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Summary
Aging is a major determinant of the incidence and severity of is-
chaemic heart disease. Preclinical information suggests the existence 
of intrinsic cellular alterations that contribute to ischaemic susceptibil-
ity in senescent myocardium, by mechanisms not well established. We 
investigated the role of altered mitochondrial function in the adverse 
effect of aging. Isolated perfused hearts from old mice (> 20 months) 
displayed increased ischaemia-reperfusion injury as compared to 
hearts from adult mice (6 months) despite delayed onset of ischaemic 
rigor contracture. In cardiomyocytes from aging hearts there was a 
more rapid decline of mitochondrial membrane potential (Δψm) as 
compared to young ones, but ischaemic rigor shortening was also de-
layed. Transient recovery of Δψm observed during ischaemia, second-
ary to the reversal of mitochondrial FoF1 ATP synthase to ATPase 
mode, was markedly reduced in aging cardiomyocytes. Proteomic 
analysis demonstrated increased oxidation of different subunits of 

ATP synthase. Altered bionergetics in aging cells was associated with 
reduced mitochondrial calcium uptake and more severe cytosolic cal-
cium overload during ischaemia-reperfusion. Despite attenuated ROS 
burst and mitochondrial calcium overload, mitochondrial permeability 
transition pore (mPTP) opening and cell death was increased in reper-
fused aged cells. In vitro studies demonstrated a significantly reduced 
calcium retention capacity in interfibrillar mitochondria from aging 
hearts. Our results identify altered FoF1 ATP synthase and increased 
sensitivity of mitochondria to undergo mPTP opening as important de-
terminants of the reduced tolerance to ischaemia-reperfusion in aging 
hearts. Because ATP synthase has been proposed to conform mPTP, it 
is tempting to hypothesise that oxidation of ATP synthase underlie 
both phenomena.
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Introduction

Aging of human population has substantially increased the global 
burden of ischaemic heart disease in the last years (1). Advanced 
age has been described as a major and independent risk factor of 
coronary syndromes (1, 2) having profound effects on their epi-
demiology, as the proportion of elderly persons is unprecedentedly 
expanding worldwide (3). Not only is there a progressive increase 
in the incidence of myocardial infarction with aging, but also an 
exacerbation of the clinical manifestations and higher mortality 
rates (2, 4). Although this can be partially explained by a compro-
mised functional reserve in older patients, increased burden of co-
morbidities or more frequent extra-cardiac complications (5), pre-

clinical studies in different models and current clinical data are 
consistent with the notion that susceptibility to ischaemia-reperfu-
sion (IR) is increased in the old heart because of a constitutive im-
pairment of cellular capacity to tolerate and adapt to ischaemic 
stress (6, 7).

A considerable number of evidences implicate mitochondria in 
functional and structural damage secondary to both ischaemic in-
jury and senescence (8–10). One of the postulated mechanisms 
linking both phenomena is the excess of mitochondrial-derived 
reactive oxygen species (ROS) production and concomitant ox-
idative damage of some key molecules, specifically those involved 
in mitochondrial bioenergetic activity (11, 12). Aging is associated 
with electron transport chain defects in myocardial tissue, mainly 
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in interfibrillar mitochondria (13, 14), and it is well known that 
mitochondria become a source of pathological ROS production 
after an ischaemic insult (12, 15). To date, it is not clear whether 
these changes are cause or consequence of other cellular functional 
perturbations.

Age-dependent oxidative changes may have adverse conse-
quences on calcium handling and bioenergetics (9, 16). In the 
present study we analysed cytosolic calcium handling and mito-
chondrial function in cardiomyocytes from aged mouse hearts in 
which tolerance to IR is reduced. The information on the mechan-
isms responsible for the reduced tolerance to ischaemia of senes-
cent myocardium could be essential for devising interventions to 
limit infarct size in older patients and the deleterious conse-
quences it has on their prognosis.

Methods

Mitochondria, cardiomyocytes and hearts were obtained from 
young (4–6 months) and old (> 20 months) C57BL/6 mice. Animal 
handling was approved by the Ethical Committee of the Vall d’He-
bron Research Institute and experiments were performed in ac-
cordance with the European Union legislation (EU directive 
2010/63EU) and Recommendation 2007/526/EC, regarding the 
protection of animals used for scientific purposes.

Ischaemia-reperfusion in perfused hearts

After sodium pentobarbital overdose (150 mg/kg i. p.), mouse 
hearts were quickly excised and perfused through the aorta in a 
Langendorff apparatus with a modified Krebs–Henseleit bicarbon-
ate buffer (in mmol/l: 140 NaCl, 24 NaHCO3, 2.7 KCl, 0.4 
KH2PO4, 1 MgSO4, 1.8 CaCl2 and 11 glucose, 95 % O2–5 % CO2 at 
37ºC) at constant flow perfusion pressure of 80 mmHg. Left ven-
tricular (LV) pressure was monitored with a water-filled latex bal-
loon inserted into the LV and inflated to obtain an end-diastolic 
pressure (LVEDP) of 6–8 mmHg. LV developed pressure (LVdevP) 
was calculated as the difference between LV systolic pressure and 
LVEDP. After 30 minutes (min) of normoxic perfusion, mouse 
hearts were subjected to 60 min of normothermic global ischaemia 
followed by 60 min of reperfusion.

Lactate dehydrogenase (LDH) activity was spectrophotometri-
cally measured in samples collected from the coronary effluent at 
different times throughout the perfusion period and was consider-
ed an indirect measure of necrosis. After 60 min of reperfusion, 
heart slices were incubated in 1 % triphenyltetrazolium chloride to 
outline the area of necrosis. Hearts submitted to normoxic perfu-
sion during 120 min served as time control series.

Freshly isolated cardiomyocytes

Ischaemia-reperfusion in isolated cardiomyocytes

Freshly isolated cardiomyocytes were obtained from mouse hearts 
by retrograde collagenase perfusion (17). Rhod-shaped calcium 

tolerant cardiomyocytes were selected by differential centrifu-
gation and albumin gradient and were plated on laminin-coated 
glass bottom coverslips (for confocal studies) or on 4 % fetal calf 
serum pretreated multiwell dishes. To simulate IR in cardiomyo-
cytes, two independent approaches were used: anoxic workstation 
under controlled atmosphere of 0 % O2–5 % H2 at 37ºC (Invivo2 
Workstation Ruskinn, Bridgend, UK) and microscope-adapted 
microperfusion chamber (RC-43C/BS4 64–0371 Harvard Appar-
atus, Holliston, MA, USA). For the anoxic workstation, cardio-
myocytes were plated in 96-wells dishes, placed within the anoxic 
atmosphere and incubated for 15 min with glucose-free acidic is-
chaemic buffer (previously deoxygenated in an autoclave and 
bubbled with N2 for 20 min) containing (in mmol/l): 140 NaCl, 3.6 
KCl, 1.2 MgSO4, 1 CaCl2, 20 HEPES, pH 6.4, and supplemented 
with 4 µmol/l resazurin, 100 µmol/l ascorbic acid, 0.5 mmol/l di-
thionite and 100 U/ml superoxide dismutase. For reperfusion, is-
chaemic buffer was washed out and oxygenated, glucose-contain-
ing control buffer (pH 7.4) was added for 10 min. To simulate is-
chaemia in the microperfusion chamber, laminin-attached cardio-
myocytes placed on the stage of an inverted microscope were 
superfused, with the aid of a peristaltic pump, within a closed 
microperfusion chamber with ischaemic buffer (see above) at pH 
6.4, continuously bubbled with N2 for 15 min. Reoxygenation was 
induced by switching to oxygenated, glucose-containing control 
superfusion, at pH 7.4.

