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January  28, 2014 

Dr. M.J. Curtis 

Senior Editor. BJP 

 

Dear Professor Curtis, 

We thank you and the reviewers for kindly revising the manuscript; we appreciate the questions and insightful 

comments, all of which have helped us to improve significantly the quality of the document. This new version has 

been improved in the main points that were raised. These are the major changes and additions to the manuscript: 

  

• A more in depth discussion of the chronotropic effects when uniporter Ca
2+
 flux is perturbed was include 

(page 14-15), and Figure 9 and figure legend was modified to illustrate the potential role of mitochondrial 

NCXm in heart rate regulation 

• New experiments addressing PKA/CAMKII signaling in atrial tissue were performed and discussed 

(Supplemental Figure 1; page 8 and 15). 

• Technically demanding experiments to evaluate Ru360 effect on intracellular Ca
2+
  in the epicardial layer 

of intact hearts and isolated cardiomyocytes were performed and discussed  (Figure 2C, Figure 6D; page 8 

and 10). 

• Results and Discussion sections were modified to incorporate the new experimental results and update 

recent advances in mitochondrial calcium uniporter molecular characterization (Page 13).  

 

Enclosed, you will find a general more comprehensive response to the main reviewers’ concerns and individual 

responses to every reviewer, addressing each and all of their comments and detailing small changes that we made 

following their suggestions. 

 

We hope you consider the improvements sufficient to make the manuscript ready for publication on BJP.  We are 

looking forward to see our work published in this fine journal. 

 

Sincerely, 

Gerardo García-Rivas, PhD 

Assistant Professor 

Centro de Investigación Básica y Transferencia 

Instituto de Cardiología y Medicina Vascular 

Tecnológico de Monterrey 

Monterrey. México. 64710 

gdejesus@itesm.mx 

+52 (81) 8888-2226 
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RESPONSE TO REVIEWERS 

Reviewer: 1  

Comments to the Author  

The Fernandez-Sada et al. paper describes the relative role of mitochondrial Ca2+ in matching ATP supply to 

demand at high ATP demand. The paper is well-designed and well-written. A few points that can improve the 

paper quality should be addressed.  

 

Major points  

Comment 1:  

It is interesting that you found that in the presence of uniporter block by Ru360 the heart rate increases despite a 

reduction in contractility. In contrast, increasing uniporter Ca influx by spermine reduced HR. A similar effect of 

Ru360 on action potential firing rate in single pacemaker cell was documented (PLoS One 2012; 7(5):e37582) 

and blocking mitochondrial Ca efflux with CGP37157 mimicked the bradycardic effect of spermine on heart rate 

in the present study. In the presence of Ru360 + ISO the heart rate cannot reach its maximum rate (AJP 2013; 

304(11):H1428-1438). These considerations regarding the heart rate effects when uniporter Ca flux is perturbed 

ought to be addressed in the discussion and Fig. 9 might be modified to illustrate mitochondrial Ca2+ flux in heart 

rate regulation (AJP 2013; 304(11):H1428-1438; PLoS One 8(2):e57079).  

 

Answer:  

A more deep discussion about the heart rate effects when uniporter Ca
2+

 flux is perturbed was include 

(page 14-15), and Figure 9 and figure legend was modified to illustrate the potential role of mitochondrial 

NCXm in heart rate regulation. 

 

Comment 2:  

 You report that cAMP or PKA activity in hearts perfused with ISO, was not significantly different between 

control and Ru360 treated hearts. You concluded that CaMKII and PKA pathways remain intact in Ru360 treated 

hearts. Ru360, per se, by increasing the heart rate in the absence of ISO can increase PKA and CaMKII activity, 

because heart rate is a regulator of the coupled-clock system of pacemaker cells (Circ Res 2010; 106:659-673) 

that regulates the SA node AP firing rate (JMCC 2013; 62:80-89). Briefly, the increase in Ca2+ influx that 

accompanies the increased AP firing rate activates the Ca2+ clock due to increased Ca pumping rate and release 

from SR (JMCC 2011; 51:902-905). SR Ca2+ release activates AC-PKA-CaMKII signaling. Ru360 shifts Ca2+ 

from mito to SR and increases AP firing rate by activating the Ca2+ clock. The inability to reach the maximum 

heart rate with ISO may blunt this heart rate effect.  

The cAMP and PKA activity with the SA node and atria (that express Ca2+ -activated adenylyl cyclases) is the 

relevant cAMP-PKA signaling that relates to heart rate, not that in the ventricle. However, because you used 

lysate samples from the entire heart, which are dominated by ventricle proteins, you have not sampled the cAMP 

level of SA node, which regulates heart rate.  

 

Answer :  

Experiments to follow AC/PKA/CaMKII signaling were performed in atrial tissue (Supplemental Figure 

1) and discussion about the potential differences between atrial and ventricular cells were included (page 

15). Preliminary results from our lab suggest differential mechanism of MCU regulation trough CaMKII 

between atrial and ventricular cardiomyocytes. These results will be documented in a subsequent report.  

Page 2 of 43

British Pharmacological Society

British Journal of Pharmacology



For Peer Review

 

Comment 3:  

In the discussion, you claim that Ca2+ transport to mitochondria can elevate mitochondrial matrix volume which 

in turn can produce mitochondrial swelling. However, recent evidence has shown that pacing single 

cardiomyocytes, which increase Ca2+ transport to mitochondria, does not change mitochondrial volume (PloS 

One 2011; 6:e21985.). This is germane to the discussion of your results.  

 

Answer : 

We include this finding in the discussion, thank you. (page 14). 

 

Comment 4:  

Results when Ru is present but ISO is absent in Fig. 6 are required.  

 

Answer:  

We added Ru-treatment result (absent ISO) to Figure 6. 

 

Comment 5:  

Data pre- and post-drug in Fig. 5A and B should be normalized to the pre-drug control value in each experiment 

and expressed as % control.  

 

Answer: 

We modified figure 5. 

 

Comment 6:  

Were the hearts perfused at constant pressure or constant flow, and what were the pressure and flow rate?  

 

Answer: 

The hearts were perfused at constant flow (12ml.min-1), we include this information in the methods 

section (page 4). 

 

Comment 7:  

How confident are you that catecholamines are not released from nerve endings within your preparation when the 

heart rate or force of contraction increases (as shown by John Blinks, long ago)?  

 

Answer :    

We agree with the reviewer on the theoretical possibility that cathecolamine release from nerve endings 

may contribute to and additive effect following ISO.  However, two observations argue that it is not the 

case:  First, there is a period of prolonged perfussion of the isolated hearts prior to measuring 

experimental variables, this would minimize the potential contribution of endogenous cathecolamine 

release.  The  hearts were perfused with physiological solution for a period of  40-45 minutes (10-15 min 

for baseline, then 30 minutes for Ru360 or vehicle) before perfusion with ISO.  Second, the AMPc levels  

and  PKA/CaMKII activity were similar  in ISO  and ISO+Ru360 groups.  Therefore, an additional 

cathecolamines release was not detected (Figure 6). 
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Reviewer: 2  

Comment 1:  

The study investigates the effect of Ru360, a rather specific inhibitor of the mitochondrial Ca2+ uniporter (MCU), 

and spermine, an activator of the MCU, on functional contractile parameters in an isolated rat heart (mounted to a 

Langendorff perfusion system) as well as on mitochondrial Ca2+ levels at the end of the experiments, energetic 

intermediates (PCr, ATP), enzymatic activity of Ca2+-dependent pyruvate dehydrogenase and on parameters of 

oxidative stress. Mitochondrial Ca2+ uptake plays an important role during transitions of workload, which are 

physiologically mediated by beta-adrenergic stimulation. In this experimental setup, beta-adrenergic stimulation is 

induced by addition of the beta-AR agonist isoproterenol. During these transitions, it is known that the amplitude 

(and in vivo, the frequency) of cytosolic Ca2+ transients increases, and with it the energy demand in the cell 

through ATP-dependent contraction of the myofilaments and ATP-dependent ion handling mechanisms (SR Ca2+ 

ATPase, Na+/K-ATPase). At the same time, mitochondria take up Ca2+ through the MCU, and in the 

mitochondria, Ca2+ stimulates dehydrogenases (DH) of the Krebs cycle and pyruvate DH. This increases the 

production of NADH in the Krebs cycle, which can then match the ADP-induced oxidation of NADH at the 

electron transport chain (ETC). When inhibiting mitochondrial Ca2+ uptake with Ru360, this matching process 

should be impaired. This paper investigates the functional consequences that derive from MCU inhibition with 

Ru360. They observe that in isolated perfused rat hearts, micromolar concentrations of Ru360 reduce left 

ventricular (LV) developed pressure and slightly increase heart rate. The overall result on cardiac work is that this 

is reduced, as reported by the mechanical performance index (a product of LV pressure x heart rate) and oxygen 

consumption (MVO2). These effects are time- and concentration-dependent, with a rather slow onset rate (~20 

min) in agreement with previous data that observed very slow uptake of Ru360 into cardiac myocytes (Matlib et 

al.). Furthermore, end-diastolic pressure is slightly increased by Ru360 indicating diastolic dysfunction. In 

contrast, stimulation of the MCU by spermine has an opposite effect on these parameters, and these effects can be 

inhibited by long-term (but not short-term) preincubation with Ru360, supporting an MCU-specific effect of 

spermine. Furthermore, the increases in LVP and the positive inotropic and lusitropic effects of isoproterenol are 

blunted by Ru360, although isoproterenol-induced increases in cAMP, PKA activity and phospholamban 

phosphorylation are not antagonized by Ru360, ruling out that Ru360 interferes with β-adrenergic signalling per 

se. In contrast to a previous study by Kohlhaas et al. (2010), in which an increase in oxidative stress was observed 

after MCU-inhibition with Ru360, in this study, the negative inotropic effect of Ru360 was not associated with a 

decrease of reduced glutathione (GSH), an increase in H2O2 or lipid peroxidation (measured by TBARS) or a 

decrease of ROS-sensitive aconitase activity. The authors conclude that inhibition of the MCU reduces the beta-

adrenergic response and uncouples workload from energetic intermediates. This leads them to conclude that 

coupling between workload and energy supply is partly dependent on MCU activity.  

 

The study investigates an interesting idea which is of substantial physiological and pathophysiological 

importance. Overall, I read this paper with great interest, since it is technically well performed and provides 

important insight into the pharmacology of Ru360 and potentially, its implications for cardiac energetics. 

