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AGING involves a progressive decline in physiological 
function, leading to an increased rate of disease (1,2), 

including cardiovascular disease (3,4). The reason why cer-
tain human beings and animals exhibit an exceptional 
longevity is that they appeared to be immune to significant 
diseases, including cardiovascular disease (5,6). Siblings of 
centenarians showed a 50% decrease in prevalence of hy-
pertension, myocardial infarction, and stroke compared 
with age-matched controls (6), increasing their chances of 
living over 100 years by a factor of 8- to 17-fold compared 
with the general population (6,7).

Similarly, in animal models, variability in aging pheno-
type previously has been shown to occur between strains (8) 
and even substrains (9) within a species. Among rats, the 
Fisher 344 (F344) strain has been well recognized for aging 
studies because it shows severe age-related pathology and a 
shorter life expectancy compared with other rat models 
(10). Other rats that have been used for aging study include 
the Brown Norway (BN) and the hybrid Fisher 344×Brown 
Norway (F344×BN), whose life span is longer than that of 
the F344 (10).

The longevity phenotype is likely to involve adaptive 
strategies at the molecular and cellular levels, conferring 
protection against basic mechanisms of aging and/or age-
related illnesses (11). Previous studies have pointed out two 
genes associated with longevity in animal models (12,13): 
the PAX2 age-1 gene codes for phosphatidylinositol-3-

kinase in Caenorhabditis elegans (14) and the Forkhead 
box class O (FOXO) involved in insulin regulation of glu-
cose production in mammals (15–19). Many genes that are 
correlated with longevity remain to be identified, but an 
interesting common feature of the PAX2 and FOXO genes 
is their involvement in metabolism.

Most of the energy needed to ensure heart function comes 
from oxidative phosphorylation (OXPHOS) in mitochon-
dria. During this process, electrons are transferred by com-
plexes I–IV of the electron transport chain, whereas protons 
are translocated into the intermembrane space. The proton 
gradient generated is utilized by the phosphorylation sys-
tem to produce ATP. Oxygen is the final electron acceptor 
and is incorporated into water. As a side product of �
OXPHOS, reactive oxygen species are released and can 
cause damage to macromolecules that is suggested to con-
tribute to aging (20). Mitochondrial defects associated with 
aging have been characterized in isolated mitochondria from 
the F344 heart (21–24). The OXPHOS defects were localized 
in the interfibrillar mitochondria (IFM) (21), located between 
the myofibrils (25), and involved a decrease in activities of 
complexes III (26,27) and IV (21). According to Suh and col-
leagues (28), the defect in the IFM involved a decrease in 
reductive capacity and an increase in oxidative stress.

In our study, we investigated mitochondrial function in 
cardiac permeabilized fibers from male young adults and 
elderly (age of 50% mortality) from three different strains 
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of rats: the F344, the BN, and the hybrid F344×BN. The 
objective was to correlate the cardiac aging mitochondrial 
defect with the aging phenotypes, that is, longevity, in the 
three strains of rats. The three strains were chosen for their 
importance as aging models and for their difference in sen-
sitivity to aging lesions (10,29). Cardiomyopathy lesions 
occurred in about 90%–100% of the F344 rats (29), whereas 
it is present in 63% of the BN and hybrids (10). Heart en-
largement is more frequent in the BN compared with the 
hybrids (10).

Mitochondrial dysfunction is pronounced in the cardiac 
permeabilized fibers from the F344, complementing data 
previously obtained in isolated mitochondria. Furthermore, 
our results show for the first time a correlation between the 
severities of the aging phenotype in the heart of different 
strains of rat. Mitochondrial function tends to decrease with 
aging in the BN, whereas the hybrids F344×BN, which 
have a longer life span and the lowest rate of age-related 
pathology, showed completely normal mitochondrial func-
tion in the elderly. These results suggest that mitochondrial 
dysfunction not only accompanies aging but also contrib-
utes to the decline in cardiac function during aging.