Rigor development, hypercontracture and cell death 
during ischaemia-reperfusion

To analyse the effect of IR injury on cell morphology, the rate of is-
chaemic rigor shortening development (defined as 25–40 % reduc-
tion of cell length with preserved squared-shape morphology) and 
of reperfusion-induced hypercontracture (defined as > 70 % reduc-
tion of cell length with concomitant disruption of cytoarchitec-
ture) was quantified. Reperfusion-induced sarcolemmal dis-
ruption was analysed by two independent methods: a) visual 
quantification of 0.04 % trypan blue positive cells (BX41 Olympus) 
and b) spectrophotometrical analysis of LDH release (photometer 
Multiskan FC, Thermo Scientific™) expressed respect to total LDH 
induced by massive osmotic shock.

Cytosolic and mitochondrial calcium changes in 
 ischaemia-reperfusion

The effect of aging on cytosolic calcium handling during ischae-
mia and reperfusion was investigated in isolated cardiomyocytes 
incubated with 5 µmol/l of the acetoxymethyl ester of the calcium-
sensitive fluorochrome fluo-4 (Molecular Probes, Eugene, OR, 
USA) for 30 min at 37°C, washed and subsequently submitted to 
transient IR on the stage of the microscope. During IR, cells were 
excited at 488 nm with an Ar/Kr laser confocal system (Yokogawa 
CSU10, Nipkow spinning disk) set on an Olympus IX70 (VoxCell 
Scan, Visitech, Tyne and Wear, UK) at 60X oil immersion objective 
lens, and changes in 505 nm emission were captured with a CCD 
digital camera (ORCA Hamamatsu, Japan) and monitored 
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throughout time in cytosolic regions of interests previously de-
fined within the cells. Cell fluorescence was analysed in back-
ground-subtracted images using commercially available software 
(VoxCell Scan, Visitech, UK). To analyse the changes in mitochon-
drial calcium, a cold-warm protocol was used to reduce cytosolic 
compartmentation of the dye. Briefly, isolated cardiomyocytes 
were incubated with 5 µmol/l of the acetoxymethyl ester of the mi-
tochondrial calcium-sensitive fluorochrome rhod-2 (Molecular 
Probes) for 60 min at 4°C (this step is required to inhibit AM 
cleavage from cytosolic unspecific esterases and to improve mito-
chondrial uptake and retention of the fluorochrome), washed and 
post-incubated for additional 30 min at 37°C. Loaded cells were 
submitted to transient 15 min ischaemia-10 min reperfusion while 
being excited at 560 nm. Changes in 580 nm emission were moni-
tored throughout time in mitochondrial regions previously de-
fined within the cells. In all experiments, perfusion was initiated 
with 2 min normoxic buffer to obtain baseline fluorescence. 
Changes in cytosolic and mitochondrial calcium were expressed as 
arbitrary units of fluorescence (a. u.) respect to the initial normoxic 
value.

Mitochondrial membrane potential (Δψm) during 
 ischaemia-reperfusion

For the analysis of Δψm, isolated cardiomyocytes from young and 
old mouse hearts were incubated with 10 µmol/l of the membrane-
permeant form of JC-1 (Molecular Probes) for 8 min at 37°C, 
washed and subsequently submitted to transient IR on the stage of 
the microscope. During IR period, cells were excited at 488 nm 
using an Ar/Kr laser confocal system, and simultaneous changes in 
525 nm and 590 nm emission wavelengths were monitored 
throughout time. Capture speed was set at 1 image/30 seconds (s) 
to avoid phototoxicity. The fluorescence ratio obtained from both 
emissions was normalised respect to the baseline normoxic value.

Mitochondrial permeability transition pore and ROS 
production during reperfusion.

To investigate the effect of age on the occurrence of mitochondrial 
permeability transition pore (mPTP) opening and ROS produc-
tion during IR, isolated cardiomyocytes were simultaneously incu-
bated with 5 µmol/l of the acetoxymethyl ester of calcein (Molecu-
lar Probes), 15 min at 37°C, and MitoSoxTM (Molecular Probes), 
10 min at 37°C, washed and post-incubated with control buffer 
supplemented with 1 mmol/l CoCl2 for additional 10 min, to 
quench cytosolic fluorescence (18). Cells were subsequently sub-
mitted to IR in a microchamber placed on the stage of the micro-
scope and were alternatively excited at 488 nm (calcein) and 561 
nm (MitoSox) with the Ar/Kr laser confocal system. In all perfu-
sion buffers, 0.5 mmol/l CoCl2 was present to prevent cytosolic 
fluorescence contribution to mitochondrial fluorescence quantifi-
cation. Decline in calcein fluorescence was indicative of mPTP 
opening, whereas increase in MitoSox fluorescence corresponded 
to mitochondrial ROS production.

Isolation of subsarcolemmal and interfibrillar heart 
 mitochondria

To obtain subsarcolemmal (SSM) and interfibrillar (IFM) mito-
chondria, fresh cardiac ventricles were minced and homogenized 
in iced cold buffer A (in mmol/l: 290 sucrose, 5 MOPS at pH 7.4, 2 
EGTA and 0.2 % deffated albumin) using a Potter-Elvehjem de-
vice. Nuclei and other cell debris were pelleted in an initial cen-
trifugation step at 750 g (5 min, 4°C). The supernatant was centri-
fuged at 5,000 g (5 min, 4°C) and SSM were precipitated in the re-
sulting pellet. IFM were obtained by treating the initial 750 g pellet 
with 1 ml isolation buffer B (in mmol/l: 100 KCl, 5 MOPS at pH 
7.4, 2 EGTA and 0.2 % deffated albumin) and 3 mg/ml proteinase 
K for 1min. Interfibrillar homogenate was centrifuged at 750 g (5 
min, 4°C). After discarding the pellet, supernatant was centrifuged 
at 5,000 g (5 min, 4°C) to precipitate the IFM. Mitochondrial pro-
tein concentration and citrate synthase activity were measured by 
colourimetric assays.