However, there is one particular issue that I feel needs to be resolved in order to come to the conclusions you 

derive of your data.  

 

You observe that the application of Ru360 at micromolar concentrations reduces LVP, MPi and MVO2. The 

actual question that remains open in your study is how this is explained. Ru360 is a derivative of Ruthenium red, 

which is know to interfere with ryanodine receptors, and although others suggested that Ru360 at low micromolar 
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concentrations do not affect other Ca2+-handling proteins, the fact that LVP is reduced by ~50% in your study 

mandates the exploration whether cytosolic Ca2+ handling is affected by Ru360. Furthermore, the EC50 values at 

~7 µM for Ru360 and the examination of the concentration-response curves imply that at ~1 µM, not much 

happens to MPI and MVO2. However, Ru360 should start to block MCU activity already at low nanomolar 

concentrations (IC50 of RU360 at isolated mitochondria = 0.2 nM in Matlib et al., 1998), so that – if you 

speculate that your hemodynamic effects are explained by blockade of MCU – one should expect hemodynamic 

effects already at 1 µM Ru360. Besides effects of Ca2+ handling, it could also be possible that Ru360 affects 

contraction of the myofilaments in a Ca2+-independent way, or by affecting Ca2+ sensitivity of the myofilaments. 

Taken together, the results – as presented – do no not exclude that Ru360 may negatively affect cytosolic Ca2+ 

handling, which reduces LVP and MVO2, which would be a different conclusion that the one you derive from 

your results, i.e., that by blocking only mitochondrial Ca2+ uptake, ATP or PCr availability for contraction is 

limited.  

 

Answer:  

We appreciate the question from the reviewer, and we are in agreement that Ru360 effects on intracellular 

Ca
2+

 substantially modify the conclusions of our study. To explore this possibility, we performed 

technically demanding experiments to evaluate intracellular Ca
2+

  in the epicardial layer of intact hearts 

(Figure 6 panel D; page 5 and 10) and isolated cardiomyocytes (Figure 2C; page 5 and 8). The results in 

both models indicates that Ru360 at submicromolar (0.5 µM, were used in ISO experiments) concentration 

does not affect normal [Ca
2+

]c transients. 

 

 

Regarding the effects of Ru360 on parameters of oxidative stress, you should critically discuss that apparently, 

MVO2 and thus electron flux along the ETC is reduced in the presence of Ru360. If less electrons are donated 

from NADH to the ETC, less NADH is oxidized, and thus, less mitochondrial Ca2+ uptake is required to 

counterbalance NADH oxidation. The concept put forward by Kohlhaas et al. is that an oxidation of NADH 

translates into oxidation of NADPH and thus, a reduced H2O2-eliminating capacity by NADPH-dependent 

systems (e. g., glutathion, Peroxiredoxin). The fact that you did not observe any increase in oxidative stress is in 

agreement with this concept, since MVO2 is reduced, potentially counterbalancing the lack of Ca2+-induced 

stimulation of dehydrogenases. If this was the case, one would not expect the redox state of NADH/NAD+ and 

NADPH/NADP+ to change. In the study by Kohlhaas et al. (2010), mitochondrial Ca2+ uptake was blocked, 

while cytosolic Ca2+ transients rather increased, suggesting that cellular workload (governed by cytosolic Ca2+ 

handling) was not reduced as it was in your study. Under these conditions (Kohlhaas), a mismatch between ADP-

induced oxidation and Ca2+-induced regeneration of NADH/NADPH occurs. If both ADP and Ca2+ decrease, no 

imbalance would occur. How did you measure H2O2? I did not see any results on that.  

 

Answer: 

We apologize for not providing results of H202, we didn´t measure.  This sentence was a mistake during 

edition process of the manuscript. However, in this version we added quantification of NADP/NADPH 

ratio (page 11). 

 

To address these issues, technically-demanding experiments would be required. I would recommend to attempt 

this by measuring the redox states of NAD(P)H/NAD(P)+, and maybe even more importantly, cytosolic Ca2+ 

handling with the help of optical mapping of perfused rat hearts. If this is technically not possible in your lab, you 
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may consider cooperating with a lab that could do this. Alternatively, you should discuss these issues more 

critically in your paper. 

 

Answer: 

To perform these experiments, we collaborate with Centro de Investigaciones Cardiovasculares at 

Universidad de La Plata, Argentina.  The results are shown at figure 2C and Figure 6D. 
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Summary 

Background and Purpose: Despite the importance of mitochondrial Ca
2+

 to metabolic regulation and 

cell physiology, little is known about the mechanisms that regulate Ca
2+

 entry into the mitochondria. 

Accordingly, we established a system to determine the role of the mitochondrial Ca
2+

 uniporter in an 

isolated heart model, at baseline and during increased workload due to β-adrenergic stimulation. 

Experimental approach: Cardiac contractility, oxygen consumption and intracellular Ca
2+

 transients 

were measured in ex vivo-perfused murine hearts. Ru360 and spermine were used to modify 

mitochondrial Ca
2+

 uniporter activity. Changes in mitochondrial Ca
2+

 content and energetic phosphate 

metabolites levels were determined. 

Key Results: The addition of Ru360, a selective inhibitor of mitochondrial Ca
2+

 uniporter, induced 

progressively and sustained negative inotropic effects that were dose-dependent with an EC50 of 7 µM. 

Treatment with spermine, a uniporter agonist, showed a positive inotropic effect that was blocked by 

Ru360. Inotropic stimulation with isoproterenol elevated oxygen consumption (2.7-fold), Ca
2+

-dependent 

activation of pyruvate dehydrogenase (5-fold), and mitochondrial Ca
2+

 content (2.5-fold). However, in 

Ru360-treated hearts, this parameter was attenuated. In addition, Ru360-decreased β-adrenergic 

stimulation did not have an effect on intracellular Ca
2+

 handling  and protein kinase A and  

Ca
2+

/calmodulin-dependent protein kinase signaling.  

Conclusions and Implications: We identified that mitochondrial Ca
2+

 uniporter inhibition results in 

lower β-adrenergic response, uncoupling between workload, and production of energetic metabolites. 

Our results support the hypothesis that coupling between workload and energy supply is partially 

dependent on mitochondrial Ca
2+

 uniporter activity. 

 

Keywords 

Mitochondria, calcium uniporter, heart, energetics, β-adrenergic, Ru360, heart failure 
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1. Introduction 

Cardiac excitation-contraction coupling consumes enormous amounts of cellular energy, which is 

mainly produced in mitochondria by oxidative phosphorylation. In order to support the constantly 

varying workload with energy supply, coordinated mechanisms are essentials to maintain availability of 

energetic phosphate metabolites (Maack and O'Rourke, 2007; Balaban, 2009). Intramitochondrial 

calcium ([Ca
2+

]m) has drawn attention as being a key player in coupling mitochondrial ATP production 

with cardiac workload. When cardiac workload is imposed, the cytosolic free calcium ([Ca
2+

]c) 

increases, which in turn results in [Ca
2+

]m increase; an event that triggers activation of key 

dehydrogenases of the citric acid cycle, to match  production of NADH to its oxidation by the electron 

transport chain (McCormack et al., 1990). This series of events are essential for a proper regulation of 

energy production and cardiac contractility.  A critical step in this process is the uptake of Ca
2+

 from the 

cytosol into the mitochondria and neither the mechanisms nor the regulators that control this process are 

fully defined. Cytosolic Ca
2+ 

influx into the mitochondrial matrix is mediated primarily by the highly 

selective calcium channel mitochondrial Ca
2+ 

uniporter (MCU) (Gunter and Pfeiffer, 1990). Functional  

and comparative genomics has led to the characterization of the MCU complex, which includes the 

channel-forming subunit MCU (Baughman et al., 2011;De Stefani et al., 2011) and its regulators 

MICU1, MICU2, MCUb, EMRE, MCUR1 (Perocchi et al., 2010; Mallilankaraman et al., 2012; Rafaello 

et al., 2013; Sancak et al., 2013) which are crucial for Ca
2+ 

uptake. 

While it is clear that this cluster of proteins have the capacity of transporting Ca
2+ 

from the cytosol into 

the mitochondria in a large number of cell types, whether they play a role in normal cardiac cell is not 

known. In fact, because of the high speed of systolic Ca
2+

 transients in heart cells, the role of the MCU 

as a key regulator of the entry of Ca
2+

 into the mitochondria on a beat-to-beat mechanism remains to be 

debated (O'Rourke and Blatter, 2009).  

But a series of observations from our group are in support of the central role of the MCU as a regulator 

of cardiac physiology and are germane to this discussion.  First, in a model of cardiac ischemia-

reperfusion injury, treatment with Ru360, a selective inhibitor of the MCU, prevented mitochondrial Ca
2+

 

overload (García-Rivas et al., 2006). Second, isolated mitochondria obtained from Ru360-treated hearts 

decreased [Ca
2+

]m (de Jesús García-Rivas et al., 2005) and finally, Ru360-treated hearts following 

ischemia-reperfusion injury were less prone to undergo mitochondria permeability transition  and 

apoptosis (García-Rivas et al., 2006; Correa et al., 2007). Taken these observations together suggest that 

the MCU plays a critical role in intra-mitochondrial Ca
2+

 handling at least in pathological conditions. 
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However, the role of MCU under conditions of normal or physiological increases in contractility is not 

known. Accordingly, we set up a series of experiments on isolated rat hearts to determine the regulatory 

role of the MCU under un-stimulated conditions of heart contractility and following β-adrenergic 

stimulation, assuming that an increase in [Ca
2+

]m is essential for increasing ATP supply. Here, we 

identified that MCU inhibition results in a lower β-adrenergic response and uncoupling of workload and 

myocardial oxygen consumption (MVO2). We conclude that coupling the workload and the energy 

supply is partially dependent on MCU activity. 

 

2. Methods 

2.1 Animals 

Male Wistar rats and BALB-c mice were used. All the experiments were performed in accordance to the 

animal care guidelines of the Guide for the Care and Use of Laboratory Animals published by the US 

National Institutes of Health.  All procedures were approved by the animal use and care committee of 

the School of Medicine of the Tecnológico de Monterrey (Project number 2009-R006 and F2011-009) 

and La Plata University.  

