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Abstract
Loss of cardiac mitochondrial function with age may cause increased cardiomyocyte death through
mitochondria-mediated release of apoptogenic factors. We investigated ventricular subsarcolemmal
(SSM) and interfibrillar (IFM) mitochondrial bioenergetics and susceptibility towards Ca2+-induced
permeability transition pore (mPTP) opening with aging and lifelong calorie restriction (CR). Cardiac
mitochondria were isolated from 8, 18, 29 and 37-month-old male Fischer 344 × Brown Norway rats
fed either ad libitum (AL) or 40% calorie restricted diets. With age, H2O2 generation did not increase
and oxygen consumption did not significantly decrease in either SSM or IFM. Strikingly, IFM
displayed an increased susceptibility towards mPTP opening during senescence. In contrast, Ca2+

retention capacity of SSM was not affected by age, but SSM tolerated much less Ca2+ than IFM.
Only modest age-dependent increases in cytosolic caspase activities and cytochrome c levels were
observed and were not affected by CR. Levels of putative mPTP-modulating components:
cyclophilin-D, the adenine nucleotide translocase (ANT), and the voltage-dependent ion channel
(VDAC) were not affected by aging or CR. In summary, the age-related reduction of Ca2+ retention
capacity in IFM may explain the increased susceptibility to stress-induced cell death in the aged
myocardium.
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1. Introduction
Aging of the heart encompasses increased cardiomyocyte reactive hypertrophy (Olivetti et al,
2000), cell death by apoptosis (Kajstura et al, 1996; Crow et al, 2004) and necrosis (Olivetti
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et al, 2000), and infiltration of fibrotic cells (Hacker et al, 2006) with subsequent organ
enlargement and weakening (Pugh and Wei, 2001). Cellular and organelle damage inflicted
by reactive oxygen species (ROS) (Harman, 2003) can cause loss of molecular fidelity
(Hayflick, 2007) resulting in dysfunction (Lesnefsky et al, 2001b) that eventually may activate
cell death pathways. Consequently, cardiac function declines with age (Pugh and Wei, 2001),
as does the heart's ability to tolerate stress (Misare et al, 1992). Mitochondria, presumably the
main cellular source of ROS production (Judge and Leeuwenburgh, 2007), exist in heart muscle
as two sub-populations with distinct biochemical (Palmer et al, 1977; Palmer et al, 1985;
Chemnitius et al, 1993) and structural (Riva et al, 2005) properties: subsarcolemmal
mitochondria (SSM), located beneath the plasma membrane, and interfibrillar mitochondria
(IFM) which are found in parallel rows between the myofibrils (Palmer et al, 1977). ROS are
produced mainly at respiratory complexes I and III in the form of the superoxide anion (O2

•-)
that rapidly converts into hydrogen peroxide (H2O2) (Boveris and Chance, 1973). The
mitochondrial ‘vicious cycle’ theory of aging implies ROS production during respiration with
associated increased oxidative damages leading to mitochondrial dysfunction and further
increased ROS production (Hiona and Leeuwenburgh, 2008). However, it is not clear whether
aged mitochondria, which are thought to be continuously turned over by mitochondrial
biogenesis and autophagy (Menzies and Gold, 1971), lose their function and models of high
mtDNA mutational rates (e.g. POLG mice) do not display increased ROS production or
oxidative damages (Kujoth et al, 2005).

Mitochondrial membrane permeabilization (MMP) is a central event in apoptosis which can
be mediated through mitochondrial permeability transition pore (mPTP) opening, which
therefore may play a causal role in myocardial pathology with aging (Di Lisa and Bernardi,
2005; Grimm and Brdiczka, 2007). The pore is thought to exist as a multiprotein complex,
currently of unknown composition (Leung and Halestrap, 2008), that spans both the outer and
inner mitochondrial membranes. Knockout studies have confirmed a role for cyclophilin D
(CyP-D) in pore opening whereas a regulatory role has been ascribed to the adenine nucleotide
translocator (ANT) (Leung and Halestrap, 2008). Involvement of the voltage-dependent anion
channel (VDAC) was recently ruled out (Baines et al, 2007). Conditions including high calcium
(Ca2+) and oxidative stress trigger mPTP opening, causing a sudden influx of small molecules
including H2O, resulting in collapse of the membrane potential, mitochondrial swelling and
rupture of the outer membrane, followed by the release of pro-apoptotic proteins (i.e.,
cytochrome c, apoptosis inducing factor and endonuclease G) residing in the intermembrane
space (Kroemer et al, 2007). Released cytochrome c complexes with apoptosis protein activator
factor-1 (Apaf-1), dATP and procaspase-9 and forms an apoptosome, which then activates
caspase-9 (Kroemer et al, 2007). This latter, in turn, cleaves and activates caspase-3, -6, and
-7, main executioners of cell death (Kroemer et al, 2007). Ischemic-reperfusion injury, a
common pathological event in the aged heart following coronary thrombosis, involves
accumulation of lactic acid, drop of ATP and increases in intracellular and mitochondrial
Ca2+ levels (Crow et al, 2004; Halestrap, 2006). During the subsequent reperfusion phase,
oxidative stress resulting by increased ROS production may determine opening of the mPTP.
This series of events has been associated with the execution of both apoptotic and necrotic cell
death depending on the length of pore opening (Grimm and Brdiczka, 2007). The matrix
oriented CyP-D has been suggested to be the key promoter of mPTP opening in response to
Ca2+ overload (Crompton, 2004; Di Lisa and Bernardi, 2006), and opening of the mPTP can
be inhibited by the immunosuppressant cyclosporine A through its binding to CyP-D
(Halestrap, 2006). Indeed, use of cyclosporin A or similar drugs (e.g., sanglifehrin-A)
immediately following reperfusion can limit infarct size and protect myocytes from oxidative
stress (Hausenloy et al, 2003).