Mitochondrial calcium retention capacity

To investigate the effect of aging on mitochondrial calcium toler-
ance, a concentration of 0.2–0.4 mg/ml of SSM or IFM from young 
and old mouse hearts was suspended in the assay buffer (in 
mmol/l: 200 sucrose, 6 MOPS, 5 KH2PO4, 1 MgCl2, 10 succinate, 
0.001 rotenone) and plated in a microplate fluorometer (Max 
GeminiXS, Molecular Devices) in the presence of 2 µmol/l of the 
hexapotassium salt impermeant calcium sensitive dye calcium-
Green™ 5N. Consecutive pulses of 4 µmol/l calcium were added to 
the mitochondrial suspension, and mitochondrial calcium uptake 
was detected as decay of fluorescence emission at 532 nm (Ex: 506 
nm), recorded every 15 s during 2 min for each calcium pulse. Cal-
cium was added repeatedly until total mitochondrial calcium re-
tention capacity was exceeded, a phenomenon that could be de-
tected by the increase in buffer fluorescence reflecting the occur-
rence of mPTP. In parallel experiments, mitochondrial calcium re-
tention capacity was assessed in the presence of either 1 µmol/l 
cyclosporin (CsA, to inhibit mPTP) or 10 µmol/l Ru360 (to inhibit 
mitochondrial calcium uniporter).

Differential quantitative mitochondrial proteomics

Peptides of mitochondrial FoF1ATP synthase complex were ident-
ified and quantified by differential high-throughput proteomic 
analysis performed by stable isotopic labelling in SSM and IFM 
isolated from young and old mouse hearts, using a previously de-
scribed protocol (19). Changes in the abundance and composition 
of cysteine-thiol redox status of FoF1 ATP synthase peptides were 
quantified using de GELSILOX methodology (20). Analyses of 
samples by LC-MS/MS were performed as previously described 
(19). Functional protein classification was done using the Gene 
Ontology database. Proteomics results were analysed as previously 
described (21).

Fernandez-Sanz et al. FoF1 ATPase and mPTP in aging cardiomyocytes

Fr
on

ti
er

s 
in

 C
ar

di
ov

as
cu

la
r 

Re
se

ar
ch

For personal or educational use only. No other uses without permission. All rights reserved.
Downloaded from www.thrombosis-online.com on 2015-08-20 | IP: 183.250.91.47



Thrombosis and Haemostasis 113.3/2015 © Schattauer 2015

444

Statistical analysis

Data are expressed as mean ± standard error of the mean (SEM). 
For comparisons between two groups with normal distributions, 
two-tailed Student’s t-test for independent or paired samples was 
used. For comparisons between more than two groups with nor-
mal distribution, one-way ANOVA and planned contrasts was 
used. Differences in temporal evolution were assessed by repeated-
measures factorial ANOVA. When samples did not follow a nor-
mal distribution, the non-parametric Mann-Whitney U or Krus-
kal-Wallis tests were used for each design as needed. Differences of 
p< 0.05 were considered statistically significant. In experiments in-
volving isolated cardiomyocytes, cells were derived from n≥ 3 in-
dependent isolation procedures. All statistical analyses were per-
formed with SPSS v.15 software.

Results
Ischaemia and reperfusion injury in aging hearts
In isolated Langendorff-perfused mouse hearts, there were no dif-
ferences in LV function between groups at baseline. Previous mor-
phometric analysis of the hearts of these mice by echocardio-
graphy showed no age-related hypertrophy, but a trend towards in-
creased LV end-diastolic volume in old mice (27). Ischaemia re-
sulted in a complete cessation of contraction and a progressive in-
crease in LVEDP reflecting development of ischaemic rigor. Hearts 
from old mice showed a significant delay in the time to ischaemic 
rigor (▶ Figure 1 A, left panel) and an increase in its magnitude 
(▶ Figure 1 A, right panel). During reperfusion, there was a trend 
towards age-related increased hypercontracture, defined as maxi-
mal rise in LVEDP, and infarct size (▶ Figure 1 B).

Fernandez-Sanz et al. FoF1 ATPase and mPTP in aging cardiomyocytes

Figure 1: Ischaemia and reperfusion in isolated perfused hearts. A) 
Time to the onset of ischaemic rigor contracture and magnitude of rigor con-
tracture, as manifested by peak left ventricular end-diastolic pressure 
(LVEDP) during ischaemia in Langendorff-perfused hearts from young and 
old mice. B) Reperfusion-induced hypercontracture, as manifested by peak 
LVEDP during reperfusion, and infarct size, expressed as % of the left ven-
tricle, in Langendorff-perfused hearts from young and old mice. Data corre-
spond to mean ± SEM of 3–5 hearts per group.

Figure 2: Effect of aging on ischaemia-reperfusion injury in isolated 
cardiomyocytes. A) Left panel: Morphological changes associated with 
 ischaemia and reperfusion. The inset shows the percentage of hyper -
contracted cells during reperfusion respect to total cell number. Right panel: 
time to rigor contracture in young and old cardiomyocytes. Mean ± SEM of 
n> 10 cells per group. B) Cell death during ischaemia and reperfusion, deter-
mined by LDH release respect to total cell LDH content (left panel), and per-
centage of hypercontracted cells during reperfusion that develop membrane 
disruption, as determined by trypan blue (TB) positive staining (right panel) 
in young and old cardiomyocytes. Mean ± SEM of 3 replicates per group. 
Isch: ischaemia; R: reperfusion; I/R: ischaemia and reperfusion.
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Ischaemia and reperfusion injury in isolated aging 
cardiomyocytes

After 15 min of ischaemia, rigor cell shortening was more pro-
nounced with aging. While young cardiomyocytes shortened 
around 25 % respect to their initial length, cardiomyocytes from 
aging hearts shortened more than 40 % (▶ Figure 2 A, left panel). 
Paradoxically, the time at which rigor contracture developed –an 
accepted marker of severe ATP depletion- was significantly de-
layed with aging (▶ Figure 2 A, right panel). During reperfusion, 
cardiomyocytes experienced an additional cell shortening coinci-
dent with energy restoration, usually accompanied by massive 
morphological distortion (hypercontracture). The mean length of 
reperfused cardiomyocytes was significantly shorter in the aging 
group (▶ Figure 2 A, left panel).

Reperfusion-induced sarcolemmal disruption

During the first minutes of reperfusion, a proportion of isolated 
cardiomyocytes developed sarcolemmal rupture and death, 
quantified by the release of LDH to the extracellular medium. Rep-
erfusion-induced cell death was significantly increased in cardio-
myocytes from aging hearts (▶ Figure 2 B, left panel). The rate of 
sarcolemmal rupture associated to hypercontracture, as detected 
by trypan blue positive staining, was significantly increased in car-
diomyocytes from aging hearts (▶ Figure 2 B, right panel).