Methods

Animals
Male F344, BN, and hybrids F344×BN were obtained 

from Harlan Sprague Dawley, Inc. (Indianapolis, IN), 
through an agreement with the National Institutes on Aging. 
The rats were killed in the morning by decapitation and 
studied at 7.3 ± 1.6 and 24.4 ± 0.9 months of age for the 
F344, 6.3 ± 0.7 and 31.6 ± 1.0 months of age for the BN, 
and 6.0 ± 0.0 and 31.0 ± 0.0 for the hybrids. The age of the 
rats was calculated from the date of birth. The older group 
of rats were at the age where approximately 50% mortality 
occurred (10). All procedures were approved by the Depart-
ment of Veterans Affairs and the Case Western Reserve 
University Institutional Animal Care and Use Committee 
and performed in accordance with the National Institutes of 
Health guidelines for care and use of animals in research.

Preparation of Permeabilized Myocardial Fibers
Approximately 50 mg of cardiac apex was removed from 

each heart and transferred into 2.5 mL of ice-cold relaxing 
solution containing 2.77 mM CaK2 ethylene glycol tetraace-
tic acid (EGTA), 7.23 mM K2EGTA, 20 mM immidazole, 
20 mM taurine, 6.56 mM MgCl2, 5.77 mM ATP, 15 mM 
phosphocreatine, 0.5 mM dithiothreitol, and 50 mM K-MES 
(pH 7.1 at 0°C). After rapid dissection of the myocardial 
tissue, bundles of fibers were permeabilized by gentle agita-
tion for 30 minutes at 4°C in the relaxing solution supple-
mented with 50 mg/mL saponin (30,31). Fibers were washed 
for 10 minutes by agitation in ice-cold mitochondrial respi-
ration medium MIR05 containing 110 mM sucrose, 60 mM 

K-lactobionate, 0.5 mM EGTA, 1 g/l bovine serum albumin 
fatty acid free, 3 mM MgCl2, 20 mM taurine, 10 mM 
KH2PO4, and 20 mM K-N-2hydroxyethylpiperazine-N-2-
ethanesulponate ( HEPES) (pH 7.1) (32); blotted; weighed; 
and immediately used for respirometric measurements.

High-Resolution Respirometry
Respiration was measured at 37°C with 1.5–3.0 mg of 

permeabilized fibers per respiration chamber [OROBOROS 
Oxygraph 2k, Innsbruck, Austria (33)] containing 2 mL of 
MIR05. Datlab software (OROBOROS Instruments) was 
used for data acquisition and analysis. For each heart, repli-
cate measurements were performed; the data are presented 
as mean and SD of all the replicate measurements for five 
young and five old F344 hearts, seven young and six old BN 
hearts, and three young and three old hybrid F344×BN 
hearts.

The first protocol used for evaluating mitochondrial func-
tion is presented in Figure 1A. The following substrates, 
uncoupler, and inhibitors were added (final concentration in 
the chamber): glutamate (10 mM), malate (5 mM), ADP 
(2.5 mM), cytochrome c (cyt. c; 10 mM), succinate (10 mM), 
dinitrophenol (DNP; titration up to an optimum concentra-
tion, 5–20 mM), rotenone (0.5 mM), antimycin A (2.5 mM), 
ascorbate (2 mM), tetramethylphenylenediamine (TMPD; 
0.5 mM), and azide (15 mM). A lower than 7% increase of 
respiration was observed after addition of cytochrome c, 
supporting the integrity of the outer mitochondrial mem-
brane (Figure 1). Mitochondrial respiration was corrected 
for oxygen flux due to instrumental background and for re-
sidual oxygen consumption (ROX) after inhibition of com-
plexes I, II, and III with rotenone and antimycin A (34,35). 
For complex IV respiration (ascorbate + TMPD), the back-
ground measured in the presence of azide was subtracted. 
Respiratory flux was expressed in picomole O2 per second 
per milligram wet weight of fibers. A second experiment 
was performed with a low oxygen level (60 nmol/mL) in the 
young and old F344 cardiac fibers in the presence of gluta-
mate + malate + saturating ADP.

In the F344 rat hearts, a subsequent experiment (Figure 
2A) was used to evaluate respiration though complex III 
using duroquinol (1 mM) as the substrate in the presence 
of rotenone (0.5 mM) before and after addition of ADP 
(2.5 mM).