We recently observed that calorie restriction (CR), an intervention that extends mean and
maximum lifespan in short-lived higher organisms, enhanced cardiac autophagy in aged F344
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rats (Wohlgemuth et al, 2007), a process becoming defective with age when lysosomes
accumulate lipofuscin (Muscari et al, 1990). CR has also been shown to protect from
atherosclerosis (Fontana et al, 2004) and attenuate the age-associated decline in heart diastolic
function (Taffet et al, 1997; Meyer et al, 2006). However, effects of CR on heart mitochondrial
bioenergetics and oxidant generation are still debated and the literature also varies as to whether
mitochondria of ad libitum (AL) fed rats suffer respiratory losses as well as if H2O2 production
increases with age. Although reports of increased H2O2 production rates with age and
decreased rates with CR dominate (Judge and Leeuwenburgh, 2007), also unchanged rates with
age (Hansford et al, 1997; Gredilla et al, 2001) and lifelong CR (Drew et al, 2003) have been
reported.

In the present study we investigated the effects of aging and lifelong CR on oxygen
consumption, H2O2 generation and susceptibility towards mPTP opening in rat ventricular
mitochondrial sub-populations. Furthermore, we investigated whether advancing age was
associated with changes in levels of mPTP-modulating components and increased cytosolic
apoptogenic factors.

2. Materials and methods
2.1. Animals and study design

Male Fischer 344 × Brown Norway hybrid (F344×BN F1) rats were purchased from the
National Institute on Aging colony at Harlan Industries (Indianapolis, IN). This strain has
increased longevity (median and maximal lifespans is 33.3 and 40.0 months respectively for
males, extended to 40.2 and 49.2 months respectively with 40% CR) (Sprott et al. 1996), lower
incidence of major pathologic processes than F344 or Wistar rats (Lipman et al, 1996), and
age-related body composition changes (i.e. increase in adiposity and decrease in lean mass)
that resemble those occurring in humans. The ages were chosen from published growth and
survival curves (Sprott and Austad 1996) to reflect a young age (8 mo), adulthood (18 mo),
advanced age (29 mo) and senescence (37 mo) at sacrifice. In each age group, 9 animals were
fed ad libitum (AL) and 9 were 40% calorie restricted (CR). CR had been initiated at 14 weeks
of age at 10% restriction, increased to 25% at 15 weeks, and to 40% at 16 weeks. Rats were
received and housed for 4-7 weeks prior date of sacrifice. Rats were individually housed and
maintained on a 12-h light/dark cycle under controlled conditions. Health status, body weight
and food intake were monitored daily. AL rats had free access to NIH-31 average nutrient
composition pellets whereas CR animals received restricted amounts (40% CR) of NIH-31/
NIA Fortified pellets (both pellet types were from Harlan Laboratories, Indianapolis, IN)
according to tables provided by NIA once daily, 1 h before the onset of the dark period. All
rats had free access to tap water. Principles of laboratory animal care (NIH publication No.
86-23, revised 1985) were followed and all procedures were approved by the University of
Florida's animal care and use committee.

2.2. Preparation of subcellular fractions
Two randomly chosen rats from different groups were sacrificed daily by rapid decapitation,
about 2-3 hours into the light period (CR rats had been fasted for at least 12 h, whereas AL rats
were not fasted) over the course of 36 days. The heart was carefully removed, rinsed with saline
solution and dissected. After removal of the atria, left and right ventricles were minced together
on ice in 5 ml ice-cold homogenization buffer (100 mM KCl, 50 mM MOPS, 5 mM MgSO4,
1 mM ATP, 1 mM EGTA, and 0.4% fatty acid-free BSA, pH 7.4), and homogenized on ice in
10 ml buffer per gram of tissue, using five full strokes with a mechanically driven Potter-
Elvehjem glass-teflon homogenizer. Homogenates were centrifuged at 800 × g for 10 min at
4°C to pellet large organelles and myofibrils containing the IFM. The supernatant containing
SSM was filtered through synthetic cheese cloth and centrifuged at 8,000 × g for 10 min at 4°
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C. The resulting supernatant, representing the mitochondria-free cytosolic fraction, was
decanted and stored at -80°C, while the pellet, containing SSM was resuspended in 1 ml
homogenization buffer without BSA. The initial pellet containing myofibrils (and IFM) was
immediately resuspended in 10 ml homogenization buffer (with 0.4% FAF-BSA) per gram
tissue and IFM were enzymatically liberated using freshly prepared nagarse (Sigma-Aldrich,
St. Louis, MO) at 8 U/g tissue for 1 min under agitation on ice. After five strokes of
homogenization, samples were centrifuged at 800 × g for 10 min at 4°C. The supernatant
containing IFM was filtered through cheese cloth and centrifuged at 8,000 × g for 10 min at
4°C, the supernatant discarded, and IFM immediately resuspended in homogenization buffer
without BSA. Finally, SSM and IFM were washed to remove residual BSA by centrifugation
at 8,000 × g for 10 min at 4°C and resuspended in BSA-free buffer. Protein concentration was
determined using the method developed by Bradford (Bradford, 1976). The cytosol and
remaining mitochondria were frozen in liquid nitrogen for later analysis.