Cytosolic and mitochondrial calcium handling is 
 impaired in aging cardiomyocytes during ischaemia-
reperfusion

Fluo-4 loaded isolated cardiomyocytes submitted to transient is-
chaemia experienced an increase in cytosolic calcium concen-
tration (▶ Figure 3 A). During the first minutes of reperfusion, cy-
tosolic calcium overload was partially corrected in surviving cells 

Fernandez-Sanz et al. FoF1 ATPase and mPTP in aging cardiomyocytes

Figure 3: Cytosolic and mitochondrial 
 calcium handling during ischaemia-
 reperfusion in isolated cardiomyocytes. 
A) Cytosolic calcium kinetics throughout ischae-
mia and reperfusion in cardiomyocytes from 
young and old mouse hearts. Data are expressed 
as mean ± SEM of n= 6–12 cells per group. a.u.: 
arbitrary units. B) Final degree of cytosolic cal-
cium overload, respect to the initial normoxic 
value, obtained the end of ischaemic period and 
after 10 min of reperfusion. Faded bars corre-
spond to cytosolic calcium level immediately be-
fore sarcolemmal rupture. Inset shows the per-
centage of cells experiencing reperfusion-in-
duced sarcolemmal rupture in this series. Data 
are expressed as mean ± SEM of n=11–14 cells 
per group. C) Mitochondrial calcium kinetics 
throughout ischaemia and reperfusion in cardio-
myocytes from young and old mouse hearts. 
Data are expressed as mean ± SEM of n= 6–11 
cells per group. a.u.: arbitrary units.
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from both groups of ages. The number of cells presenting sarcol-
emmal rupture at reperfusion was higher in the aging group 
(▶ Figure 3 B) and cytosolic calcium immediately before reperfu-
sion-induced membrane rupture was significantly higher in aging 
cells (▶ Figure 3 B). The kinetics of mitochondrial calcium uptake 
in rhod-2 loaded cardiomyocytes subjected to IR disclosed an im-
paired ability of mitochondria from old hearts to uptake and ac-
cumulate calcium both during ischaemia and reperfusion (▶ Fig-
ure 3 C). The fact that mitochondrial calcium is reduced in the 
presence of higher cytosolic calcium concentration in aging cells 
denotes that there is no cross-interference between the two 
markers.

Aging is associated with altered Δψm during 
 ischaemia and reperfusion

During ischaemia, isolated cardiomyocytes developed a progress-
ive decline of Δψm, quantified by JC-1 ratiofluorescence. Mito-
chondrial membrane depolarisation was accelerated in old cardio-

myocytes (▶ Figure 4 A). Upon reperfusion, there was a rapid al-
though incomplete recovery of Δψm in young cardiomyocytes, 
which was significantly depressed in the aged cells (▶ Figure 4 A). 
Immediately before maximal ischaemic depolarisation, a rapid 
and transient recovery of Δψm took place in 80 % of the control 
young cells (▶ Figure 4 B). This repolarisation wave corresponded 
to the reversal of FoF1 ATP synthase because it could be prevented 
by the addition of 10 µmol/l of the specific ATP synthase inhibitor 
oligomycin (▶ Figure 4 C). By contrast, and despite faster mito-
chondrial depolarisation, only 30 % of aging cardiomyocytes ex-
perienced a reversal of ATP synthase (▶ Figure 4 C). The delay in 
rigor contracture development observed in aging cells could be re-
produced with oligomycin, suggesting that it is secondary to the 
inability of the ATP synthase to revert to its ATPase mode. Second 
generation proteomics combined with GELSILOX analysis dem-
onstrated an increase in the number of oxidised cysteine residues 
in the mitochondrial ATP synthase of the aging hearts (▶ Figure 
4 D), without changes in its expression levels (data not shown).

Fernandez-Sanz et al. FoF1 ATPase and mPTP in aging cardiomyocytes

Figure 4: Δψm, FoF1 ATP synthase reversal 
and cysteine oxidation. A) Changes in Δψm 
during ischaemia and reperfusion respect to the 
initial normoxic value, quantified by JC-1 ratio-
fluorescence, in isolated cardiomyocytes from 
young and old mouse hearts. Mean ± SEM of 
n=6–8 cells per group. B) Confocal imaging se-
quence of a JC-1 loaded pair of young cardio-
myocytes and the corresponding fluorescence 
monitorisation throughout  ischaemia and reper-
fusion, to illustrate the initial decline of Δψm 
during the first minutes of ischaemia (images 1 
and 2), the transient repolarisation wave (image 
3, arrow), the end-ischaemic degree of mito-
chondrial depolarisation (image 4) and the par-
tial recovery of Δψm during the first minutes of 
reperfusion (image 5). Grey dotted line corre-
sponds to Δψm in an oligo mycin-treated cell, in 
which transient Δψm repolarisation during is-
chaemia is prevented. C) Percentage of cells ex-
periencing a transient repolarisation wave dur-
ing ischaemia among cardiomyocytes from 
young and old mouse hearts, and cardiomyo-
cytes from young mouse hearts treated with 10 
µmol/l of oligomycin to inhibit mitochondrial AT-
Pase. The inset shows the time at which rigor 
contracture developed in the same groups of 
cells. D) Quantitative redox proteomics using 
GELSILOX of the cysteine containing peptides 
detected in mitochondrial FoF1 ATP synthase 
(complex V) in subsarcolemmal (SSM) and inter-
fibrillar mitochondria (IFM) from aging hearts. 
Increase in the peptide-containing oxidised cys-
teine is shown in green and correlates with de-
crease in the peptide-containing reduced cys-
teine (in red) in different subunits of FoF1 ATP 
synthase.
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Effect of age on mPTP and ROS production during 
reperfusion

Reperfusion triggered mitochondrial calcein release, reflecting the 
occurrence of mPTP opening, in cardiomyocytes from both 
groups of ages (▶ Figure 5 A). The extent of mitochondrial per-
meabilisation was greater in aged cardiomyocytes (▶ Figure 5 A). 
Concomitantly, there was a narrow and high peak of mitochon-
drial ROS production, detected by MitoSox fluorescence, during 
the first minutes of reperfusion. This peak of ROS appeared to be 
associated with reactivation of mitochondrial respiratory activity, 
as it overlapped with restoration of Δψm and was significantly at-
tenuated in aged cells (▶ Figure 5 B). The proportion of mitochon-
drial calcein released in relation to maximal ROS production dur-
ing the first minutes of reperfusion, an index of the mPTP sensitiv-
ity to ROS, was significantly increased in cardiomyocytes from 
aged hearts (▶ Figure 5 C). These data indicate a reduced thresh-
old of mitochondria from aged cells to undergo membrane per-
meabilisation.

Aging reduces mitochondrial tolerance to calcium 
overload

Isolated mitochondria exposed in vitro to consecutive external cal-
cium pulses eventually developed CsA-sensitive mPTP when the 
threshold of their calcium retention capacity was exceeded, as de-
termined by extramitochondrial calcium by CG5N fluorescence 
(▶ Figure 6 A). Mitochondrial calcium uptake was prevented by 
Ru-360, indicating that it occurred through the mitochondrial cal-
cium uniporter (▶ Figure 6 A). Subsarcolemmal mitochondria 
(SSM) showed a less calcium retention capacity than interfibrillar 
mitochondria (IFM) regardless of age (▶ Figure 6 B). However, 
aging importantly impaired calcium tolerance in IFM population 
(▶ Figure 6 B).

Discussion

The present study provides evidence that altered FoF1 ATP syn-
thase function contributes to the reduced tolerance to ischaemia in 
aging hearts. Altered FoF1 ATP synthase activity is associated with 
oxidative damage of this protein complex and causes more rapid 
dissipation of Δψm, reduced mitochondrial calcium uptake and 
delayed ATP exhaustion marked by the delayed occurrence of is-
chaemic rigor contracture. Mitochondria from old cardiomyocytes 
are more prone to undergo mPTP during reperfusion or during 
external calcium exposure in vitro. Because recent studies suggest 
that dimmers of ATP synthase form the mPTP, it is tempting to 
speculate that impaired ATP synthase activity observed in aging 
hearts contributes to both altered energy metabolism and in-
creased susceptibility to mPTP.