2.2. Ex vivo perfused rat heart 

The hearts were mounted in accordance with the Langendorff model and perfused at constant flow 

(12ml.min
-1

) with Krebs-Henseleit (K-H) buffer that consisted of (in mM): 3.5 KCl, 116 NaCl, 26 

NaHCO3, 1.6 NaH2PO4, 0.7 MgSO4, 1.5 CaCl2, 11 glucose, and 0.2 octanoate. The buffer was gassed 

with 95% O2-5% CO2 and equilibrated at pH 7.4, 37°C (de Jesús García-Rivas et al., 2005). The 

pulmonary artery was cannulated and connected to a closed chamber to measure myocardial oxygen 

consumption (MVO2) in the coronary effluent with a Clark-type oxygen electrode (Yellow Spring 

Instruments). The rate of MVO2 was calculated as the difference between the concentration in the K-H 

buffer before (100%) and after perfusion. To obtain an iso-volumetrically beating preparation, a latex 

balloon filled with water and connected by a catheter transducer was used (FOBS-28. WPI). Before each 

experimental protocol was initiated, the isolated hearts were set at a mean left ventricular pressure 

(LVP) of 60±10 mmHg and were allowed to stabilize and washout the potential residual catecholamines 

for 10-15 minutes.  Heart rate (HR), LVP, mechanical performance index (MPi) (HR*LVP) and 

maximum positive and negative derivative of LVP (±dP/dt) and MVO2 were continuously recorded with 

Data Trax software (WPI. Sarasota. Florida). At the end of protocols, the atrial or ventricular tissue was 

removed from the perfusion system and immediately flash-frozen with liquid N2, weighed and stored at -
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80°C.  

2.3 Isolation of cardiomyocytes 

Hearts were removed and mounted on the Langendorff apparatus as described above, and then perfused 

with collagenase-containing solution (1 mg/ml collagenase type II; Worthington) at 37 °C according to a 

method previously described (MacDonnell et al., 2008). After enzymatic treatment, the ventricles were 

dissected and mechanically disaggregated. Dissociated cells were filtered and rinsed in modified Tyrode 

buffer that consisted of (in mM): 5.4 KCl, 128 NaCl, 0.4 NaH2PO4, 0.5 MgCl2, 25 HEPES, 1.8 CaCl2, 6 

glucose, 5 creatine, and 5 taurine , pH. 7.4 equilibrated with 100% O2. 

2.4 Measurement of mitochondrial Ca
2+

 

Frozen cardiac tissue from each experimental group was used to determine fractional activation of the 

pyruvate dehydrogenase (PDHa) (PDHa/PDHTotal) [E.C.1.2.4.1] as an indicator of [Ca
2+

]m, according 

to previous publications (Pepe et al., 1999). We assessed PDH activity under extraction buffers in which 

both PDH phosphatase and PDH kinase were inhibited by KH2PO4, NaF, dichloacetatic acid and ADP. 

PDH activity was assessed spectrophotometrically following NADH production at 340 nm and 30°C 

(Pepe et al., 1999). Mitochondria were prepared from isolated hearts by a rapid isolation method that 

was designed to minimize Ca
2+

 redistribution. At the end of each protocol the heart was perfused with an 

ice-cold buffer containing (in mM) 250 sucrose, 1 EGTA, 0.001 diltiazem, 0.002 Ru360, 0.002 

cyclosporine A and 10 HEPES, pH 7.4, and was homogenized with a Polytron. [Ca
2+

]m was measured by 

using the fluorescent indicator, Fluo-3AM, assuming a dissociation constant, Kd =310 nM,  as described 

previously (de Jesús García-Rivas et al., 2005). 

2.5 Measurement of Ca
2+ 

transients 

Ventricular cells were incubated for 30 min in Tyrode solution-containing fluo-3 AM (5 µM) and 

afterwards washed with a fluorophore-free solution. Fluorescent measurements were acquired with a 

Leica TCS SP5 confocal microscope, equipped with a D-156 apochromatic X63, 1.2 NA, oil objective. 

An Argon laser was used to excite the fluorophore at 488 nm and emission collected at 500-600 nm. 

Linescan images were recorded along the longitudinal axis of the cell at 500 Hz. For Ca
2+ 

transients, 

cells were field-stimulated at 1 Hz. Fluorescence data were normalized as F/F0, where F is fluorescence 

intensity and F0 is average fluorescence at rest (MacDonnell et al., 2008). Rhod-2 (Invitrogen, USA) 

was used to evaluate intracellular calcium in the epicardial layer of intact mouse hearts using a custom-

made setup for Pulse Local-Field Fluorescence (PLFF) microscopy. After dye loading and stabilization, 

hearts were paced at 5 Hz and perfused with Tyrode as previously reported (Valverde et al., 2006) with 
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0.5, 1 and 2 mM Ca
2+

 in absence or presence of Ru360. Ratio between emitted (F–F0) and basal (F0) 

fluorescence (∆F/F0) was compared to 2 mM Ca
2+

 transients amplitude. 

2.6 Quantification of energetic phosphate metabolites 

Rat heart samples fast-frozen in liquid nitrogen were extracted by homogenizing in ice cold 40% 

perchloric acid containing 0.5 mM EGTA. After 10 min on ice, the acid extract was centrifuged at 

10,000 g for 2 min, and an aliquot of the supernatant was neutralized with KOH to pH 6.8. Within 1 h of 

extraction the sample was melted out and were used for HPLC separation and determination of energetic 

phosphate metabolites. After chromatographic separation, the peak area of each nucleotide in the 

chromatogram of the sample without added reference standards was subtracted from the corresponding 

peak area in the chromatogram of the sample with added standard nucleotides. Under these conditions 

the recovery of reference nucleotides and bases ranged from 90%. Nucleotide analyses were carried out 

with a dual-pump gradient HPLC system (Waters Chromatography, Toronto, Canada) as previously 

described (Ally and Park, 1992). Standard solutions were prepared in 0.1 M KH2PO4, pH 7.0 and stored 

at - 80°C to minimize the degradation of phosphocreatine. The standard curves were subjected to linear 

regression analysis and calibration factors were determined.  

2.7 Measurement of oxidative stress and glutathione 

Frozen cardiac tissue from each group was used to determine the activity of the aconitase [E.C.4.2.1.3] 

by monitoring the NADP
+
 reduction (340 nm) by isocitrate dehydrogenase [EC 1.1.1.42] upon addition  

(in mM) 1 sodium citrate, 0.6 MnCl2, 0.2 NADP
+
, and 1 U/ml isocitrate dehydrogenase [EC 2.7.11.5] as 

previously reported (Silva-Platas et al., 2012). Membrane lipid peroxidation was analyzed by measuring 

the generation of thiobarbituric acid-reactive substances (TBARS) and reduced glutathione (GSH) in 

heart extracts was quantified utilizing the GSH-Glo Glutathione assay from Promega (Madison, WI). 

NADP
+
 and NADPH were measured from heart tissue by extraction acid or basic (0.4 M HCl or 

carbonates buffer pH 11), and extracts were neutralized to pH 7.5. The quantification was carried out 

with the GloTM assay (Promega). Concentration was obtained creating a standard curve for each 

component and expressed in nmol/mg protein.  

2.8  cAMP and Protein Kinase A activity assay 

Heart homogenates were obtained from atria or ventricles in lysis buffer ((in mM) 20 MOPS, 50 β-

glycerolphosphate, 50 NaF, 1 sodium vanadate, 5 EGTA, 2 EDTA,  1 dithiothreitol (DTT), 1 

benzamidine, 1 PMSF, 1% NP40, 10 mg/ml leupeptin and aprotinin) using a polytron at 10,000 rpm. 

After centrifugation at 11,000g the supernatant was collected. cAMP levels was determined using 
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complete ELISA kit (ENZO Life Sciences) following manufacturer's instruction. Protein kinase activity 

was determined using PKA kinase activity kit (ENZO Life Sciences) using 200 and 400 ng/well of the 

phospho-specific substrate antibody and the anti-rabbit IgG HRP conjugate, respectively.  

2.9 Western Blots of Phospholamban. 

Heart homogenates from atria or ventricles (15 µg) were resolved as previously described (Benkusky et 

al., 2007). Blocked membranes were incubated at 4°C for 10 hours in PBS-T with antibodies anti-

Phospholamban (PLB)-pT17 (1:5000, Santa Cruz) or anti-PBL (1:1000, Abcam). Membranes were 

washed 3 times in PBS-T for 10 min. After washing, membranes were incubated with the respective 

secondary antibody anti-IgG (Millipore) conjugated to horseradish peroxidase in PBS-T for 2 h. After 

washing 3 times for 10 min, protein-antibody reactions were detected using the Clarity Western ECL 

substrate (Biorad) and the UVP Image Acquisition System. The level of phosphorylation was expressed 

as the ratio of the intensities of the phospho-signal for each antibody to the anti-PBL signal.  

2.10 Drugs and statistical analysis  

Ru360 (µ-oxo) bis (trans-formatotetramine ruthenium) was synthesized following the procedure described 

by Ying et al. (Ying et al., 1991). Ru360 concentration after chemical synthesis was calculated from the 

molar extinction coefficient of the complex at 360 nm (ξ=e 2.6 x 10
4
 M

-1
 cm

-1
), as described by others 

(Matlib et al., 1998; Zazueta et al., 1999). All other drugs were purchased from Sigma, Promega, and 

Invitrogen. Pooled data are presented as mean ± SEM. Single or paired Student’s t-test was used to 

determine the statistical significance of the obtained data. ANOVA test was used for comparisons 

among treatments. Pearson product moment correlation was used for correlation among variables. A 

P≤0.05 was considered statistically significant.  

