4, at 37 °C for a 10 min-stabilization period. In order to induce
hypoxia, the bubbling gas was replaced by O2 free bubbled Tyrode
and under a constant stream of the same gas, composed of 95% N2

Fig. 1. Experimental protocol (hypoxia–reoxygenation). After a 10-min stabilization (S) pe-
riod all groups underwent 30 (cardiomyocytes) or 90 min (HL-1) of hypoxia followed by
120 min of reoxygenation. H: hypoxia; R: reoxygenation; Rot: rotenone; CsA: cyclosporin
A; PreC: preconditioning by injection of Rot (1 μM)or CsA (1 μM) or Rot+CsA 10 min be-
fore hypoxia; PostC: postconditioning or pharmacological treatment of reperfusion injury
by injection of Rot (1 μM) or CsA (1 μM) or Rot+CsA at the beginning of reoxygenation.
Cell death was quantified at the end of hypoxia–reoxygenation and mPTP opening was
followed during reoxygenation period.
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and 5% CO2 in the chamber for 90 min (for HL-1) and 30 min (forWT or
CypD KO cardiomyocytes) respectively. At the end of the hypoxia
period, a 120-min reoxygenation timewas allowed by restoring rapidly
the Tyrode's flow and oxygen fraction to 21%. Pharmacological
PreC and pharmacological treatment of reperfusion injury (PostC)
were performed with Rot (1 μM) and/or CsA (1 μM) (Novartis, Basel,
Switzerland) given either 10 min before hypoxia (PreC) or at the begin-
ning of the reoxygenation phase (PostC) respectively (Fig. 1).

2.7. Assessment of cell death

The cell death was quantified, at the end of the hypoxia–
reoxygenation period, by the number of cells staining positive for
propidium iodide (5 μM), which permeates only the damaged cells.
Propidium iodide fluorescence was excited at 520 to 550 nm and
recorded at 580 nm. Images were acquired every 5 min after an illu-
mination time of 1 s per image. For each treatment group, approxi-
mately 800 cells were counted. This measure was repeated on 4 to
5 separate experiments per treatment group.

2.8. Assessment of mPTP opening

Assessment of mPTP opening in cardiac myocytes was made by
means of the established loading procedure of the cells with calcein
acetoxymethyl ester (calcein-AM) and CoCl2 resulting in mitochon-
drial localization of calcein fluorescence [19,20]. Cells were loaded
for 30 min at 37 °C with 1 μM calcein-AM and 1 mM CoCl2 in order
to selectively load the mitochondria with calcein and quenching the
cytosolic calcein with CoCl2. The detection of calcein fluorescence
was achieved by the use of a 460–490 nm excitation and a 510 nm
emission filter. Images were acquired every 2 min after an illumina-
tion time of 100 ms per image. Fluorescence was integrated over a re-
gion of interest (approximately 80 μm2) for each cardiomyocyte and
the fluorescence background corresponding to an area without cells
was subtracted. For comparison among groups, the fluorescence in-
tensity minus background was normalized according to the initial
fluorescence value. For each treatment we calculated the global re-
sponse by averaging the fluorescence changes obtained from all the
cardiac myocytes contained in a field (at least 10 cells). This measure
was repeated on 4 to 5 separate experiments per treatment group.

Fig. 2. Level of CypD expression and effect of hypoxia–reoxygenation on cell death in cardiomyocytes and HL-1 (A). Western Blot analysis expression of CypD in WT and KO
cardiomyocytes and HL-1. VDAC was used as a loading control. (B) CypD expression level of WT and KO adult cardiomyocytes and HL-1 cell line. The data are presented
as mean±SEM of 3 independent experiments. The relative density of the 17-kDa CypD protein was divided by the density of 36-kDa VDAC protein, ND: not detected.
(C) Cardiomyocytes and HL-1 were loaded with propidium iodide. After a 10-min normoxic period and a 30 or 90-min hypoxia, a 120-min reoxygenation was induced. The cell
deathwas quantified, at the end of the hypoxia–reoxygenation period. Each value is themean±SEM of four to five experiments. *pb0.05 versus corresponding Sham and ¥pb0.05 versus
Control WT.
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The time to 50%mPTP opening (tmPTP50) was measured as the average
reoxygenation time necessary to induce a 50% decrease in calcein
fluorescence in the same field. Image analysis was performed using
the freeware Image J v.1.44 (NIH, Bethesda, MD).

2.9. Isolation of mitochondria

Preparation of mitochondria was adapted from a previously de-
scribed procedure [21]. Briefly, the heart was collected and placed
in a cold buffer containing in mM: 70 sucrose, 210 mannitol, and 10
EGTA in 50 Tris/HCl, pH 7.4. The atria and the aorta were removed
and the tissue was finely minced and then homogenized in the
same buffer using a Potter Elvejem. The homogenate was centrifuged
at 1300 g for 3 min and the supernatant at 10,000 g for 10 min. The
mitochondrial pellet was suspended in a cold buffer containing in
mM: 70 sucrose and 210 mannitol in 50 Tris/HCl, pH 7.4 and
centrifuged at 6500 g for 10 min. Mitochondrial protein concentra-
tion was measured by the Bradford method using bovine serum albu-
min as a standard [22].

2.10. Calcium retention capacity measurement (CRC)

Extra-mitochondrial Ca2+ measurement was performed with a
spectrofluorometer (excitation: 506 nm; emission: 530 nm) [23].
The incubation medium of permeabilized cardiomyocytes or heart
mitochondria contained, in mM: 150 sucrose, 50 KCl, 2 KH2PO4, 20
Tris/HCl, 5 succinate–Tris and 0.25 μM Calcium Green-5N. Cells
(150 μg protein) in solution with digitonin (40 μM), or isolated mito-
chondria (250 μg protein) were added in 2 ml of this incubation
medium. Rot (1 μM) and/or CsA (1 μM) were added to the whole
preparation. After 2 min of incubation, the CRC was measured by
adding Ca2+ pulses every minute until mPTP opening. The CRC was
expressed as nmol Ca2+ mg protein−1.

2.11. Statistical analysis

All values are expressed as mean±SEM. Data were analyzed using
one-way analysis variance (ANOVA), followed by Bonferroni post hoc
test to analyze differences between groups. pb0.05 was considered
significant.

3. Results

The expression level of CypDwasmeasured in the three cellular car-
diacmodels. As expected, CypDwas absent in CypD KO cardiomyocytes
while it was equally expressed inWT cardiomyocytes and HL-1 (Fig. 2A
and B).

3.1. Cell death after hypoxia–reoxygenation

We investigated the effect of H/R on cell death in the three cell
types. As seen in Fig. 2C, 30 min of hypoxia induced a significant mor-
tality in WT when compared to Sham (60±6 versus 24±1%,
pb0.05). Cell death was significantly reduced in CypD KO versus
WT, as expected (60±6 versus 40±3%, pb0.05). HL-1 cells appeared
more resistant to H/R with a 30 min-hypoxia insult being insufficient
to cause significant cell death. A sustained 90 min-hypoxia was nec-
essary to significantly increase cell death in this cell line (56±5 ver-
sus 19±3%, compared to Sham, pb0.05).

3.2. Respiration at the level of complex I in cardiomyocytes and HL-1

HL-1 cells exhibited a low capacity of oxidative phosphorylation
initiated by complex I substrates (glutamate/malate/pyruvate) in com-
parison with WT (24±2 vs. 128±6 nmol O2/min/mg prot, pb0.05;

Fig. 3). There was no difference between WT and CypD KO state 3
respirations.

3.3. Effect of pharmacological preconditioning and pharmacological
treatment of reperfusion injury induced by cyclosporin A and/or
rotenone on cell death in cardiomyocytes and HL-1

Pharmacological PreC (Fig. 4A) with CsA reduced cell death on WT
cardiomyocytes (37±2 versus 60±6%, pb0.05) and in HL-1 compared
to Control (29±2 versus 56±5%, pb0.05). The complex I inhibitor Rot
alone had no effect on WT and HL-1 cells, but interestingly, decreased
cardiomyocyte death after PreC in CypD KO group (23±1 versus
40±3% in Control, pb0.05).

Pharmacological treatment of reperfusion injury (Fig. 4B) with
CsA reduced cell death on WT cardiomyocytes (37±4% versus 60±
6%, pb0.05) and in HL-1 compared to Control (42±2 versus 56±
5%, pb0.05). Pharmacological treatment of reperfusion injury with
Rot had no effect on cell death in the three cell types.

3.4. mPTP opening after hypoxia–reoxygenation in cardiomyocytes

Since we obtained the similar results in terms of cell death and
protection by either CsA and Rot, as PreC or pharmacological treat-
ment of reperfusion injury for WT cardiomyocytes and HL-1, we
then decided to restrict the mPTP opening studies to WT and CypD
KO cardiomyocytes. Figs. 5 and 6 illustrate changes in mitochondria
fluorescence of cardiomyocytes loaded with calcein-cobalt and
subjected to H/R after PreC and pharmacological treatment of reper-
fusion injury. Reoxygenation induced a decrease in calcein fluores-
cence corresponding to mPTP opening. In WT cardiomyocytes, mPTP
opening was significantly delayed by PreC with CsA or Rot+CsA in
comparison to Control (44±3 and 40±1 min versus 27.3±1 min,
respectively, pb0.05). mPTP opening was significantly delayed in
Control CypD KO cardiomyocytes, compared to Control WT (42±2
versus 27±1 min, pb0.05; Fig. 5A and B). In CypD KO cells, this
delay was further increased by Rot used in PreC (53±0.6 versus
42±2 min, pb0.05). The same results were observed with pharma-
cological treatment of reperfusion injury protocol (Fig. 6A and B)

Fig. 3. Oxidative phosphorylation capacity in cardiomyocytes and HL-1. Mitochondrial respi-
ration using complex I substrates glutamate/malate/pyruvate. Respiration state 3 is initi-
ated with addition of 1 mM ADP and expressed as nmol O2 min−1 mg protein−1. Each
value is the mean±SEM of four to five experiments. *pb0.05 versus WT.

58 G. Teixeira et al. / Journal of Molecular and Cellular Cardiology 56 (2013) 55–62

161



except that Rot had no effect on CypD KO cardiomyocytes. mPTP
opening kinetics were positively correlated with cell death.

3.5. mPTP opening in isolated heart mitochondria and permeabilized
cardiomyocytes

The amount of Ca2+ required to open the mPTP in isolated mito-
chondria averaged 782±69 nmol/mg prot in Basal WT group. This
Ca2+ concentration was significantly increased in both CsA and
Basal CypD KO groups, averaging 1471±80 and 1651±84 nmol/mg
proteins respectively in comparison to Basal WT (pb0.05; Fig. 7A).
The amount of Ca2+ required to open the mPTP was significantly
higher in the presence of both CsA and Rot than with CsA alone
(2184±38 versus 1471±80 nmol/mg proteins, pb0.05). Rot alone
had no effect on calcium retention capacity in WT but significantly

increased CRC in CypD KO (2494±184 versus 1651±84 nmol/mg
proteins, pb0.05).

The same results were observed in permeabilized cardiomyocytes
but a higher amount of Ca2+ was required to open mPTP (Fig. 7B). It
was significantly increased in both CsA and CypD KO groups, averaging
2467±110 and 2319±119 nmol/mg proteins respectively versus
Basal WT 1799±68 nmol/mg proteins (pb0.05). The amount of Ca2+

required to open the mPTP was higher in the presence of both CsA
and Rot than with CsA alone (3717±229 versus 2466±366 nmol/mg
proteins, pb0.05). Rot alone had no effect on calcium retention capacity
in WT but significantly increased CRC in CypD KO (3981±156 versus
2319±119 nmol/mg proteins, pb0.05).

Experiments performed with a scavenger of ROS, the MnTBAP,
proved that scavenging of ROS has no effect on CRC and no additional
effect on CsA (data not shown).

Fig. 4. Effect of pharmacological preconditioning and pharmacological treatment of reperfusion injury in different cells with cyclosporin A and/or rotenone on cell death. Cardiomyocytes
and HL-1 were loaded with propidium iodide. After a 10-min normoxic period and a 30 (cardiomyocytes) or 90-min (HL-1) hypoxia, a 120-min reoxygenation was induced.
(A) Pharmacological PreC was performed with Rot (1 μM) and/or CsA (1 μM) 10 min before hypoxia. (B) Pharmacological treatment of reperfusion injury was performed with
Rot (1 μM) and/or CsA (1 μM) the ten first minutes of reoxygenation. Each value is the mean±SEM of four to five experiments. *pb0.05 versus corresponding Control and
¥pb0.05 versus Control WT.
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4. Discussion

Ischemia and reperfusion injury induce cardiomyocyte death.
Mitochondria are increasingly recognized as central regulators of
cell death in cardiomyocytes via opening of mPTP. Many studies

have suggested that inhibition of mPTP is an effective strategy to pro-
vide cardioprotection [24–26]. Although the exact composition of
mPTP is not completely known, CypD appears as a major regulatory
component of mPTP [3]. Furthermore, studies have suggested that
complex I regulates the mPTP in various cell lines. Fontaine et al.,

Fig. 5. Effect of pharmacological preconditioning with cyclosporin A and/or rotenone on mPTP opening in WT and KO cardiomyocytes. Cardiomyocytes were loaded with calcein-AM and
CoCl2. After a 10-min normoxic period and 30 min hypoxia (omitted for clarity, no calcein change being observed), a 120-min reoxygenation was induced. Pharmacological
preconditioning was performed with Rot (1 μM) and/or CsA (1 μM) 10 min before hypoxia. For each treatment we calculated (A) the kinetic of mPTP opening by averaging the
fluorescence changes obtained from all of the cardiomyocytes contained in a field and (B) the tmPTP50 as the average reoxygenation time necessary to induce a 50% decrease in
calcein fluorescence in the same field. Each value is the mean±SEM of four to five experiments. *pb0.05 versus Control WT and ¥pb0.05 versus Control KO.

Fig. 6. Effect of pharmacological treatment of reperfusion injury with cyclosporin A and/or rotenone on mPTP opening in WT and KO cardiomyocytes. Cardiomyocytes were loaded with
calcein-AM and CoCl2. After a 10-min normoxic period and 30-min hypoxia a 120-min reoxygenation was induced. Pharmacological treatment of reperfusion injury was performed
the ten first minutes of reoxygenation with Rot (1 μM) and/or CsA (1 μM). For each treatment we calculated (A) the kinetic of mPTP opening by averaging the fluorescence changes
obtained from all of the cardiomyocytes contained in a field and (B) the tmPTP50 as the average reoxygenation time necessary to induce a 50% decrease in calcein fluorescence in the
same field. Each value is the mean±SEM of four to five experiments. *pb0.05 versus Control WT.
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have proposed that complex I might be a structural component of
mPTP [27]. In this study, we demonstrated that the combined phar-
macological inhibition of CypD and complex I decreased cell death
in adult mice cardiomyocytes and HL-1 cardiac cell-line after H/R.
This protective effect was associated with a delay in mPTP opening
and an enhancement of mitochondrial resistance to Ca2+ overload.

We demonstrated that CypD expression is high and equal in adult
WT mice cardiomyocytes and cardiac cell-line HL-1. 30 min of hypoxia
followed by 120 min of reoxygenation did not induce cell death in HL-1
whereas mortality was important in WT cardiomyocytes. Monge et al.,
demonstrated that HL-1 exhibits a lower capacity of oxidative phos-
phorylation and a higher capacity glycolytic system than adult
cardiomyocytes [16]. HL-1 protection against a short period of hypoxia
may result from this glycolytic phenotype. In addition, our data con-
firmed a previous study showing that respiration stimulated with
complex I substrates was 4 times lower in HL-1 than in cardiomyocytes
[16]. Eimre et al., suggested a weak deficiency in complex I in HL-1 [28].
With regard to these results, complex I may have a leading role in
cellular protection relative to its oxidative phosphorylation capacity.
In addition, we demonstrated the native protection of CypD KO
cardiomyocytes against H/R and therefore confirmed the role of CypD
in cell death. CypD genetic inhibition results in a decrease in cell death
during ischemia–reperfusion in adult cardiomyocytes [29], smaller
myocardial infarct size and resistance to calcium-induced mPTP open-
ing [8]. This statement is further supported by the CsA cardioprotective
effect during PreC and pharmacological treatment of reperfusion injury.
Pharmacological PreC and pharmacological treatment of reperfusion
injury with Rot alone did not protect WT cardiomyocytes and HL-1
against H/R. Recently, several studies showed that Rot did not affect

mPTP and cell death in tissues like heart that contain high levels of
CypD [30,31]. Our data confirmed that Rot had a protective effect only
when CypD is absent or inhibited. In regard with these results we pro-
pose that protection induced by inhibition of complex I is CypD depen-
dent. In fact, the pharmacological action of Rot onmPTP is dependent of
CypD inhibition or ablation but her action target is influencing by a part
outside the CypD, the complex I. This study reports for thefirst time that
resistance to H/R of CypD KO cardiomyocytes may be further increased
by complex I inhibition during PreC. Pharmacological treatment of re-
perfusion injury with Rot enhanced, but to a lesser extent than PreC,
the native cardioprotection of CypD KO. Complex I is well known to
be the initial site of ischemic damage to the electron transfer chain. Its
activity is reduced by ischemia [32–35]. This could explain the lower
protection conferred by pharmacological treatment of reperfusion inju-
ry on CypD KO because in this case, Rot acts on an already altered com-
plex I. These results suggest the importance of structural and catalytic
integrity of complex I for cell protection and are in agreement with a
CypD–complex I cooperative protection. In addition, the protective as-
sociation of CypD and complex I inhibition was correlated with a
delay in mPTP opening. Moreover, CypD and complex I inhibition pro-
tective effects were synergistic.

mPTP opening induced by calcium loading was also studied as a
mitochondrial functional test (CRC). We confirmed that mPTP opening
was inhibited by CsA in heart mice mitochondria and permeabilized
cardiomyocytes, and this effect was amplified by complex I inhibition
with Rot. We also proved that this effect of Rot is ROS independent.
These results were confirmed in mitochondria devoid of CypD and
were consistent with a suspected mPTP-regulatory interaction be-
tween CypD and complex I. Waldmeier et al., showed this interaction

Fig. 7. Effect of cyclophilin-D and complex I inhibition on Ca2+-induced mPTP opening in isolated heart mitochondria and permeabilized cardiomyocytes. Mitochondria (250 μg) or
permeabilized cardiomyocytes (150 μg) with digitonin (40 μM) were added in incubation medium with in 0.25 μM Calcium Green-5N. After 2 min of incubation, the CRC was mea-
sured by adding 10 nmol (mitochondria, A) or 20 nmol (cardiomyocytes, B) Ca2+ pulses every minute until mPTP opening. Inset, typical example of Ca2+-induced mPTP opening
recording in mitochondria or permeabilized cardiomyocytes. Each value is the mean±SEM of five to six experiments. *pb0.05 versus Basal WT, ¥pb0.05 versus Basal KO and ¶pb0.05
versus CsA.
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in isolated rat liver mitochondria [36]. They demonstrated that associa-
tion of Rot and CsA prevents mitochondrial swelling via promoting a
subsequent partial mitochondrial repolarization. This mPTP regulation
was also observed in other cells and with other complex I inhibitors.
An mPTP regulation by piericidine, another complex I inhibitor, was
also observed in the human histiocytic leukemia cell line U937 and
the KB human tumor cell line [31]. Inhibition of mPTP opening by Rot
is associated with inhibition of cell death in U937. Rot inhibits cytotox-
icity of tumor necrosis factor-α in L929 cells [37]. An antidiabetic drug,
metformin, which indirectly restricted complex I activity, has been
shown to inhibit mPTP opening and finally to prevent cell death in pan-
creatic cells [38]. Furthermore, reversible inhibition of complex I with a
short-active barbiturate, named amobarbital, decreased cardiac injury
measured during reperfusion [39].