Ischaemia and reperfusion in the aging heart: energy 
exhaustion

During ischaemia, cytosolic ATP levels progressively decline be-
cause ATP expenditure is not adequately compensated by its re-
generation through mitochondrial oxidative phosphorylation. Ar-
rest of oxidative phosphorylation results in mitochondrial depolar-
isation by a dual mechanism: 1) interruption of H+ extrusion to 
the intermembrane space, and 2) dissipation of Δψm mainly 
through proton-driven ATP synthase, although other uncoupling 
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Figure 5: mPTP opening and mitochondrial ROS production during 
reperfusion. A) Mitochondrial calcein fluorescence decay, reflecting mPTP 
opening, during reperfusion in isolated cardiomyocytes from young and old 
mouse hearts. Arrow points the onset of reperfusion. Control cells were not 
submitted to previous ischaemia. B) Reperfusion-induced mitochondrial ROS 
production in isolated cardiomyocytes from both groups of age. Arrow points 
the onset of reperfusion. Control cells were not submitted to previous ischae-
mia. C) Ratio between mitochondrial calcein release and mitochondrial ROS 
production in the first minutes of reperfusion in isolated cardiomyocytes 
from both groups of age, as an index of the susceptibility of mitochondria to 
undergo permeabilisation in response to ROS. Data correspond to mean ± 
SEM of n=7–12 cells per group.
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proteins may play a role (22). Importantly, when Δψm declines 
beyond certain level, ATP synthase reverses to proton-pumping 
ATPase, in a futile attempt to maintain mitochondrial intermem-
brane H+ gradient (23). Reversal of ATP synthase during ischae-
mia converts mitochondria into major cellular ATP consumers 
(23) and accelerates ATP fall to the critical threshold of 50–100 
µmol/l, in which rigor-type calcium-independent actin-myosin in-
teraction develops (24). Up to 50 % of cellular ATP is consumed by 
reverse mode of the mitochondrial F1-ATPase (25). Rigor-type 
contracture, manifested as an abrupt cell shortening in unre-
strained isolated cardiomyocytes and increased resting tension in 
intact myocardium, is an ATP-consuming response by itself, and 
may propagate from cell-to-cell through gap junctions (26).

Aging cardiomyocytes have preserved mitochondrial mem-
brane potential and respiratory activity under resting conditions 
(27). However, during oxygen deprivation they develop a para-
doxical response, consisting of an acceleration of mitochondrial 
membrane depolarisation and a concomitant delay in the develop-
ment of rigor contracture. This response was consistently observed 
in isolated cardiomyocytes and intact hearts submitted to global is-

chaemia, and could be explained by failure of FoF1 ATP synthase 
to revert to the ATP consuming mode that precipitates rigor short-
ening during ischaemia. The observation that oligomycin –an 
FoF1 ATPase inhibitor- when present during ischaemia prevents 
the occurrence of the transient repolarisation wave in JC-1 loaded 
cardiomyocytes and delays rigor development, mimicking the ef-
fect of aging, supports that this is indeed the case. The failure of 
ATP synthase to revert its activity may also explain the increased 
rate of mitochondrial depolarisation in aging cardiomyocytes. Al-
though the exact mechanism of this failure cannot be established 
with the present data, quantitative proteomics revealed increased 
cysteine oxidation at different subunits of ATP synthase complex 
in aging hearts, including subunit rotation γ and oligomycin-sen-
stive subunit Fo, without changes in their abundance. Interestingly, 
the extent of cysteine cross-linking as a result of disulfide bond 
formation and S-glutathionylation has been shown to have impor-
tant functional consequences, and to be negatively correlated with 
the hydrolytic activity of ATP synthase (28).

Mitochondrial calcium handling during ischaemia-
reperfusion

The acceleration of mitochondrial membrane depolarisation ob-
served in aging cardiomyocytes during ischaemia may have im-
portant consequences on cellular calcium handling. Mitochondria 
exhibit a striking ability to accumulate enormous amounts of cal-
cium (29), crucial for buffering cytosolic calcium in conditions in 
which sarcoplasmic reticulum (SR) calcium uptake through 
SERCA ATPase is not thermodynamically favoured, like during is-
chaemia (30). Moreover, the proxidative status present during is-
chaemia and reperfusion has been described to promote calcium 
leak from sarcoplasmic reticulum by ryanodine receptors (31, 32), 
increasing even more the concentration of calcium at the SR-mito-
chondria microenvironment. We have previously demonstrated 
that aged cardiomyocytes have abnormal spontaneous spark be-
haviour, consistent with altered RyR gating properties, although 
resting cytosolic calcium, sarcoplasmic reticulum content or mito-
chondrial calcium unirporter activity is similar to those observed 
in young cardiomyocytes (27). On the other hand, there is solid 
evidence indicating that calcium can be significantly overloaded in 
restricted subcellular areas before significant changes can be de-
tected in the cytosol (33) and that mitochondrial calcium uptake is 
indeed more dependent on the calcium levels reached within these 
microdomains than on bulk cytosolic calcium concentration 
(33–35). Calcium uptake and accumulation by mitochondria 
requires Δψm, a condition that is fully met during the initial phase 
of ischaemia, prior to maximal Δψm dissipation (17, 36). Impor-
tantly, the driving Δψm force for mitochondrial calcium uptake is 
not depressed in aging cells under normoxic conditions (27). Mi-
tochondrial calcium uptake has been demonstrated to actively par-
ticipate in cytosolic calcium control both under normoxia and is-
chaemia (17, 37), alleviating calcium overload and improving cell 
survival upon reperfusion (17). This may explain why pharmaco-
logical o genetic inhibition of mitochondrial calcium uptake 
confers no protection against mPTP opening or necrosis in reper-

Fernandez-Sanz et al. FoF1 ATPase and mPTP in aging cardiomyocytes

Figure 6: Effect of aging on calcium retention capacity in cardiac mi-
tochondria. A) Calcium uptake and accumulation in mitochondria isolated 
from young and old mouse hearts and submitted to consecutive external cal-
cium pulses of 4 µmol/l, quantified by changes in extramitochondrial CG5N 
fluorescence. In a subset of experiments either 10 µmol/l Ru360 (inhibitor of 
the mitochondrial calcium uniporter) or 1 µmol/l CsA (inhibitor of mPTP) was 
added during calcium exposure. B) Quantification of total calcium tolerance 
in subsarcolemmal (SSM) and interfibrillar mitochondria (IFM) from both 
groups of age before membrane permeabilisation takes place. Data corre-
spond to mean ± SEM of five replicates per group.
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fusion (17, 38). It is therefore plausible that depressed mitochon-
drial calcium uptake secondary to accelerated mitochondrial de-
polarisation during ischaemia, and impaired Δψm recovery during 
reperfusion, significantly aggravates cytosolic calcium overload 
and hypercontracture in aging cells. Defective communication be-
tween SR and mitochondria during aging may further contribute 
to this effect by further impairing mitochondrial calcium uptake 
(27).