Citrate Synthase Activity
The contents of the respiration chamber were removed 

after the OXPHOS measurement, and the chamber was 
rinsed twice with 500 mL MIR05. The fibers were homoge-
nized on ice with 20 passes in a 2-mL glass homogenizer 
(Kontes Glass Co., Vineland, NJ) and frozen for subsequent 
determination of citrate synthase (CS) activity using a diode 
array spectrophotometer at 412 nm (36).
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Electron Microscopy
Specimens of the cardiac apex and freshly prepared 

permeabilized fibers were fixed for transmission electron 

microscopy. Heart specimens were immediately fixed by 
immersion in triple aldehyde-dimethyl sulfoxide mixture of 
Kalt and Tandler (37). The permeabilized fibers in MIR05 
were mixed 1:1 with quarter strength Karnovsky’s fixative 
prepared with HEPES buffer (final Karnovsky fixative con-
centration 1:8). After rinsing in distilled water, all speci-
mens were postfixed in ferrocyanide-reduced osmium 
tetroxide (38). Thin sections were sequentially stained with 
acidified uranyl acetate (39) followed by Sato’s triple lead 
stain as modified by Hanaichi and colleagues (40) and ex-
amined in a JEOL 1200EX electron microscope.

Data Analysis
Statistical analyses were performed using SigmaStat 4 

(Aspire Software International, Ashburn, VA). The criteria 
of normality and the homogeneity of variance for analysis 
of variance were tested for each variable with Kolmogorov–
Smirnov tests (with Lilliefors’ correction) and Spearman 
tests, respectively. For variables meeting these criteria 
(ADP-stimulated mitochondrial respiration in the presence 
of glutamate + malate, glutamate + malate + succinate, and 
glutamate + malate + succinate + rotenone), differences 
among age groups and strains were tested with two factors 
analysis of variances (strains and age groups), followed by 
pairwise comparisons with Tukey’s test. For variables that 
did not meet the criteria (resting respiration, complex IV 
respiration, CS activity), differences among groups were 
tested with Kruskal–Wallis tests followed by a posteriori 
Mann–Whitney comparisons. A t test for dependent samples 
was used to determine the effects of addition of cytochrome 
c and uncoupler. p < .05 was considered significant. Results 
are presented as means ± SD.

Results

Mitochondrial Respiration During Aging
Resting respiration is measured in the presence of gluta-

mate + malate, before addition of ADP, and is usually con-
sidered as the oxygen consumption that represents proton 
leak, electron slip, and proton cycling (41). In permeabi-
lized cardiac fibers, resting respiration (in picomole per 
second per milligram) is not significantly different be-
tween age groups in the F344 (21.5 ± 8.0 and 13.7 ± 4.3 
for 6 and 24 months, respectively), in BN (21.3 ± 10.1 and 
26.7 ± 12.1 for 6 and 31 months, respectively), nor in 
hybrids F344×BN (23.4 ± 5.5 and 16.2 ± 5.7 for 6 and 30 
months, respectively).

Respiration coupled with the production of ATP is first 
measured in the presence of substrates feeding electrons 
into complex I (glutamate + malate) with a saturating 
concentration of ADP. In permeabilized fibers from the 
F344 heart, oxidation of glutamate + malate is decreased by 
about 49% in the aged hearts compared with the adult hearts 
(Figure 1B). The oxygen consumption by the fibers in the 