Our study demonstrates that the protective effect of complex I and
CypD inhibition in cardiomyocytes and HL-1 is additive and associat-
ed with mPTP inhibition. These results are important in our under-
standing of the mPTP regulation mechanism. The development and
screening of novel pore modulators based on complex I inhibition
could open new fields for therapeutic drugs.
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ABSTRACT 

Background – We questioned whether and how combining the inhibition of CypD 

and the limitation of Ca2+ accumulation into mitochondria via Isoflurane (Iso) might 

reinforce myocardial protection against lethal reperfusion injury.  

Methods and Results – Isolated adult mouse cardiomyocytes underwent 30 minutes 

of hypoxia and 120 minutes of reoxygenation (HR). Cell death was assessed by 

propidium iodide staining. Mitochondrial membrane potential and permeability 

transition pore (PTP) opening were assessed using TMRM and calcein-cobalt 

fluorescence, respectively. Fluo-4 AM and rhod-2 AM confocal microscopy allowed 

measurement of Ca2+ transient and Ca2+ transfer from SR to mitochondria following 

caffeine stimulation. CypD knock-out (CypD-KO) cardiomyocytes displayed 

endogenous protection against HR. Iso further reduced cell death resulting from HR 

when added to either cyclosporin A (CsA) in WT or applied to CypD-KO 

cardiomyocytes. Both CsA and Iso delayed PTP opening, but without any additive 

effect. Iso induced a depolarization of the mitochondrial membrane, decreased 

oxidative phosphorylation, and blunted the caffeine-induced Ca2+ transfer from SR to 

mitochondria in WT cardiomyocytes. Surprisingly, the transfer of Ca2+ from SR to 

mitochondrial was spontaneously attenuated in CypD-KO cardiomyocytes.  

Conclusion – Iso did not act directly on CypD, but prevented mitochondrial Ca2+ 

accumulation, inhibited respiration and depolarized the mitochondrial membrane. 

Inhibition of CypD not only directly prevented PTP opening, but also attenuated 

mitochondrial Ca2+ overload by limiting SR to mitochondria Ca2+ transfer. The 

combination of these mechanisms resulted in a deeper reduction of mitochondrial 
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Ca2+ and subsequent inhibition of PTP opening, leading to a stronger protection 

against lethal reperfusion injury. 

 

Key words – 

Cyclophilin D, Calcium, Isoflurane, Reticulum, Mitochondria 
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INTRODUCTION 

Ischemic heart disease is the leading cause of death in Western countries. Early 

reperfusion of the heart is essential in preventing irreversible tissue damage caused 

by ischemia. However, reperfusion can exacerbate lethal tissue injury [37]. 

Mitochondrial permeability transition pore (PTP) opening has been shown to play a 

major role in lethal reperfusion injury [4, 6, 13].  Although the molecular structure of 

the PTP remains unclear, the mitochondrial matrix protein cyclophilin D (CypD) is a 

critical regulatory component of the PTP [6, 40]. CypD is a mitochondrial chaperone 

that, upon accumulation of Ca2+ into the matrix, binds to the inner mitochondrial 

membrane and triggers the opening of the PTP [11]. Genetic ablation or 

pharmacological inhibition of this Ca2+-sensitive chaperone by cyclosporin A (CsA) or 

its analogs, reduce the infarct size in animal models, as well as in patients 

undergoing acute myocardial infarction [2, 10, 25, 32]. 

The major source of Ca2+ in cardiomyocytes is the sarcoplasmic reticulum (SR). SR 

and mitochondria are spatially and functionally organized as a network and this 

physical association plays a crucial role in Ca2+ signaling [1, 28, 39]. Ca2+ crosstalk 

between SR and mitochondria has been involved in myocardial reperfusion injury 

[28]. A volatile anesthetic, isoflurane (Iso), is well known to induce cardioprotection 

with both pre- (PreC) and postconditioning protocols [3, 18, 31]. Iso can modulate 

SR, mitochondrial and cytosolic Ca2+ contents [15, 16, 34]. Studies demonstrated 

that Iso also regulates mitochondrial respiration [14, 17]. 

Based on this, we questioned whether combining the inhibition of CypD and the 

administration of Iso might target both SR and mitochondria calcium handling, 

thereby reinforcing (indirect and direct) inhibition of PTP opening and resulting in a 

stronger protection against lethal myocardial reperfusion injury.    
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MATERIALS AND METHODS 

Animals 

CypD-KO mice under C57Bl/6/SV129 background were obtained from the laboratory 

of the late Stanley Korsmeyer  (Dana Farber Cancer Institute, Boston, US) [30]. Both 

wild-type (WT) and CypD-KO male mice (8-12 weeks, 20-30g) were obtained by 

homozygous intercross in our laboratory. The present study was performed in 

accordance with the Guide for the Care and Use of Laboratory Animals, published by 

the National Institutes of Health (NIH Publication No. 85-23, revised 1996) and all the 

experimental procedures were approved by a local Ethics Committee (UCBL1 n° 

BH2007-07 . 

 

Isolation of adult murine ventricular cardiomyocytes and mitochondria  

WT and CypD-KO mice were anesthetized with sodium pentobarbital (70 mg/kg) and 

buprenorphine 50µg/kg (Sanofi Santé Animale, Libourne, France) administered 

intraperitonealy. Once pedal pinch reflexes were completely inhibited, a thoracotomy 

was performed and the heart collected. Ventricular cardiomyocytes were isolated 

using enzymatic digestion and mitochondria were prepared according to previously 

described procedure [21, 23]. In each group, ten mice were used for the isolation of 

cardiomyocytes and the preparation of mitochondria (for calcium retention capacity 

and oxygraphy measurements).  

 

Hypoxia-reoxygenation (HR) 

Cardiomyocytes from WT or CypD-KO hearts were placed in a thermostated 

chamber at 37°C, which was mounted on the stage of an IX50 Olympus microscope 
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(Olympus, Tokyo, Japan) as previously described [23]. The cells were perfused with 

a Tyrode’s solution containing in mM: 130 NaCl, 5 KCl, 10 HEPES, 1 MgCl2, 1 CaCl2 

and 10 glucose, pH 7.4, at 37°C for a 10 min-stabilization period. The chamber was 

connected to a constant stream of O2 (21%), N2 (74%) and CO2 (5%). Oxygen in the 

solution was measured using a fiber optic sensor system (Ocean Optics, Inc., 

Dunedin, FL). For the hypoxia challenge, WT or CypD-KO cardiomyocytes were 

bathed for 30 minutes in a glucose-free Tyrode bubbled with 100% N2 and under a 

constant stream of N2 (100%) in the chamber. At the end of the hypoxia period, a 

120-minute reoxygenation phase was completed by rapidly restoring the Tyrode’s 

flow and oxygen fraction to 21%. Pharmacological PreC was performed with CsA (1 

µM, Novartis, Basel, Switzerland) and/or Iso (0.5 mM, Abbott, Chicago, US) 10 min 

before hypoxia. Iso, dissolved in dimethylsulfoxide (DMSO, Sigma-Aldrich, Saint-

Louis, US) was added to experimental buffers to achieve a desired concentration of 

0.5 mM, confirmed by high-performance liquid chromatography (HPLC).  

 

Measurement of cell death 

The cell death was quantified, at the end of the H/R period, as the number of cells 

staining positive for propidium iodide (5 µM), which permeates only the damaged 

cells. Propidium iodide fluorescence was excited at 520 to 550 nm and recorded at 

580 nm. A 12-bit cooled CCD camera (Orca-R², Hamamatsu, Japan) allowed the 

images acquisition every 5 min after an illumination time of 1s per image. For each 

treatment group, approximately 800 cells were counted. This measure was repeated 

in 4 to 5 separate experiments per treatment group.  
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Measurement of PTP opening in isolated cardiomyocytes 

Cells were loaded for 30 min at 37°C with 1 µM calcein-AM and 1 mM CoCl2 in order 

to selectively load the mitochondria with calcein by quenching the cytosolic calcein 

with CoCl2. The detection of calcein fluorescence was achieved by the use of a 460-

490 nm excitation and a 510 nm emission filter. Images were acquired every 2 min 

after an illumination time of 100 ms per image. Fluorescence was integrated over a 

region of interest (approximately 80 µm²) for each cardiomyocytes and a 

fluorescence background corresponding to an area without cells was removed. For 

comparison purpose, the fluorescence intensity minus background was normalized 

according to the initial fluorescence value. For each treatment we calculated the 

global response by averaging the fluorescence changes obtained from all of the 

cardiac myocytes contained in a field (at least 10 cells). This measure was repeated 

in 4 to 5 separate experiments per treatment group. The time delay to 50% PTP 

opening (tPTP50) was measured as the average reoxygenation time necessary to 

induce a 50 % decrease in calcein fluorescence in the same field. Image analysis 

was performed using Image J v.1.44 (NIH, Bethesda, MD). 

 

Measurement of the mitochondrial membrane potential (ΔΨm) 

Cardiomyocytes were loaded with TMRM (10 nM) for 40 min at 37°C, followed by a 

washout. TMRM fluorescence intensity was recorded with a 560nm long pass filter 

after excitation at 543 nm.  Images were taken every minute, and fluorescence 

signals were normalized to the fluorescence measured at the start of the experiment. 

To minimize the impact of ΔΨm variability, TMRM fluorescence was measured in five 

different areas in each cell [8]. At the end of each experiment, cells were exposed to 

the mitochondrial uncoupler FCCP (1 µM) to determine the dynamic range of the dye. 
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Oxidative phosphorylation 

Mitochondrial oxygen consumption was measured at 25°C using a Clark-type oxygen 

electrode. Permeabilized cardiomyocytes (150 µg protein) with digitonin (40µM) or 

cardiac mitochondria (250 µg protein) were incubated in 2 ml of respiration buffer 

containing, in mM: 100 KCl, 50 MOPS, 1 EGTA, 5 KH2PO4, and 1 mg/ml defatted 

BSA. Glutamate/malate/pyruvate (5 mM each) were used as electron donors to 

complex I in the electron transport chain in the absence (basal) or presence of Iso 

(0.5 mM). Respiration state 3 is initiated with addition of 1 mM (cardiomyocytes) or 

200 µM (mitochondria) ADP and expressed as nmol O2.min-1.mg protein-1. 

 

Measurements of the Ca2+ transient 

Isolated cardiomyocytes were loaded for 20 min at 37°C with fluo-4 AM (5 µM) 

assessing the cytosolic Ca2+. To measure Ca2+ transients, cardiomyocytes were field-

stimulated at 1Hz with a current pulse delivered via two platinum electrodes. Analysis 

included amplitude of Ca2+ transients (change in fluorescence ΔF was divided by the 

fluorescence F0 detected before the electrical stimulation pulses), rising phase of 

Ca2+ transients (normalizing the peak amplitude over the time to peak) and the decay 

of electrically stimulated Ca2+ transients. Spontaneous Ca2+ sparks frequency was 

measured in quiescent cardiomyocytes and analyzed using Spark Master plugin with 

Image J [24]. 

 

Measurement of SR to mitochondrial Ca2+ transfer following caffeine 

stimulation 

Cardiomyocytes were loaded for 40 min at 37°C with rhod-2 AM (5 µM, Teflabs, 

Austin, USA). Cells were stimulated under current-clamp conditions using a whole-
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cell patch-clamp technique at room temperature with an Axopatch 200B (Axon 

Instruments), as described previously [9]. Pipettes (2-3MΩ) were filled with recording 

solutions, in mM: KCl 130, HEPES 25, ATP (Mg) 3, GTP (Na) 0.4, EGTA 0.5, pH 

adjusted to 7.2 with KOH. The cardiomyocytes were perfused with Tyrode’s solution. 

Action potentials (APs) were elicited by 0.2ms current injections of supra-threshold 

intensity. Cells were stimulated routinely at 0.1Hz until action potentials stabilized. 

Data acquisition and analyses were performed using PClamp version 10.1 (Axon 

Instruments). 

 

Confocal imaging acquisition 

Fluo-4 AM was excited at 488 nm and emission was collected through a 505 nm long 

pass filter. Rhod-2 fluorescence was acquired at 590 nm upon excitation with green 

argon laser. Changes in dye fluorescence were recorded using an LSM510 Meta 

Zeiss confocal microscope equipped with a 63X water-immersion objective 

(numerical aperture: 1.2). All measurements were performed in line-scan mode (1.54 

ms/line) and scanning was carried out along the long axis (Ca2+ transients and Ca2+ 

sparks) or along the short axis of the cell, closed to the patch pipette (Ca2+ 

mitochondrial). 

 

Statistical analysis 

All values are expressed as mean ± SEM. Data were analyzed using one-way 

analysis variance (ANOVA), followed by Bonferroni post hoc test to analyze 

differences between groups. p< 0.05 was considered significant.  
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RESULTS 

Additive protection by inhibition of CypD and administration of isoflurane 

In WT cardiomyocytes, CsA or Iso significantly reduced HR-induced cell death that 

averaged 38 ± 3 and 31 ± 1 %, respectively, versus 60 ± 7 % in controls (p<0.05, Fig. 

1). As expected, CsA had no effect on CypD-KO (data not shown) and CypD-KO 

cardiomyocytes displayed a significantly decreased cell death when compared to WT 

(40 ± 3 versus 60 ± 7 %, p<0.05). Simultaneous application of CsA and Iso to WT 

cardiomyocytes induced additional protection, with cell death averaging 23 ± 1% 

versus 31 ± 1 % in the Iso alone group (p<0.05). Interestingly, Iso further reduced cell 

death in CypD-KO cells, with a mean value of 28 ± 1 % versus 40 ± 3 % in untreated 

CypD-KO cardiomyocytes (p<0.05).     

 

PTP opening after CypD inhibition and isoflurane 

We then examined whether this additional protection might be related to a direct 

effect on PTP opening. In WT cardiomyocytes, CsA or Iso significantly delayed PTP 

opening with tPTP50 averaging 44 ± 3 and 44 ± 4 min respectively, versus 27 ± 1 min in 

untreated WT (p<0.05, Fig. 2A and 2C). However, simultaneous application of Iso 

and CsA did not increase tPTP50 when compared to each treatment alone in WT 

cardiomyocytes. In CypD-KO cardiomyocytes, tPTP50 was significantly prolonged to 42 

± 2 versus 27 ± 1 min in WT (p<0.05, Fig. 2B and 2C). Importantly, Iso did not further 

increase tPTP50 in CypD-KO cardiomyocytes. 

Because of this apparent discrepancy regarding the additive effect of Iso and CypD 

inhibition between the results on cell mortality after HR and PTP opening data, we 

questioned whether Iso might also act through different mechanism(s) that may 

indirectly protect against HR injury. Specifically, we examined mitochondrial 

180



    

respiration and Ca2+ transfer between SR and mitochondria, which both have been 

proposed as potential contributors to ischemia-reperfusion injury.   

 

Mitochondrial membrane polarization and respiration 

WT and CypD-KO cardiomyocytes exhibited similar TMRM fluorescence intensity at 

baseline, indicative of similar membrane potential. Iso caused comparable moderate 

mitochondrial depolarization in WT and CypD-KO cardiomyocytes (72 ± 8% and 78 ± 

5%, respectively, p<0.05, Fig. 3).  

WT and CypD-KO cardiomyocytes exhibited comparable oxygen consumption at 

baseline (Fig. 4A). Iso significantly decreased state 3 respiration to a similar extent in 

WT and CypD-KO cardiomyocytes (53 ± 6 and 52 ± 6 nmol versus 128 ± 6 and 107 ± 

14 nmol O2/min/mg prot, respectively, p<0.05). Very similar results were obtained 

using isolated cardiac mitochondria instead of cardiomyocytes (Fig. 4B).  

 

SR-mitochondrial Ca2+ crosstalk  

We measured Ca2+ transient (amplitude, speed of rise and decay) in WT and CypD-

KO cardiomyocytes, without and with Iso, as well as mitochondrial Ca2+ concentration 

after application of caffeine (to stimulate Ca2+ release from SR) indicative of Ca2+ 

transfer from SR to mitochondria.  

The amplitude of Ca2+ transient, evoked by electrical stimulation (1 Hz), was 

spontaneously significantly attenuated in CypD-KO cardiomyocytes as compared to 

WT (2.1 ± 0.1 versus 2.6 ± 0.1, respectively, p<0.05; Fig. 5A). The speed of the rise 

of Ca2+ transient was also significantly decreased in CypD-KO when compared to WT 

(0.13 ± 0.01 versus 0.16 ± 0.01, p<0.05, Fig. 5B). The decay of Ca2+ transient, mostly 

dependent on the activity of Ca2+ re-uptake by the SR, was significantly increased in 
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CypD-KO as compared to WT cardiomyocytes (280 ± 8 versus 213 ± 10 msec, 

p<0.05, Fig. 5C).  

In WT cardiomyocytes, Iso significantly decreased the amplitude of Ca2+ transients in 

WT (1.6 ± 0.1 versus 2.6 ± 0.1, p<0.05, Fig. 5A) and attenuated the speed of the SR-

Ca2+ release (0.12 ± 0.01 versus 0.16 ± 0.01, p<0.05, Fig. 5B) to a similar extent than 

observed in CypD-KO cardiomyocytes. Iso tended (although not significantly) to 

increase the speed of decay of Ca2+ transients in WT cardiomyocytes (Fig 5C). In 

CypD-KO cardiomyocytes, Iso further decreased amplitude of Ca2+ transients (1.6 ± 

0.2 versus 2.1 ± 0.1, p<0.05, Fig. 5A), the speed of the SR-Ca2+ release (0.10 ± 0.01 

versus 0.13 ± 0.01, p<0.05, Fig. 5B), and the speed of Ca2+ re-uptake by the SR (164 

± 14 versus 280 ± 8 msec, p<0.05, Fig. 5C). 

In WT cardiomyocytes, a 10 mM challenge with caffeine, that stimulates Ca2+ flux out 

of the SR, caused a significant increase in mitochondrial Ca2+ accumulation, as 

measured by rhod-2 fluorescence (Fig. 6A). When exposed to the same dose of 

caffeine, the mitochondrial Ca2+ uptake was lowered by 25 ± 4 % in CypD-KO when 

compared to WT (p<0.05, Fig. 6B). Similar reduction in the mitochondrial Ca2+ uptake 

(33 ± 8 %; p<0.05 versus WT) was observed after transient exposure of WT 

cardiomyocytes to Iso. But, Iso did not further decrease the mitochondrial Ca2+ 

uptake following application of caffeine when applied to CypD-KO cells.  