Previous observations indicated an age-related increase in dias-
tolic calcium during ischaemia and early reperfusion that may ac-
count for the increased sensitivity to injury (39, 40). The mechan-
isms responsible for impaired calcium handling in aging myocar-
dium are far from being elucidated. It has been proposed that a de-
cline in SR proteins that participate in calcium removal plays a 
causative role (41), although other studies found no changes in the 
decay of calcium transient in aging, suggesting normal SERCA ac-
tivity (39). Some studies describe changes in relaxation times com-
patible with reduced SERCA participation and compensatory in-
crease in sarcolemmal Na+/Ca2+ exchanger activity (42), while 
others advocate post-translational modifications, like increased 
oxidation of SERCA and phospholamban (43) or changes in the 
phosphorylation status of SR cycling proteins secondary to re-
duced CaM kinase II expression (44). To our knowledge, this is the 
first evidence indicating that depressed mitochondrial calcium up-
take during ischaemia and reperfusion can be causally involved in 
the aggravation of cytosolic calcium overload of senescent cardio-
myocytes.

Mitochondrial ATP synthase oxidation and mPTP 
opening

Our results demonstrate an enhanced susceptibility to mPTP 
opening in mitochondria from aging hearts. This observation was 
obtained both in intact cardiomyocytes submitted to ischaemia/
reperfusion and in isolated mitochondria exposed in vitro to cal-
cium overload. The results in intact cardiomyocytes indicate that 
mPTP opening occurs more easily during reperfusion in aging 
cells but do not rule out the possibility that this depends on more 
intense triggering conditions. However, the fact that isolated mito-
chondria, in which the contribution of cytosolic environment and 
SR interaction is excluded, exhibit less calcium tolerance suggests 
that sensitivity to mPTP opening is intrinsically increased with 
aging. The increased susceptibility to mPTP opening associated 
with aging is specifically manifested in interfibrillar mitochondria, 
in full agreement with previous observations (45). Other studies 
have demonstrated an enhanced susceptibility of senescent mito-
chondria to undergo mPTP and proposed several mechanisms, in-
cluding excess of membrane cardiolipin oxidation (46), increased 
mitochondrial calcium content (47) or impairment of cytosolic 
cardioprotective signalling pathways, mainly Akt/GSK-3 beta (48), 
or several posttranslational modifications such as acetylation (49). 
Our experiments indicate that the increased rate of mPTP opening 
in aging may be independent of cytosolic signalling pathways, as it 
occurs in normoxic isolated mitochondria, but also that it takes 
place in cells with lower mitochondrial calcium uptake, and is not 

associated with increased ROS production during the initial phase 
of reperfusion. All these observations suggest an intrinsic alter-
ation of mPTP in older hearts.

The long-standing concept that mPTP forms at the contact sites 
of voltage-dependent anion channel (VDAC) and adenine nucleo-
tide translocator (ANT) has been challenged by evidences indicat-
ing that both molecules are dispensable for pore formation in gen-
etically modified mitochondria (50, 51). Recent studies propose 
dimerisation of ATP synthase as the molecular entity conforming 
pore structure (52). In our experiments, mitochondria from aging 
hearts exhibited an increased cysteine oxidation in several subun-
its of ATP synthase, and this structural modification was corre-
lated with a functional failure of the molecule during ischaemia, 
resulting in increased rate of H+ dissipation and higher rates of 
mPTP opening, despite lower driving force for mitochondrial cal-
cium uptake. These findings further are consistent with the view 
that ATP synthase may directly participate in mPTP opening, and 
suggest a new link between bioenergetic failure, calcium handling 
and membrane permeabilisation in mitochondria from aging 
hearts.

Recent proteomics surveys have revealed that lysine acetylation 
is a widespread cellular modification that is particularly abundant 
in mitochondrial enzymes and proteins, with known implications 
in aging and longevity. MS-based proteomics approaches led to the 
identification of thousands of novel acetylation sites (53, 54). The 
reversible and nutrient-sensitive nature of these acetyl modifica-
tions has strongly implicated mitochondrial NAD+-dependent 
deacetylases (sirtuins) in energy homeostasis. Thus, mice lacking 
the predominant mitochondrial deacetylase SIRT3 exhibit de-
pleted cardiac ATP levels (55). Since mitochondria and metab-
olism are sensitive targets for damage during IR injury, the role of 
SIRTs in cardioprotection is of particular interest. Recently, it has 
been demonstrated that decreased SIRT3 may enhance the suscep-
tibility of cardiac-derived cells and adult hearts to IR injury and 
may contribute to IR injury in the aged heart (56). The down-
stream cardioprotective mechanism of SIRT3 remains unclear but 
it has been related to the acetylation of CypD lysine 166, a residue 
that lies adjacent to the ciclosporin-A binding pocket of this pro-
tein, suggesting that its acetylation might regulate the mPTP (49). 
SIRT3 may also enhance antioxidant defense via deacetylation and 
activation of MnSOD (57) and regulate OxPhos by deacetylating 
specific OxPhos subunits (55). Overall, acetylation of cardiac mi-
tochondria could be associated with an inability of the heart to re-
spond adequately to cardiac stress. Our proteomics analysis found 
a negligible number of acetylated peptides in mitochondria from 
aging hearts (0.26 % of the total number of identified peptides vs 
3 % of oxidized Cys-containing peptides), in agreement with pre-
vious reports (58).

Conclusions and implications

Our data demonstrate that aged cardiomyocytes exhibit more pro-
nounced bioenergetic failure, more severely altered cytosolic and 
mitochondrial calcium, and reduced tolerance to the stress im-

Fernandez-Sanz et al. FoF1 ATPase and mPTP in aging cardiomyocytes
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posed by IR, by mechanisms that converge into higher mPTP 
opening and cell death. These findings could be related to the ob-
served increased oxidation of some critical subunits of the FoF1 
ATP synthase molecule. ▶ Figure 7 summarises the proposed pa-
thophysiological mechanism. Importantly, advanced age is associ-
ated with partial loss in the efficiency of some cardioprotective in-
terventions, like ischaemic pre- and postconditioning or drug-in-
duced cardioprotection. It has been proposed that abrogation of 
cardioprotection may be related with deficient activity of some sig-
nal transduction pathways, like depressed mitochondrial Cx43 or 
PKC translocation (59, 60) or reduced expression/phosphorylation 
of STAT3 in aged myocardium (61), among other potential mech-
anisms. Characterisation of these mechanisms should help to 
identify pharmacologic targets in the elderly and to refine thera-
peutic strategies specifically addressed to this group of patients.

Conflicts of interest
None declared.

References
1. Moran AE, Forouzanfar MH, Roth GA, et al. The global burden of ischaemic 

heart disease in 1990 and 2010: the Global Burden of Disease 2010 study. Circu-
lation 2014; 129: 1493–1501.

2. Lloyd-Jones D, Adams RJ, Brown TM, et al. Executive summary: heart disease 
and stroke statistics--2010 update: a report from the American Heart Associ-
ation. Circulation 2010; 121: 948–954.