2.3. Electron microscopy
Mitochondria were immersed in Trumps fixative (pH 7.25) over night at 4°C (McDowell and
Trump, 1976). The fixed mitochondrial pellet was processed by the following steps with the
use of a Pelco Biowave biological microwave oven (Ted Pell Inc., Redding Ca). After removal
of Trumps solution, the pellet was washed in 0.1 M sodium cacodylate buffer, encapsulated in
3% agarose, buffer washed and post-fixed in 1% osmium tetroxide. Subsequently, the pellet
was dehydrated in a graded ethanol series followed by 100% acetone and embedded in
Embed812/Araldite resin (Electron Microscopy Sciences, Hatfield, PA). The epoxy-cured
pellet was then mounted, trimmed, sectioned (70-80 nm) and examined on a Hitachi H-7000
transmission electron microscope (Hitachi High Technologies America, Pleasanton, CA).
Digital images were acquired by MegaView III (Soft-Imaging Systems, Lakewood, CO).
Contamination of the mitochondrial fractions from other organelles was minimal and most
mitochondria were intact and non-hypertrophied.

2.4. Mitochondrial Ca2+ retention capacity measurement
Mitochondria in living cells can accumulate [Ca2+]m in the high μM range and isolated
mitochondria rapidly accumulate Ca2+ (Bianchi et al, 2004). We determined the maximal
Ca2+ loading capacity of freshly isolated mitochondria until Ca2+ release as described by Ichas
et al. (Ichas et al, 1997), adapted to 96-well plate format. Ca2+ uptake and release were
monitored using the membrane-impermeable fluorescent probe Calcium Green-5N (excitation
506 / emission 532 nm; Molecular Probes, Eugene, OR). SSM (0.75 mg/ml) and IFM (optimal
concentrations were found to be 0.1 mg/ml on glutamate/malate and 0.4 mg/ml on succinate)
were incubated with shaking in reaction medium (250 mM sucrose, 10 mM Tris, 10 mM
KH2PO4, pH 7.4, final volume 250 μl) at 37°C, with respiratory substrates (5 mM glutamate/
2.5 mM malate or 5 mM succinate). Injections of 1.25 nmol CaCl2 were performed every 60
s, and repeated until Ca2+ was released into the medium. Extra-mitochondrial Ca2+ was
recorded every 7 s using a Synergy HT multi-detection microplate reader (BioTek Instruments,
Vinooski, VT). The mPTP inhibitor Cyclosporine A (1 μM, Sigma), was used as a positive
control to delay Ca2+-induced PTP opening (Halestrap, 2006). Results are expressed as the
amount Ca2+ per mg mitochondria to trigger Ca2+ release through mPTP opening.

2.5. Mitochondrial H2O2 production
Mitochondrial H2O2 production was assessed as described by Barja (Barja, 2002), adapted to
96-well microplate format. Briefly, homovanillic acid is converted into a fluorescent dimer
(312 nm excitation / 420 nm emission) in the presence of H2O2 by horseradish peroxidase.
Freshly isolated mitochondria (20 μg of mitochondrial proteins) were incubated with assay
buffer (145 mM KCl, 30 mM HEPES, 5 mM KH2PO4, 3 mM MgCl2, 0.1 mM EGTA, 0.3%
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FAF-BSA, pH 7.4 set at 37°C), followed by the addition of horseradish peroxidase (1.2 U) and
homovanillic acid (100 μM). Mitochondria were energized with 2.5 mM glutamate/2.5 mM
malate or 5 mM succinate ±2 μM rotenone. Calibration was performed against added
commercial H2O2 covering the range produced by the mitochondria. Samples were incubated
at 37°C in a light-protected Solo HT microplate incubator (Thermo Electron Co., Milford, MA)
placed on an Orbit P4 microplate rotator (Labnet International Inc., Woodbridge, NJ) set at 25
rpm. After 15 min incubation, the reaction was stopped by the addition of ice-cold stop solution
(65 μl of 0.1 M glycine-NaOH, 25 mM EDTA, pH 12). The light emission was immediately
measured with a SpectraMax Gemini XS microplate fluorometer (Molecular Devices,
Sunnyvale, CA). Results are expressed as nmol H2O2/min/mg mitochondrial protein.

2.6. Oxygen consumption measurements
Oxygen consumption of freshly isolated mitochondria was assessed using a Clark-type oxygen
electrode (Oxytherm, Hansatech, Norfolk, UK). The respiratory reaction buffer (140 mM KCl,
30 mM HEPES, 5 mM KH2PO4, 0.1 mM EGTA, 0.3% FAF-BSA, pH 7.4) was maintained at
37°C, constantly stirred, and air saturated. IFM or SSM were injected into the chamber (0.25
mg/ml) and state II mitochondrial respiration assessed after injecting glutamate/malate (5/2.5
mM) into the chamber. State III respiration was assessed after injecting ADP (500 μM). To
test for outer membrane integrity, cytochrome c (160 μM) was injected during state III
respiration and the corresponding oxygen consumption rate measured (Jekabsone et al,
2003). Finally, the uncoupling state was measured after injecting carbonyl cyanide 4-
(trifluoromethoxy)-phenylhydrazone (FCCP; 0.88 μM). Rates of oxygen consumption are
expressed as nmol/min/mg mitochondrial protein. The respiratory control ratio (RCR) was
calculated by dividing the rate of oxygen consumption during state III by that during state II.
It should be noted that heart mitochondria normally respire mainly on fatty acids actively
imported into the matrix for enzymatic metabolism and oxidation.