 

3. Results 

3.1 Ru360 -a specific blocker of MCU- decreases cardiac contractility and MVO2. 

Acute effects of Ru360 on mechanical performance index (MPi) and MVO2 were analyzed in the isolated 

rat heart preparation. Figure 1A shows a time-course of Ru360 effect on heart contractility. MPi was 

measured in isolated rat hearts of untreated controls (open circles) and in the presence of 5 µM Ru360  

(solid circles).  In the presence of Ru360, cardiac contractility was rather slow and gradual; the 

diminution of MPi began within 10 min of perfusion, peaked between 30 and 45 min, and was still 

significant at 60 min. The time for half-inhibition (t0.5) of Ru360 was 21±3 min (Table 1). Panel B of 

figure 1 illustrates the representative recordings of heart performance in control (left) and 5 µM Ru360 
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(right) perfused hearts at 30 min. Ru360 treatment produced a significant reduction in heart contractility 

indicated by the diminution of 45% on left ventricle pressure (LVP), an increase in heart rate of 20%, 

and a decrease in 30% MPi and 18% MVO2 compared to the control. Increasing doses of Ru360 were 

administered via the perfusate solution of isolated heart preparations during 30 minutes. Figure 2A 

shows a dose-dependent effect of Ru360 on MPi and MVO2. The maximal inhibitory effect of Ru360 was 

observed at 200 µM and the half-maximal inhibitory concentration (IC50) was 7±3 µM (Table 1).  Panel 

B shows the +dP/dt and –dP/dt in Ru360-treated hearts.  It demonstrated a decrease in relaxation rate with 

5 µM Ru360 (-2.1± 0.1 to -1.5±0.2 (x1000) mmHg x s
-1

 at 0.1 and 5µM Ru360, respectively P≤0.05), 

while preserving the contraction rate (3.4±0.5 vs. 3.3±0.4 (x1000) mmHg x s
-1

 at 0.1 and 5 µM Ru360, 

respectively). In addition, the kinetics parameters of Ru360 showed an 11-fold diminution on IC50 on 

relaxation vs. contraction rate (Table 1), suggesting a preferential Ru360-effect on cardiac relaxation. 

Figure 2C shows a dose-dependent effect of Ru360 on Ca
2+

 transients of isolated cardiomyocytes. 

Ventricular myocytes perfused with Tyrode buffer and stimulated at 1 Hz exhibits normal contraction 

and peak Ca
2+

 transients before treatment with 0.5 µM Ru360  (Upper panel).  The maximal inhibitory 

effect of Ru360 was observed at 50 µM and the half-maximal inhibitory concentration (IC50) was 7.1±0.9 

µM. Perfusion of the cells with 15 µM Ru360  for up to 30 min, significantly decreased the amplitude of 

[Ca
2+

]c and cell shortening (not shown). The results suggest that Ru360 at submicromolar concentration 

does not affect normal [Ca
2+

]c transients and shortening of isolated cardiac myocytes. Panel D shows 

heart rate response. As illustrate, Ru360 caused a dose-dependent increase in the heart rate to 36±5% the 

control.  This was evident as early as 10 min following administration of Ru360. This interesting finding 

might indicate that changes in mitochondrial Ca
2+

 transport will affect the cardiac pacemaker 

automaticity in accordance to a recent paper (Yaniv et al., 2012). FigureS1, characterizes the effect of 

Ru360 on protein kinase A (PKA) and Ca
2+

/calmodulin-dependent protein kinase (CaMKII) signaling; 

this signaling pathway regulates the sinoatrial  node action potential firing rate (Lakatta et al., 2010). 

First, we measured cAMP levels and PKA activity in atrial tissue treated with ISO (100 nM) during 10 

min. We observed a significant 2-fold increase in cAMP produced by 100 nM ISO perfusion (Basal 

0,68±0,15 vs. ISO 1,57±0,43 pmol.mg
-1

 P < 0.05 n=4). Ru360-treatment did not have a significant effect 

on cAMP production and PKA activity in response to ISO stimulation. Moreover, Figure S1 panel C 

shows that ISO perfusion increased CaMKII activity as the phosphorylation of PLB-T17. Ru360-

treatment increased PBL phosphorylated residues in response to ISO, indicating that the CaMKII 

pathway increased in Ru360-treated atrial tissue, causing a positive chronotropic effect. 
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3.2 Spermine, an allosteric activator of mitochondrial Ca
2+

 uptake causes a positive inotropic 

effect on rat heart.    

To support the identity of MCU as the molecular entity responsible for the previously described effects, 

we performed additional MCU agonist experiments. Isolated rat hearts were perfused with various 

concentrations of spermine (Spm), a permeable activator of MCU (Brunton et al., 1990; Gunter and 

Pfeiffer, 1990). As shown in Figure 3A, Spm (closed circles) at 50 µM significantly increases the MPi in 

a time-dependent manner, with a time for half-effective (t0.5) of 1.7±0.3 min (Table 1). Untreated 

controls (open circles) did not changed (Figure 3A). The maximal stimulation was achieved and 

sustained after 5-10 minutes of Spm perfusion. Therefore, at 10 minutes of Spm-treatment we 

determined a dose-dependent positive inotropic effect on MPi and MVO2, with half-maximal effective 

concentration (EC50) around 55±7 and 136± 48 µM, respectively (Figure 3B). The kinetics properties of 

Spm on relaxation and contraction rate had shown a similar EC50 (Table 1) suggesting positive inotropic 

and lusitropic effects. Activation of Ca
2+

 uptake from mitochondria by Spm progressively reduced the 

HR to 16% control over a 10-min period at 2 mM. Note that an Spm-effect on chronotropy was opposite 

to MCU inhibitor (Figure 3C). In Figure 4A upper panel we present a time-course of MPi in control 

hearts. In the presence of Spm (50 µM) a rapid increase in MPi was observed (Figure 4A middle panel). 

Pre-treatment for 30 minutes with 5 µM Ru360 in the perfusate blocked the Spm-positive inotropic effect 

(Figure 4A lower panel). Spm-treatment increases MPi and MVO2 35 and 40% respectively; still Ru360 

impeded the stimulating Spm-effect (Figure 4 B and C). In addition, at 50 µM Spm-perfusion we 

observed a 61% increment in PDHa activity, along with a 78% raise of [Ca
2+

]m; these increments was 

almost blocked by Ru360 treatment. (Figure 4D and E). Simultaneous co-treatment of Spm and Ru360 

failed to block Spm positive inotropic effect (data not shown) probably due to slow and gradual Ru360 

effect. All together, these results suggest that the positive inotropic effect of Spm could be dependent on 

the mitochondrial calcium transport. 

3.3 Ru360 decreased the inotropic effect of isoproterenol in isolated hearts. 

The role of MCU was further characterized on cardiac contractility by applying isoproterenol (ISO) to 

isolated hearts to activate β1-adrenergic receptors. Isolated hearts were treated with various 

concentrations of ISO in the presence (closed circles) or absence (open circles) of Ru360. As present in 

Figure 5A, ISO increased contractility in a dose-dependent manner, (22±0.6 and 94±0.9 % in the 

presence of 10 and 100 nM ISO, respectively). Conversely, at 100 nM ISO, Ru360-treated hearts failed to 

increase MPi, heart rate, +dP/dt, and –dP/dt at the same level as in control conditions (Figures 5B and 
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5C). The increments of MPi, chronotoropy, and lusitropy (-dP/dt) triggered by ISO were 42, 52, and 

62% lower in Ru360-treated hearts. In ventricular tissue, we examined whether Ru360 action is mediated 

by activation of PKA signaling. We observed a significant 4-fold increase in cAMP produced by 100 

nM ISO perfusion (Basal 1.3±0.6 vs. ISO 5.7±0.8 pmol.mg
-1

 P < 0.05 n=6) (Figure 6A). Ru360-treatment 

did not have a significant effect on cAMP production in response to ISO stimulation  (Ru360+ISO 5±2 

pmol.mg
-1

 P≥0.2 n=5). Likewise, PKA and CaMKII activity in heart perfused with ISO, was not 

significantly different between control and Ru360-treated ventricles (Figure 6B and C), supporting the 

notion that the PKA/CaMK II pathway is intact in Ru360-treated ventricles.  

3.4 Ru360 decreased MVO2 and [Ca
2+

]m during  β-adrenergic response  

During ISO treatment, it is known that the amplitude of cytosolic Ca
2+ 

transient increases, and with it the 

energy demand in the cell.  To exclude that Ru360 may negatively affect cytosolic Ca
2+

 handling in 

ventricular cells, and consequently reduced MPI and MVO2, we recorded Ca
2+

 transients in whole 

hearts. Isolated mice hearts were loaded with Rhod-2 and electrically evoked Ca
2+

 transients in 

epicardial ventricular myocytes were visualized with PLFF microscopy. Figure 6 panel D shows 

representative recordings of control (top) and Ru360-treated heart. The Ca
2+

 transients recorded in control 

heart exhibits normal contraction and peak Ca
2+

 transients before treatment with 0.5 µM Ru360. Averaged 

data (Fig 6 panel D) indicate a similar effect on Ca
2+

 transient amplitude in control and Ru360-treated 

hearts, during extracellular Ca
2+

 increase.  The duration of Ca
2+

 transient at half-maximum amplitude 

(t50) was not different between groups (data not shown). Thus, Ru360-treament did not reduce contractile 

properties trough negative Ca
2+

 handling effect. Under ISO perfusion, MVO2 increased (2.7 fold in the 

presence of 100 nM of ISO) (Figure 7A, white circles). Ru360-treated hearts (0.5 µM) at 100 nM ISO, 

failed to increase MVO2 (Figure 7A, black circles). In panel B, we show a linear relationship between 

MPi and MVO2 that represents cardiac efficiency in control (white circles) and Ru360-treated hearts 

(black circles) (control slope=0.53±0.02 vs. Ru360-treated slope (r) =0.98±0.08, P < 0.01). 

Panel C and D shown the pyruvate dehydrogenase activity (PDHa) in heart homogenates and [Ca
2+

]m in 

isolated mitochondria, respectively. Under β-adrenergic stimulation PDHa activity increased 5-fold vs. 

control. Remarkably, PDHa activity on Ru360-treated hearts + ISO was 43% lower compared with ISO-

treated hearts. [Ca
2+

]m was significantly increased by ISO (2.5-fold) compared with control hearts. This 

effect was almost blocked in the Ru360-treated hearts + ISO group. No changes in myocardial 

phosphocreatine (PCr) and ATP on control and ISO-treated hearts were observed (Panel E and F). Even, 

PCr and ATP levels in Ru360-treated hearts + ISO group were slightly diminished compared with control 
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conditions. These findings suggests that the feedback mechanism between ATP demand (for instance 

ATPase activity in the myofibrils), and production in the mitochondria is highly buffered (Katz et al., 

1989). Even, this slightly changes in Ru360-treatment + ISO may suggest a local diminution that affects 

heart contractility. In Figure 8, we observed that PDHa activity and MVO2 shown an exponential 

relationship with MPi, therefore MPi seems to be dependent on MCU activity. Changes in PDHa activity 

shown that modification on MCU activity cause variations in cardiac contractility (r=0.961, P=0.002). 