Ca2+ sparks frequency was significantly higher in CypD-KO than in WT (2.3 ± 0.1 

versus 1.3 ± 0.1 events/µm/sec, p<0.05, Fig. 7). Iso significantly increased Ca2+ 

sparks frequency (near to the level observed in CypD-KO cardiomyocytes) when 

compared to WT (2.7 ± 0.2 versus 1.3 ± 0.1 events/µm/sec, p<0.05). Iso did not 

further increase the frequency of Ca2+ sparks in CypD-KO cardiomyocytes.  
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DISCUSSION 

PTP opening plays a key role in lethal reperfusion injury after acute myocardial 

ischemia [12, 13, 29]. Mitochondrial Ca2+ overload is the primary trigger of PTP 

opening since it activates the translocation of the matrix chaperone CypD to the inner 

mitochondrial membrane [20, 27]. Indeed, the pharmacological inhibition of CypD by 

CsA has been shown as an effective strategy to prevent lethal reperfusion injury in 

several animal models and in acute myocardial infarction patients [25]. The present 

study demonstrates that additional limitation of reperfusion injury to that afforded by 

direct PTP inhibition can be provided by limiting mitochondria Ca2+ overload via 

reducing mitochondrial respiration and lowering of mitochondrial membrane potential 

by Iso. Our results also suggest for the first time that both Iso and inhibition of CypD 

attenuate Ca2+ transfer from SR to mitochondria, which may further prevent 

mitochondrial Ca2+ accumulation upon HR.  

Previous studies have shown that CsA and CypD ablation reduce myocardial infarct 

size and cardiomyocytes death following ischemia-reperfusion [2, 10, 32]. Our study 

confirms, using an in vitro model, that pharmacological inhibition or genetic loss of 

function of CypD protects cardiomyocytes from lethal reperfusion reoxygenation 

injury after a prolonged hypoxia. Iso, a volatile anesthetic widely used in clinical 

practice, is also one of the few agents producing both preconditioning and 

postconditioning [3, 18]. We confirm here that Iso alone is as powerful as CsA to 

prevent cell death following HR injury. Interestingly, the protection afforded by Iso 

alone was additive to that afforded by CsA so that the maximal protection was 

observed when both drugs were applied together. We first questioned whether the 

dose of CsA we used in our study would not have fully inhibited PTP opening and 

whether the observed additive effect of Iso might be related to a more complete 
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inhibition of the CypD-triggered PTP opening by Iso. This is however very unlikely 

since even the endogenously protected CypD-KO cardiomyocytes were better 

protected when exposed to Iso. All together this led us to conclude that the greater 

diminution of cell death observed by addition of Iso was not CypD-dependent. 

Because several reports indicate that both mitochondrial respiration and SR calcium 

homeostasis may play a role in ischemia-reperfusion injury, we then went to assess 

these two functions in WT and CypD-KO cardiomyocytes, with and without Iso.  

We first questioned whether the cardioprotective effect of Iso observed in our study 

might be explained by its known influence on mitochondrial respiration. As expected, 

Iso dramatically decreased mitochondrial respiration in WT cardiomyocytes [14, 17]. 

Interestingly, Iso also decreased state 3 respiration in CypD-KO cardiomyocytes, as 

well as in isolated mitochondria. Noteworthy, Iso significantly reduced mitochondrial 

membrane polarization in WT as well as CypD-KO cardiomyocytes. Importantly, in 

the absence of Iso, loss of CypD function neither influenced mitochondrial respiration 

activity nor altered mitochondrial membrane polarization. According to these 

observations, one may propose that the effect of Iso on the mitochondrial membrane 

polarization may reduce the driving force for Ca2+ accumulation into the mitochondria 

during reperfusion. One cannot however exclude that the protection afforded by Iso 

to cardiomyocytes is independent of mitochondrial calcium overload and results from 

changes in cellular energy charge.  One might further speculate that the observed 

impact on oxidative phosphorylation may be related to an effect of isoflurane on 

mitochondrial complex I. We recently demonstrated that the mitochondrial complex I 

modulates PTP opening through a site masked by CypD, and that protection afforded 

by the complex I inhibitor, rotenone was visible when CypD was inhibited or absent 

[21, 35]. The present demonstration that Iso protects CypD-KO cardiomyocytes is in 
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keeping with this Hanley et al. demonstrated that Iso inhibits complex I in a dose-

dependent fashion [14]. This has been recently confirmed by Hirata et al. who found 

that Iso induces a 86% reduction on complex I activity, with no incidence on activities 

of complexes II, III, and IV [17]. Previous studies using inhibitors of complex I in 

different cellular models link PTP and cell death [19, 21]. Indeed, reversible inhibition 

of complex I with amobarbital decreased cardiac injury observed during reperfusion 

[33]. These data suggest that the additive effect of Iso to reduced cell death after HR 

may be due to the inhibition of the respiration chain, and subsequent reduction of the 

driving force for Ca2+ accumulation into the mitochondria and/or inhibition of the PTP 

independently of CypD.  

SR is structurally and functionally interconnected with mitochondria and this interface 

is responsible for Ca2+ exchanges between the two organelles [26, 28]. Regulation of 

the crosstalk between SR and mitochondria is emerging as a new target to reduce 

cell death [7]. Murphy’s group suggested that a reduced SR Ca2+ loading before 

ischemia could attenuate cytosolic Ca2+ overload during ischemia and early 

reperfusion and contribute to cardioprotection [38]. We then assessed the amplitude, 

the rise and decay of the Ca2+ transient, as well as Ca2+ sparks, in WT and CypD-KO 

cardiomyocytes, with and without Iso. CypD-KO and Iso-treated WT cardiomyocytes 

displayed several common features. Both interventions attenuated the amplitude and 

the Ca2+ transient rise, limited the accumulation of Ca2+ in the mitochondria following 

the stimulation by caffeine of SR Ca2+ release, and increased the frequency of Ca2+ 

sparks. This is to our knowledge the first demonstration that inhibition of CypD can 

alter SR Ca2+ homeostasis. These unexpected results would suggest that CypD is 

not only involved in PTP opening but might also play a role in the Ca2+ crosstalk 

between SR and mitochondria. Our observation suggests that inhibition of CypD, 
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through the reduction of the release of Ca2+ by SR, would limit its accumulation into 

mitochondria. One might hypothesize that this action would indirectly contribute to 

prevent PTP opening. Additional studies are required to address this issue in depth.  

When administered to WT cardiomyocytes, Iso alone had a comparable effect than 

inhibition of CypD on the amplitude and speed of rise of Ca2+ transient as well as on 

the accumulation of Ca2+ into the mitochondria resulting from the application of 

caffeine. Iso enhanced the reduction of both the amplitude and the speed of rise of 

the Ca2+ release in CypD-KO cardiomyocytes. Following caffeine-induced SR Ca2+ 

release, Iso did not further reduce Ca2+ accumulation into mitochondria when applied 

to CypD-KO cardiomyocytes. This is in agreement with Ljubkovic et al. who have 

suggested that mitochondrial depolarization induced by Iso could attenuate the 

mitochondrial Ca2+ overload by diminishing the driving force for Ca2+ influx via the 

mitochondrial career uniport [22]. Iso is also known to inhibit L-type Ca2+ channel [5, 

34]. One cannot rule out that the modification of the Ca2+ transient seen after 

administration of Iso might be at least in part a consequence of a reduced Ca2+-

induced-Ca2+-release. Our results showed that genetic ablation of CypD and 

administration of Iso increased SR luminal diastolic Ca2+ leak as spontaneous Ca2+ 

sparks (Fig. 7). In accordance with Terentyev et al., one cannot exclude that this leak 

might play a role in protection of cardiomyocytes by reducing the SR Ca2+ content 

[36]. 

In summary, we propose that the additive protective effect of the inhibition of CypD 

and Iso is due to an action on different targets. Inhibition of CypD not only directly 

prevents PTP opening, but likely attenuates mitochondrial Ca2+ overload by 

attenuating SR to mitochondria Ca2+ transfer. Iso did not neither act directly on CypD 

but rather likely prevents mitochondrial Ca2+ accumulation, inhibits mitochondrial 
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respiration and depolarizes the mitochondrial membrane. Combination of these 

actions likely results in a stronger reduction of mitochondrial Ca2+ and subsequent 

inhibition of PTP opening. 
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FIGURE LEGENDS 
 
Figure 1. Protective effect of CypD inhibition and isoflurane on cell death  

Cardiomyocytes were loaded with propidium iodide and submitted to 30-min hypoxia 

followed by 120-min reoxygenation. PreC was performed with CsA (1 µM) and/or Iso 

(0.5 mM) 10 min before hypoxia. Each value was the mean ± SEM of four to five 

separate experiments. *p<0.05 versus Control WT, ¶p<0.05 versus CsA WT and 

¥p<0.05 versus Control CypD-KO. 

 

Figure 2. CypD inhibition and isoflurane preconditioning delay PTP opening.  

WT (A) and CypD-KO (B) cardiomyocytes were loaded with calcein-AM and CoCl2 

and submitted to 30-min hypoxia followed by 120-min reoxygenation. PreC was 

performed with CsA (1 µM) and/or Iso (0.5 mM) 10 min before hypoxia. (C) tPTP50 is 

the average reoxygenation time necessary to induce a 50 % decrease in calcein 

fluorescence in the same field. Each value was the mean ± SEM of four to five 

separate experiments. *p<0.05 versus Control WT. 

 

Figure 3. Mitochondrial membrane polarization 

Mitochondrial membrane potential (ΔΨm) was assessed by fluorescence of TMRM 

after stimulation with Iso (0.5 mM). Each value was the mean ± SEM of four to five 

separate experiments. *p<0.05 versus Basal WT. 

 

Figure 4. Cardiomyocytes and mitochondria respiration  

Respiration was measured using complex I substrates glutamate/malate/pyruvate in 

the absence (Basal) or presence of Iso (0.5 mM). Respiration state 3 was initiated 

with addition of ADP (1 mM for cardiomyocytes (A) or 200 µM for mitochondria (B)) 
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and expressed as nmol O2.min-1.mg protein-1. Each value was the mean ± SEM of 

four to five separate experiments. *p<0.05 versus Basal WT.  

 

Figure 5. Genetic CypD ablation and isoflurane affect SR Ca2+ regulation. 

Ca2+ transients were recorded in fluo4-AM loaded intact cardiomyocytes electrically 

stimulated at 1 Hz in the absence (Basal) or 10 min after Iso (0.5 mM) incubation. A, 

Ca2+ transients amplitude.  B, Peak systolic Ca2+ transients as an index of Ryr 

function (calculated from the relative amplitude and time to peak of the electrical 

induced Ca2+ transient). C, Ca2+ transients decays as an index of SERCA function. D, 

Representative Ca2+ transients. Each value was the mean ± SEM of six to seven 

separate experiments. *p<0.05 versus Basal WT and # p<0.05 versus Basal KO.    

 

Figure 6. Genetic CypD ablation and isoflurane reduce mitochondrial Ca2+ 

uptake.  

Cardiomyocytes were loaded with rhod-2 AM and patch clamped in whole cell 

configuration. Perfusion of an internal cytosolic solution removes cytosolic remains of 

the dye and allow us to detect mitochondrial specific fluorescence. rhod-2 AM 

fluorescence was recorded by laser scanning confocal microscopy after caffeine (10 

mM) stimulation in the absence (Basal) or 10 min after Iso (0.5 mM) incubation. A, 

Representative rhod-2 AM fluorescence signals. B, Summarized data for 

mitochondrial Ca2+ measurements. Each value was the mean ± SEM of four to five 

separate experiments. *p<0.05 versus Basal WT.     

 

Figure 7. Genetic CypD ablation and isoflurane increase Ca2+ sparks. 

Spontaneous none propagating Ca2+ releases mediated by ryanodine receptors 
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(RyRs) were recorded in fluo4-AM loaded intact cardiomyocytes  by laser scanning 

confocal microscopy in the absence (Basal) or 10 min after Iso (0.5 mM) incubation. 

Ca2+ sparks frequency was used as an index of diastolic SR Ca2+ leak. Each value 

was the mean ± SEM of six to seven separate experiments. *p<0.05 versus Basal 

WT. 
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Abstract

Background—Under physiological conditions, Ca2+ transfer from the endoplasmic reticulum 

(ER) to mitochondria might occur at least in part at contact points between the two organelles, 

and involves the VDAC1/Grp75/IP3R1 complex. Accumulation of Ca2+ into the mitochondrial 

matrix may activate the mitochondrial chaperone cyclophilin D (CypD) and trigger permeability 

transition pore (PTP) opening, whose role in ischemia-reperfusion injury is well recognized. We 

questioned here whether the transfer of Ca2+ from ER to mitochondria might play a role in 

cardiomyocyte death after hypoxia-reoxygenation. 

Methods and Results—We report that CypD interacts with the VDAC1/Grp75/IP3R1 complex 

in cardiomyocytes. Genetic or pharmacologic inhibition of CypD in both H9c2 cardiomyoblasts 

and adult cardiomyocytes decreased the Ca2+ transfer from ER to mitochondria through IP3R 

under normoxic conditions. During hypoxia-reoxygenation (HR), the interaction between CypD 

and the IP3R1 Ca2+ channeling complex increased concomitantly with mitochondrial Ca2+ 

content. Inhibition of either CypD, IP3R1 or Grp75 decreased protein interaction within the 

complex, attenuated mitochondrial Ca2+ overload and protected cells from HR. Genetic or 

pharmacological inhibition of CypD provided similar effect in adult mice cardiomyocytes. 

Noteworthy, disruption of ER-mitochondria interaction via the down-regulation of Mfn2 

similarly reduced the interaction between CypD and the IP3R1 complex and protected against 

HR injury. 

Conclusions—Our data point first, to a new role of CypD at the ER-mitochondria interface, and 

second, suggest that decreasing ER-mitochondria interaction at reperfusion can protect 

cardiomyocytes against lethal reperfusion injury through the reduction of mitochondrial Ca2+ 

overload via the CypD/VDAC1/Grp75/IP3R1 complex. 

Key words: mitochondria, calcium, ischemia reperfusion injury, sarcoplasmic reticulum, 
mitochondria-associated membranes 
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Introduction 

Mitochondria and the endoplasmic reticulum (ER) are separately considered as key players in 

cell death signaling1. Mitochondria and ER are interconnected organelles and form 

endomembrane network. The contact points through which ER communicates with mitochondria 

are referred to as mitochondria-associated membranes (MAM)2. MAM are enriched in 

phospholipids- and glycosphingolipid-synthesis enzymes, as well as chaperone proteins, which 

transport lipids and exchange calcium between these two organelles1. Several recent studies have 

identified new proteins enriched at the ER-mitochondria interface, highlighting the emerging 

understanding of the role of this region within the cell3, 4. One of them has identified a 

macromolecular complex composed of VDAC1, Grp75 and IP3R1 which regulates direct Ca2+ 

transfer from ER to mitochondria5. Indeed, ER-mitochondria junctions are aligned with 

mitochondrial contact points where VDAC1 is abundantly present, thus creating a hotspot for the 

Ca2+ transfer from the ER6. While the role of this organelle crosstalk begins to be understood in 

cell physiology, MAM involvement in cardiac pathologies remains unknown.  

Calcium signaling is central for the heart function, through its physiological role in 

excitation-contraction coupling, and the detrimental impact of Ca2+ overload during heart failure 

and myocardial ischemia-reperfusion. During this latter condition, it is well accepted that the 

cytosolic accumulation of Ca2+ subsequently results in mitochondrial Ca2+ overload, which 

activates the matrix chaperone cyclophilin D (CypD) and triggers the opening of the 

permeability transition pore (PTP) leading to cell death7. Recent reports have confirmed the 

existence of Ca2+ microdomains between ER and mitochondria in the myocardium where the 

organization of the network between the two organelles is highly ordered8, 9. It has also been 

suggested that mitochondrial Ca2+ overload could be mediated through IP3R10. 

macromolecular complex composed of VDAC1, Grp75 and IP3R1 which regulaatttess didirererectctct CCCaaa2+22+

ransfer from ER to mitochondria5. Indeed, ER-mitochondria junctions are aligned with 

mimitotoochchchoonondrdrdriiaial l cooontntntaca t points where VDAC1 is abababununndantly presentntt, thhususus cccreating a hotspot for the

CCCa22++ transfer frfroomm thehehe EEERRR666.. WhWhWhilileee ththhe e roroole ooof ttthis oorrgananneelellelee ccrorosssstaaalklk bbbegegginsnss ttooo bebee undndndeeerstststooood d iin 

ceellllll ppphyhyhysisiololologoogy,y, MMMAMAMM iiinvnvolllvevev memementntnt iinn n cacaarrrdididiaccc pppaatathhoolooogigiieseses rremememaaiainsnss uuunknkknnonownwnwn.  
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We therefore questioned whether Ca2+ transfer from ER to mitochondria via the 

VDAC1/Grp75/IP3R1 complex might play a role in mitochondrial Ca2+ overload and subsequent 

cardiomyocyte death observed during the reperfusion phase following a sustained ischemic 

insult. We further questioned the relationship between CypD and VDAC1/Grp75/IP3R1 complex 

in the regulation of the Ca2+ exchange during ischemia-reperfusion. We report a new 

physiological role of CypD in ER-mitochondria Ca2+ exchange via its interaction with the 

VDAC1/Grp75/IP3R1 complex, with major impact on cardiomyocyte death upon hypoxia-

reoxygenation.   

Methods

For further details, see supplemental methods. 

Animals

Ppif-/- mice under C57Bl6/SV129 background were a gift from SJ Korsmeyer’s lab (Dana Farber 

Cancer Institute, Boston, US)11. Both WT and Ppif-/- male mice were obtained by homozygous 

intercross in our laboratory. All experiments were performed on mice at 8 weeks. All procedures 

conformed to European Parliament Directive 2010/63/EU and the 22 September 2010 Council on 

the protection of animals and were approved by the local institutional animal research committee 

(N°BH2012-64). 

Duolink® Proximity Ligation in situ Assay (PLA)

Cells were fixed with 4% Paraformaldehyde (10min at room temperature, RT) and permeabilized 

using 0.1% Triton X100 (15min at RT). Subsequent blocking, antibody hybridizations, proximity 

ligations and detections were performed according to recommendations from manufacturers 

(OLINK Bioscience). The cells were incubated with the primary antibodies overnight at 4°C and 

Methods

For further details, see supplemental methods. 

AnAnimimimalalalss
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CaCaancncn ererer IInsnstitititutututete,,, BBoBoststononn,,, USUSS)))1111. BoBoBotthth WWWT TT ananand dd PpPpPpifif-/-/- ff mamamalelele mmmicicceee wewewererere ooobtbtaiaineneed dd bybyby hhhomomomozozozygygy ooousss
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then washed three times with TBS-0.05% Tween 20 (TBS-T). Briefly, after incubation with 

primary antibodies, we applied combinations of corresponding PLA probes for 1h at 37°C. The 

cells were washed with TBS-T, incubated for 30min with ligase, and finally washed with TBS-T. 

Then, cells were incubated with polymerase for 100min. Finally, the cells were washed once 

with SSC 1X, and then with SSC 0,1X. All reactions were performed at 37°C in a humid 

chamber, with 30 l of reaction mixture/well. Preparations were mounted in DuoLink II 

mounting medium, containing DAPI (Eurogentec). Fluorescence was analyzed with a Zeiss 

inversed fluorescent microscope equipped with an ApoTome, using the AxioVision program.  