3. Burch JB, Augustine AD, Frieden LA, et al. Advances in geroscience: impact on 
healthspan and chronic disease. J Gerontol A Biol Sci Med Sci 2014; 69 (Suppl 
1): S1-S3.

4. Shih H, Lee B, Lee RJ, et al. The aging heart and post-infarction left ventricular 
remodeling. J Am Coll Cardiol 2011; 57: 9–17.

5. Ekerstad N, Swahn E, Janzon M, et al. Frailty is independently associated with 
short-term outcomes for elderly patients with non-ST-segment elevation myo-
cardial infarction. Circulation 2011; 124: 2397–2404.

6. Willems L, Zatta A, Holmgren K, et al. Age-related changes in ischaemic toler-
ance in male and female mouse hearts. J Mol Cell Cardiol 2005; 38: 245–256.

7. Strait JB, Lakatta EG. Aging-associated cardiovascular changes and their rela-
tionship to heart failure. Heart Fail Clin 2012; 8: 143–164.

8. Chen Q, Moghaddas S, Hoppel CL, et al. Ischaemic defects in the electron trans-
port chain increase the production of reactive oxygen species from isolated rat 
heart mitochondria. Am J Physiol Cell Physiol 2008; 294: C460-C466.

9. Balaban RS, Nemoto S, Finkel T. Mitochondria, oxidants, and aging. Cell 2005; 
120: 483–495.

10. Lesnefsky EJ, Hoppel CL. Oxidative phosphorylation and aging. Ageing Res Rev 
2006; 5: 402–433.

11. Lesnefsky EJ, He D, Moghaddas S, et al. Reversal of mitochondrial defects before 
ischaemia protects the aged heart. FASEB J 2006; 20: 1543–1545.

12. Sadek HA, Nulton-Persson AC, Szweda PA, et al. Cardiac ischaemia/reperfu-
sion, aging, and redox-dependent alterations in mitochondrial function. Arch 
Biochem Biophys 2003; 420: 201–208.

13. Fannin SW, Lesnefsky EJ, Slabe TJ, et al. Aging selectively decreases oxidative 
capacity in rat heart interfibrillar mitochondria. Arch Biochem Biophys 1999; 
372: 399–407.

14. Lesnefsky EJ, Gudz TI, Moghaddas S, et al. Aging decreases electron transport 
complex III activity in heart interfibrillar mitochondria by alteration of the cy-
tochrome c binding site. J Mol Cell Cardiol 2001; 33: 37–47.

15. Paradies G, Petrosillo G, Pistolese M, et al. Decrease in mitochondrial complex I 
activity in ischaemic/reperfused rat heart: involvement of reactive oxygen 
species and cardiolipin. Circ Res 2004; 94: 53–59.

16. Cooper LL, Li W, Lu Y, et al. Redox modification of ryanodine receptors by mi-
tochondria-derived reactive oxygen species contributes to aberrant Ca2+ hand-
ling in ageing rabbit hearts. J Physiol 2013; 591: 5895–5911.

17. Ruiz-Meana M, Garcia-Dorado D, Miro-Casas E, et al. Mitochondrial Ca2+ up-
take during simulated ischaemia does not affect permeability transition pore 
opening upon simulated reperfusion. Cardiovasc Res 2006; 71: 715–724.

18. Petronilli V, Miotto G, Canton M, et al. Transient and long-lasting openings of 
the mitochondrial permeability transition pore can be monitored directly in in-
tact cells by changes in mitochondrial calcein fluorescence. Biophys J 1999; 76: 
725–734.

19. Bonzon-Kulichenko E, Perez-Hernandez D, Nunez E, et al. A robust method for 
quantitative high-throughput analysis of proteomes by 18O labeling. Mol Cell 
Proteomics 2011; 10: M110.

20. Martinez-Acedo P, Nunez E, Gomez FJ, et al. A novel strategy for global analysis 
of the dynamic thiol redox proteome. Mol Cell Proteomics 2012; 11: 800–813.

21. Jorge I, Navarro P, Martinez-Acedo P, et al. Statistical model to analyze quanti-
tative proteomics data obtained by 18O/16O labeling and linear ion trap mass 
spectrometry: application to the study of vascular endothelial growth factor-in-
duced angiogenesis in endothelial cells. Mol Cell Proteomics 2009; 8: 
1130–1149.

22. Sack MN. Mitochondrial depolarisation and the role of uncoupling proteins in 
ischaemia tolerance. Cardiovasc Res 2006; 72: 210–219.

23. Di Lisa F, Blank PS, Colonna R, et al. Mitochondrial membrane potential in 
single living adult rat cardiac myocytes exposed to anoxia or metabolic in-
hibition. J Physiol 1995; 486: 1–13.

24. Allshire A, Piper HM, Cuthbertson KS, et al. Cytosolic free Ca2+ in single rat 
heart cells during anoxia and reoxygenation. Biochem J 1987; 244: 381–385.

Fernandez-Sanz et al. FoF1 ATPase and mPTP in aging cardiomyocytes

Figure 7: Diagram with a proposed pathophysiological mechanism.

Fr
on

ti
er

s 
in

 C
ar

di
ov

as
cu

la
r 

Re
se

ar
ch

For personal or educational use only. No other uses without permission. All rights reserved.
Downloaded from www.thrombosis-online.com on 2015-08-20 | IP: 183.250.91.47



© Schattauer 2015 Thrombosis and Haemostasis 113.3/2015

451Fernandez-Sanz et al. FoF1 ATPase and mPTP in aging cardiomyocytes

25. Grover GJ, Atwal KS, Sleph PG, et al. Excessive ATP hydrolysis in ischaemic 
myocardium by mitochondrial F1F0-ATPase: effect of selective pharmacologi-
cal inhibition of mitochondrial ATPase hydrolase activity. Am J Physiol Heart 
Circ Physiol 2004; 287: H1747-H1755.

26. Ruiz-Meana M, Garcia-Dorado D, Lane S, et al. Persistence of gap junction 
communication during myocardial ischaemia. Am J Physiol Heart Circ Physiol 
2001; 280: H2563-H2571.

27. Fernandez-Sanz C, Ruiz-Meana M, Miro-Casas E, et al. Defective sarcoplasmic 
reticulum-mitochondria calcium exchange in aged mouse myocardium. Cell 
Death Dis 2014; 5: e1573.

28. Wang SB, Murray CI, Chung HS, Van Eyk JE. Redox regulation of mitochon-
drial ATP synthase. Trends Cardiovasc Med 2013; 23: 14–18.

29. Rizzuto R, Bernardi P, Pozzan T. Mitochondria as all-round players of the cal-
cium game. J Physiol 2000; 529: 37–47.

30. Tran K, Smith NP, Loiselle DS, et al. A thermodynamic model of the cardiac sar-
coplasmic/endoplasmic Ca(2+) (SERCA) pump. Biophys J 2009; 96: 2029–2042.

31. Mazurek SR, Bovo E, Zima AV. Regulation of sarcoplasmic reticulum Ca(2+) re-
lease by cytosolic glutathione in rabbit ventricular myocytes. Free Radic Biol 
Med 2014; 68: 159–167.