Figure 1.  Mitochondrial respiration in cardiac permeabilized fibers from 
young and old Fisher 344, Brown Norway, and hybrid Fisher 344×Brown Nor-
way. (A) Representative experiments with permeabilized fibers from 6-month 
Fisher 344 rat cardiac fibers with a multiple titration protocol. The traces repre-
sent the oxygen consumption (left axis, bold line) and oxygen concentration 
(right axis, thin line) as a function of time. The multiple titration protocol (rep-
resentative experiment) comprised the following steps: (a) resting respiration in 
the presence of glutamate + malate (GM) without ADP, (b) coupled respiration 
in the presence of GM, after addition of saturating ADP, (c) addition of cyto-
chrome c to test for integrity of outer mitochondrial membrane, (d) succinate to 
measure respiration in the presence of GMS, (e) uncoupling with DNP (no ef-
fect), (e) succinate-supported oxidation after inhibition of complex I with rote-
none [S(Rot)], (f) residual oxygen consumption after inhibition of complex III 
with antimycin A, (g) complex IV respiration in the presence of ascorbate + 
TMPD (AsTm), (h) inhibition of complex IV with azide. Arrows indicate times 
of titrations of the substrates, uncoupler, and inhibitors. (B, C, and D) Mean ± 
SD for coupled mitochondrial respiration in the presence of ADP in cardiac 
permeabilized fibers from young and old Fisher 344 (B), Brown Norway (C), 
and hybrid Fisher 344×Brown Norway rats (D). The data are with GM (Step 2 
in A), GMS (Step 4 in A), S(Rot) (Step 6 in A), and AsTm (Step 8 minus 9 in 
A). The asterisk indicates significant differences between age groups for the 
same state and strain. The letters indicate differences between strains for the 
same age and state; bars with either no letter or with one similar letter are not 
significantly different.
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presence of glutamate + malate + ADP at low oxygen level 
(60 nmol/mL) is decreased by approximately 50% com-
pared with measurement at high air saturation, and the ag-
ing defect is observed both at low and at high oxygen levels 
(results not shown). Coupled respiration is increased by the 
addition of succinate to glutamate + malate, providing sub-
strates feeding electrons into complexes I and II (CI+II) si-
multaneously (Figure 1A). Oxidation of glutamate + malate 
+ succinate is decreased by 43% in the permeabilized fibers 
from the F344 heart with aging (Figure 1B).

Uncoupling with DNP does not increase respiration sup-
ported by glutamate + malate + succinate, indicating no 
limitation of electron transport by the phosphorylation sys-
tem in the young or in the old rats (Figure 1A). Addition of 
rotenone inhibits complex I, so the respiration due to the 
entry of electrons through complex II is measured. Aging 
also decreases succinate-supported respiration by 44% in 
the F344 cardiac permeabilized fibers (Figure 1B). After 
inhibition of complex III with antimycin A, ascorbate and 
TMPD are added to measure complex IV respiration. As 
observed for other substrates, complex IV respiration is 
decreased by 49% in the aged cardiac fibers from the F344 
heart (Figure 1B). In a second series of experiments, respi-
ration with duroquinol + rotenone, which provides reduc-
ing equivalents to complex III, is measured. 
Duroquinol-supported resting respiration, before the addi-
tion of ADP, does not vary significantly between age groups 
in F344 rats (Figure 2B). Coupled duroquinol respiration is 
37% lower in the 24-month F344 rats compared with the 
6-month F344 rats (Figure 2B).

In the BN rats, coupled glutamate + malate respiration 
decreased by 15% with aging (Figure 1C). Similarly, oxida-
tion of glutamate + malate + succinate, succinate + rotenone, 

and ascorbate + TMPD shows a decrease with aging of 
16%, 15%, and 18%, respectively (Figure 1C). These de-
creases do not reach significance with any of the substrates 
but are close with glutamate + malate (p = .165), gluta-
mate + malate + succinate (p = .065), and succinate + ro-
tenone (p = .167).

In the hybrids, similar respiration rates are measured in 
the young and in the old rat in the presence of all substrates 
(Figure 1D).

Strains Differences in Mitochondrial Respiration
In the 6-month rat heart fibers, resting respiration does 

not show any significant differences between the strains. In 
the old rats, however, resting respiration was significantly 
lower in the F344 compared with the BN rats (13.7 ± 4.3 
and 26.7 ± 12.1 pmol/s/mg, respectively).

In the 6-month rats, coupled ADP-stimulated respiration 
in the presence of glutamate + malate is higher in the BN 
than in both F344 and hybrids F344×BN (Figure 1C–E). 
Oxidation of glutamate + malate + succinate, succinate + 
rotenone, and ascorbate + TMPD, however, is not signifi-
cantly different between the strains in the young rats 
(Figure 1C–E).

Due to the aging defect in the F344 cardiac fibers, respi-
ration with glutamate + malate, glutamate + malate + suc-
cinate, succinate + rotenone, and ascorbate + TMPD is 
significantly lower in the old F344 compared with the old 
BN rats (Figure 1B and C). The oxidation rates in the per-
meabilized fibers from the hybrid elderly group are be-
tween those in the elderly groups of the two parent strains 
(Figure 1B–D).