Quantification of signals was done with the BlobFinder software (Centre for Image 

Analysis, Uppsala University) and expressed as interactions per cell relative to the non-treated. 

Experiments were performed at least three times, with a minimum of 5 fields taken per 

conditions. 

Ca2+ measurements in H9c2 cells 

Ca2+ transfer from ER to mitochondria was assessed by recording mitochondrial Ca2+ changes in 

a native cell environment in presence of extracellular calcium (phenol-free DMEM with 1.8mM 

CaCl2 and 10%FBS). Cells were plated in a 8-well chamber glass slide (LabTek, Dutsher). To 

measure mitochondrial Ca2+, cells were incubated with Rhod2-AM (2 M, Invitrogen) in phenol-

free DMEM with 0.03% pluronic acid (Sigma) for 1h at 37°C. Cells were then washed free of 

Rhod2 and de-esterified in phenol-free DMEM/10% FBS at 37°C. After being loaded, cells were 

placed on the stage of a Zeiss LSM 780 bi-photon confocal microscope (Zeiss, Le Pecq France) 

equipped with a 63X lens (oil immersion, Numerical Aperture, NA=1.4). Rhod2 fluorescence 

signals were recorded at 30°C by excitation at 561nm and measuring the emitted light at 588nm. 

Collected images were processed with Zen 2009 Light Edition software (Zeiss). 

Analysis, Uppsala University) and expressed as interactions per cell relative to ththhe nonn n-n-n trrtreaeaeatetetedd. 

Experiments were performed at least three times, with a minimum of 5 fields taken per 

coondndnditititioioionsnss..
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Isolation of adult murine cardiomyocytes and Ca2+ measurements 

Ventricular cardiomyocytes were isolated using enzymatic digestion according to previously 

described procedure12. 

Cardiomyocytes were loaded for 20min at 37°C with Fluo4-AM (5 M, Invitrogen). To 

measure Ca2+ transients, cardiomyocytes were field-stimulated at 1Hz with a current pulse 

delivered via two platinum electrodes. Changes in Fluo4 fluorescence were recorded at 25°C 

using an LSM510 Meta confocal microscope equipped with a 63x water-immersion objective 

(numerical aperture: 1.2; Line-scan mode: 1.5 ms/line; Zeiss). Scanning was carried out along 

the long axis of the cell.  

To measure mitochondrial Ca2+, cardiomyocytes were loaded for 40min at 37°C with 

Rhod2-AM (5 M, Teflabs, Austin, USA). Cardiomyocytes were stimulated under action 

potential induced-clamp conditions using a whole-cell patch-clamp technique at RT with an 

Axopatch 200B (Axon Instruments), as described previously13.  

Cellular model of hypoxia-reoxygenation and analysis of cell death and mitochondrial Ca2+

concentration

H9c2 cardiomyoblasts were subjected to 3h of hypoxia followed by 2h of reoxygenation at 37°C. 

Cells were randomized to receive either no additional intervention (HR), or 1 M NIM811 

(HR+NIM811), or 50 M 2-APB (HR+2-APB), administered at the onset of reoxygenation. To 

simulate hypoxia, the cell culture medium was replaced with Tyrode containing (in mM): 130 

NaCl, 5 KCl, 10 Hepes, 1 MgCl2, 1.8 CaCl2 at pH 7.4/37°C and cardiomyoblasts were exposed 

to hypoxia in a controlled hypoxic chamber (Adelbio®, Clermont-Ferrand, France) by 95% 

nitrogen and 5% CO2 gas mixture flushing up to partial O2 pressure of 0.5 to 1%. Reoxygenation 

was conducted in a normoxic incubator at 37°C, by replacing the ischemia-medium for 2h with 

To measure mitochondrial Ca2+, cardiomyocytes were loaded for 40min aaatt 37373 °C°C°C wwwititith hh 

Rhod2-AM (5 M, Teflabs, Austin, USA). Cardiomyocytes were stimulated under action

pooteteentntntiaiaialll ininindududuceed-d-d-cclclamp conditions using a whoolelele-cccell patch-clammmp p teechchchnnnique at RT with an

AAAxoopopatch 2000B B (A(AAxoxonnn InInInstststruruummementntts)s)s), aaas ddescccriiibeddd pprevvivioououslslyy1313.  

CeCeelllll ululularara mmmodododelel oofff hyhyypopooxixia-rrer oxoxoxygygygenenatatatioioionnn annnddd anananala ysysy isisis ooof cececelllll dddeaeaeaththh aaandndd mmmititi ococochhohonnddrririalal CCaa2+

concentratioonnn
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DMEM supplemented with 10%FBS. Time Control (TC) group consists in cells without the 

hypoxic stimulus, kept in the reoxygenation buffer. Cell death was determined after loading with 

1 g/mL propidium iodide (PI) that permeates only the damaged cells, and measured by flow 

cytometry (FACSCalibur, BD) at the end of the 2h reoxygenation. Similar protocol was used for 

isolated adult cardiomyocytes, except that the duration of hypoxia was reduced to 45min and cell 

death was measured by counting PI-positive cells using microscopy after the 120-minute 

reoxygenation period. For mitochondrial Ca2+ concentration measurements, H9c2 cells were 

loaded before hypoxia with Rhod2 as described above, and fluorescence measurement was 

determined by a fluorescence plate reader (Fluoroskan Ascent, Thermo Scientific) at an 

excitation wavelength of 542nm and an emission wavelength of 590nm. Intensity was 

normalized by cell density measured with Crystal Violet staining. 

Statistical analysis 

Data are expressed as the mean SEM. Experiments were performed at least three times, in 

duplicates or more. Statistical analysis was performed with the GraphPad Prism software using 

non-parametric tests. Comparisons among more than 2 groups were analysed by the Kruskal-

Wallis test. When the Kruskal-Wallis test was significant, the Dunn’s appropriate multiple 

testing procedure was performed. For all other analysis, data were compared by the Mann-

Whitney rank sum test. Statistical significance was defined as a value of p<0.05. 

 

Results

CypD interacts with the VDAC1/Grp75/IP3R1 Ca2+ channelling complex in the heart 

We first questioned if CypD could be present at the heart MAM interface by adapting the 

protocol of MAM isolation from liver to the heart14. Absence of cross-contamination and purity 

excitation wavelength of 542nm and an emission wavelength of 590nm. Intensitytyy wwwasas 

normalized by cell density measured with Crystal Violet staining.d
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of each fraction was assessed by both electron microscopy (Supplementary figure 1) and 

Western Blot (Figure 1A). As expected, CypD was concentrated in pure mitochondria and 

absent of the ER. However, a small fraction of CypD was also detected in the MAM fraction, 

together with IP3R1, Grp75 and VDAC1. To determine if these proteins could form a 

macromolecular complex, we performed 2D blue native page separation of heart homogenates. 

CypD was present in varying amounts in complexes which have a wide range of sizes, but more 

particularly in a high molecular weight complex where VDAC1, Grp75 and IP3R1, but not ANT, 

were detected (Figure 1B). A specific interaction of CypD with the IP3R1 channelling complex 

was also demonstrated by IP3R1 immunoprecipitation in mice heart homogenates (Figure 1C). 

To further confirm the involvement of CypD in the IP3R1 channelling complex, we monitored in

situ protein-protein interactions at MAM interface by proximity ligation assay in H9c2 

cardiomyoblasts. We observed the interaction between IP3R1 and VDAC1, with Grp75 as an 

intermediate (Figure 1D, first row). To evaluate the potential involvement of CypD in this 

complex, we analyzed the interactions between IP3R1/CypD, as well as with Grp75. For each 

couple of proteins, red fluorescent dots were observed, illustrating interactions of IP3R1 and 

Grp75 with CypD (Figure 1D, middle row). Interestingly, no interaction was observed between 

CypD and other ER Ca2+ channeling proteins, like Serca2 and RyR2, neither with IP3R2 (Figure

1C, last row). This suggests that the CypD interaction with the VDAC1/Grp75/IP3R1 complex is 

specific and occurs at the ER-mitochondria interface (Supplemental figure 2). 

CypD removal from the ER-mitochondria interface decreases the interactions of partner 

proteins within the VDAC1/Grp75/IP3R1 complex. 

CypD is known to be a mitochondrial matrix protein able to be recruited at the inner membrane. 

In order to understand the role of CypD in the MAM, we performed at different time points 

To further confirm the involvement of CypD in the IP3R1 channelling complex,, wewewe mmmonononitititorororeded n in

itu protein-protein interactions at MAM interface by proximity ligation assay in H9c2 

caardrddioioiommymyoboboblalalasts.s. WWWe observed the interaction beeetwtwt eeen IP3R1 annd d d VDDACACAC1, with Grp75 as an 

nnteeermrmediate ((FiFiiguguguree 11DDD, fififirsrsrst t t rorow)w)w).. TToo eevallluaaate tththee poootteennttitiaall iinnvvoololvevemmementnt ooof f f CyCypDpDpD iiin n thhhiisis 

coompmpmplelelex,x,, wwweee ananaaalyzyzyzededd tthhehe intnttereracacactititioonons s bebeetwtwtweeeeennn IIPP3P3R1R11/C/CCypypypD,D,D, aaass wewewelllll aaas wiwiththth GGGrprprp757575. FFForr r eaeacchch 
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(30min, 2h and 16h) a pharmacological inhibition of CypD in H9c2 cells. We used NIM811, a 

specific inhibitor of CypD (known to detach it from the inner mitochondrial membrane15), to 

determine if it might change this protein localization in the MAM of H9c2 cells. As shown in 

Figure 2A-B, NIM811 treatment significantly decreased the interactions between CypD and 

IP3R1 after 2h and 16h with a time-dependent effect. Interestingly, inhibition of CypD by 

NIM811 also modified the interaction between the other partner proteins of the complex; indeed, 

Grp75/IP3R1 interactions were reduced as soon as 30min after NIM811 treatment (Figure 2C) 

whereas interactions between Grp75 and VDAC1 diminished only after 2h of NIM811 treatment 

(Figure 2D).   

In line with this, adult cardiomyocytes of Ppif-/- (CypD protein, mice null for the Ppif 

gene) mice displayed significantly decreased interactions of both VDAC1 and Grp75 with IP3R1 

(Figure 2E-F). We further analyzed the composition of heart MAM following the in vivo 

administration of either NIM811 or CsA in mice. Interestingly, NIM811 significantly decreased 

the presence of the chaperones CypD and Grp75 at the MAM interface, with a similar trend for 

CsA (Figure 2G-H).  

Alternatively, the inhibition of IP3R by either 2-APB or XestoC also decreased the 

interactions of IP3R1 with CypD and Grp75 (Supplemental figure 3).  

CypD controls the Ca2+ transfer from ER to mitochondria through IP3R1 

Given that the VDAC1/Grp75/IP3R1 complex has been shown to directly control the Ca2+ 

transfer from ER to mitochondria5, we hypothesized that CypD would play a role in this Ca2+ 

exchange between the two organelles. Assessment of specific mitochondrial Ca2+ loading with 

Rhod-2 was performed on H9c2 cells after histamine stimulation, known to induce Ca2+ release 

from ER stores (Figure 3A). In untreated H9c2, histamine rapidly increased mitochondrial Ca2+ 

In line with this, adult cardiomyocytes of d Ppif-/-ff  (CypD protein, mice nulll l fofoor rr ththhe e PpPpPpififif

gene) mice displayed significantly decreased interactions of both VDAC1 and Grp75 with IP3R1

FiFigugugurerere 222E-E-E-FFF). WWWeee further analyzed the composisisittiooon of heart MAAAM M fofoollllllooowing the in vivo

addmmiministrationn oof f eeeiththheeer NNNIMIMIM81818 11 ororor CCsAsAsA in mimmice. Innnterreresststininnglglly,y NNNIIMM8181811 sisiggngniifificicananantltltly y deded ccrcreaeaaseseed 

hhe e e prprpresese enencecece oof f tthheee chchapappererononeese CCCypypypDDD ananand dd GGrGrp7p7p75 5 aatat ttheee MMMAMAMAM iiintnttererrfafafacecee, wwwtt itith hh a aa sisimimimillar r treenend d fooor r 

CsA (Figuree 222G-G-G HHH).).)   
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levels, reflecting IP3R-mediated Ca2+ transfer from ER to mitochondria. Both the down-

regulation of CypD expression by specific siRNA and the pharmacological inhibition of CypD 

by NIM811 led to a non-significant reduction of the amplitude of the histamine-stimulated 

increase of mitochondrial Ca2+ when compared to siCTL (Figure 3B-D). Inhibition of CypD also 

accelerated the decay time as depicted by the decreased tau but did not significantly modify the 

time of rise of mitochondrial Ca2+ (Figure 3E-F). So, to rule out an effect on the mitochondrial 

Na+/Ca2+ exchanger, we analyzed the effect of its inhibitor, CGP-37157, on the histamine-

induced Ca2+ transfer after NIM811 treatment (Supplemental figure 4A). In H9c2 cells treated 

with NIM811, we observed a similar decrease of Ca2+ transfer to mitochondria with prevention 

of the increase in tau after histamine stimulation when the mitochondrial Na+/Ca2+ exchanger is 

inhibited (Supplementary figure 4B-C). Importantly, neither the inhibition of CypD by 

NIM811 nor of IP3R1 by 2-APB caused any significant change in the mitochondrial membrane 

potential, as assessed by TMRM (Supplementary figure 5). 

To confirm the involvement of CypD in this Ca2+ coupling in the heart, we examined 

Ca2+ transients in isolated adult cardiomyocytes from WT and Ppif-/- mice. In adult Ppif-/- 

cardiomyocytes, the electrically evoked Ca2+ transients displayed an unchanged rate of rise, a 

significantly reduced amplitude and an increased time constant of decay (Figure 4A-D).  

Caffeine stimulation revealed a reduction in the SR Ca2+ load without any change of the rate of 

Ca2+ release (Figure 4E). Importantly, these alterations of Ca2+ homeostasis were mimicked by 

pharmacological inhibition of CypD activity with NIM811 in isolated WT cardiomyocytes 

(Figure 4A-E). 

To confirm the involvement of CypD in vivo in the Ca2+ transfer from SR to 

mitochondria, we measured mitochondrial Ca2+ load by Rhod-2 in isolated cardiomyocytes from 

of the increase in tau after histamine stimulation when the mitochondrial Na+/Caa2+2+2+ eeexccchahahangngngerere iis

nhibited (Supplementary figure 4B-C). Importantly, neither the inhibition of CypD by

NINIM8M8M8111111 nnnororo oof IPIPIP33R3R1 by 2-APB caused any signgngnififiicant change iin n n the e mimimitot chondrial membraneff

poteeenntial, as asasseseesssseddd bby y y TMTMTMRMRMRM (((SuSuuppppllemeeennntaryyy ffiguuurrere 555). 

ToTo cccoononfifirmrmrm tthehee iinvnvn ololvvevememementntnt oof f f CyCyCypDpDpD iiinnn ththhisss CCCaa22+2+ cccouououplplp ininngg ininin tthehehe hheaeaartrtt,, wewewe eeexaaamimmineneddd 

Ca22+2+ transientnttss s inini iiisososolalaateteed adadaduuultt cccarara didid ommmyoyoyocycycytetetes s s frfrf omomom WWWT T T ananand d d PpPpPpifff //-/-ff mmmicicice.e.e. IIIn n adadadululu tt t PpPpPpif //-/-ff
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WT and Ppif-/- mice under patch-clamp conditions (Figure 4F). Ppif-/- cardiomyocytes exhibited 

a significant reduction of mitochondrial Ca2+ loading after both action potential-induced Ca2+ 

transients and caffeine-induced SR Ca2+ release (Figure 4G-H). Altogether, these data strongly 

suggest that CypD is involved in the SR-mitochondria Ca2+ coupling in the heart through the 

VDAC1/Grp75/IP3R1 complex. This SR-mitochondria Ca2+ coupling may also contribute to 

modulate the global Ca2+ homeostasis and excitation-contraction coupling in cardiomyocytes. 

Inhibiting the CypD/VDAC1/Grp75/IP3R1 complex protects from hypoxia-reoxygenation 

injury

Based on these results, we hypothesized that the IP3R1-dependent Ca2+ transfer could also play a 

role in the mitochondrial Ca2+ overload observed during ischemia-reperfusion, and thus may be a 

new pharmacological target to prevent ischemia-reperfusion injury. Hypoxia-reoxygenation 

(HR) of H9c2 led to a significant increase of the interactions between CypD, Grp75 and IP3R1 

as revealed by in situ PLA (Figure 5A and B, Supplemental Figure 6). These increased 

protein-protein interactions were associated with a higher mitochondrial Ca2+ load (Figure 5C) 

and a significant increase of cell death as compared to time control (TC) cells (Figure 5D). 

Interestingly, treatment at reoxygenation with either 2 M NIM811 or 50 M 2-APB reduced 

CypD/IP3R1 interactions and inhibited HR-induced mitochondrial Ca2+ overload and cell death 

(Figure 5A-D). Similar observations were made following genetic down-regulation of CypD 

(Supplemental Figure 7) or treatment with Xestospongin C, another inhibitor of IP3R 

(Supplemental Figure 8). To confirm the involvement of CypD and the VDAC1/Grp75/IP3R1 

complex during HR injury, we down-regulated another partner of this complex, Grp75. Under 

baseline conditions (TC), the down-regulation of Grp75 significantly reduced the Grp75/IP3R1 

interactions and tended to reduce the CypD/IP3R1 interactions, and caused a decrease of the 

ole in the mitochondrial Ca2+ overload observed during ischemia-reperfusion, anannd d ththt ususus mmmayayay bbe a

new pharmacological target to prevent ischemia-reperfusion injury. Hypoxia-reoxygenation 

HHR)R)R) ooofff H9H9H9c2c2c2 lededd ttto o a significant increase of the ee iini ttteractioff ns betwewew enn CCCyypypD, Grp75 and IP3R1 

as rreve ealed byy innin ssituu PPLALALA (((FiFiFigugurerere 555AAA aaand B,, Suuppppleememmennttaall FFiigigururee 666). TThhehesese iinnncrrereasasseddd 

prprotototeieiein-n-n prprp otototeieie nn ininnteteeraraccctioioonsn wwwerrreee asasassosocciciatatatededed wwwititith h aa hhih ghghghererer mmmitttococo hhohondndndririiaal CCaa2+2+ llloaoadd d (((FiFigugugurere 555CCC))

and a significcananant t ininincrcrc eaeae sess oooff f cecc llllll dddeaeaatht aaass cccomomompapaparerer d dd totot ttimimime ee cococontntntrorr l l  (T(T(TC)C)C) cccelelellsls (((FiFiFigugugurerer  5D). 
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mitochondrial Ca2+ load (Figure 6A-C). After HR, Grp75-silenced H9c2 cells showed a 

decreased interaction of CypD and Grp75 with IP3R1 and a prevention of the increase in 

mitochondrial Ca2+ content when compared to siCTL (Figure 6A-C). Cell death was 

significantly reduced after HR in the siGrp75 group. These results support the idea that 

modifying the CypD/VDAC1/Grp75/IP3R1 complex at reoxygenation prevents the Ca2+ transfer 

from ER to mitochondria during HR and attenuate mitochondrial Ca2+ loading and subsequent 

lethal cell injury. 