2.7. Western blot analysis for components of the mPTP and COX4
Content of ANT, VDAC, CyP-D and subunit IV of the cytochrome c oxidase complex (COX4)
was assessed in IFM and SSM by Western blot analysis. Prior to loading, samples were boiled
at 95°C for 5 min in Laemmli buffer (62.5 mM Tris-HCl, 2% SDS, 25% glycerol, 0.01%
bromophenol blue, pH 6.8; BioRad, Hercules, Ca) with 5% β-mercaptoethanol. Ten μg of
mitochondrial proteins were separated using 10% Tris-HCl precast gels (BioRad, Hercules,
CA), and transferred to polyvinylidene difloride (PVDF) membranes (Immobilon P, 0.45 μm,
Millipore, Billerica, MA) using a semidry blotter (BioRad). Transfer efficiency was verified
by staining the gels with GelCode Blue Stain Reagent (Pierce Biotechnology, Rockford, IL)
and the membranes with Ponceau S (Sigma). Membranes were blocked in StartingBlock TBS
Blocking Buffer with 0.05% Tween-20 (Pierce Biotechnology) for 1 h at room temperature,
washed in TBS and incubated overnight with primary antibodies against ANT, VDAC, CyP-
D (all 1:1,000; Mitosciences, Eugene, OR) and COX4 (1:1,000; Cell Signaling Technology,
Beverly, MA) at 4° C. The next morning, membranes were washed in TBS with 0.05%
Tween-20 (TBS-t) and subsequently incubated with alkaline phosphatase-conjugated
secondary antibody (Sigma-Aldrich, St. Louis, MO), 1:30,000, at room temperature for 1 h.
Membranes were then washed in TBS-t, rinsed in TBS and soaked in Tris·HCl (pH 9.5). Finally,
the DuoLux chemiluminescent/fluorescent substrate for alkaline phosphatase from Vector
Laboratories (Burlingame, CA) was applied and the chemiluminescent signal captured with
an Alpha Innotech Fluorchem SP imager (Alpha Innotech, San Leandro, CA). Digital images
were analyzed using AlphaEase FC software (Alpha Innotech). Membranes were subsequently
stripped and probed for subunit IV of the cytochrome c oxidase complex (COX4). Spot density
of the target band (arbitrary OD units) was normalized to that of the corresponding COX4
band.
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2.8. Cytosolic content of cytochrome c
The concentration of cytochrome c in the cytosolic fraction was determined using an enzyme-
linked immunosorbent assay (ELISA) kit (R&D Systems, Minneapolis, MN), following the
manufacturer's instructions. Absorbance was determined at 450 nm (wavelength correction at
570 nm) using a SpectraMax 340 microplate reader (Molecular Devices, Sunnyvale, CA).
Cytochrome c concentration is reported as ng/μg cytosolic protein.

2.9. Caspase -9 and -3 activity
Activities of caspase-9 and -3 were measured in the cytosolic fraction using fluorometric assays
(BioVision Research Products, Mountain View, CA) as per the manufactorer's directions.
Briefly, 50 μg cytosolic proteins were incubated (1.5 h at 37°C) with caspase-9 or caspase-3
specific substrate (LEHD-AFC and DEVD-AFC, respectively). Cleavage of the substrate frees
AFC, which emits at 505 nm (400 nm excitation). Measurements were performed using a
SpectraMax Gemini XS microplate fluorometer. Results are expressed as arbitrary emission
units.

2.10. Statistics
Differences among experimental groups were analyzed by two-way ANOVA with age and diet
as factors, followed by Tukey's multiple comparison test when needed. In addition, two-way
ANOVA for repeated measures was used to compare SSM and IFM from the same animals.
Correlations between variables were explored using the Pearson's test. Statistical significance
was set to p < 0.05, and analyses conducted using GraphPad Prism 4 (San Diego, California).
Data are shown as mean ± SEM.

3. Results
3.1. Body and heart weights

CR animals had significantly lower body and heart weights than AL animals (p < 0.001). Body
weights were highest at 29 months in both groups and declined thereafter (Table 1). Notably,
heart weight increased progressively with age in both AL and CR rats, although the increase
was much smaller with CR which counteracted excessive growth. The effect of CR became
larger with increasing age both for heart and body weights (interaction effects: p < 0.001, Table
1). CR animals had greater heart-, and left (LV) and right (RV) ventricle-to-body-weight ratios
at all ages versus AL animals (p < 0.001) likely due to their lighter bodies, and therefore not
indicative of cardiac hypertrophy. In line with the previous observation that LV mass of male
F344×BN rats progressively increases in aging (up to 39 months) (Hacker et al, 2006), we
observed an increase in both LV and RV mass, although the larger LV displayed a greater
increase with age (43%), comparing 37 to 18 months AL rats, than the RV (24% when
expressed per body weight).

3.2. Mitochondrial Ca2+ retention capacity
Whereas SSM were unaffected with age on either substrate (Figs. 1b and d), IFM strikingly
displayed a decreased Ca2+ retention capacity with increasing age for both respiratory
substrates, giving significant main effects for age with glutamate/malate (p < 0.001) and
succinate (p < 0.01) (Figs. 1a and c). Co-incubation with Cyclosporine A inhibited
mitochondrial burst even after high Ca2+ loads, indicating that mitochondrial membrane
permeabilization involved CyP-D. For both substrates, IFM were significantly more resistant
to Ca2+-induced mPTP opening than SSM. Both SSM and IFM were significantly more
sensitive to Ca2+-induced PTP opening in the presence of succinate, a succinate oxidoreductase
(complex II) electron donor, than glutamate/malate, a NADH:ubiquinone oxidoreductase
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(complex I) electron donor. Whereas CR had no effect on the Ca2+ retention capacity for SSM,
CR counteracted mPTP opening at 37 months in IFM energized with glutamate/malate.