Modifications on MVO2 had shown a similar relationship (white symbols) with MCU agonist or blockers 

(r=0.962, P=0.002). All these data suggest that [Ca
2+

]m  must play a role in the feedback mechanism 

between energy production and MPi in the heart, and that the MCU plays a relevant role on this 

metabolic-mechanical coupling, in particular during mechanical overload. 

3.5 The negative inotropic effect induced by Ru360 is non-dependent of oxidative stress 

A recent paper identified a previously unrecognized role of mitochondrial Ca
2+

 uptake for the control of 

mitochondrial reactive oxygen species (ROS), triggered by oxidation of NADPH (Kohlhaas et al., 2010). 

This ROS formation was potentiated when Ru360 blocked mitochondrial Ca
2+

 uptake. To explore this as 

a possible mechanism for impaired β-adrenergic response in Ru360-treated hearts, we measured 

NADP
+
/NADPH, GSH levels and TBARS formation. We observed that, neither Ru360, Spm nor ISO- 

treatment elicited significant pro-oxidant action on isolated hearts; and differently to Kohlhaas et al. 

(2010) results on isolated cells we found that in Ru360–treated  hearts the NADP
+
/NADPH ratio did not 

change (Control 1.1±0.1; Ru360-treatment (0.5µM) 0.9±0.07; ISO (1nM) 1.2±0.02 and Ru360-treatment 

+ISO 1.3±0.02  nmol.mg-1), neither GSH levels (Ru360-treatment 1.7±0.6 ; Spm (50µM) 1.5±0.8 and  

ISO 2.2±0.5 nmol.mg-1). The sensitivity of aconitase activity was not diminished in this scenario either 

(Ru360-treatment 47±5; Spm 58±4 and ISO 42±4 nmol NADPH.min
-1

.mg
-1

); still no evident oxidative 

damage was seen on phospholipids of the membranes by TBARS experiments (Ru360-treatment 3.3±0.9; 

Spm 2.5±0.3 and  ISO  2.8±0.4 nmol TBARS.mg-1). According to these data, it is evident that there is 

an diminution on [Ca
2+

]m but it does not seem to be associated with increased ROS production. 

 

4. Discussion and Conclusions 

In this study we provide evidence that supports the role of the MCU as a key regulator in cardiac 

contractility as well as defined its critical role in β-adrenergic stimulation.  First, we found that, in an 

isolated heart model, Ru360 a selective inhibitor of MCU, induced progressive and sustained negative 

inotropic effects. Second, in the same model, Spm a MCU agonist, exerted positive inotropic effects that 
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were blocked by Ru360. Finally, the inotropic effects induced by β-adrenergic stimulation were partly 

blocked by the addition of Ru360. This effect in ventricular tissue was not mediated by changes in PKA 

or CaMKII signaling. Taken together those findings, we identified that MCU inhibition results in lower 

β-adrenergic responses that result from uncoupling of workload and energetic phosphate metabolites 

production. Our results support the hypothesis that coupling between workload and energy supply is 

partially dependent on MCU activity. 

4.1 The role of MCU in cardiac contractility 

Ru360 is commonly used as a specific inhibitor of the MCU with the purpose of studying mitochondrial 

Ca
2+

 transport and its physiological role.  For example, when Ru360 (5-10 µM) is added to the external 

solution it inhibits mitochondrial Ca
2+

 uptake in intact rat (Belmonte and Morad, 2008) and ferret 

myocytes (Zhou and Bers, 2002; Jo et al., 2006), while it did not affect sarcoplasmic reticulum Ca
2+

 

transport, L-type Ca
2+

-channels or sarcolemmal Na
+
/Ca

2+
 exchanger activity (Matlib et al., 1998). Others 

have found that Ru360 does not appear to enter into adult (Maack et al., 2006), or neonatal (Bell et al., 

2006) cardiomyocytes, since it had no effect on the mitochondrial Ca
2+

 transients observed in these cells.  

However, Matlib et al. (1998) measured the uptake of radioactive 
103

Ru360
 into isolated rat ventricular 

myocytes and found a slow uptake. Over 30 minutes the authors estimated the cytosolic [Ru360] to be 

100 nM, which would be sufficient to completely inhibit MCU. Experiments on ferret myocytes under 

similar conditions showed that incubation for 30 min with 10 µM Ru360 inhibited Ca
2+

 uptake into 

mitochondria induced by cell depolarization (Zhou and Bers, 2002). On isolated guinea-pig ventricular 

myocytes 10 µM Ru360 largely attenuated both the metabolic response and mitochondrial Ca
2+

 transient 

(Jo et al., 2006). 

In this regard, our experiments on Ru360-treated isolated hearts also showed a slow effect with a time 

constant (21±3 minutes) similar to previous experiments in intact cardiomyocytes (Figure 1 and Table 

1).  Importantly, multiple observations suggest that the use of Ru360 is associated with cardiac protection 

in conditions where cell injury is produced by Ca
2+ 

overload. For example, the addition of Ru360 protects 

hearts or myocytes from Ca
2+

 overload at concentrations ranging 0.2– 6 µM (de Jesús García-Rivas et 

al., 2005; Zhang et al., 2006; Correa et al., 2007; Ragone and Consolini, 2009). Pre-treatment of isolated 

rat hearts with Ru360 provided protection against reperfusion injury, as determined from mechanical 

parameters, infarct size and intracellular enzymes release (de Jesús García-Rivas et al., 2005; García-

Rivas et al., 2006; Shintani-Ishida et al., 2012). Further, we previously reported that lower 

concentrations of Ru360 were required to reduce mitochondrial matrix Ca
2+

, indicating that Ru360 blocks 
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partially MCU ex vivo (de Jesús García-Rivas et al., 2005). In the present study, we observed that Ru360 

produces a potent and gradual negative effect on cardiac workload and MVO2 (IC50=7±3 µM). 

Additionally, the activation of the MCU with Spm increases the cardiac workload, and the pretreatment 

with Ru360 abolishes the Spm effect, suggesting that mitochondrial Ca
2+ 

uptake has a role on modulating 

cardiac workload (Figure 3C). Recently, the molecular nature of the channel has been identified as a 

result of progress in genome sequencing. An RNAi screening allowed identification of the MCU protein, 

and other MCU regulator proteins known as MICU1 and MICU2, MCUR1, MCUb and EMRE 

(Perocchi et al., 2010; Baughman et al., 2011; De Stefani et al., 2011; Mallilankaraman et al., 2012; 

Rafaello et al., 2013; Sancak et al., 2013). In this regard, at the cellular level, overexpression of MCU 

increased the speed of Ca
2+

 uptake and this sensitized the cells to death following Ca
2+

 overload 

(Baughman et al., 2011); these results are in accordance with pharmacological studies using Ru360 

(Correa et al., 2007). But more importantly, recent observations from our laboratory indicate that MCU 

protein is expressed differentially in the normal human heart and in disease states (García-Rivas et al. 

unpublished). A very recent study by Pozzan´s group used genetic silencing of the MCU in neonatal 

cardiomyocytes observed that, during spontaneous pacing, decreased [Ca
2+

]m while [Ca
2+

]c and 

contraction are increased. Therefore, in neonatal myocytes, these data support the idea that MCU could 

serve as a spatial Ca
2+

 buffer and thus, affect the magnitude and the amplitude of systolic Ca
2+ rises 

(Drago et al., 2012). However, in the present study, the MCU blocking with Ru360 significantly reduced 

contraction. Dissimilarities between the prior study and our study likely not only reflect differences 

between adult and neonatal cardiac cells, but also the different experimental models employed i.e., 

isolated single pace-maker cells in the prior study vs. intact hearts in the present study. A mighty tool for 

obtaining direct-insight into the role of MCU on cardiac contractility in the whole heart would be a 

specific knockout animal model for this elusive protein as recently presented (Pan et al., 2013). 

4.2 β-adrenergic stimulation and MCU activity 

The heart needs a cellular mechanism to increase and or balance the PCr/ATP ratio to meet the demand 

of energetic metabolites, such as upon increased workload produced by β-adrenergic stimulation. Early 

studies in isolated mitochondria found that the ADP/ATP ratio was the main regulator of ATP 

production; however, studies in beating hearts found that the ratio between PCr/ATP did not change in 

ex vivo hearts even during large increases in workload (Portman et al., 1989).   

The findings of the present study are in support of the latter idea, that independent of heart workload 

variations caused by β-adrenergic stimulation, phosphocreatine/ATP levels in beating hearts were 
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remarkably constant (Figures 7E and 7F). In contrast, at various MCU activities, an exponential 

correlation between PDH activity was found (Figure 8), indicating, that Ca
2+

 could activate 

mitochondrial dehydrogenases like PDH. Our findings support the hypothesis that suggest that an 

increase in the supply of reducing equivalents in the form of NADH and FADH2, would result in an 

increase in ATP production (Jo et al., 2006); and are consistent with a model wherein [Ca
2+

]i regulates 

both the utilization of energetic metabolites by the work producing ATPases as well as the mitochondrial 

production of ATP . 

In this study we found that MCU inhibition restricted workload stimulation due to decreased Ca
2+

 uptake 

into mitochondria (Fig 7 D), however, we observed that cardiac efficiency in Ru360 treated hearts (Figure 

7B) was energetically improved. This exciting result could imply that cardiac workload and PCr/ATP 

ratio were maintained even though no increase in [Ca
2+

]m occurred, and suggested that increases in 

[Ca
2+

]m  play an alternative role under stimulation workload. In this regard, Territo et al. (2000); 

demonstrated that Ca
2+

 added to previously Ca
2+

 depleted cardiac mitochondria rapidly increased the 

velocity of ATP production by the F1-F0-ATPase modulating the ∆Ψ (Territo et al., 2000). Thus, Ca
2+

 is 

capable of increasing the capacity of ATP production by the F1-F0-ATPase at a constant driving force 

simultaneously with the increased delivery of NADH. Similar to our results, the half-maximal effect of 

Ca
2+

 was inhibited by MCU blockers, indicating matrix dependence of the Ca
2+

 effect (Territo et al., 

2000; Sun et al., 2009). Also, it has been shown that ∆Ψ decreases during Ca
2+

-mobilizing in HeLa cells 

(Poburko et al., 2011). Ca
2+

 transport to mitochondria can elevate respiration, possibly, due to an 

increase in the mitochondrial matrix volume which in turn can produce swelling in isolated 

mitochondria (Halestrap, 1987). However, in isolated cardiomyocytes, the increase in [Ca
2+

]c during low 

electrical stimulation (1Hz) did not detect increased mitochondrial volume, suggesting that at  resting or 

low workloads mitochondrial swelling don’t serves to facilitate this purpose (Yaniv et al., 2011). 