Down-regulation of Mfn2 protects H9c2 cells from lethal hypoxia-reoxygenation injury 

Mfn2 has been recently shown to be involved in the tethering of ER to mitochondria and to 

regulate cardiac bioenergetics at the MAM interface3, 8. Down-regulation of Mfn2 reduced the 

interactions between both CypD and VDAC1 with IP3R1, at baseline but also after HR (Figure

7A). In addition, down-regulation of Mfn2 prevented the increase of the mitochondrial Ca2+ 

content observed after HR (Figure 7B). Eventually, cells depleted in Mfn2 were protected 

against lethal HR injury (Figure 7C). These data support the proposal that decreasing the ER-

mitochondria tethering protects from HR injury by reducing the IP3R1-mediated ER-

mitochondria Ca2+ transfer. 

Protection of adult mice cardiomyocytes from lethal reoxygenation injury by targeting the 

CypD/VDAC1/Grp75/IP3R1 complex 

The organization of the ER/SR and mitochondria is more complex in cardiomyocytes than in 

H9c2 cells. We then checked whether we could make similar observations in adult WT and Ppif-

/- primary cardiomyocytes. Cardiomyocytes were subjected to 45 minutes of hypoxia followed by 

2 hours of reoxygenation. In WT cardiomyocytes, the analysis of the interaction of both CypD 

and VDAC1 with IP3R1 by in situ PLA showed that HR significantly increased the interaction 

egulate cardiac bioenergetics at the MAM interface3, 8. Down-regulation of Mfnfn222 rereredududuceeced dd thththe e

nteractions between both CypD and VDAC1 with IP3R1, at baseline but also after HR (Figure

7AA).).). IIInnn adadaddididitititionn, , ddodown-regulation of Mfn2 prevvenenenteed the increaseee of ththheee mim tochondrial Ca2+

coonntntene t observvededed aaafttererr HHHRRR (((FiFiFiggugurerere 777BB). Eveeennttuallllyy, ceelelllsls dddepeppleletteedd inin MMMffnfn2 2 wewew rere ppprorootetectctededed 

agagaiaiainsnsnstt t leleththhalalal HHRRR iininjujuryry ((FiF gugugureree 777CCC).). TTThehehesesese dddatata a a suuuppppporrrttt thththe e prprp oopoposososalal thhahat t ddedeccrcreaeaasisiinngng tthhee EER-R-R-

mitochondriaa tttetetetheheeririringngng ppproootetetectcc s s frfrfromomm HHHR R R inininjujujuryryry bbby y y rerereduduucicic ngngng tthehehe IIP333R1R1R1-m-mmededediaiaateteted dd ERERER--
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between the partners of the IP3R1 Ca2+ channelling complex, concomitant with 45% of cell death 

as assessed by propidium iodide staining (Figure 8A-C), in agreement with our data in H9c2 

cells. Treatment at reoxygenation with 1 M NIM811 significantly reduced the interaction 

between VDAC1 and IP3R1 and tended non-significantly to reduce the CypD/IP3R1 inetractions 

while significantly decreasing HR-induced cell death (Figure 8A-C). Importantly, Ppif-/- 

cardiomyocytes displayed a significant reduction of both VDAC1/IP3R1 and Grp75/IP3R1 

interactions after HR, concomitant to a reduced cell death (Figure 8D-E). 

 

Discussion

We report that the mitochondrial chaperone CypD modulates ER-mitochondria Ca2+ crosstalk 

via the VDAC1/Grp75/IP3R1 complex. This modulation plays an important role in hypoxia-

reoxygenation injury. Pharmacological or genetic inhibition of each partner of the complex 

modified the Ca2+ fluxes and blunted lethal reoxygenation injury. Decreasing the tethering of ER 

to mitochondria by down-regulation of Mfn2 also prevented mitochondrial Ca2+ overload and 

reduced cell death following hypoxia-reoxygenation injury. These findings give new insights 

into the mechanism of lethal myocardial ischemia-reperfusion injury and open new therapeutic 

perspectives. 

Recently, several MAM-specific proteins were identified, including Mfn2, PACS2, 

sigma-1 receptor and promyelocytic leukemia3, 4, 16, 17. Most of these proteins are ER proteins, 

with only a few (e.g. Mfn2) belonging to mitochondria. The identification of CypD in close 

contact with the VDAC1/Grp75/IP3R1 complex adds a new member to the list of mitochondrial 

partners in MAM. Several of these MAM-specific proteins are Ca2+-sensitive chaperones5. 

Interestingly, CypD is a Ca2+-sensitive mitochondrial chaperone and belongs to the peptidyl-

We report that the mitochondrial chaperone CypD modulates ER-mitochondria CCCa2+2+2+ ccrorosssssstatatallklk 

via the VDAC1/Grp75/IP3R1 complex. This modulation plays an important role in hypoxia-

eeoxoxxygygygenenatatatioioionnn innnjujujuryry. Pharmacological or genetticicic innnhibition of eaachcc ppararartntntner of the complex

mmoddidified the CCaa2+22  fluuxxxesss ananand d d blbblununntetetedd lleetthhal rreeooxyygegeenaattitioonon inini jujuj ryryy. DeDecrcrreaaasisingngng tthehe tttetettheheh rir nngng ooof EER

oo mmmitititococo hohondndndriria a bybyy ddoowown-n-n rregugugulalalatititiononon oof f f MfMfMfnn2n2 aaalslsl ooo prprprevvvenenntetetedd mimim ttoochchchononondrdrdriaiall CaCaCa2+2+ oooveveverllooaoad d d anannd 

educed cell dddeaeaeaththh fffoloo lolol wiww ngngng hhhypypypoxoxo iaiaia-rrreoeoeoxyxyxygegegenanan titit ononon ininjujuuryryry.. ThThThesesese fififindndndininingsgsgs ggivivve e e nenenew w w ini sights 
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prolyl cis-trans isomerase family, confirming the important role of this class of proteins to 

regulate Ca2+ signalling at ER-mitochondria contact sites. Whether the chaperone activity of 

CypD is important for its interaction with the VDAC1/Grp75/IP3R1 complex was not 

specifically addressed in this study. Nevertheless, we found that pharmacological inhibition or 

siRNA removal of CypD altered the interaction among the other proteins of the 

VDAC1/Grp75/IP3R1, suggesting that the link between CypD and the complex might not only 

be functional but also structural. One cannot however rule out that the predominant matrix 

fraction of CypD might also play a role in Ca2+ transfer from the ER to mitochondria. The 

mechanism by which CypD physically and functionally interacts with the VDAC1/Grp75/IP3R1 

Ca2+ channelling complex needs further investigation. However its inhibition by NIM811, 

known to detach CypD from the mitochondrial membrane, suggests that its binding to the inner 

membrane is required to modulate the Ca2+ flux from ER to mitochondria through the 

VDAC1/Grp75/IP3R1 complex. The observation that, under normoxic conditions, CypD 

facilitates the transfer of Ca2+ from ER to mitochondria is in line with the well-known role of 

Ca2+ in cardiac excitation-contraction coupling and bioenergy coupling between ER and 

mitochondria. Smaili et al. have suggested in intact hepatocytes a role of cyclophilins in the Ca2+ 

cycling between ER and mitochondria by showing that cyclosporine modifies the IP3-dependent 

Ca2+ signals 18. The present data expand this notion since both genetic and pharmacologic 

inhibition of CypD leads to a decreased Ca2+ transfer from ER to mitochondria through IP3R1, 

even in the in vivo cardiomyocyte model.  

IP3R exists as three isoforms. Different studies suggest that several isoforms of IP3R 

could be enriched in the MAM5, 19, 20. In the heart, the type-1 isoform of IP3R is highly 

expressed, but IP3R2 is recognized as the predominant isoform in the cardiac myocyte21. 

Ca2+ channelling complex needs further investigation. However its inhibition by y NININIM8M8M8111111,,

known to detach CypD from the mitochondrial membrane, suggests that its binding to the inner 

memembmbmbrraranenee iiiss requququiirirede  to modulate the Ca2+ flux x ffrfroomm ER to mitococchoh ndnddriririaa through the 

VDVDAAC1/Grp775/5//IPIPI 3R3R111 ccocompmpmplelelex.x. TTThhehe ooobbsservvvatttion thhhat, uuundndeeer nnororrmmomoxixiiccc ccoondndditititioionsnss,, CyCyCypDpDpD n

faacicicililiitatatatetess thththeee trtraaanssfsferer off f CaC 22+2+ fffrororom m m ERERER tto oo mmmitooochchc ononondrdriaiai iiisss iinin lililinenene wwwititith h ththeee wewewelllll-k-knononowwnwn roolole e ooof 

Ca22+2+ in cardiaiaacc c exexexcicicitatat titit onoo -c-ccononontrracacactitionono cccouououplplpliiingngng aandndnd bbbioioenenenererergygygy cccououo plplplininng g g bebebetwtwtweeeeen n n ERERER aand 
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However, most of the functions of IP3Rs are attributed to the type-122 and our results show that 

CypD preferentially interacts with IP3R isoform 1 since no interaction with IP3R2 was observed. 

One can wonder whether the impact of IP3Rs signaling plays an important role in the heart 

compared to the cardiac RyR2 which is the major Ca2+ release channel on the sarcoplasmic 

reticulum in cardiomyocytes. In fact, accumulating evidence suggests that the IP3Rs, and more 

particularly the type 1 isoform, are involved in cardiac calcium signaling including the 

excitation-contraction and excitation-transcription coupling in the normal heart but also in some 

pathologies like hypertrophy21, 23-26.  

One may question whether other factors, including mitochondrial membrane potential or 

SR Ca2+ load, might contribute to attenuate Ca2+ transfer from ER to mitochondria upon 

inhibition of CypD. In contrast to Smaili et al.18, we found that inhibition of CypD by NIM811 

did not modify the mitochondrial membrane potential, indicating that the observed reduction of 

Ca2+ transfer from ER to mitochondria was likely not the result of a diminution of the driving 

force between the two organelles. Following both the chronic (Ppif-/-) and acute (NIM811) 

inhibition of CypD, we showed that cardiomyocytes exhibited a slower cytosolic Ca2+ transient 

decay (Figure 4A), indicative of a slower SR Ca2+ uptake, which in turn may explain the 

observed reduction in SR Ca2+ content (Figure 4E). The reduction in SR Ca2+ content can by 

itself explain the reduction in SR Ca2+ transient (Figure 4A-B) since the RyR2-dependent 

release process does not seem to be affected (Figure 4D). One may question whether the reduced 

SR Ca2+ content may further contribute to the limitation in SR to mitochondria Ca2+ transfer.  

Such mechanism remains to be investigated in depth in future studies. In summary, we propose 

that the inhibition of CypD by first limiting the Ca2+ transfer from SR to mitochondria through 

the VDAC1/Grp75/IP3R1 complex might create a metabolic uncoupling between SR and 

SR Ca2+ load, might contribute to attenuate Ca2+ transfer from ER to mitochonddririia upupu onono  

nhibition of CypD. In contrast to Smaili et al.18, we found that inhibition of CypD by NIM811 

diid d nononottt momoodididifffy tthehehe mmitochondrial membrane potetetentntiial, indicating g thtt att ttthhhee e observed reduction of 

CCCa22++ transfer frfroomm EER R R tooo mmmitittococochohondndndrir aaa wwwas llikkkelyy nnot ttthhee rreeesululu t t oofof a dddiiiy mmiminunutititioonon oof ff thththee drdrivivivinning g

foorcrcrce e bebeb twtweeeeeenn ththhe twtwt ooo oorrgaganeneelllleseses. FoFoF llllowowowininingg g boboboththh tthhhe cchrhrhronononiccc (((PpPpPpififif( -/-/ff )) aanand d acaccutututee (N(N(NIIMIM881811)1) 

nhibition of f CyCyCypDpDpD,, wewewe sshooowewewed d thththatatt ccararardididiooomymymyococo ytyty eseses eexhxhhibibibitititededed aaa sslooowewewer r r cycycytototososooliliiccc CaCaCa22+2+ transient 
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mitochondria, which subsequently results in a deficient uptake of Ca2+ by SR, possibly 

contributing to the disturbances in Ca2+ homeostasis. Elrod et al. recently reported that 

cyclosporine could increase Ca2+ uptake by mitochondria27. This apparent discrepancy with our 

results may be due to different experimental preparations and techniques of Ca2+ measurements. 

Elrod used pericam to measure mitochondrial Ca2+ in neonatal rat cardiomyocytes whereas we 

used Rhod2 either in H9c2 cardiomyoblasts or in adult mouse cardiomyocytes. Mitochondrial 

Ca2+ was measured after single-pulse field stimulation by Elrod, whereas we also used histamine 

stimulation of IP3R, meaning that we, but not Elrod, specifically addressed the transfer of Ca2+ 

from ER to mitochondria through the VDAC/Grp75/IP3R1 complex. Estimation of the efficiency 

of mitochondrial Ca2+ uptake would have required that we had simultaneously measured 

cytosolic and mitochondrial calcium; it would have still be difficult to separate the effect of 

CypD inhibitors on either its energetic or calcium channeling properties. 

Upon ischemia and reperfusion, the accumulation of Ca2+ into mitochondria can trigger 

PTP opening and cell death28. Ca2+ crosstalk between ER and mitochondria has been involved in 

myocardial reperfusion injury29. We hypothesized that at least part of the death signal 

represented by mitochondrial Ca2+ overload would come from the ER, and that what we had 

observed under normoxic conditions would be of significant relevance upon the challenge of 

hypoxia-reoxygenation injury. The interactions among all the partners of the 

CypD/VDAC1/Grp75/IP3R1 complex were significantly increased after HR and associated with 

mitochondrial Ca2+ overload and cell death. Pharmacological inhibition of CypD by NIM811 

administered at the time of reoxygenation prevented the increased interaction between the 

partners of the IP3R1 Ca2+ channeling complex and attenuated the mitochondrial Ca²+ overload. 

This suggests that the enhanced contact between ER to mitochondria and the subsequent 

of mitochondrial Ca2+ uptake would have required that we had simultaneously mmeaeasuss rereed d d

cytosolic and mitochondrial calcium; it would have still be difficult to separate the effect of 

CyCypDpDpD iiinhnhnhibibibitititoors s ononon either its energetic or calciumumm cchhanneling propoppertiieseses. . 

Upon iiscscheheemimiiaaa anananddd rereeppeperfrfusususioioi nnn, tthe aaccccummmuuulatioioion n ooof CCCaa2+ 2+2 iinntoto mmmiittococchohohondndririria a cacann n trtrtriigiggegeger 

PTPTTPP P opopopenenininng gg ananddd ccecellll ddeeaeathth2288.. CaCaCa2+2++ ccroroossssstatatalklklk bbbetete wweweeen EERRR aanand dd mimimitooochchchoonnddrdriaiaa hhhaasas bbbeeeeeenn ininnvvovolvlvededed iin

myocardial rrepepeperere fufufusisis ononn iinjnjurururyyy292929... WeWeWe hypypypototothehehesisis zezez d d d ththhata aaat t t leleleasasa t t t papapartt ooof f f thththeee dededeatatth h h sisisigngngnalala  
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increased transfer of Ca2+ through the VDAC1/Grp75/IP3R1 complex during reoxygenation 

following a prolonged hypoxic insult may contribute to lethal cardiomyocyte injury. Obviously, 

one may object that the reduction of cell death following inhibition of CypD was due to the sole 

inhibition of PTP opening within mitochondria. Whereas this point is very difficult to clarify as 

CypD-independent inhibitors of PTP would also reduce mitochondrial Ca2+ overload and cell 

death, different observations are against this proposal. First, the pharmacological inhibition or 

genetic ablation of CypD caused disturbances in ER Ca2+ homeostasis even under normoxic 

conditions, i.e. when the PTP is not formed. Second, the mitochondrial CypD is located into the 

matrix under normoxic conditions, and needs to be translocated to the inner membrane to trigger 

PTP opening upon hypoxia-reoxygenation. In contrast, it appears that the sub-fraction of CypD 

located at MAMs is already bound to the VDAC1/Grp75/IP3R1 complex under normoxic 

conditions. The reason for that is unclear; however, one may hypothesize that the likely high 

local concentration of Ca2+ in the vicinity of the mitochondrial side of the VDAC1/Grp75/IP3R1 

channel, favours the binding of local CypD to the inner mitochondrial membrane. Third, we 

demonstrated that the inhibition of CypD reduced the number of CypD/VDAC1/Grp75/IP3R1 

complexes formed during hypoxia-reoxygenation and significantly attenuated Ca2+ accumulation 

into mitochondria. Most importantly, non CypD-related reduction of ER-mitochondria 

interactions by pharmacological inhibition of IP3R or genetic loss of function of either Grp75 or 

Mfn2 produced very comparable effects than inhibition of CypD in terms of reduction of Ca2+ 

flux from ER to mitochondria and cell death. There is also no evidence that either protein is 

linked to the PTP. This strongly suggests that the VDAC1/Grp75/IP3R1 complex plays a major 

role in hypoxia-reoxygenation injury through the Ca2+ transfer from ER to mitochondria. It 

indirectly indicates that CypD is one target within this complex, apart from the PTP, that might 

PTP opening upon hypoxia-reoxygenation. In contrast, it appears that the sub-fraraactctioioionn ofofof CCCypypy DD t

ocated at MAMs is already bound to the VDAC1/Grp75/IP3R1 complex under normoxic 

coondndnditititioioionsnss.. ThThT e rerereaasason for that is unclear; howevvveree , one may hypopootht essizizizeee that the likely high 

oocaaal l concentrratatiioi nnn ofofof CCaaa2+2+2 iinnn tththe e vivivicic nnnittyy offf thhhe mmimittocchohohondnddriialal ssididee ofoff thhee VVVDADAD C1C1C1/G/G/Grprpp75755//I/IP3P3P3RR1

chhhananannenenel,l,, ffavavavoouoursrs thhehe bbbinindidingng oofff lololocacacall CCyCypDpDpD toto ttthehehe innnneeer mmmitititococchohoh ndndndriririalal mmemembrbrb anana e.e.. TTThihirrrd, , , wewee 

demonstratedd ttthahah t t t thththee inininhibibibitititiononn ooof f CyCC pDpDpD rereredududucecec d dd thththeee nunuumbmbmberere ooof f f CyCyypDpDpD/V/V/VDADADAC1C1C1/G/G/Grprprp757 /IP3R1 
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be used to prevent mitochondrial Ca2+ overload during hypoxia-reoxygenation. With this 

paradigm, inhibition of CypD would protect against ischemia-reperfusion injury via two 

synergistic actions (Supplemental Figure 9): 1) the upstream limitation of mitochondrial Ca2+ 

overload by the reduction of Ca2+ transfer from ER to mitochondria, and 2) the downstream 

prevention of PTP formation via the limitation of CypD binding to the inner mitochondrial 

membrane. This is consistent with a previous report suggesting that Ca2+ cycling from ER to 

mitochondria may directly favor the PTP30. This is also in agreement with reports showing that 

some modulators of apoptosis act by modifying Ca2+ transfer from ER to mitochondria and 

subsequent PTP opening4, 31-33. 