3.3. H2O2 production
Use of succinate as a respiratory substrate generated higher production of H2O2 than glutamate/
malate (Fig. 2). Rotenone, which blocks electron back-flow from succinate dehydrogenase to
complex I, reduced H2O2 production back to levels generated by glutamate/malate. For the
tested substrates there were no significant differences in H2O2 production between SSM and
IFM and no significant increases in H2O2 production with age for any substrate or sub-
population were observed. Indeed, for IFM on succinate a significant (p < 0.05) decline in
H2O2 production was observed with age (Fig. 2c). For SSM, a slight increased rate (p < 0.05)
was observed with CR on glutamate/malate, whereas a slight decreased rate (p < 0.05) was
observed with CR on succinate with two-way ANOVA analyses within each sub-set of
mitochondria.

3.4. Oxygen consumption
For states II, III, and when uncoupled, IFM generally consumed more O2 than SSM (Fig. 3).
No significant declines with age were observed with two-way ANOVA analyses within each
sub-set of mitochondria, although for IFM, a non-significant decrease at 37 months with CR
was observed for state III (Fig. 3c). For SSM in two states (III and uncoupled), a slight, yet
significant increase (p < 0.05 with two-way ANOVA) in respiration with age was observed
particularly for AL fed rats, whereas in CR animals respiration did not change with age, but
was significantly lower compared to AL particularly at high age (Figs. 3d and h). Respiration
during state III and the uncoupled state were similar. Addition of cytochrome c during state III
was performed to test for mitochondrial membrane integrity (Figs. 3e and f). Only a small
increase in O2 consumption after cytochrome c addition (less than 10% and evenly distributed)
was detected. Therefore, the observed effects were not due to differential mitochondrial
deterioration during the isolation procedures.

3.5. Cytosolic cytochrome c, and caspase-9 and -3 activities
Cytosolic cytochrome c levels displayed a main age effect (p < 0.01), being highest in the 29
months groups for both AL and CR, after which levels dropped (Fig. 4a). Caspase-9 activity
tended to increase with age, but the effect was not significant (p = 0.18) (Fig. 4b). Caspase-3
activity, however, increased significantly with age (p < 0.01) (Fig. 4c). Moreover, caspase-3
activity correlated with the Ca2+ retention capacity for IFM on succinate (r = - 0.30; p < 0.05
for AL and CR animals together, data not shown). Thus, Ca2+ retention capacity was lower in
IFM (on succinate) from hearts having higher cytosolic caspase-3 activity (both effects
observed in aging).

3.6. Western blot analyses of putative mPTP constituents and COX4
Levels of the nuclear encoded respiratory chain subunit COX4 was marginally greater
expressed in IFM than SSM, whereas ANT, VDAC, CyP-D were generally greater expressed
in SSM than IFM, but no protein changed significantly with age or CR (Fig. 5). Analyses of
SSM and IFM in direct comparison using a commercial antibody against CyP-D detected two
bands in close proximity. The heavier band (CyP-D, 21 kDa) had higher intensity than the
lighter band (here referred to as LCyP-D), with this latter exhibiting higher levels in IFM than
in SSM at all ages). LCyP-D was significantly greater expressed in IFM than SSM. Also CyP-
D/ANT, CyP-D/VDAC, LCyP-D/ANT, and LCyP-D/VDAC ratios were unaffected by either
age or CR (data not shown).
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4. Discussion
Results from the present study show that ventricular IFM, but not SSM, become increasingly
vulnerable to Ca2+-induced mitochondrial membrane permeabilization during senescence and
that cytosolic indicators of apoptosis (caspases and cytochrome c) slightly increase with age.
These findings may relate to the observed increased extent of apoptosis in aged hearts (Kajstura
et al, 1996; Olivetti et al, 2000). Particularly, our data may help explain the greater susceptibility
to ischemia-reperfusion damage observed in the aged hearts (Pepe, 2000; Halestrap, 2006).
Our results also confirm that SSM and IFM are bioenergetically and compositionally different.

Apart from that IFM became increasingly susceptible to Ca2+-induced mPTP opening with
age, also a drastic difference in Ca2+-induced mPTP opening susceptibility between SSM
(highly susceptible) and IFM (less susceptible) was observed (Fig. 1). Moreover, mPTP
opening susceptibility was affected by the respiratory substrate used. It has been suggested that
mPTP opening is assisted by ROS (Pepe, 2000;Halestrap, 2006), and indeed, use of the
respiratory complex II electron donor succinate, which causes enhanced ROS production due
to electron back-flow generating superoxide (O2

•-), significantly lowered Ca2+ retention
capacity compared to the complex I donor glutamate/malate (Fig. 1), However, mitochondrial
ROS production was likely not responsible for the changes in mPTP opening susceptibility as
H2O2 production did not increase with age and was similar between sub-populations. CR
counteracted the age-related loss in Ca2+ retention capacity at 37 months when using glutamate/
malate (low ROS producer), but not when using succinate (high ROS producer).