Mitochondrial Content
The mitochondrial content, as evaluated by the activity of 

CS, is not significantly different between strains or age 
groups within a strain (Figure 3). However, there is a trend 
for a decrease in CS activity in the old rats compared with 
the young rats in the F344 (19% with a p = .080), in the BN 
(13% with p = .095), and less so in the hybrid rats (10%; 
Figure 3). When mitochondrial respiration is expressed per 
unit of CS activity, the aging defect is still present in the 
F344 rats (results not shown).

Cardiac Ultrastructure
The longitudinal sections of the 6-month (Figure 4A) and 

24-month old (Figure 4B) Fischer 344 cardiac tissue clearly 
show the intactness of the plasma membrane and of the mito-
chondria. These electron micrographs illustrate the two 
populations of cardiac mitochondria: subsarcolemmal (SSM) 
located beneath the plasma membrane and IFM located be-
tween the myofibrils. There appears to be pockets of slightly 
larger mitochondria in the 6-month heart, but this is not 
consistent.

Figure 2.  Duroquinol + rotenone oxidation in cardiac permeabilized fibers 
from young and old Fisher 344 rats. Resting respiration is measured in the pres-
ence of duroquinol + rotenone without ADP (DHQ and no ADP). Coupled res-
piration is measured after the addition of saturating ADP to the DHQ (DHQ and 
+ADP). (A) A representative trace with permeabilized fibers of a 6-month rat. 
The traces represent the oxygen consumption (left axis, bold line) and oxygen 
concentration (right axis, thin line) as a function of time. (B) Data for the differ-
ent age groups. The asterisk indicates significant differences between age 
groups for the same state and strain.
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Permeabilized Fiber Ultrastructure
After dissection and permeabilization of the plasma 

membrane in the 6-month F344 heart, the SSM maintained 
their subsarcolemmal position (Figure 4C), even though the 
plasma membrane has been disrupted. In a like manner, �
the permeabilized fibers from the 24-month heart show the 
retention of SSM (Figure 4D). The higher magnification 
image shows disruption of the plasma membrane in the 
6-and the 24-month hearts (Figure 4E and F), indicating 
that permeabilization has occurred.

The ultrastructure of both mitochondrial populations 
(SSM and IFM) is preserved after cardiac muscle permeabi-
lization in the 6-month rats (Figure 4C). The outer, inner, 
and cristae membranes of both populations of mitochondria 
are well preserved (Figure 4E). Similarly, the permeabi-
lized fibers from the 24-month rats show plasma membrane 
disruption and intactness of mitochondrial membranes in 

both SSM and IFM (Figure 4D and F). The SSMs in the 
permeabilized fibers from the 24-month rat heart have an 
increase in angulated cristae compared with the 6-month 
rat (Figure 4F). These angulated cristae are observed only 
in the SSM population from samples prepared after fiber 
permeabilization.

Discussion
In order to focus on the role of mitochondrial dysfunction 

in aging, we studied three strains of rat presenting different 
aging phenotypes: the F344, the BN, and the hybrids 
F344×BN. Our study identifies change in mitochondrial 
function with aging in cardiac permeabilized fibers that var-
ies between rat strains. Our results show a correlation be-
tween the impairment of mitochondrial function with aging 
and the severity of age-related pathologies in the cardiac 
permeabilized fibers from three strains of rat. The elderly 
from the three stains are studied at the age at which 50% 
mortality occurs. The F344 rat is the strain with the shortest 
life span and the more pronounced age-related pathology 
(10) and with the greatest impairment of mitochondrial 
function in aging. Permeabilized cardiac fibers from the el-
derly show a 37%–49% decrease in respiration compared 
with the young rat. The BN rats live longer and are less af-
fected by age-related pathology compared with the F344 
(10); mitochondrial respiration decreased by 15%–18% 
with all the substrates in the elderly but did not reach sig-
nificance. In the hybrid F344×BN, who live longer and 
healthier lives compared with the BN rats (10), no impair-
ment in mitochondrial oxidation is detected with aging. In 

Figure 3.  Citrate synthase activity in cardiac permeabilized fibers from 
young and old Fisher 344, Brown Norway, and Hybrid Fisher 344×Brown �
Norway rats. Data are mean ± SD.