In summary, our work identifies a new role for CypD as a partner of the 

VDAC1/Grp75/IP3R1 complex at the contact sites between ER and mitochondria, contributing 

to the Ca2+ crosstalk between the two organelles. It shows that this Ca2+ transfer complex plays a 

major role in lethal reoxygenation injury, and thereby identifies new molecular targets for 

cardioprotection.  
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Figure Legends: 

Figure 1. CypD is involved in the VDAC/Grp75/IP3R1 complex at the ER-mitochondria 

interface. A) Detection of CypD by immunoblotting in subcellular fractionation of mice heart. H: 

total homogenate; ER: endoplasmic reticulum; pM: pure mitochondria; MAM: mitochondria-

associated membranes. Serca2 and IP3R1 were used as ER markers, VDAC1, Grp75, ANT, 

COX IV and cytochrome c as mitochondrial markers. B) Two dimensional blue native separation 

of native heart extracts from WT mice. The blue native-page was calibrated based on the location 

of the mitochondrial respiratory chain complexes isolated from mouse heart mitochondria, 

separated by electrophoresis simultaneously with the total mouse heart lysate. CypD was present 

in varying amounts in complexes which have a wide range of sizes, but more particularly in a 

high molecular weight complex where VDAC1, Grp75 and IP3R1 but not ANT were detected 

(see arrow). C) Immunoprecipitation of IP3R1 from mice heart homogenates specifically pulled 

down CypD, as well as VDAC1 and Grp75. D) Visualization of in situ interactions between 

CypD, VDAC1, Grp75 and IP3R1 using proximity ligation assay in H9c2 cells. Nuclei appear in 

blue and interactions between the two proteins are depicted in red.

 

Figure 2. CypD removal from the ER-mitochondria interface decreases protein interactions 

within the VDAC1/Grp75/IP3R1 complex. H9c2 cells were treated with NIM811 (2 M) during 

30min, 2h or 16h and the interactions were analysed by proximity ligation assay, in order to 

quantify IP3R1/CypD (B), Grp75/IP3R1 (C) and Grp75/VDAC1 (D) interactions compared to 

the Vehicle (Veh). Panel A shows typical images after 2h of treatment. Quantification of the 

Duolink PLA red fluorescent dots was performed using BlobFinder V3.2. Nuclei were stained 

eparated by electrophoresis simultaneously with the total mouse heart lysate. CyCyypDpDD wwwassas ppprereresesent

n varying amounts in complexes which have a wide range of sizes, but more particularly in a 

hiighghgh mmm lololecececuululaar wwweeieighg t complex where VDAC1, GGGrrpp75 and IP3RR111 buut t nononot ANT were detected r

sseeee arrow). CC)) ImImImmumunonooprprprecececipipipititaatitiiononon ooof f IIP3RRR11 fromomom mmmiciccee hheheaarart t hhohomomogggennanateteess spspececcififficicicaala lyyy ppuulu lleed 

dodownwnwn CCCypypypD,D,D, aass wewewellll aaas VDVDV AACAC111 anananddd GGrGrp7p7p75.5.5. DDD) ) ) VVVissuualallizzzatatatioioion nn ofofo in nn sisisitutuu innnteterararactctctioionsnsns bbetettwweweenenn 

CypD, VDACACC1,1,1, GGGrprprp75755 aandndd IIIP3P3P R1R1R1 uuusis ngngng ppprororoxixiximimimitytyty llligigi aatititiononon aaassssssayayay in n n H9H9H9c2c2c2 cccelellslsls... NuNuNuclclcleie  appear innn
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with Dapi. *p<0.05 vs. respective Veh, n=3 experiments. E) Typical images of in situ 

interactions between CypD, VDAC1, Grp75 and IP3R1 using proximity ligation assay in isolated 

adult cardiomyocytes from WT and Ppif-/- mice. Quantification in F) demonstrates a significant 

decrease in both VDAC1 and Grp75 interactions with IP3R1 in Ppif-/- cardiomyocytes. †p<0.05 

vs. WT, n=6. G) Analysis of MAM composition after overnight treatment of mice with CsA or 

NIM (10mg/kg, IP). The corresponding bar graph (H) shows a significant decrease of the amount 

of both CypD and Grp75 (expressed as a ratio of VDAC content) in the MAM after in vivo CsA 

or NIM811 treatment. n=4. 

 

Figure 3. Inhibition of CypD in H9c2 cells reduces the Ca2+ transfer from ER to mitochondria 

through IP3R. A) Representative images of mitochondria staining by Rhod-2 and Mitotracker 

Green, showing 95% colocalization. B-C) Representative curves of the time course of 

mitochondrial Ca2+ after histamine stimulation, after CypD down-regulation by siRNA (B) or 

CypD inhibition by NIM811 (C). Quantification of the maximal mitochondrial Ca2+ mean 

fluorescence (F/F0) in (D), of the time constant of decay tau (E) and the time to peak (F) after 

histamine stimulation. n=8-12.

 

Figure 4. Ppif-/- cardiomyocytes display an alteration of Ca2+ homeostasis. A-E) Ca2+ transients 

in isolated WT (treated or not with 2 M NIM811) and Ppif-/- cardiomyocytes field stimulated at 

1.0 Hz and visualized with Fluo-4 AM. A) Representative recordings expressed as F/F0; B) 

quantification of averaged peak Ca2+ transient amplitude; C) averaged decay time constant (Tau) 

of Ca2+ transients; D) rate of rise of Ca2+ transients; E) averaged SR Ca2+ content estimated from 

the caffeine-induced peak in Ca2+ transients. F) Representative images of patch-clamp 

Figure 3. Inhibition of CypD in H9c2 cells reduces the Ca2+ transfer from ER too mmititi occhohohondndndrriria a

hrough IP3R. A) Representative images of mitochondria staining by Rhod-2 and Mitotracker 

GrGreeeeeen,n,n, sshohohowiwiwinng 99955%5% colocalization. B-C) Repreeeseses nnntative curves ooof thhe ee tititimem  course of 

mmitooochondrial l CCaCa22++ aaftftf errr hhhisisistatatammiminenene ssstit mumumulatitiionnn, afffteeer CyCyCypDpDpD dddowown-n-rereguguulalattioonnn bbyby ssiRiRiRNANANA ((B)BB) ooor r

CyCyypDpDpD iiinhnhibibbitititioion n byyy NNIMIMM818 11 (C(C(C))). QQQuauanntntififificicicaaatioioon n n ofofof tthehee mmmaxaxaximmmalal mmmitititococchohoondnddririr alalal CCaaa2+++ mmmeaaan n

fluorescencee (((F/F/F/FF000))) inini ((D)DD ,, ofofof thehehe tttimimme cococ nsnsn tatat ntntnt oof f f dededecacay y y tataau u u (E(E(E))) anana d d d thththeee tititimemem  tototo pppeaeaeak k k (F( ) after 
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experiment with Rhod-2 loading in adult cardiomyocytes. Mitochondrial Ca2+ load was assessed 

by Rhod-2 after action potential induced- Ca2+ transients (G) or caffeine-induced SR Ca2+ release 

(H). 

Figure 5. Prevention of mitochondrial Ca2+ overload through IP3R by NIM811 and 2-APB after 

hypoxia-reoxygenation. Hypoxia (3hrs) followed by re-oxygenation (2hrs) (HR) was performed 

on H9c2 cells. A-B) Interactions between CypD/IP3R1 and Grp75/IP3R1 were studied after HR 

by in situ PLA. Panel A shows typical images of interactions between IP3R1 and CypD. B) 

Quantification of the interactions per cell was performed.  HR induced an increased number of 

interactions when compared to Time Control cells (TC). Both NIM811 and 2-APB prevented this 

increase. C) Measurement of mitochondrial calcium by Rhod2 loading after 2 hours of 

reoxygenation. NIM811 and 2-APB attenuated the increase induced by HR. D) Cell death was 

measured by FACS analysis of propidium iodide staining.  The mortality is presented as a 

percentage of PI-positive cells. Cell death was slightly but significantly reduced by NIM811 

(2 M) and 2-APB (50 M). n=6.

 

Figure 6. Downregulation of Grp75 protects from cell death after hypoxia-reoxygenation. A) 

Representative in situ PLA images of Grp75/IP3R1 interactions. B) Quantification of 

CypD/IP3R1 and Grp75/IP3R1 interactions after Grp75 downregulation and HR. At baseline 

(TC), down-regulation of Grp75 caused a nonsignificant reduction of the interaction of CypD 

with IP3R1, and expectedly a significant reduction of the interaction of Grp75 with IP3R1. After 

HR, siGrp75 prevented the increased interactions between CypD and IP3R1 (non-significant 

trend) and between Grp75 and IP3R1 when compared to siCTL. C) Measurement of 

nteractions when compared to Time Control cells (TC). Both NIM811 and 2-APAPPBB prprp evevevenenenteteted dd tthi

ncrease. C) Measurement of mitochondrial calcium by Rhod2 loading after 2 hours of 

eeoxoxxygygygeenenatatatioioionnn. NNNIMIMIM811 and 2-APB attenuated ttthhehe iincrease induccedee bby y y HHHR. D) Cell death was 

mmeaasasured by FAFAACCSS aannnalylylysisisis s ofofof pprororoppipiddiiuumm ioododide sttaainninining.g.  TThhee momom rtrtalalliti yyy isis pprreresesentntn ededed aaass aa 

pepercrcrcenenentatat gegege ooofff PIPI-p-posositittivive e ccelllllls.s CCCelelellll dedeeatatthh h wwwasss slsls iigighhthtlylyy bbbututut ssigggninin ffficacacantntn lylyly rrrededuucucedede bbby y y NINIIM8MM811111 

2 M) and 2-2-APAPAPBBB (5(5(5000 M)M))... n=n=n 6.6.6.
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mitochondrial calcium by Rhod2 loading after 2 hours of reoxygenation. D) Assessment of cell 

death after 3 hours of hypoxia followed by 2 hours of reoxygenation. Downregulation of Grp75 

decreased cell death after HR as compared to control (siCTL). n=6. 

 

Figure 7. Decreasing ER-mitochondria interactions by down-regulation of Mfn2 protects from 

cell death after hypoxia-reoxygenation. A) Quantification of CypD/IP3R1 and VDAC1/IP3R1 

interactions after Mfn2 down-regulation and HR. At baseline (TC), down-regulation of Mfn2 

tended (non-significantly) to decrease the interactions of both CypD and VDAC1 with IP3R1. 

After HR, siMfn2 significantly prevented the increased interactions between CypD, VDAC1 and 

IP3R1 when compared to siCTL. Inset shows Mfn2 level after 24 hours of transfection. B) 

Measurement of mitochondrial calcium by Rhod2 loading after 2h reoxygenation. Down-

regulation of Mfn2 significantly decreased mitochondrial Ca2+ accumulation after HR when 

compared to control (siCTL). C) Assessment of cell death after 3 hours of hypoxia followed by 2 

hours of reoxygenation. Down-regulation of Mfn2 decreased cell death after HR when compared 

to control (siCTL). n=6. 

 

Figure 8. NIM811 decreases the interaction between the partners of the 

CypD/VDAC1/Grp75/IP3R1 complex and protects adult mice cardiomyocytes from cell death.

A-B) Interactions between CypD/IP3R1 and VDAC1/IP3R1 were studied after HR by in situ 

PLA. Panel A shows typical images of interactions between CypD (top row) and VDAC1 

(bottom row) with IP3R1. B) Quantification of interactions per cell.  HR increased the 

interactions between CypD and IP3R1 and between VDAC and IP3R1 when compared to Time 

Control cells (TC). NIM811 prevented this increase. C) Assessment of cell death after 45min of 

P3R1 when compared to siCTL. Inset shows Mfn2 level after 24 hours of transfefefectcttioion.n.n BBB)) ) 

Measurement of mitochondrial calcium by Rhod2 loading after 2h reoxygenation. Down-

eegugugulalalatititiononn ooofff MfMffn2n2n2 ssignificantly decreased mitococchohohondrial Ca2+ acccccummulululaatation after HR when 

coommpmpared to coconnntrrool l (s(s( iCCCTLTLTL).).). CC)C) AAAssssseessssmmennnt oof ccelelll deeeaatath h afafa tteter r 33 hhohoururss oofof hhhypyppoxoxiaiaia fffolollloll wwewedd d bbyby 2

hohoururu s ss ofofo rreoeoeoxxyxygegeenaaatitionon. DoDowwnwn-r-rregegegululu aattiiononn ooofff MMfMfn2n22 dddecccreeeasasasededed cccelelll dededeatathhh aafafteteer rr HHRHR wwwhhhennn cocoompmppararrede

o control (siiCTCTCTL)L)L).. n=n=n 6.6.. 
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hypoxia followed by 2hrs of reoxygenation. NIM811 significantly decreased cell death after HR. 

n=6. Quantification of VDAC1/IP3R1 and Grp75/IP3R1 interactions (D) and assessment of cell 

death (E) after HR in WT and Ppif-/- mice cardiomyocytes. Ppif-/- cardiomyocytes displayed 

decreased interactions between VDAC1/Grp75/IP3R1 together with a significantly reduced cell 

death. n=6.  
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DEPRESSING MITOCHONDRIA-RETICULUM INTERACTIONS PROTECTS 
CARDIOMYOCYTES FROM LETHAL HYPOXIA-REOXYGENATION INJURY 

 
Melanie Paillard, Emily Tubbs, Pierre-Alain Thiebaut, Ludovic Gomez, Jeremy 

Fauconnier, Claire Crola Da Silva, Geoffrey Teixeira, Nathan Mewton, Elise Belaidi, 
Annie Durand, Maryline Abrial, Alain Lacampagne, Jennifer Rieusset, Michel Ovize 
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SUPPLEMENTAL METHODS 
 

Isolation of mitochondria-associated membranes (MAM) 

Isolation of the MAM fraction was performed by differential ultracentrifugation as 

previously described 1. The heart was homogenized with a glass potter in Isolation 

Buffer (225mM mannitol, 75mM sucrose, 0.5% BSA, 0.5mM EGTA and 30mM Tris-

HCl, pH 7.4) and then centrifuged twice at 740g for 5min to remove nuclei and 

cellular debris. The supernatant was centrifuged at 9000g for 10min to pellet crude 

mitochondria which were re-suspended in Mitochondria Resuspending Buffer (MRB: 

250mM mannitol, 5mM Hepes and 0.5mM EGTA, pH 7.4). Crude mitochondria were 

further purified through a percoll medium at 95000g for 30min in a SW40 rotor 

(Beckman). Purified mitochondria were localized at the bottom of the tube as a dense 

band whereas MAM was a diffused white band above the mitochondria. Pure 

mitochondria were washed twice by centrifugation at 6300g for 10min and 

resuspended in MRB. To further purify the MAM fraction, MAM were diluted in MRB 

and centrifuged at 6300g for 10min to remove any contaminating mitochondria. MAM 

supernatant was then centrifuged at 100000g for 1h in a 70 Ti rotor (Beckman) and 

the resulting pellet was resuspended in MRB. Resulting supernatant after crude 

mitochondria centrifugation was further centrifuged at 20000g for 30min followed by 

100000g for 1h to pellet the endoplasmic reticulum (ER). Protein content was 

assayed by the Lowry method and 30μg of proteins from each fraction was loaded on 

a 4-15% SDS gel (Biorad). 

 

Blue-Native and SDS-PAGE 2D separation 

Hearts from WT mice were gently homogenized three times at 6000 Hz for 10 

seconds (Precellys 24, Ozyme), in CP1 buffer (100mM KCL, 50mM Mops, 5mM 
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MgSO4, 1mM EGTA, 1mM ATP). To prepare “native” protein lysate, native heart 

homogenate was solubilized with 1% Lauryl Maltoside (Mitosciences) for 30min at 

4°C. To remove unsolubilized material, the lysates were centrifuged at 10000  for 

10min. Protein concentration was determined by the Bradford method (Bio-Rad). 

Native page was performed according to manufacturers’ instructions (Invitrogen). 

Briefly, 80μg of proteins combined with 0.25% G-250 was loaded onto a 4-12% 

Criterion Bis-Tris gel (Biorad) for the first dimension. As an internal calibration, 20μg 

of mice heart mitochondria solubilized with 0.48% Lauryl Maltoside was analyzed. At 

the end of the first dimension, the gel strips were excised and reduced with 1X 

NuPage reducing agent in 1X NuPage LDS sample buffer (Invitrogen) for 15min at 

RT. Then, cysteines alkylation was done with N, N-Dimethylacrylamide for 15min at 

RT. Finally, the reaction was quenched for 15min at RT with 20% ethanol in 1X LDS 

and 0.1X Reducing agent. Then, the equilibrated gel strip was applied to the second 

dimension on a 4-16% Criterion Bis-Tris gel, separated and transferred to the PVDF 

membrane. 

 

Cell culture and transfection  

SV40-transformed H9c2 rat cardiomyoblasts were obtained from Centre National de 

la Recherche Scientifique (CNRS) (C.Kieda, patent 99-16169, France). All cell 

culture reagents were obtained from Invitrogen. Cells were cultured at 37°C under 

5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM) containing 4.5 mM glucose 

and supplemented with 10% fetal bovine serum and 1% penicillin and streptomycin. 

Cells were plated at a density of 13000–16000 cells/cm2. Depending of the nature of 

experiments, H9c2 cells were plated either on 12 wells plates or in a 8-chamber glass 

slide (Millipore). N-methyl-4-isoleucine-cyclosporin (NIM811) (2μM, Novartis) was 
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dissolved in 100% Ethanol and used as a non-immunosuppressive and specific 

pharmaceutical inhibitor of CypD. Cells were also treated with IP3R inhibitors: 2-

Aminoethoxydiphenyl borate (2-APB, 50μM) or XestosponginC (XestoC, 1nM) both 

dissolved in DMSO. Downregulation of CypD, Grp75 and Mfn2 (50nM, Qiagen) was 

performed using DharmaFECT transfection reagent (Thermo Scientific) according to 

the technical recommendations. Twenty-four hours post-transfection, the medium 

was removed and the cells were immediately lysed in appropriate lysis buffer and 

frozen at -20°C until processing or used for further experiments. 

 

Electron microscopy 

Pellets of pure mitochondria, ER and MAM from WT heart were fixed in 2% 

glutaraldehyde for 2h at 4°C, postfixed in 1% osmium tetroxide for 1h at 4°C, 

dehydrated and embedded in Epon. The fraction was then cut using a RMC/MTX 

ultramicrotome (Elexience) and ultrathin sections (60-80nm) were mounted on 

copper grids, contrasted with 8% uranyl acetate and lead citrate, and observed with a 

Jeol 1200 EX transmission electron microscope (Jeol LTD) equipped with MegaView 

II high resolution TEM camera. Analysis was performed with Soft Imaging System 

(Eloïse SARL). 

 

Protein extracts and Western-blotting 

Total lysates of H9c2 were prepared in lysis buffer (containing 1% NP40, 20mM Tris-

HCl, 138mM NaCl, 2,7mM KCl, 1mM MgCl2, 5% Glycerol, 5mM EDTA, 1mM DTT) 

supplemented with a cocktail of protease inhibitors (Sigma, Aldrich) and 

phosphatases inhibitors (PhosStop, Roche Diagnostics). Equivalent amounts of total 

protein (50-100μg) were separated electrophoretically by SDS-PAGE (6%, 12% or 4-
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15% ready gels, BioRad) and transferred to a PVDF membrane (Biorad). The later 

was blocked in 5% solution of dry milk in TBS-T for 1h at RT, and probed overnight at 

4°C using the following antibodies: IP3R1H80 (1/1000), VDAC1 (1/2500), Grp75 

(1/1000), CypD (1/2500), Mfn2 (1/1000, Abcam) and Tubulin (1/500, Santa Cruz). 