We then investigated if differences in mitochondrial Ca2+ sensitivity with age and between
IFM and SSM could be linked to altered expression of mPTP complex proteins. The inhibition
of mPTP opening by CsA supports a Ca2+-induced mitochondrial burst mechanism involving
CyP-D. However, as levels of CyP-D, ANT and VDAC did not change among the groups, the
increased Ca2+ sensitivity may be more related to physical changes (e.g. membrane damage,
or else) with age rather than to protein composition. Another possibility is that defective
autophagy with senescence particularly affects turnover of the interfibrill-attached IFM,
resulting in longer half-lives of IFM with certain impaired functions. It is also possible that
basal mitochondrial Ca2+-levels, where high Ca2+ activates key enzymes involved in substrate
oxidation (Hansford and Zorov, 1998), are higher in senescent IFM to compensate for eventual
functional declines, maintaining respiratory levels but consequently lowering additional
Ca2+ uptake capacity. In this study, two bands in close proximity were detected when analyzing
CyP-D immunoblots. Interestingly and in support of our data, Tanveer et al. 1996 identified
two rat liver mitochondrial peptidylprolyl cis-trans isomerases (PPIase; a property of CyPs)
of 18 and 21 kDa using cyclosporin A photolabeling. The larger (identified to be CyP-D)
dominated and resided in the matrix, whereas the 18-kDa PPIase located to the intermembrane
space (Tanveer et al, 1996). The CyP-D antibody used in our study appears to have detected
these two proteins (masses were similar to those reported by Tanveer). Interestingly, the heavier
form dominated also in rat cardiac mitochondria, and we found that the lighter form was
significantly more expressed in IFM than in SSM (Fig. 5). However, it is unclear whether this
different pattern of expression has functional implications.

Apoptosis in postmitotic tissues such as the heart can be expected to be a slowly progressing
event being difficult to detect at any given instant. In this context, the slightly increasing
cytosolic cytochrome c levels up to 29 months (Fig. 4a) indicates increased ventricular
mitochondrial membrane permeabilization events with age possibly due to mPTP opening,
Bax permebilization or else (Kroemer et al, 2007). It is unclear why the cytochrome c levels
dropped at 37 mo, but this could be related to increased number of young cells due to fibrosis
(Hacker et al, 2006) or myocyte plasticity (Ellison et al, 2007) as the ventricles substantially
gained mass at senescent age (Table 1). However, the modest insignificant increase in cytosolic
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caspase-9 activity did not correlate with cytosolic cytochrome c levels. Nevertheless, the
activity of the final executioner caspase-3 (Fig. 4c) was highest at the highest ages (29 and 37
months). This may suggests that other apoptotic pathways, including caspase-8 activation by
death receptor ligation (Gill et al, 2002), might have contributed to the downstream caspase-3
activation. Our group previously reported increased cytochrome c levels with age in F344 rat
heart cytosols in a study spanning up to 24 months (Phaneuf and Leeuwenburgh, 2002), but
whether apoptosis or necrosis dominate in age-related cardiomyocyte death is presently still
unclear (Olivetti et al, 2000).

We observed no increased H2O2 production with age in, or between, the two different sub-
populations for either of the employed substrates, and mitochondrial production rates from CR
animals were similar to AL controls. However, also a constant level of H2O2 migrating from
mitochondria or stemming from other sources (e.g. enzymatic metabolism and inflammation)
will lead to oxidative damages accumulating with advancing age (Harman, 2003). Although
both H2O2 production and Ca2+-induced mPTP opening were substrate dependent, H2O2 was
likely not causal to the observed differences in Ca2+ retention capacity with age or sub-
population. The observed mitochondrial H2O2 production rates are similar to those previously
reported (Judge and Leeuwenburgh, 2007) although reported levels vary considerably, which
could be due to different procedures used (degree of agitation, temperature, use of microplate
or cuvettes having different surface/volume ratios, or mode of calibration: against glucose
oxidase produced or added H2O2 as here). Reports also vary in their conclusions as to whether
H2O2 production increases with aging, although evidence therefore dominates (Judge and
Leeuwenburgh, 2007). In support to our data, a previous study found unchanged H2O2
production with age when analyzing total (mixed types) cardiac mitochondria from senescent
(24 mo old) relative to young (6 mo) male rat hearts (Hansford et al, 1997), and similarly, no
significant differences in aging were found comparing total mixed type mitochondria from 7
and 24 mo old rat hearts (Gredilla et al, 2001). A third study found that total mitochondria
isolated from old (23 mo) rat hearts generated more hydrogen peroxide (H2O2) than did
mitochondria from young (3 mo) rats (Nohl and Hegner, 1978), and a fourth that rat heart SSM
produced more H2O2 at 14, 18 and 24 mo with comparison to 3 mo (Muscari et al, 1990).
However, the use of 3 month-old rats can be questioned as animals may not be fully developed,
and for the latter study there was no further increase in H2O2 production after 14 mo, rather a
decrease at 18 and 24 mo of age (Muscari et al, 1990). When sub-populations were separated,
one study found that whereas the ROS production was similar for SSM and IFM in young (2-5
mo) rats, IFM from old (24-28 mo) rat hearts produced significantly more ROS, but no
significant increase was found for SSM with age (Suh et al, 2003). Our group previously
observed greater H2O2 production rates for cardiac SSM from 24 than 6 mo F344 hearts,
whereas for IFM the age-effect was not significant (Judge et al, 2005a). In the same study, we
also observed less H2O2 production from IFM than SSM at 24 mo (Judge et al, 2005a). It is
possible that the F344xBN strain is less affected with age, as was shown in this study.