Figure 4.  Electron micrographs of the cardiac tissue and permeabilized fibers from young and old Fisher 344 rats: (A) 6 months and (B) 24 months. The subsar-
colemmal (SSM) and interfibrillar (IFM) mitochondria are identified. The ultrastructure of the permeabilized fibers is shown in (C) 6 months at low magnification, 
(D) 24 months at low magnification, (E) 6 months at low magnification, (F) 24 month at high magnification. In the higher magnification micrographs, some segments 
of the sarcolemma are intact, but others are fragmented; examples are identified with arrows.
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the three strains, the mitochondrial content is not signifi-
cantly different between age groups. The ultrastructure of 
both the cardiomyocyte muscle and their mitochondria is 
unaltered with aging in the F344 rats.

The impairment of mitochondrial function in aging ob-
served in the permeabilized fibers from the F344 rats is in 
agreement with previous results in isolated mitochondria 
(21–24). In cardiac tissue of the F344 rats, Fannin and col-
leagues (21) observed a decrease of 25% in the yield of 
IFM, which displayed a 25% decrease in OXPHOS. This 
amounts to a total loss in oxidative capacity of 50% in the 
IFM, with no change in the SSM. Our measurements in per-
meabilized fibers include both SSM and IFM mitochondria, 
as confirmed by electron microscopy. As IFM are dominant 
in fibers, our results are concordant with the previous study 
using isolated mitochondria (21).

Because the impairment in mitochondrial function in the 
F344 rats involves the oxidation of glutamate + malate, suc-
cinate, duroquinol, and TMPD + ascorbate and feeding elec-
trons into complex I, II, III, and IV, respectively, we 
addressed the question of whether there is a decrease in the 
mitochondrial content in the cardiac fibers. CS activity in 
the fibers, used as a marker of mitochondrial content, is not 
significantly different between age groups in the F344 
heart. These data agree with those of Fannin and colleagues 
(21) in cardiac muscle homogenate of young and old F344 
rats. In both studies, the CS activity is slightly but not sig-
nificantly lower in the old rats: 19% in our study and 18% in 
that of Fannin and colleagues (21), ruling out a decrease in 
mitochondrial content. In the BN rats, the activity of CS 
also shows a slight but not significant trend between age 
groups (13% decrease in the old), although the trend is ac-
companied by high variability in the elderly group, making 
the biologic relevance of this trend questionable. In the hy-
brids, CS activity is not significantly different between age 
groups.

The similarity of CS activity between the age groups in 
our study argues against an important change in the volume 
occupied by fibrotic tissues in the cardiomyocytes from old 
compared with young hearts. As previously reported, aging 
in the rat heart is associated with left ventricular hypertro-
phy, changes in ventricle diameter, cardiomyocyte hyper-
trophy and loss, fibrosis, and collagen deposition, all of 
which are signs of cardiomyopathy (42–46). In our project, 
the elderly F344 rats are studied at a time point before these 
symptoms appear (21,22). Our results clearly show a car-
diac OXPHOS aging defect in the F344 rat heart before the 
occurrence of other cardiac abnormalities, in agreement 
with our study on isolated mitochondria (21).

The ultrastructure of muscle and of mitochondria is un-
altered by aging in the cardiac muscle of F344 rats, as 
shown by electron microscopy. This is in accord with 
previous data using transmission (21) and scanning elec-
tron microscopy (47). Mitochondrial structure and cristae 
configuration do not play a major role in age-related cardiac 

mitochondrial defects in the F344 rat. Electron microscopy 
of the permeabilized fibers in our study shows a more pro-
nounced cristae angulation in the SSM of the 24-month 
compared with the 6-month F344 rats; this difference is ap-
parent only in the SSM. Mitochondrial integrity for both 
populations, however, is well preserved in the permeabi-
lized fibers, as confirmed by electron microscopy.