Immunoblots were developed using the ECL plus chemiluminescence assay system 

(Amersham) with the GelDoc molecular Imager (Biorad). Quantification was 

performed with the Image Lab software (Biorad). 

 
Immunoprecipitation of IP3R1 

Heart homogenates (500 μg) were mixed overnight at 4°C with 2μg of anti-IP3R1 

antibody or for control with rabbit IgG (Santa Cruz) in buffer containing 50 mM Tris, 

150 mM NaCl, 1% Triton X-100, and 1 mM EDTA, supplemented with protease and 

phosphatase inhibitors (Sigma and Roche, respectively). On the next day, the 

mixture was then incubated for 2 h at 4°C with Pure Proteome protein G magnetic 

beads (Millipore) and bound proteins were then eluted with Laemmli buffer. 

 

Duolink® Proximity Ligation in situ Assay (PLA)  

Antibodies used for the detection of protein–protein interactions were anti-IP3R1H80 

(rabbit, Santa Cruz), anti-VDAC1 (rabbit, Calbiochem and mouse, Abcam), anti-CypD 

(mouse, Abcam), anti-Grp75 (mouse, Santa Cruz), anti-ANT (mouse, Calbiochem), 

anti-RyR2 (rabbit, Abcam) and anti-Serca2 (rabbit, Cell Signaling) at a concentration 

of 1/200. All antibodies were first confirmed by immunofluorescence (data not 

shown). 

 

Isolation of adult murine cardiomyocytes and Ca2+ measurements 
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Briefly, WT and Ppif-/- mice were anesthetized with sodium pentobarbital (70mg/kg) 

(Sanofi Santé Animale, France) and the heart was quickly harvested and retrogradely 

perfused at 37°C for 6-8min with a perfusion buffer (in mM: 113 NaCl, 4.7 KCL, 0.6 

KH2PO4, 0.6 Na2HPO4, 1.2 MgSO4, 12 NaHCO3, 10 KHCO3, 10 Hepes, 30 

Taurine, pH 7.4) containing 10mM 2,3-Butanedione, 5.5mM Glucose, 12.5μM CaCl2, 

0.1mg/mL of liberase (Roche) and 0.14mg/ml trypsin (Sigma). Isolated myocytes 

were then transferred on laminin (10μg/ml) precoated dishes with M199 medium 

(Invitrogen) and allowed to attach for 2h in humidified 5%CO2–95% air at 37°C and 

then washed once to remove unattached cells before being used.�

Analysis of Ca2+ transients was performed on different parameters: amplitude of Ca2+ 

transients (change in fluorescence F was divided by the fluorescence F0 detected 

before the electrical stimulation pulses), rising phase of Ca2+ transients (normalizing 

the peak amplitude over the time to peak) as an index of ryanodine receptor (RyR) 

function and the decay of electrically stimulated Ca2+ transients as an index of 

sarco/endoplasmic reticulum Ca2+ ATPase (SERCA) activity.  

For patch-clamp measurements, pipettes (2-3MΩ) were filled with recording 

solutions, in mM: KCl 130, HEPES 25, ATP(Mg) 3, GTP(Na) 0.4, EGTA 0.5, pH 

adjusted to 7.2 with KOH. The cardiomyocytes were perfused with Tyrode’s solution. 

Action potentials (APs) were elicited by 0.2ms current injections of supra-threshold 

intensity. Cells were stimulated routinely at 0.1Hz until APs stabilized. Data 

acquisition and analyses were performed using PClamp version 10.1 (Axon 

Instruments). 

 

 

Measurement of membrane potential in H9c2 
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H9c2 cells were loaded with 10nM TMRM (Molecular Probes) for 40min at 37°C, and 

then followed by 20min washout before recordings with a Zeiss LSM 780 bi-photon 

confocal microscope (Zeiss, Le Pecq France) equipped with a 63X lens (oil 

immersion, Numerical Aperture, NA=1.4). Analysis was performed on at least 5 

different cells per field. 

 
 
 
 
 
 

SUPPLEMENTAL BIBLIOGRAPHY 
 
1. MR Wieckowski, C Giorgi, M Lebiedzinska, J Duszynski,P Pinton. Isolation of 
mitochondria-associated membranes and mitochondria from animal tissues and cells. Nat 
Protoc. 2009;4:1582-1590. 
2. J Fauconnier, A Lacampagne, JM Rauzier, G Vassort,S Richard. Ca2+-dependent 
reduction of IK1 in rat ventricular cells: a novel paradigm for arrhythmia in heart failure? 
Cardiovasc Res. 2005;68:204-212. 
 
 

 by guest on August 29, 2013http://circ.ahajournals.org/Downloaded from 
246



Supplemental Figures

Depressing mitochondria-reticulum interactions protects cardiomyocytes from lethal 
hypoxia-reoxygenation injury
Melanie Paillard, Emily Tubbs, Pierre-Alain Thiebaut, Ludovic Gomez, Jeremy Fauconnier, Claire 
Crola Da Silva, Geoffrey Teixeira, Nathan Mewton, Elise Belaidi, Annie Durand, Maryline Abrial, 
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ER pM MAM

Supplemental Figure 1: Electron microscopy of ER, pure mitochondria (pM) and MAM fraction.
Subcellular fractions were Percoll-purified from WT heart as described, fixed, processed and analyzed 
by TEM. Bars, 0.5 �m.
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Mitochondria CypD/IP3R1 Merge
Dapi

10μm

Supplemental Figure 2: Simultaneous staining of mitochondrial network and CypD/IP3R1 
interactions.
CypD/IP3R1 interactions (red dots) are aligned along mitochondria (stained in green), as shown by the 
merge. This suggests that this interaction likely occurs at the ER-mitochondria interface in the heart. 
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Supplemental Figure 3: Inhibition of IP3R in H9c2 cells alters the interaction of CypD with the 
VDAC1/Grp75/IP3R1 complex. Effect of 2-APB treatment (50 μM, 2h) and Xestospongin C (XestoC, 2μM, 
2h) on interactions between CypD, Grp75 and IP3R1, using in situ PLA. n=4-5.
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Supplemental Figure 4: Inhibition of the mitochondrial Na+/Ca2+ exchanger by CGP-37157 does not 
modify the decreased histamine-induced Ca2+ transfer to mitochondria in NIM-treated H9c2 cells.
A) Representative curves of the time course of mitochondrial Ca2+ after histamine stimulation, in condition 
of inhibition by NIM811 (2μM) with or without CGP-37157 (10μM). Quantification of (B) the maximal 
mitochondrial Ca2+ mean fluorescence (F/F0) and (C) the time constant of decay tau, after histamine 
stimulation. n=8.
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Supplemental Figure 5: Inhibition of CypD by NIM811 or IP3R1 by 2-APB does not alter 
mitochondrial membrane potential.
Representative curves of the time course of mitochondrial membrane potential assessed by TMRM 
fluorescence after inhibition by 2 μM NIM811 (A) or 50 μM 2-APB (B), followed by 1 μM FCCP. C) 
Quantification of the TMRM mean fluorescence (F/F0) after NIM and 2-APB stimulation. n=3 independent 
experiments with 4-5 cells/each.
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TC HR

Supplemental Figure 6: Increased ER-mitochondria interaction in the perinuclear region after HR. 
Representative images of CypD/IP3R1 interactions after HR, by in situ PLA.

CypD/IP3R1
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Supplemental Figure 7: Downregulation of CypD prevents mitochondrial Ca2+ overload and 
protects against hypoxia-reoxygenation injury
Hypoxia (3h) followed by reoxygenation (2h) (HR) was performed on H9c2 cells. A) Interactions between 
CypD/IP3R1 and Grp75/IP3R1 were studied after HR by in situ PLA. At baseline (TC), depletion in CypD 
decreased interactions of IP3R1 with both CypD and Grp75. siCypD prevented the increased interactions 
after HR. Inset shows CypD protein level after 24h of transfection. B) Measurement of mitochondrial 
calcium by Rhod2 loading after 2h reoxygenation. siCypD prevented the increase after HR. C) Cell death 
was measured by FACS analysis of propidium iodide staining. The mortality is presented as a 
percentage of PI-positive cells. Cell death was reduced by downregulation of CypD (siCypD). n=6.
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Supplemental Figure 8: Effect of Xestospongin C on mitochondrial Ca2+ and cell death after HR.
A) Measurement of mitochondrial calcium by Rhod2 loading after 2h reoxygenation. B) Assessment of cell 
death after 3h hypoxia followed by 2h reoxygenation. n=3.
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Abstract 

 

Background: Resuscitated cardiac arrest (CA) leads to the post-CA syndrome that 

comprises brain injury, myocardial dysfunction as well as other organ failures (e.g. renal, 

hepatic or respiratory) and systemic response to ischemia-reperfusion. Opening of 

mitochondrial permeability transition pore (mPTP), a cyclosporine A (CsA)-sensitive inner 

membrane channel, plays a key role in post-CA myocardial dysfunction. We hypothesized 

that CsA may prevent CA-induced multiple organ failure through a ubiquitous mPTP 

inhibition at the level of each vital organ. 

Methods and results: NZW rabbits were subjected to 15 min of CA and 120 min of 

reperfusion. At the onset of resuscitation, rabbits received CsA (5 mg/kg), its 

non-immunosuppressive derivative NIM811 (2.5 mg/kg) or vehicle (controls). Survival, 

hemodynamics, brain damage (pupillary reactivity, neuron specific enolase), organ injuries 

(troponin, creatinine, ALT, PaO2/FiO2) and systemic I/R response (TNF-α, nitrite/nitrate 

levels, LDH, lactate) were analyzed. After 2 hours of reperfusion, fresh mitochondria were 

isolated from brain, heart, kidney, liver and lung to assess both oxidative phosphorylation 

and permeability transition. CsA-analogs significantly improved short-term survival and 

prevented multiple organ failures including brain damages and myocardial dysfunction 

(p<0.05 vs controls). Susceptibility of mPTP opening was significantly increased in heart, 

brain, kidney and liver mitochondria isolated from controls while mitochondrial respiration 

was impaired (p<0.05 vs Sham). CsA-analogs prevented these mitochondrial dysfunctions 

(p<0.05 vs Controls). 

Conclusions: These results provide evidences of a ubiquitous mitochondrial protective 

effect of CsA-derivatives to prevent the post-CA syndrome. 

 

Key words: Cardiopulmonary resuscitation, ischemia, reperfusion, mitochondria, shock. 
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Introduction 

 

At least 500,000 Americans and almost as many Europeans suffer cardiac 

arrest (CA) each year while fewer than 10% of these patients survive.1 Thus, CA 

remains a major medical challenge. Although current cardiopulmonary resuscitation 

performance can increase the rate of restoration of spontaneous circulation (ROSC), 

the prognosis is poor partly because a wide majority of immediate survivors die of 

post-CA syndrome.2 Indeed, the whole-body ischemia-reperfusion (I/R) response that 

occurs during resuscitated CA induces complex pathophysiological processes 

leading to irreversible brain damage, myocardial dysfunction as well as other vital 

organ failures (e.g. kidney and liver) with decease in most cases.2,3 

Even if there is no doubt that limiting duration of ischemia prevents irreversible cell 

injuries, it has also been proposed that reperfusion by itself may damage the 

previously ischemic tissues.4 There is general agreement that mitochondria are 

important actors of these reperfusion injuries.5 As a result, mitochondria are 

emerging as targets of choice for therapeutic interventions in CA.6-8 Growing 

evidence suggests that mitochondrial permeability transition pore (mPTP) opening, a 

cyclosporine A (CsA)-sensitive channel located in the inner membrane, mediates cell 

death at the onset of reperfusion, including in CA.5,8-10 Indeed, it seems that mPTP 

opening occurs in the first few minutes of reperfusion, when conditions that increase 

the probability of pore opening prevail: calcium overload, matrix corrected pH, ATP 

depletion and burst of reactive oxygen species.5,11 Accumulating data from our group 

and others, support pharmacological mPTP inhibition by CsA  (independently of 

immunosuppressive properties), as a potent strategy to prevent cellular injuries after 

I/R, particularly in heart and brain.4,8,12-15 
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Using a rabbit model of CA, we have previously identified the corner role of mPTP to 

prevent CA-induced myocardial dysfunction.8 The beneficial effects of CsA on 

cardiovascular failure have also been recently reported in a rodent model.16 

However, it remained unclear whether permeability transition might be involved, in 

the same manner, in the pathogenesis of other organ failures (brain, kidney, liver and 

lung). We hypothesized that the post-CA syndrome was related to ubiquitous 

mitochondrial damages that might be all prevented by pharmacological mPTP 

inhibition at the level of each organ. 
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Materials and methods 

 

 Adult male New Zealand White rabbits were used according to institutional 

guidelines that complied with national and international regulations. The Lyon I 

Claude Bernard University Committee for Animal Research approved all animal 

experiments.  

 

Animal preparation  

We used our established rabbit model of CA and resuscitation.8 Briefly, rabbits 

(2.5-3.5 kg) were anesthetized by xylazine and ketamine. A tracheotomy was 

performed and animals underwent mechanical ventilation with 30% oxygen. A 

micromanometer-tipped catheter (SPR 330, Millar Instruments, Houston, TX, USA) 

was inserted into the left ventricle (LV) through the right internal carotid. End-diastolic 

LV pressure (EDLVP) and its peak positive derivative (dP/dt max) were continuously 

monitored on a multi-channel recorder (Model 4000, Gould Inc). The Millar probe was 

removed from LV during CPR. A left thoracotomy was performed to expose the heart. 

Invasive arterial pressure, heart rate (HR), end-tidal carbon dioxide concentration 

(EtCO2), and esophageal temperature were also measured continuously. A 15-min 

stabilization period was then observed before experiments. 

 

Cardiac arrest and resuscitation 

As previously described, rabbits were paralyzed with pancuronium bromide.8 Primary 

asphyxial CA was therefore induced by the withdrawal of mechanical ventilation. 

After 15 min of untreated CA, resuscitation was started with resumption of 

mechanical ventilation with 100% oxygen, open chest cardiac massage (≈ 200 bpm) 
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and intravenous (iv) administration of epinephrine (20 µg/kg) every 3-5 min in the 

absence of ROSC or when mean arterial pressure (MAP) was less than 15 mmHg. 

ROSC was defined as the return of an organized cardiac rhythm for at least 2 min, 

with MAP > 15 mmHg. In the absence of ROSC after 30 min, the resuscitative efforts 

were stopped. 

 

Experimental protocol 

After the stabilization period, animals were randomly assigned to one of the four 

following groups: (1) control group (Ctrl): CA with 120 min of reperfusion following 

resuscitation; (2) CsA group: iv bolus of CsA (5 mg/kg) at the onset of the 

resuscitation; (3) NIM811 group: iv bolus of N-methyl-4-isoleucine-cyclosporine 

(NIM811, 2.5 mg/kg), a non-immunosuppressive CsA derivative that specifically 

inhibits mPTP opening12,17,18; (4) sham-operated group.  

Each of the five organ systems (cardiovascular, neurological, renal, hepatic and 

respiratory) was extensively studied. To this end, heart, brain, kidney, liver and lung 

were harvested. For experimental reasons, a maximum of three organs was removed 

in a same animal.  

 

Markers of multiple organ injuries and/or failures 

Blood levels of Neuron Specific Enolase (NSE), a marker of neuronal damage and 

blood brain barrier integrity was determined at the end of the protocol by using ELISA 

kit according to the manufacturer’s instructions (Glory Science Co, Del Rio, TX, 

USA).19 Pupillary reactivity to light, a rough functional estimate of cerebral damage 

after CA, was defined as present when pupils constricted more than 1 mm.19,20 

Troponin Ic, creatinine, alanine aminotransferase (ALT) concentrations and arterial 

blood gases were measured at an off-site reference laboratory after 120 min of 
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reperfusion to assess heart, kidney, liver, and lung damages, respectively. Lung 

dysfunction was also assessed by measurement of edema. To this end, lungs were 

weight and dried to constant temperature at 80°C over 48 hours in an oven and the 

wet/dry ratio was calculated.21 The ratio of the partial pressure of oxygen in arterial 

blood (PaO2) to the inspired oxygen fraction (FiO2), a widely used index of oxygen 

exchange, was calculated and expressed in mmHg. 

 

Systemic response to ischemia-reperfusion 

At 120 min of reperfusion, plasma levels of nitrite/nitrate, an indicator of nitric oxide 

synthesis, were determined by enzymatically reducing nitrate and by the colorimetric 

Griess reaction, as previously described.21 Plasma levels of Tumor Necrosis Factor 

alfa (TNF-α), a pro-inflammatory cytokine, were determined by using ELISA kit 

according to the manufacturer’s instructions (R&D Systems, Inc). 

Lacticodehydrogenase (LDH) and arterial lactate were also determined at an off-site 

laboratory.  

 

Mitochondrial assays 

Mitochondria from the LV anterior wall of the heart, the left side of the cerebral 

cortex, the whole kidney, the liver and the lungs were isolated by differential 

centrifugation.8,12,14,22 Cold isolation buffer contained either 70 mM sucrose, 210 mM 

mannitol, 1 mM EGTA in Tris/HCL, pH 7.4 for heart, brain and lung, or 250 mM 

sucrose, 10 mM Tris, 0.5 mM EGTA, pH 7.4 for kidney and liver. Isolated 

mitochondria were re-suspended in same buffers devoid of calcium chelating agents 

and kept over ice prior to experiments. 

As previously described, calcium retention capacity (CRC) was determined using 

spectrofluorimetry.8,14 Briefly, CaCl2 pulses were added every minute to a medium 
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containing mitochondria until the opening of the mPTP. CRC was used as an 

indicator of the susceptibility of mPTP opening in presence of Ca2+ and was 

expressed as nmol CaCl2 per milligram of proteins. Oxygen consumption was also 

determined as previously described.8,14,23 State 3 (ADP-stimulated), State 4 

(ADP-limited), and respiratory control index (RCI: State 3/State 4) were determined 

by oxygraphy (Oroboros Oxygraph, Paar, Austria). Electron donors to complex I 

(glutamate 5 mM and malate 5 mM) were used for both CRC and mitochondrial 

respiration assays. 

 

Statistical analysis 

Data are expressed as mean ± SEM or number and percentage, as appropriate. 

Results were analyzed with the Graphpad Prism 5 software (GraphPad Software, 

La Jolla, CA, USA). Comparisons of variables were performed using two-sided 

Fisher’s exact test or one-way ANOVA, as appropriate. Comparisons between time-

based measurements within each group were performed with two-way ANOVA with 

repeated measures on one factor. Statistical significance was defined as a value of 

p<0.05. 
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Results 

 

Seventy rabbits were used in this study. One animal was excluded before 

randomization because of a lung perforation. Results from the remaining 69 rabbits 

are presented (Sham: n=12; Ctrl: n=24; CsA: n=18; NIM811: n=15). 