Very few reports are available concerning the effects of lifelong CR on heart mitochondrial
H2O2 production. One study observed that CR (40% for 12 mo) initiated at 12 mo significantly
lowered rat heart mixed mitochondrial H2O2 production at 24 mo of age with pyruvate/malate,
but not succinate, as the respiratory substrates (Gredilla et al, 2001). The same group later
found that CR for 4 mo or shorter had no significant effect on H2O2 production (Gredilla et al,
2002). A more recent study found that 3 months of 40% CR reduced cardiac H2O2 production
in mid-life (15 mo) rats, but the study did not concern age-related changes (Colom et al,
2007). Our group previously found no significant change in H2O2 production comparing 12
and 26 mo of age, and no effect was seen at 26 mo with 40% life-long CR, analyzing Fischer
344 rat heart SSM (Drew et al, 2003). In contrast, we did find a small (14%) decrease in SSM
H2O2 production with short-term (2 mo) CR in 6 mo male F344 rats (Judge et al, 2004). CR
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affects neuroendocrine and metabolic pathways, alters sirtuin protein expression etc, but if and
how these changes affects mitochondrial H2O2 production and in which tissues, is still unclear.

For respiratory measurements we obtained highly satisfactory RCR values (Fig. 3), and in our
study and in the early reports by Palmer (Palmer et al, 1977;Palmer et al, 1985), the O2
consumption was lower in SSM than IFM. COX4 levels were marginally lower in SSM, and
for either sub-population no significant changes with age or CR were found (Fig. 5). Cardiac
mitochondrial respiration in aging has commonly been investigated, although most studies
have concerned total mitochondria or only SSM. In a few recent studies covering both sub-
populations, however, a tendency toward state III respiration decline with age in rat cardiac
IFM was observed (Fannin et al, 1999;Lesnefsky et al, 2001a;Judge et al, 2005b), but not in
SSM (Fannin et al, 1999;Lesnefsky et al, 2001a;Cocco et al, 2005;Judge et al, 2005b). When
analyzing total mitochondria, one study found no evidence for a significant decrease in
respiratory activities with age (Manzelmann and Harmon, 1987), and another reported no
change for state II, but a decrease in state III respiration with age (Jahangir et al, 2001). A study
concerning human heart (also mixed types of mitochondria) found no decline in respiratory
chain activities (Miro et al, 2000). However, also increased respiration with age has been
reported. One report on rat SSM found that the respiratory control ratio was unchanged at the
ages 3, 14, 18 mo, but increased at 24 mo (Muscari et al, 1990). Another study analyzing SSM
from 9, 17 and 23 mo old mouse hearts reported increased state IV respiration with age and
decreased respiration with lifelong 40% CR (Sohal et al, 1994). The O2 consumption was
unrelated to the decline in IFM Ca2+ retention capacity with age, which suggests that these
parameters are not directly related and that respiratory measurements alone may be insufficient
for determination of the functionality of mitochondria. Related to the observed unchanged
levels of respiration and COX4 with age, one study reported unchanged cardiac mitochondrial
cytochrome contents in aging (Manzelmann and Harmon, 1987), and another found unchanged
levels of COX1 and COX3 mRNA transcripts as well as COX activity in aging (Barazzoni et
al, 2000). However, also decreased levels of COX have been reported (Muller-Hocker,
1989).

Alternatively to altered expression of mPTP constituting proteins or mitochondrial H2O2
production rates in aging, mPTP opening susceptibility could be related to alterations of the
lipid components of the inner mitochondrial membrane (Miro et al, 2000; Judge and
Leeuwenburgh, 2007), especially of cardiolipin (cardiolipin oxidation releases cytochrome c)
(Petrosillo et al, 2001; Di Lisa and Bernardi, 2005), and/or that background Ca2+ or free iron
levels (mitochondria handle large amounts of iron) differ. It has also been suggested that
Ca2+ binding to cardiolipin may trigger ANT to form a non-specific outer membrane channel,
by releasing positive charges within ANT which opens the gate (Brustovetsky and
Klingenberg, 1996; Crompton, 2004). However, both decreased (Pepe et al, 1999) and
unchanged (Moghaddas et al, 2002) levels of heart cardiolipin with aging have been reported.
Thus, the reason for the age-related mPTP opening phenomena observed in IFM needs to be
further investigated.

In summary, the data indicate that IFM in senescent hearts are more susceptible to stressful
Ca2+-loads once they arise (during ischemia-reperfusion, conditions involving strong
contractions, or else) then in adult or young, which can trigger mPTP opening with release of
proapoptotic inducing factors. More knowledge regarding the molecular changes in aging
causing IFM to lose Ca2+ retention capacity during senescence is of prime interest and warrants
further investigation. Also, the contribution of apoptotic pathways and necrosis to
cardiomyocyte death with age warrants direct comparisons. The long-lived F344×BN strain
displayed no increase in cardiac mitochondrial H2O2 release with age which could relate to
this strain's long lifespan. Further to this point, as also respiration was not significantly changed
at senescence, advantageous effects due to CR could not be seen on these parameters in this
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strain. Still, it remains possible that present methods do not pick up subtle changes in
mitochondrial respiration or H2O2 production occurring in vivo.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Ca2+ retention capacities in heart ventricular mitochondria. Pulsed Ca2+ mitochondrial uptake
monitored until mPTP opening using glutamate/malate (top figures) or succinate (middle
figures) as respiratory substrates. Bars show how much Ca2+ can be added in pulses before
mPTP opening. A significant decline in Ca2+ retention capacity was observed with age
particularly during senescence for IFM (left side) on either glutamate/malate (p < 0.001) (a)
or succinate (p < 0.01) (c) with two-way ANOVA. SSM (right side) displayed no age-effect
for either substrate (b, d) and had significantly (p < 0.001-0.05 with two-way repeated measures
ANOVA) lower Ca2+ retention capacities than IFM for all groups (not indicated). Use of the
greater ROS producer succinate increased the vulnerability towards mPTP opening compared
to glutamate/malate for both sub-populations. SSM were maintained at 0.75 mg/ml and IFM
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at either 0.1 mg/ml (glutamate/malate) or 0.4 mg/ml (succinate). Co-incubation with the PTP-
inhibitor CsA prevented mPTP opening. Complementary analyses by one-way ANOVA with
Tukey's post-hoc test gave significant differences between bars sharing the same letter (a,bp <
0.001, c,dp < 0.01, ep < 0.05) within each sub-set of mitochondria. No statistical differences
were found between AL and CR groups of the same age. Data are shown as mean ±SEM nmol
Ca2+ uptake per mg mitochondrial protein until mPTP opening, triggering a burst of Ca2+