The mitochondrial defect with aging in the F344 rats, 
at a minimum, involves complex IV respiration, because 
TMPD + ascorbate respiration is decreased, as well as all 
the respiration with other substrates (glutamate + malate, 
succinate + rotenone, and DHQ + rotenone) which need 
complex IV as the final electron acceptor. The defect in 
complex IV respiration measured previously in isolated 
IFM from aged F344 hearts (21) was explained by an al-
tered inner membrane environment because the defect in 
cytochrome c oxidase in partially permeabilized mitochon-
dria can be reversed by the addition of phospholipid lipo-
somes or by freeze thawing (21,48). Loss of cardiolipin was 
suggested as the cause of the defect because cytochrome �
c oxidase requires this phospholipid for optimal activity (49–
51). This possibility was ruled out by the fact that cardio-
lipin content is unaltered in aging in both mitochondrial 
populations in the F344 rat heart (26).

A defect in mitochondrial function is detected in permea-
bilized fibers, whereas the impairment is present in the IFM. 
In permeabilized fibers both mitochondrial populations are 
studied. If oxygen diffuses slowly through the permeabi-
lized fibers, it would first reach the SSM located beneath the 
plasma membrane and ultimately the IFM located between 
the myofibrils. A lack of oxygen diffusion into the myofi-
bers would favor respiration in SSM for which the oxygen 
is less likely to be limiting. The SSM, however, do not pres-
ent an aging defect in the heart of F344 rats (21,26,27). The 
experiments were performed at high oxygen (oversatura-
tion) to avoid any artifact due to the problem of oxygen dif-
fusion (52). The aging defect in the F344 strains is observed 
also when the oxygen drops to one third below air saturation 
(60 nmol/mL). Our data by showing an aging defect local-
ized in the IFM at both low and high oxygen confirm that 
the measurements in permeabilized fibers include both mi-
tochondrial populations. The ability to detect the aging de-
fect in permeabilized fibers offers advantages such as the 
need for a very small amount of tissue (a few milligrams), 
with the mitochondria being retained in the cellular envi-
ronment. This approach provides an opportunity to study 
the human heart despite the small amount of tissues avail-
able from routine surgery (53). This is of interest, especially 
if an aging defect is present.

The only available data for addressing mitochondrial 
activity with age in the human heart found that the activity 
of cytochrome c oxidase (complex IV) does not change 
between the ages of 10 days and 67 years, whereas the 
activity and content of CS increased (54). These enzyme 
activity data in the human heart have not been confirmed; in 
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addition what is needed are data on mitochondrial respira-
tion. In the rats, a decrease in complex IV respiration is ob-
served in the F344, but none of the strains show an increase 
in CS activity with aging, raising a question as to whether 
the hybrid F344×BN is a superior model for the age-associ-
ated changes seen in human cardiac muscle (55,56).

In conclusion, our study shows that the age-associated mi-
tochondrial oxidation defect in cardiac fibers is strain spe-
cific, is positively correlated with the severity of the 
aging-related pathologies, and is inversely correlated with the 
life span. The F344 rat has a short life span and a ~45% de-
crease in mitochondrial oxidation in the permeabilized car-
diac fibers from the old rat compared with the young rat. 
Compared with the F344, the BN rats live longer and have a 
consistent 15%–18% loss of mitochondrial respiration with 
all the substrates used in the elderly heart compared with the 
young heart. This trend does not reach significance. In hy-
brids, more resistant to aging than are the BN and F344 rats, 
mitochondrial function is preserved during aging. Because 
the mitochondrial oxidation defect in the F344 occurred at a 
time point preceding morphological impairment of the car-
diac tissue, mitochondrial dysfunction seems to be a contribu-
tor to the aging phenotype observed in the F344 rats. The 
mitochondrial defect constitutes a potential target for imple-
mentation of therapeutic treatment (57–59). As an example, 
products such as acetylcarnitine that activates mitochondrial 
biogenesis, presumably by acetylation of mitochondrial pro-
teins (60), are of interest. Elucidation of the mechanism of 
action of such compounds would offer promising avenues in 
the therapy of heart disease. Our results highlight mitochon-
drial dysfunction as a contributing factor to the aging process 
in the heart. Furthermore, the use of permeabilized fibers to 
detect the aging defect in our study provides a method easily 
transferable to the study of the aging defect in the human 
heart.
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