 

Cardiac arrest, resuscitation and outcomes 

As presented in Table 1, duration of asphyxia before CA, ranging from 5 to 7 min, did 

not differ among groups. With CsA and NIM811, there was a tendency toward shorter 

cardiac massage, smaller amounts of epinephrine to restore circulation and higher 

rates of ROSC (p=ns) (Table 1). Survival was significantly better in animals treated 

with mPTP inhibitors when compared with controls: 30/33 (91%) versus 16/24 (67%) 

(p<0.05).  

 

Myocardial dysfunction 

As reported in Table 2, hemodynamics were not different among groups at baseline. 

MAP, EDLVP, as well as dP/dtmax were severely impaired at 5 and 30 min of 

reperfusion in all groups (p<0.05 vs baseline). At the end of the protocol, 

hemodynamics including EtCO2 (used here as a surrogate marker of cardiac output) 

were significantly improved by CsA-analogs (p<0.05 vs Ctrl). 

 

Neurological damage 

Among the 24 control rabbits included in the study, only 7 (29%) were alive with a 

pupillary reflex at the end of the protocol (Figure 1A). This group also exhibited a 

significantly increase in NSE averaging 5.6±0.4 ng/ml versus Sham animals 

268



(2.7±0.3 ng/ml) (Figure 1B). Both CsA and NIM811 significantly prevented pupillary 

areflexia after CA and reduced NSE release (p<0.05 vs Ctrl).  

 

Organ injuries and/or failures 

As shown in Figure 2, the Ctrl group displayed a significant increase in troponin, ALT 

and creatinine at the end of the protocol when compared with Sham (p<0.05). As 

expected, CsA and NIM811 prevented the increase in these markers of cellular 

injuries (p<0.05 vs Ctrl). In contrast, PaO2/FiO2 was comparable among groups 

(Figure 2). In the same way, the wet/dry ratio of lung tissue did not significantly differ 

among groups (data not shown).  

 

Systemic response to ischemia-reperfusion 

At baseline, arterial blood gases were comparable among groups (data not shown). 

Thirty minutes after ROSC, blood gases showed comparable severe acidosis in all 

groups (mean pH<7.10 in all groups) (p=ns). At the end of the protocol, arterial 

blood pH remained very low in controls (7.10±0.03) whereas it was significantly 

improved in CsA (7.25±0.04) and NIM811 (7.27±0.03) groups (p<0.05 vs Ctrl). In the 

same way, CsA-analogs prevented LDH release, as well as the increase in both 

lactate and TNF-α (Figure 3). By contrast, increase in plasma levels of nitrite/nitrate 

were not mitigated by CsA and NIM811 (Figure 3D).   

 

Mitochondrial functions 

As shown in Table 3, ADP-stimulated respiration (State 3) was significantly impaired 

after CA in mitochondria isolated from all organs except lung (p<0.05 vs Sham). 

Moreover, heart and brain mitochondria prepared from controls also showed a 

significant decrease in RCI (p<0.05 vs Sham). In these organs, both CsA and 

269



NIM811 restored oxidative phosphorylation (p=ns vs Sham) when compared with 

untreated animals (Table 3). 

In mitochondria isolated from organs showing ischemia-reperfusion lesions, i.e. brain, 

heart, kidney and liver (Figure 1 and Figure 2), the amount of Ca2+ required to open 

the mPTP (i.e. the CRC) was significantly decreased after resuscitated CA 

(Figure 4). As expected, CRC was significantly enhanced by in vitro addition of CsA 

(1 µM) in all groups and organs (p<0.01; data not shown). In vivo treatment with 

CsA-analogs also restored the CRC in the injured tissues whereas it had no effect on 

the lung (Figure 4).  
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Discussion 

 

In the present study, we demonstrated for the first time that pharmacological 

mPTP inhibition with CsA-analogs, at the time of reperfusion, limited mitochondrial 

dysfunctions at the level of each vital organ and therefore prevented the post-CA 

syndrome. Thus, our results emphasize the ubiquitous role of mPTP opening in the 

pathogenesis of CA-induced multiple organ failure.  

 

The post-CA syndrome is the main cause of death after resuscitated CA.2 This 

post-resuscitation disease includes brain injury, myocardial dysfunction and systemic 

I/R response.2,3 The pathophysiology is incompletely understood but involves 

multiorgan failure, pro-inflammatory response and oxidative stress, that is a pattern 

quite similar to that observed in septic shock.2,24 Both experimental and clinical 

evidence lend support to the notion that changes in mitochondrial functions are 

central to the process leading to multiorgan failure.21,25,26 It has been previously 

shown that resuscitated CA induces severe mitochondria damages including 

permeability transition, oxidative phosphorylation impairments and releasing of pro-

apoptotic agents such as cytochrome c.6,8,16,27-29 In our validated CA model, the 

whole-body I/R insult consistently lead to multiple organ failure with high short-term 

mortality. We previously showed that mPTP inhibition with CsA, used at the time of 

reflow, prevents myocardial mitochondrial dysfunction, as well as cardiovascular 

failure.8 In the present work, by studying mitochondria isolated from brain, kidney, 

liver and lung, we extended this demonstration to all injured organs. As previously 

observed in experimental septic shock, our results suggest that the protective effect 

of CsA was not related to a decrease in nitric oxide synthesis.21 By contrast, mPTP 
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inhibitors limited increase in the pro-inflammatory cytokine TNFα. However, the fact 

that NIM811 (i.e. a non-immunosuppressive CsA derivative) was able to offer similar 

protection than CsA strongly suggests that mPTP opening is a major event involved 

in the post-CA syndrome.12,18,23 

 

We showed in the present work that pharmacological mPTP inhibition might 

limit hemodynamic failure and troponin release after resuscitated CA in rabbits, 

confirming the findings of our previous study.8 These data are also in accordance 

with two recent works demonstrating that CsA improves hemodynamics after 

transient global ischemia in both newborn piglet and rat models.16,30 Huang et al. 

have recently shown that delaying administration of CsA few minutes after 

cardiopulmonary resuscitation failed to improve both mitochondrial functions and 

hemodynamics, suggesting that there is a relatively narrow therapeutic window 

during which myocardial injuries may be preventable after CA.16 In these CA models, 

without coronary occlusion, the severity of early cardiovascular failure contrasts with 

the relatively limited irreversible myocardial I/R injuries. One may speculate that 

preservation of bioenergetic homeostasis with CsA analogs could also play an 

important role in preventing cardiovascular failure. Interestingly, we observed that not 

only mitochondrial inner membrane integrity but also oxidative phosphorylation were 

significantly more preserved under treatment. These results correspond to the 

findings previously reported in the rat model.16 Another explanation might be that 

CsA and its non-immunosuppressive derivative significantly decrease TNF-α release 

after CA in our model. Indeed, TNF-α is a known myocardial depressant, presumably 

by disrupting calcium homeostasis and the normal myocardial contraction-relaxation 

cycle.31 In this way, Niemann et al. have recently reported that direct pharmacological 

TNF-α blockade improves hemodynamics and survival after CA.31 One last 
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explanation could be that mPTP inhibition, by preventing other organ dysfunctions 

(e.g. kidney and liver), might also limit severe metabolic disorders and therefore 

improve hemodynamics.  

 

Limiting brain damage remains nowadays a challenge to improve outcomes 

after CA.1-3,19,20 Mitochondria play also a key role in neuronal death processes after 

I/R, notably through the opening of the mPTP.9,14,15 Our data suggest that 

CsA-analogs, when administered at the time of resuscitation, protect against 

neurological dysfunction after CA. Indeed, mPTP inhibitors significantly prevent 

pupillary areflexia, a major clinical sign since it consistently predicts unfavorable 

neurological outcome.19,20 Pharmacological mPTP inhibition was also associated with 

a lesser NSE elevation, a rough marker of neuronal lysis that is routinely used in 

clinical practice to predict neurological outcome after CA.19,20 In the present study, 

brain oxidative phosphorylation was also significantly impaired after CA. Our results 

are in agreement with a recent report from Gong et al. showing quite similar 

abnormalities of oxidative phosphorylation in mitochondria isolated from pig brain 24 

hours after CA.32 In our work, both CsA and NIM811 prevented decrease in 

ADP-stimulated respiration and RCI (i.e. a measure of mitochondrial coupling 

between oxygen consumption). As decrease in RCI generally indicates a misuse of 

oxygen, that is known to produce oxidative stress, it might have favored mPTP 

opening and subsequent cell damages.32,33 In agreement with non-CA studies, we 

also found that mPTP opening susceptibility was increased in brain after whole-body 

I/R.10,14,15 This pattern was herein prevented by CsA-analogs administered at reflow. 

Previously, it has been shown that pharmacological mPTP inhibition could decrease 

brain infarct size in ischemic stroke models, provided that the drugs penetrate into 

the brain.10,14,15 Indeed, a major limiting factor in producing the therapeutic effect of 
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CsA is its ability to cross the brain blood barrier (BBB).15 It is well established that CA 

can lead to the disruption of the BBB.34 In our study, the fact that mPTP opening was 

inhibited in brain mitochondria after in vivo administration of CsA, strongly suggest 

that it was the case. Moreover, we used a single bolus of CsA leading to high blood 

concentration, within the first minutes of reflow, which may have overpassed drug 

efflux mechanisms at the level of BBB.  

 

Poor prognosis of CA is also driven by the occurrence of other organ 

failures.2,3,20 Functional impairments of peripheral vital organs such as kidney, liver or 

lung are awaited after CA, including in humans.2,3,8,20,24,35,36 For examples, about 

40% of patients resuscitated from out-of-hospital CA develop renal dysfunction while 

liver function test abnormalities have been observed in up to 25% of CA victims.35,36 

Although very frequent in clinical practice, only few experimental data indicate that 

CA causes acute lung injury.36,37 In the present work, we demonstrated for the first 

time the potent nephro- and hepato-protective effect of pharmacological mPTP 

inhibition after CA. These findings are in accordance with studies reporting that low 

dose of CsA-analogs attenuated both renal and hepatic injuries after transient focal 

ischemia.38,39 By contrast, there was no evidence for significant CA-induced 

respiratory failure in our model and CsA had any effect on both gas exchange or lung 

edema. Several hypothesizes can be put forward to explain this absence of acute 

lung injury. First, we used an open-chest CA model, which avoided physical lung 

injury during heart massage. Second, rabbits were ventilated with positive pressure 

ventilation, a condition known to limit hydrostatic pulmonary edema. Third, our 

animals were tracheotomised which prevented the risk of aspiration pneumonia 

(which is probably the main cause of ALI in Humans). Interestingly, contrary to 

mitochondria from damaged organs (i.e. heart, brain, kidney and liver), those from 
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lungs did not exhibit alteration in susceptibility to mPTP opening, including after in 

vivo CsA administration. This suggests that mitochondrial response to CA differs 

among organs and that beneficial effects of CsA are limited solely to the organs 

injured by CA. In any case, our study opens up the possibility to translate basic 

research findings into effective intervention able to prevent CA-induced multiorgan 

failure in Humans.  
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Conclusion 

 

In summary, this study strongly suggests that CsA may prevent the post-CA 

syndrome through a ubiquitous mPTP inhibition at the level of each vital organ. 

Regarding the role of mitochondrial dysfunction in the pathophysiology of whole-body 

I/R, our results indicate pharmacological mPTP inhibition as a new therapeutic 

approach of CA-induced multiple organ failure. Clinical trials are now awaited to 

determine whether these experimental results could be translated into humans.  
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Tables 

 
Table 1 - Cardiopulmonary resuscitation and outcomes 
 

 Asphyxia 
(s) 

Heart massage 
(s) 

Epinephrine 
 (µg/kg) 

ROSC 
n (%) 

Survival 
n (%) 

Ctrl 391 ± 14 201 ± 34 33 ± 3 20/24 (83) 16/24 (67) 

CsA 384 ± 9 141 ± 24 29 ± 3 17/18 (94) 16/18 (89)

NIM811 391 ± 10 135 ± 14 24 ± 2 14/15 (93) 14/15 (93) 
ROSC: Restoration of spontaneous circulation. 
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Table 2 - Hemodynamics 
 

 Baseline 
 

5 min 
reperfusion 

30 min 
reperfusion 

60 min 
reperfusion  

 

120 min 
reperfusion 

HR Sham 166 ± 7 168 ± 7 159 ± 9 160 ± 8 162 ± 7 

Ctrl 181 ± 8 174 ± 10 193 ± 5 189 ± 3 183 ± 6 

CsA 177 ± 5 172 ± 9 169 ± 7 166 ± 4 171 ± 4 

NIM811 182 ± 8 169 ± 12 188 ± 10 182 ± 4 187 ± 5 

MAP Sham 66 ± 10 60 ± 11  63 ± 10 66 ± 10 63 ± 10 

Ctrl 76 ± 3 31 ± 3*†  33 ± 3*† 39 ± 3*† 34 ± 2*† 

CsA 68 ± 2 35 ± 2*†  35 ± 2*† 48 ± 2*† 45 ± 2*†‡ 

NIM811 69 ± 3 39 ± 4*†  41 ± 3*† 49 ± 3*† 49 ± 3*†‡ 

EDLVP Sham 3.9 ± 0.2 - 3.9 ± 0.3 4.5 ± 0.4 3.8 ± 0.4 

Ctrl 4.0 ± 0.3 -  7.6 ± 0.8* 7.3 ± 0.8* 6.5 ± 0.5* 

CsA 4.7 ± 0.6 -  7.9 ± 0.9* 5.3 ± 0.5 4.6 ± 0.4‡ 

NIM811 4.5 ± 0.5 -  7.8 ± 0.8* 4.9 ± 0.7‡ 4.4 ± 0.6‡ 

dP/dtmax Sham 2.4 ± 0.1 - 2.2 ± 0.3 2.2 ± 0.1 2.2 ± 0.1 

Ctrl 2.4 ± 0.1 - 0.7 ± 0.1*† 1.0 ± 0.1*† 1.0 ± 0.1*† 

CsA 2.5 ± 0.1 - 0.9 ± 0.1*† 1.3 ± 0.1*† 1.5 ± 0.1*†‡

NIM811 2.3 ± 0.1 - 1.0 ± 0.1*† 1.2 ± 0.1*† 1.5 ± 0.1*†‡

ETCO2 Sham 33 ± 1 33 ± 2 34 ± 2 36 ± 2 36 ± 2 

Ctrl 35 ± 1 39 ± 4 33 ± 3 33 ± 2 28 ± 2* 

CsA 34 ± 1 41 ± 2* 41 ± 2* 38 ± 1 36 ± 3‡ 

 NIM811 36 ± 1 48 ± 4*†‡ 41 ± 3 38 ± 2 36 ± 2‡ 
 

HR: Heart rate (bpm); MAP: Mean arterial pressure (mmHg); EDLVP: End-diastolic left ventricular 
pressure (mmHg); dP/dtmax (x103 mmHg/sec); ETCO2 : End-tidal CO2 (mmHg). 
p<0.05 vs Baseline; † p<0.05 vs Sham;  ‡ p<0.05 vs Ctrl.  
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Table 3 - Oxidative phosphorylation 
 

 State 3 State 4 RCI 
 

   

Heart Sham 85 ± 6 12 ± 1 7.1 ± 0.3 

Ctrl 42 ± 5* 9 ± 2 4.8 ± 0.6* 

CsA 70 ± 5† 10 ± 1 7.6 ± 0.6† 

NIM811 79 ± 7† 10 ± 1 7.6 ± 0.6† 

Brain Sham 44 ± 2 7 ± 1 6.4 ± 0.4 

Ctrl 22 ± 3* 6 ± 1 3.9 ± 0.4* 

CsA 35 ± 3† 6 ± 1 6.1 ± 0.6† 

NIM811 36 ± 3† 5 ± 0 7.8 ± 0.6† 

Liver Sham 62 ± 4 8 ± 1 7.8 ± 0.6 

Ctrl 42 ± 4* 7 ± 1 6.4 ± 0.5 

CsA 48 ± 5 7 ± 1 7.4 ± 0.5 

NIM811 39 ± 1* 7 ± 1 5.8 ± 0.6 

Kidney Sham 99 ± 14 15 ± 2 6.5 ± 0.3 

Ctrl 55 ± 6* 11 ± 2 5.6 ± 0.8 

CsA 60 ± 5* 10 ± 1 6.5 ± 0.7 

NIM811 56 ± 4* 10 ± 1 6.0 ± 0.7 

Lung Sham 22 ± 3 3 ± 1 6.8 ± 1.0 

Ctrl 21 ± 3 4 ± 1 5.1 ± 0.4 

CsA 29 ± 3 4 ± 1 6.8 ± 0.4 

 NIM811 26 ± 2 5 ± 0 5.6 ± 0.7 
 

State 3 and State 4 are expressed as nanograms-atoms of oxygen/min/mg 
proteins; RCI: Respiratory control index (State 3/ State 4). 
* p<0.05 vs Sham; † p<0.05 vs Ctrl. 
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Figures Legends 

 

Figure 1 - Neurological damage 

Panel A: The proportion of rabbits that presented a light pupillary reflex at the end of the 

protocol was significantly higher in the treated groups by cyclosporine A (CsA) or its 

non-immunosuppressive derivative NIM811 when compared to controls (Ctrl). 

Panel B: Neuron specific enolase (NSE) was significantly reduced in both CsA and 

NIM811-treated groups versus Ctrl. 

* p<0.05 vs Sham; † p<0.05 vs Ctrl. 

 

Figure 2 - Organ injuries and/or failures  

When present, Cyclosporine A (CsA) and its derivative NIM811 significantly limited 

irreversible myocardial (Panel A) and liver (Panel B) injuries, as well as kidney dysfunction 

(Panel C). CsA-analogs did not modify oxygen exchanges when compared to both controls 

(Ctrl) and Sham-operated animals (Panel D).  

ALT: Alanine-aminotransferase; PaO2/FiO2: ratio of the partial pressure of oxygen in arterial 

blood to the inspired oxygen fraction. 

* p<0.05 vs Sham; † p<0.05 vs Ctrl. 

 

Figure 3 - Systemic response to ischemia-reperfusion 

The increase in lacticodehydrogenase (LDH), lactate and tumor necrosis factor alfa TNF-α 

was significantly limited by cyclosporine A (CsA) and its derivative NIM811 when compared 

to controls (Ctrl). CsA-analogs did not prevent increase in nitrite/nitrate levels.  

* p<0.05 vs Sham; † p<0.05 vs Ctrl. 
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Figure 4 - Calcium retention capacity 

Typical examples of mitochondrial permeability transition pore (mPTP) opening recording 

from isolated brain mitochondria (Panel A). The mPTP opening corresponded to the massive 

release of Ca2+ by mitochondria following progressive calcium overload. Amount of Ca2+ to 

trigger permeability transition was fewer in controls (Ctrl) than in cyclosporine A 

(CsA)-treated animal. 

Calcium retention capacity, an indicator of permeability transition pore opening, was 

significantly decreased after resuscitated cardiac arrest in mitochondria isolated from all 

organs except lungs and restored by CsA and its non-immunosuppressive derivative 

NIM811. *p<0.05 vs Sham; † p<0.05 vs Ctrl. 
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FIGURE 1 
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FIGURE 3 
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FIGURE 4 
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