32. Fauconnier J, Meli AC, Thireau J, et al. Ryanodine receptor leak mediated by 
caspase-8 activation leads to left ventricular injury after myocardial ischaemia-
reperfusion. Proc Natl Acad Sci USA 2011; 108: 13258–13263.

33. Rizzuto R, Pozzan T. Microdomains of intracellular Ca2+: molecular determi-
nants and functional consequences. Physiol Rev 2006; 86: 369–408.

34. Rizzuto R, Pinton P, Carrington W, et al. Close contacts with the endoplasmic 
reticulum as determinants of mitochondrial Ca2+ responses. Science 1998; 280: 
1763–1766.

35. Ruiz-Meana M, Fernandez-Sanz C, Garcia-Dorado D. The SR-mitochondria in-
teraction: a new player in cardiac pathophysiology. Cardiovasc Res 2010; 88: 
30–39.

36. Saotome M, Katoh H, Satoh H, et al. Mitochondrial membrane potential modu-
lates regulation of mitochondrial Ca2+ in rat ventricular myocytes. Am J Phy-
siol Heart Circ Physiol 2005; 288: H1820-H1828.

37. Drago I, De Stefani D, Rizzuto R, et al. Mitochondrial Ca2+ uptake contributes 
to buffering cytoplasmic Ca2+ peaks in cardiomyocytes. Proc Natl Acad Sci 
USA 2012; 109: 12986–12991.

38. Herzig S, Maundrell K, Martinou JC. Life without the mitochondrial calcium 
uniporter. Nat Cell Biol 2013; 15: 1398–1400.

39. O’Brien JD, Ferguson JH, Howlett SE. Effects of ischaemia and reperfusion on 
isolated ventricular myocytes from young adult and aged Fischer 344 rat hearts. 
Am J Physiol Heart Circ Physiol 2008; 294: H2174-H2183.

40. Ataka K, Chen D, Levitsky S, et al. Effect of aging on intracellular Ca2+, pHi, 
and contractility during ischaemia and reperfusion. Circulation 1992; 86 (5 
Suppl): II371-II376.

41. Cain BS, Meldrum DR, Joo KS, et al. Human SERCA2a levels correlate inversely 
with age in senescent human myocardium. J Am Coll Cardiol 1998; 32: 
458–467.

42. Fowler MR, Naz JR, Graham MD, et al. Age and hypertrophy alter the contribu-
tion of sarcoplasmic reticulum and Na+/Ca2+ exchange to Ca2+ removal in rat 
left ventricular myocytes. J Mol Cell Cardiol 2007; 42: 582–589.

43. Babusikova E, Lehotsky J, Dobrota D, et al. Age-associated changes in Ca(2+)-
ATPase and oxidative damage in sarcoplasmic reticulum of rat heart. Physiol 
Res 2012; 61: 453–460.

44. Xu A, Narayanan N. Effects of aging on sarcoplasmic reticulum Ca2+-cycling 
proteins and their phosphorylation in rat myocardium. Am J Physiol 1998; 275: 
H2087-H2094.

45. Hofer T, Servais S, Seo AY, et al. Bioenergetics and permeability transition pore 
opening in heart subsarcolemmal and interfibrillar mitochondria: effects of 
aging and lifelong calorie restriction. Mech Ageing Dev 2009; 130: 297–307.

46. Petrosillo G, Moro N, Paradies V, et al. Increased susceptibility to Ca(2+)-in-
duced permeability transition and to cytochrome c release in rat heart mito-
chondria with aging: effect of melatonin. J Pineal Res 2010; 48: 340–346.

47. Pepe S. Mitochondrial function in ischaemia and reperfusion of the ageing 
heart. Clin Exp Pharmacol Physiol 2000; 27: 745–750.

48. Zhu J, Rebecchi MJ, Tan M, et al. Age-associated differences in activation of 
Akt/GSK-3beta signalling pathways and inhibition of mitochondrial permeabil-
ity transition pore opening in the rat heart. J Gerontol A Biol Sci Med Sci 2010; 
65: 611–619.

49. Hafner AV, Dai J, Gomes AP, et al. Regulation of the mPTP by SIRT3-mediated 
deacetylation of CypD at lysine 166 suppresses age-related cardiac hypertrophy. 
Aging 2010; 2: 914–923.

50. Kokoszka JE, Waymire KG, Levy SE, et al. The ADP/ATP translocator is not es-
sential for the mitochondrial permeability transition pore. Nature 2004; 427: 
461–465.

51. Baines CP, Kaiser RA, Sheiko T, et al. Voltage-dependent anion channels are dis-
pensable for mitochondrial-dependent cell death. Nat Cell Biol 2007; 9: 
550–555.

52. Antoniel M, Giorgio V, Fogolari F, et al. The oligomycin-sensitivity conferring 
protein of mitochondrial ATP synthase: emerging new roles in mitochondrial 
pathophysiology. Int J Mol Sci 2014; 15: 7513–7536.

53. Choudhary C, Kumar C, Gnad F, et al. Lysine acetylation targets protein com-
plexes and co-regulates major cellular functions. Science 2009; 325: 834–840.

54. Rardin MJ, Newman JC, Held JM, et al. Label-free quantitative proteomics of 
the lysine acetylome in mitochondria identifies substrates of SIRT3 in metabolic 
pathways. Proc Natl Acad Sci USA 2013; 110: 6601–6606.

55. Ahn BH, Kim HS, Song S, et al. A role for the mitochondrial deacetylase Sirt3 in 
regulating energy homeostasis. Proc Natl Acad Sci USA 2008; 105: 
14447–14452.

56. Porter GA, Urciuoli WR, Brookes PS, et al. SIRT3 deficiency exacerbates ischae-
mia-reperfusion injury: implication for aged hearts. Am J Physiol Heart Circ 
Physiol 2014; 306: H1602-H1609.

57. Qiu X, Brown K, Hirschey MD, et al. Calorie restriction reduces oxidative stress 
by SIRT3-mediated SOD2 activation. Cell Metab 2010; 12: 662–667.

58. Choudhary C, Weinert BT, Nishida Y, et al. The growing landscape of lysine 
acetylation links metabolism and cell signalling. Nat Rev Mol Cell Biol 2014; 15: 
536–550.

59. Boengler K, Schulz R, Heusch G. Loss of cardioprotection with ageing. Cardiov-
asc Res 2009; 83: 247–261.

60. Tani M, Honma Y, Hasegawa H, et al. Direct activation of mitochondrial 
K(ATP) channels mimics preconditioning but protein kinase C activation is less 
effective in middle-aged rat hearts. Cardiovasc Res 2001; 49: 56–68.

61. Boengler K, Buechert A, Heinen Y, et al. Cardioprotection by ischaemic post-
conditioning is lost in aged and STAT3-deficient mice. Circ Res 2008; 102: 
131–135.

Fr
on

ti
er

s 
in

 C
ar

di
ov

as
cu

la
r 

Re
se

ar
ch

For personal or educational use only. No other uses without permission. All rights reserved.
Downloaded from www.thrombosis-online.com on 2015-08-20 | IP: 183.250.91.47