Nevertheless, during increased workload due to β-adrenergic stimulation volume-activated Ca2+-

transport into mitocondria might increase in response to increases in myofilament strain to couple ATP 

supply and demand. Therefore, it is possible that during cardiac workload an increase in Ca
2+

 serves to 

facilitate this purpose. Possibly, Ru360-treated hearts, which are resistant to mitochondrial swelling and 

permeability transition (García-Rivas et al., 2006), could explain the improvement in efficiency on 

cardiac workload. 

Recently Lakatta´s group suggested that mitochondrial Ca
2+ 

transport modulates chronotropism in 

pacemaker cells (Yaniv et al., 2012).  These results indicate that mitochondrial Ca
2+ 

dynamics acts as a 
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buffer of cytosolic Ca
2+

, which therefore affects sarcoplasmic reticulum Ca
2+ handling, leading to 

changes in spontaneous action potential. In accordance with those results, a similar effect of Ru360 on 

heart rate was documented in our study (Figure 2 panel D) and stimulates mitochondrial Ca
2+

 uptake 

with Spm mimicked the bradycardic effect of CGP37157 (blocker of mitochochondrial Na
+
/Ca

2+
 

exhanger) on sinoatrial node cells.  Chronotropic effects during β-adrenergic stimulation involve PKA 

and CaMKII-dependent phosphorylation of multiple proteins on sinoatrial node cells, besides ATP 

production must increase to maintain high spontaneous action potential firing rate (Yaniv et al. 2011). In 

this regard, a recent study from Yaniv et al. demonstrated that increase chronotropism was accompanied 

by an increase in MVO2, ATP synthesis, [Ca
2+

]m and cAMP. Similar to our results, when MCU was 

blocked by Ru360, the increase chronotropism in response to ISO was reduced.  

Moreover, when atrial tissue was treated with ISO+Ru360 an increase CaMKII activity was observed 

(Figure S1). However, in ventricular tissue the MCU inhibition was unable to modified PKA and 

CaMKII signaling (Figure 6). This differential tissue-specific result might be related to diverse 

mechanisms. 1) Differential PKA/CaMKII-Ca
2+

 signaling between pacemakers and ventricular 

cardiomyocytes (Lakatta et al., 2010), for instance was recently demonstrated that MCU is a 

phosphorylation substrate CaMKII, and that CaMKII-phosphorylation increase MCU activity (Joiner et 

al., 2012).  2) Another possibility could be including differential expression levels of MCU and 

regulatory accessory proteins or NCXm between sinoatrial cells and ventricular cardiomyocytes. 

The present findings demonstrate, for the first time, that the modulation of MCU in ex vivo hearts 

correlated with impaired metabolic responses to cardiac stimulation. The ability of the MCU inhibitor to 

improve energy efficiency denoted several mechanisms. 1) When an abrupt change of workload was 

simulated by β-adrenergic response, increase of work starting ATP hydrolysis, which increases the 

availability of ADP and Pi to stimulate ATP production. 2) Consumption of ∆Ψ by F1-F0-ATPase to 

stimulate electron transport, proton pumping, and the rate of NADH/FADH2 oxidation at the onset of 

workload. 3) At the same time, the increase of amplitude of [Ca
2+

]c transients promotes mitochondrial 

Ca
2+

 uptake through MCU activating key dehydrogenases of the TCA cycle to supply of reducing 

equivalents. Figure 9 is a schematic representation of the general idea on how [Ca
2+

]c links sarcoplasmic 

reticulum  and mitochondria during β-adrenergic response, emphasizing  the role of MCU.  

4.3 Implications 

Impairment of intracellular Ca
2+

 homeostasis and mitochondrial function have been implicated in the 

development of HF and abundant studies have identified decreased cardiac energy levels and lower flux 
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as consistent features of HF (Neubauer, 2007). Mitochondria isolated from falling hearts showed a 

reduced Ca
2+

 uptake and this was associated with a lower membrane potential and reduced activities of 

respiratory complexes (Lin et al., 2007). Furthermore, recent work from O’Rourke’s group demonstrated 

that inhibiting the mitochondrial Na
+
/Ca

2+
 exchanger (mNCX) in a HF guinea pig model, results in 

increased [Ca
2+

]m and activation of  Ca
2+

-dependent dehydrogenases, such as PDH.  This even, its likely 

to restore ATP levels in the failing hearts regulating [Ca
2+

]m (Sullivan et al., 2006; Liu and O'Rourke, 

2008). In addition, Michels et al. (2009), showed in mitochondrial inner membrane from HF hearts that 

mitochondrial Ca
2+

 transport decreased in failing compared with non-failing human hearts. These results 

suggest that mitochondrion from HF was less effective in Ca
2+

 uptake and, consequently, in activation of 

Ca
2+

-induced metabolism, which may explain, at least partly, the reduced myocardial energetic 

phosphate metabolites levels in HF. In this context, the MCU is a feasible target for treatment of 

conditions where ATP synthesis is impaired such as in cardiomyopathies and HF. Activators of MCU 

could be used to increase [Ca
2+

]m as this may be of benefit in HF, therefore, a design of more specific 

pharmacological activators is required given that Spm has other effects; for instance on regulation of cell 

proliferation and differentiation (Lee and MacLean, 2011). 

On the other hand, the principal clinical manifestations of advanced HF are reduced systolic and 

diastolic functions, exacerbated by an excessive sympathetic activation and extensive abnormalities in 

the β-adrenergic signaling (Braunwald and Bristow, 2000). In this regard, the partial workload 

stimulation on MCU-blocked heart suggest a similar condition observed in HF and indicate that MCU 

activity could lead to uncoupling mitochondrial metabolism with energy demand during cardiac 

stimulation. The recent molecular identity of the MCU opens new possibilities in the clarification of the 

role of mitochondrial Ca
2+

 homeostasis on excitation–contraction and energetic coupling in normal and 

failing hearts and represents a fertile area of research in the future. 
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7. Figure legends 

Figure 1.  Ru360 causes negative inotropic effects on un-stimulated isolated rat hearts. Panel A 

shows a time-course of Ru360 effect on heart contractility. Mechanical performance index (MPi) was 

measured in isolated rat hearts of untreated controls (open circles) and in the presence of 5 µM Ru360 

(solid circles). In the presence of Ru360, cardiac contractility diminished gradually after 10 min of 

perfusion and reached the lowest at 45 min. The time for half-inhibition (t0.5) of Ru360 was 21±3 

minutes. Panel B shows representative recordings of heart performance at minute 30 of perfusion in 

control (left) and 5 µM Ru360 (right) hearts. Ru360 treatment produced a significant reduction in heart 

contractility indicated by the diminution of left ventricle pressure (LVP) though accompanied by slight 

increase in heart rate. Yet the MPi and myocardial oxygen consumption (MVO2) were lower compared 

to controls. Values represent mean ± SEM (n=7). *P ≤ 0.05 significantly different vs. control. 

 

Figure 2. The effects of Ru360 on heart contractility, oxygen consumption, chronotropy, and Ca
+2

 

transient are dose dependent.  Increasing doses of Ru360 were administered via the perfusate solution 

of isolated heart preparations during 30 minutes.  Panel A shows the effect of Ru360 on mechanical 
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performance index (MPi) and myocardial oxygen consumption (MVO2).  Data shows a dose-dependent 

effect of MPi and MVO2. The maximal inhibitory effect of Ru360 was observed at 200 µM and the half-

maximal inhibitory concentration (IC50) of Ru360 was 7±3 µM.  Panel B demonstrates the +dP/dt and –

dP/dt in Ru360-treated hearts. It is evident a decrease in relaxation rate with 5 µM Ru360, while preserving 

the contraction rate (3.4 ± 0.5 vs. 3.3 ± 0.4 (x1000) mmHg x s
-1

). Panel C shows the effect on Ca
+2

 

transient in isolated cardiomyocytes. Upper panel represents a representative recording of Ca
+2

 transients 

at 0 (vehicle), 0.5, and 15 M of Ru360. Lower panel shows the dose dependent effect on the peak Ca
+2

 

transient before 30 minutes of treatment with Ru360. The half inhibitory dose is 7.1±0.9 M. In panel D 

the heart rate (HR) is depicted. Ru360 caused a dose-dependent increase in the HR. This was evident as 

early as 10 min following administration of Ru360. Values are the mean ± SEM (at least n=5 experiments 

for each dose). *P ≤ 0.05 significantly different vs. baseline.  

 

Figure 3. Spermine, an allosteric activator of mitochondrial Ca
2+

uptake causes positive inotropic 

effects on rat heart. Isolated rat hearts were perfused with various concentrations of Spermine (Spm), a 

permeable activator of the MCU. As shown, Spm (closed circles) at 50 µM significantly increases the 

mechanical performance index (MPi) in a time-dependent manner, with a time for half-effective (t0.5) of 

1.7±0.3 minutes. Untreated controls (open circles) did not changed (panel A). The maximal stimulation 

was achieved and sustained after 5-10 minutes of Spm perfusion, and therefore in the panel B at 10 

minutes of Spm-treatment we determined a dose-dependent positive inotropic effect on MPi and MVO2, 

with half-maximal effective concentration (EC50) around 55±7 and 136± 48 µM, respectively. Heart rate 

did not changed importantly during Spm perfusion (panel C). Values are the mean ± SEM (n=5-6 

experiments for each treatment). *P ≤0.05 significantly different vs. control. 

 

Figure 4. The stimulatory effect of Spm in heart contractility is prevented by the early perfusion of 

Ru360. Control values of MPi are represented in panel A upper figure. In the presence of Spm (50 µM) a 

rapid increase in MPi was observed (Figure A middle panel). Pre-treatment with Ru360 (5 µM) in the 

perfusate blocked the Spm-positive inotropic effects (Figure A lower panel). Comparisons made for MPi 

and MVO2 of data extracted from panel A experiments are represented in panels B and C, respectively. 