release. Bottom figures show examples of extra-mitochondrial Ca2+ monitoring using the
fluorescent probe Calcium Green-5N in (e) IFM (0.1 mg/ml) and (f) SSM (0.75 mg/ml) from
8 and 37 mo old AL fed rats using glutamate/malate as substrates. 1.25 nmol Ca2+ was added
every minute. Arrows (↓) indicate when Ca2+ uptake begins to become difficult. The mPTP
inhibitor cyclosporin A (CsA) prevented Ca2+-induced burst. Abbreviation: a.u. = arbitrary
units.
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Fig. 2.
ROS production in heart mitochondria as measured by H2O2. Similar rates of H2O2 production
were observed for IFM (left side) and SSM (right side) for (a,b) glutamate/malate, (c,d)
succinate, and (e,f) succinate +rotenone. Production was higher for succinate than glutamate/
malate, and addition of rotenone reduced levels back to those of glutamate/malate. For SSM,
a slight increased rate (p < 0.05) was observed for CR on glutamate/malate (b), whereas a slight
decreased rate (p < 0.05) was observed for CR on succinate (d) with two-way ANOVA analyses
within each sub-set of mitochondria. Moreover, two-way ANOVA also detected a slight
decrease (p < 0.05) for IFM on succinate with age (c). Significant differences by Tukey's
multiple comparison test for all groups within each sub-set of mitochondria share the same

Hofer et al. Page 17

Mech Ageing Dev. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



letter (a,bp < 0.05), and significant differences between SSM and IFM groups of the same age
and diet by two-way repeated measures ANOVA share the same Greek letter (αp < 0.05). Data
are expressed as mean ±SEM nmol H2O2 /min and mg mitochondrial protein.
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Fig. 3.
O2 consumption in heart mitochondria. IFM (left side) generally displayed a greater respiratory
rate than SSM (right side) for (a,b) state II (glutamate/malate), (c,d) state III (glutamate/malate
+ADP), and (g,h) the uncoupled state (glutamate/malate +FCCP), whereas rates were similar
for (i,j) RCR (=state III/state II). SSM displayed decreased rates with CR both for state III (p
< 0.001) and when uncoupled (p < 0.01) as well as slightly increased rates (p < 0.05) with age
for both these states with two-way ANOVA analyses within each sub-set of mitochondria. Test
of outer mitochondrial membrane integrity (e,f) by adding exogenous cytochrome c in state III
(glutamate/malate +ADP) insignificantly changed the respiratory activity. Significant
differences by Tukey's multiple comparison test for all groups within each sub-set of
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mitochondria share the same letter (a,cp < 0.05, b,dp < 0.01), and significant differences between
SSM and IFM groups of the same age and diet by two-way repeated measures ANOVA share
the same numbered Greek letter (αp < 0.05, βp < 0.01, γp < 0.001), respectively. Data (except
RCR) are expressed as mean ±SEM nmol O2/min and mg mitochondrial protein.
Abbreviations: RCR, respiratory control ratio (state III/state II).
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Fig. 4.
Heart cytosolic cytochrome c levels and caspase-9 and -3 activities. (a) Cytosolic cytochrome
c levels increased significantly with age (p < 0.01) up to 29 mo. The concentration is expressed
per concentration cytosolic proteins. (b) Cytosolic caspase-9 activities increased with age, but
the effect was not significant (p = 0.18). (c) Cytosolic caspase-3 activities increased
significantly with age (p < 0.01). The bars sharing the same letter (ap < 0.01) are significantly
different with Tukey's. No statistical differences were found between AL and CR groups of
the same age.
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Fig. 5.
Heart mitochondrial protein levels by western blot. COX4 gel band intensities for (a) IFM and
(b) SSM were related to that of an identical cross sample (set to 1) run in parallel in all gels,
or expressed directly per COX4 of the same sample as for (c,d) ANT, (e,f) VDAC, (g,h) CyP-
D (21 kDa) and (I,j) LCyP-D (an ∼18 kDa protein greater expressed in IFM also recognized
by the CyP-D antibody). Significant differences between SSM (left) and IFM (right) groups
of the same age and diet by two-way repeated measures ANOVA share the same Greek letters
(αp < 0.05, βp < 0.01). Two-way ANOVA and Tukey's multiple comparison tests for all groups
within each sub-set of mitochondria gave no significant outcomes. Data are expressed as mean
±SEM.
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