Significant differences are presented as (a) vs. control, (b) vs. 5 µM Ru360 treatment, (c) vs. 50 µM Spm 

treatment, and (d) vs. 5 µM Ru360 + 50 µM Spm treatment. Direct measurements of pyruvate 

dehydrogenase activity (PDHa) in heart homogenates at the end of perfusion protocol are presented in 
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panel D. Intramitochondrial calcium was determined in mitochondria isolated from hearts at the end of 

perfusion protocol. The ANOVA test was used for statistical analysis among all treatments. Values are 

the mean ± SEM (n=5-6 experiments for each treatment). *P ≤0.05 significantly different vs. control. 

 

Figure 5. Ru360 decreases the inotropic effect of isoproterenol in isolated hearts. Isolated hearts were 

treated with various concentrations of isoproterenol (ISO) in the presence (closed circles) or absence 

(open circles) of Ru360 (panel A); data is shown at 30 min of perfusion. ISO treatment increased the 

contractility in a dose-dependent manner. Early perfusion with 0.5µM Ru360 prevented full inotropic 

response of ISO. Panels B and C show heart rate (HR) and relaxation and contraction rate (±dP/dt) of 

isolated perfused hearts treated with 100 nM ISO in the presence or absence of Ru360. The increments of 

MPi, chronotoropy and lusitropy (-dP/dt) triggered by ISO were lower in Ru360-treated hearts. The 

ANOVA test was used for statistical analysis among all treatments. Significant differences (P ≤0.05) are 

presented as (a) vs. control, (b) vs. 5 µM Ru360 treatment, (c) vs. 100 nM ISO treatment, and (d) vs. 5 µM 

Ru360 + 100 nM IS treatment. Values are the mean ± SME (n= 5-6 experiments for each treatment). 

 

Figure 6. Integrity of downstream β-adrenergic signaling and intracellular Ca
2+

 handling during 

Ru360 perfusion. We measured intracellular content of cyclic adenosine monophosphate (cAMP) levels 

in homogenates from perfused hearts ventricles treated with 100 nM ISO during 10 min. We observed a 

significant 4-fold increase in cAMP produced by 100 nM ISO perfusion (panel A). Ru360-treatment 

(0.5µM) for 30 min. did not have an effect on cAMP production in response to ISO stimulation. 

Likewise, protein kinase A (PKA) activity in heart perfused with ISO, was not significantly different 

between control and Ru360-treated hearts (panel B). Western blot to study the phosphorylation of 

phospholamban at T17 is shown in panel C. Isolated mouse hearts loaded with Rhod-2 were used to 

evaluate intracellular calcium in the epicardial layer of intact mouse hearts using a custom-made setup 

for Pulse Local-Field Fluorescence (PLFF) microscopy (panel D). Upper recording show the trace of the 

transient for control and lower recording  (0.5µM) Ru360 perfusion. Ca
2+

 is increased during perfusion to 

verify the experiment outcome. Insert panel shows the transient amplitude normalized to the value of 2 

mM Ca
+2

 for the transient for control (open bar) and Ru360 treatment (closed bar). The ANOVA test was 

used for statistical analysis among all treatments. Significant differences (P ≤0.05) are presented as (a) 

vs. control, (b) vs. 0.5 µM Ru360 treatment, (c). 100 nM ISO treatment, and (d) vs. 0.5 µM Ru360 + 100 

nM ISO treatment. Values are the mean ± SME (n= 4-7  experiments for each treatment). 
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Figure 7. Ru360 decrease oxygen consumption, and [Ca
2+

]m during  β-adrenergic response.  Isolated 

hearts were treated with increasing concentrations of isoproterenol (ISO) in the presence (solid circles) 

or absence of Ru360 (open circles).  As shown, ISO increased myocardial oxygen consumption (MVO2). 

Ru360-treated hearts (0.5 µM) failed to increase MVO2. Panel B, shows a relationship between MPi and 

MVO2. Panel C and D shown the pyruvate dehydrogenase activity (PDHa) in heart homogenates and 

[Ca
2+

]m inlated mitochondria respectively. Under β -adrenergic stimulation PDHa activity increased vs. 

control. Remarkably, PDH activity on Ru360-treated hearts + ISO was lower compared with ISO-treated 

hearts. [Ca
2+

]m was significantly increased by ISO compared with control hearts. This effect was almost 

blocked in the Ru360-treated hearts + ISO group. No changes in myocardial Phosphocreatine (PCr) and 

ATP on control and ISO-treated hearts were observed (Panel E and F). Even, PCr and ATP levels in 

Ru360-treated hearts + ISO group were slightly diminished, compared with control conditions. The 

ANOVA test was used for statistical analysis among all treatments. Significant differences (P ≤0.05) are 

presented as (a) vs. control, (b) vs. 100 nM ISO treatment, (c) vs. 0.5 µM Ru360 + 100 nM ISO treatment. 

Values are the mean ± SME (n= 5-6 experiments for each treatment). 

 

Figure 8. MCU activity couples mechanical-metabolic response in the isolated heart. Changes in 

pyruvate dehydrogenase (PDHa) activity (black symbols) are associated with the modification of MCU 

activity and these with variations in cardiac contractility (r=0.961, P=0.002). Modifications on oxygen 

consumption (MVO2 , white symbols) had shown a similar relationship with MCU agonist or blockers 

(r=0.962, P=0.002). The MCU activity was modified using  ( , ) 5 µM and  ( , ) 0.5 µM Ru360, ( ,

) 20µM Spm, ( , )  100 nM Isoproterenol (ISO), ( , ) 0.5 µM Ru360 + 100 nM ISO or ( , ) basal  

conditions.  Pearson product moment correlation was used to test for correlation among variables. 

Values are the mean ± SME (n= 5 experiments for each treatment). 

 

Figure 9. Scheme of the mechanism by which mitochondrial Ca
2+

 uniporter contributes to cardiac 

workload. In ventricular myocytes, upon β-adrenergic stimulation, cAMP-dependent protein kinase 

(PKA) and Ca
2+

/calmodulin-dependent protein kinase (CaMKII) signalling  is activated, which  augment 

contractility and Ca
2+

 transients. In close proximity with mitochondria, Ryanodine receptor (RyR) in the 

sarcoplasmic reticulum, releases Ca
2+

 into the mitochondrial intermembranal space and makes it 

available for uptake into the matrix by the mitochondrial Ca
2+

 uniporter (MCU).  This transmembrane 
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protein is composed by 2 transmembrane domains (TMD) and a pore-forming region that contains a 

S259 residue, a target for the inhibitory effect of Ru360 (Baughman et al., 2011). In addition, 

mitochondrial Ca
2+

 uptake 1 and 2 (MICU1, MICU2 respectively), MCU regulator 1 (MCUR1), MCUb 

and essential MCU regulator (EMRE) proteins which acts as regulators of this channel (Perocchi et al., 

2010; Mallilankaraman et al., 2012; Rafaello et al., 2013; Sancak et al., 2013). The rise in 

intramitochondrial Ca
2+

 activates the Krebs’ cycle dehydrogenases (CaDH) increasing the capacity for 

the production of NADH. The respiratory chain oxidizes NADH and consumes O2 (MVO2) in order to 

establish the proton gradient for the production of ATP by oxidative phosphorylation. ATP is removed 

from mitochondria through a creatine kinase system. These events match the energy demand during the 

β-adrenergic response. Therefore, the inhibition of MCU impaired the cardiac workload. On the other 

hand, in sinoatrial node cells (dotted lines), mitochondrial Ca
2+

 flux (MCU and Na
+
/Ca

2+
 exchanger 

(NCXm)) translates into a change in the action potential firing rate by effecting changes in 

cAMP/PKA/CamKII signaling, cytosolic Ca
2+

  and sarcoplasmic reticulum Ca2+ loading, which affects 

heart chronotropism. 

Supplemental figure 1. Integrity of downstream β-adrenergic signaling during Ru360 perfusion in 

atrial tissue. We measured cAMP levels (panel A) and PKA activity (panel B) in atrial tissue treated 

with ISO (100 nM) during 10 min. We observed a significant 2-fold increase in cAMP and PKA activity 

produced by 100 nM ISO perfusion. Panel C shows the phosphorylation of PLB-T17. Ru360-treatment 

shown a significant increase in PLB phosphorylated residues in response to ISO, indicating that the 

CaMKII pathway could increase in Ru360-treated atrial tissue, causing a positive chronotropic effect. 
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Figure 1.  Ru360 causes negative inotropic effects on un-stimulated isolated rat hearts. Panel A shows a 
time-course of Ru360 effect on heart contractility. Mechanical performance index (MPi) was measured in 

isolated rat hearts of untreated controls (open circles) and in the presence of 5 µM Ru360 (solid circles). In 

the presence of Ru360, cardiac contractility diminished gradually after 10 min of perfusion and reached the 
lowest at 45 min. The time for half-inhibition (t0.5) of Ru360 was 21±3 minutes. Panel B shows 

representative recordings of heart performance at minute 30 of perfusion in control (left) and 5 µM Ru360 
(right) hearts. Ru360 treatment produced a significant reduction in heart contractility indicated by the 

diminution of left ventricle pressure (LVP) though accompanied by slight increase in heart rate. Yet the MPi 
and myocardial oxygen consumption (MVO2) were lower compared to controls. Values represent mean ± 

SEM (n=7). *P ≤ 0.05 significantly different vs. control  
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Figure 2. The effects of Ru360 on heart contractility, oxygen consumption, chronotropy, and Ca+2 transient 
are dose dependent.  Increasing doses of Ru360 were administered via the perfusate solution of isolated 

heart preparations during 30 minutes.  Panel A shows the effect of Ru360 on mechanical performance index 

(MPi) and myocardial oxygen consumption (MVO2).  Data shows a dose-dependent effect of MPi and MVO2. 
The maximal inhibitory effect of Ru360 was observed at 200 µM and the half-maximal inhibitory 

concentration (IC50) of Ru360 was 7±3 µM.  Panel B demonstrates the +dP/dt and –dP/dt in Ru360-treated 
hearts. It is evident a decrease in relaxation rate with 5 µM Ru360, while preserving the contraction rate 
(3.4 ± 0.5 vs. 3.3 ± 0.4 (x1000) mmHg x s-1). Panel C shows the effect on Ca+2 transient in isolated 

cardiomyocytes. Upper panel represents a representative recording  of Ca+2 transients at 0 (vehicle), 0.5, 
and 15 µM of Ru360. Lower panel shows the dose dependent effect on the peak Ca+2 transient before 30 

minutes of treatment with Ru360. The half inhibitory dose is 7.1±0.9 µM. In panel D the heart rate (HR) is 

depicted. Ru360 caused a dose-dependent increase in the HR. This was evident as early as 10 min following 
administration of Ru360. Values are the mean ± SEM (at least n=5 experiments for each dose). *P ≤ 0.05 

significantly different vs. baseline.  
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Figure 3. Spermine, an allosteric activator of mitochondrial Ca2+uptake causes positive inotropic effects on 
rat heart. Isolated rat hearts were perfused with various concentrations of Spermine (Spm), a permeable 

activator of the MCU. As shown, Spm (closed circles) at 50 µM significantly increases the mechanical 

performance index (MPi) in a time-dependent manner, with a time for half-effective (t0.5) of 1.7±0.3 
minutes. Untreated controls (open circles) did not changed (panel A). The maximal stimulation was achieved 

and sustained after 5-10 minutes of Spm perfusion, and therefore in the panel B at 10 minutes of Spm-
treatment we determined a dose-dependent positive inotropic effect on MPi and MVO2, with half-maximal 
effective concentration (EC50) around 55±7 and 136± 48 µM, respectively. Heart rate did not changed 
importantly during Spm perfusion (panel C). Values are the mean ± SEM (n=5-6 experiments for each 

treatment). *P ≤0.05 significantly different vs. control.  
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Figure 4. The stimulatory effect of Spm in heart contractility is prevented by the early perfusion of Ru360. 
Control values of MPi are represented in panel A upper figure. In the presence of Spm (50 µM) a rapid 

increase in MPi was observed (Figure A middle panel). Pre-treatment with Ru360 (5 µM) in the perfusate 
blocked the Spm-positive inotropic effects (Figure A lower panel). Comparisons made for MPi and MVO2 of 

data extracted from panel A experiments are represented in panels B and C, respectively. Significant 
differences are presented as (a) vs. control, (b) vs. 5 µM Ru360 treatment, (c) vs. 50 µM Spm treatment, 

and (d) vs. 5 µM Ru360 + 50 µM Spm treatment. Direct measurements of pyruvate dehydrogenase activity 
(PDHa) in heart homogenates at the end of perfusion protocol are presented in panel D. Intramitochondrial 

calcium was determined in mitochondria isolated from hearts at the end of perfusion protocol. The ANOVA 
test was used for statistical analysis among all treatments. Values are the mean ± SEM (n=5-6 experiments 

for each treatment). *P ≤0.05 significantly different vs. control.  
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Figure 5. Ru360 decreases the inotropic effect of isoproterenol in isolated hearts. Isolated hearts were 
treated with various concentrations of isoproterenol (ISO) in the presence (closed circles) or absence (open 
circles) of Ru360 (panel A); data is shown at 30 min of perfusion. ISO treatment increased the contractility 
in a dose-dependent manner. Early perfusion with 0.5µM Ru360 prevented full inotropic response of ISO. 

Panels B and C show heart rate (HR) and relaxation and contraction rate (±dP/dt) of isolated perfused 
hearts treated with 100 nM ISO in the presence or absence of Ru360. The increments of MPi, chronotoropy 
and lusitropy (-dP/dt) triggered by ISO were lower in Ru360-treated hearts. The ANOVA test was used for 
statistical analysis among all treatments. Significant differences (P ≤0.05) are presented as (a) vs. control, 

(b) vs. 0.5 µM Ru360 treatment, (c) vs. 100 nM ISO treatment, and (d) vs. 0.5 µM Ru360 + 100 nM IS 
treatment. Values are the mean ± SME (n= 5-6 experiments for each treatment).  
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Figure 6. Integrity of downstream β-adrenergic signaling and intracellular Ca2+ handling during Ru360 
perfusion. We measured intracellular content of cyclic adenosine monophosphate (cAMP) levels in 

homogenates from perfused hearts ventricles treated with 100 nM ISO during 10 min. We observed a 

significant 4-fold increase in cAMP produced by 100 nM ISO perfusion (panel A). Ru360-treatment (0.5µM) 
for 30 min. did not have an effect on cAMP production in response to ISO stimulation. Likewise, protein 
kinase A (PKA) activity in heart perfused with ISO, was not significantly different between control and 

Ru360-treated hearts (panel B). Western blot to study the phosphorylation of phospholamban at T17 is 
shown in panel C. Isolated mouse hearts loaded with Rhod-2 were used to evaluate intracellular calcium in 
the epicardial layer of intact mouse hearts using a custom-made setup for Pulse Local-Field Fluorescence 

(PLFF) microscopy (panel D). Upper recording show the trace of the transient for control and lower 
recording  (0.5µM) Ru360 perfusion. Ca2+ is increased during perfusion to verify the experiment outcome. 

Insert panel shows the transient amplitude normalized to the value of 2 mM Ca+2 for the transient for 
control (open bar) and Ru360 treatment (closed bar). The ANOVA test was used for statistical analysis 
among all treatments. Significant differences (P ≤0.05) are presented as (a) vs. control, (b) vs. 0.5 µM 

Ru360 treatment, (c). 100 nM ISO treatment, and (d) vs. 0.5 µM Ru360 + 100 nM ISO treatment. Values 
are the mean ± SME (n= 4-7  experiments for each treatment).  
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Figure 7. Ru360 decrease oxygen consumption, and [Ca2+]m during  β-adrenergic response.  Isolated 
hearts were treated with increasing concentrations of isoproterenol (ISO) in the presence (solid circles) or 

absence of Ru360 (open circles).  As shown, ISO increased myocardial oxygen consumption (MVO2). Ru360-
treated hearts (0.5 µM) failed to increase MVO2. Panel B, shows a relationship between MPi and MVO2. 
Panel C and D shown the pyruvate dehydrogenase activity (PDHa) in heart homogenates and [Ca2+]m 
inlated mitochondria respectively. Under β -adrenergic stimulation PDHa activity increased vs. control. 

Remarkably, PDH activity on Ru360-treated hearts + ISO was lower compared with ISO-treated hearts. 
[Ca2+]m was significantly increased by ISO compared with control hearts. This effect was almost blocked in 

the Ru360-treated hearts + ISO group. No changes in myocardial Phosphocreatine (PCr) and ATP on control 
and ISO-treated hearts were observed (Panel E and F). Even, PCr and ATP levels in Ru360-treated hearts + 

ISO group were slightly diminished, compared with control conditions. The ANOVA test was used for 
statistical analysis among all treatments. Significant differences (P ≤0.05) are presented as (a) vs. control, 
(b) vs. 100 nM ISO treatment, (c) vs. 0.5 µM Ru360 + 100 nM ISO treatment. Values are the mean ± SME 

(n= 5-6 experiments for each treatment).  
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Figure 8. MCU activity couples mechanical-metabolic response in the isolated heart. Changes in pyruvate 
dehydrogenase (PDHa) activity (black symbols) are associated with the modification of MCU activity and 
these with variations in cardiac contractility (r=0.961, P=0.002). Modifications on oxygen consumption 

(MVO2 , white symbols) had shown a similar relationship with MCU agonist or blockers (r=0.962, P=0.002). 
The MCU activity was modified using  ( , ) 5 µM and  ( , ) 0.5 µM Ru360, ( , ) 20µM Spm, ( , )  100 nM 

Isoproterenol (ISO), ( , ) 0.5 µM Ru360 + 100 nM ISO or ( , ) basal  conditions.  Pearson product moment 
correlation was used to test for correlation among variables. Values are the mean ± SME (n= 5 experiments 

for each treatment).  
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Figure 9. Scheme of the mechanism by which mitochondrial Ca2+ uniporter contributes to cardiac workload. 
In ventricular myocytes, upon β-adrenergic stimulation, cAMP-dependent protein kinase (PKA) and 

Ca2+/calmodulin-dependent protein kinase (CaMKII) signalling  is activated, which  augment contractility 
and Ca2+ transients. In close proximity with mitochondria, Ryanodine receptor (RyR) in the sarcoplasmic 
reticulum, releases Ca2+ into the mitochondrial intermembranal space and makes it available for uptake 

into the matrix by the mitochondrial Ca2+ uniporter (MCU).  This transmembrane protein is composed by 2 
transmembrane domains (TMD) and a pore-forming region that contains a S259 residue, a target for the 

inhibitory effect of Ru360 (Baughman et al., 2011). In addition, mitochondrial Ca2+ uptake 1 and 2 (MICU1, 

MICU2 respectively), MCU regulator 1 (MCUR1), MCUb and essential MCU regulator (EMRE) proteins which 
acts as regulators of this channel (Perocchi et al., 2010; Mallilankaraman et al., 2012; Rafaello et al., 2013; 
Sancak et al., 2013). The rise in intramitochondrial Ca2+ activates the Krebs’ cycle dehydrogenases (CaDH) 
increasing the capacity for the production of NADH. The respiratory chain oxidizes NADH and consumes O2 

(MVO2) in order to establish the proton gradient for the production of ATP by oxidative phosphorylation. ATP 
is removed from mitochondria through a creatine kinase system. These events match the energy demand 
during the β-adrenergic response. Therefore, the inhibition of MCU impaired the cardiac workload. On the 

other hand, in sinoatrial node cells (dotted lines), mitochondrial Ca2+ flux (MCU and Na+/Ca2+ exchanger 
(NCXm)) translates into a change in the action potential firing rate by effecting changes in 

cAMP/PKA/CamKII signaling, cytosolic Ca2+  and sarcoplasmic reticulum Ca2+ loading, which affects heart 
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Supplemental figure 1. Integrity of downstream β-adrenergic signaling during Ru360 perfusion in atrial 
tissue. We measured cAMP levels (panel A) and PKA activity (panel B) in atrial tissue treated with ISO (100 
nM) during 10 min. We observed a significant 2-fold increase in cAMP and PKA activity produced by 100 nM 

ISO perfusion. Panel C shows the phosphorylation of PLB-T17. Ru360-treatment shown a significant increase 
in PLB phosphorylated residues in response to ISO, indicating that the CaMKII pathway could increase in 

Ru360-treated atrial tissue, causing a positive chronotropic effect.  
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