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Abstract
Aging is associated with progressive decline in energetic reserves compromising cardiac
performance and tolerance to injury. Although deviations in mitochondrial functions have been
documented in senescent heart, the molecular bases for the decline in energy metabolism are only
partially understood. Here, high-throughput transcription profiles of genes coding for mitochondrial
proteins in ventricles from adult (6-months) and aged (24-months) rats were compared using
microarrays. Out of 614 genes encoding for mitochondrial proteins, 94 were differentially expressed
with 95% downregulated in the aged. The majority of changes affected genes coding for proteins
involved in oxidative phosphorylation (39), substrate metabolism (14) and tricarboxylic acid cycle
(6). Compared to adult, gene expression changes in aged hearts translated into a reduced
mitochondrial functional capacity, with decreased NADH-dehydrogenase and F0F1-ATPase
complex activities and capacity for oxygen-utilization and ATP synthesis. Expression of genes
coding for transcription co-activator factors involved in the regulation of mitochondrial metabolism
and biogenesis were downregulated in aged ventricles without reduction in mitochondrial density.
Thus, aging induces a selective decline in activities of oxidative phosphorylation complexes I and V
within a broader transcriptional downregulation of mitochondrial genes, providing a substrate for
reduced energetic efficiency associated with senescence.

Keywords
Myocardium; Aging; gene expression; mitochondria; oxidative phosphorylation; ATP; transcription
co-activator factors

*Address correspondence to: Arshad Jahangir, MD, Mayo Clinic College of Medicine, 200 First Street SW, Rochester, MN 55905, Tel:
507-284-0519, Fax: 507-284-9111, E-mail: jahangir.arshad@mayo.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Mech Ageing Dev. Author manuscript; available in PMC 2009 June 1.

Published in final edited form as:
Mech Ageing Dev. 2008 June ; 129(6): 304–312.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1. Introduction
Aging is associated with a progressive decline in physiological reserves that reduces the
capacity for work (Chantler et al., 2006; Goldspink, 2005) and increases the susceptibility to
injury (Abete et al., 1996; Juhaszova et al., 2005; Lesnefsky et al., 1994; Maggioni et al.,
1993). A case in point is the myocardium, an aerobic tissue with high energy demands
dependent on mitochondrial oxidative phosphorylation (OxPhos) where aging precipitates
organ failure during stress. Although age-associated reduction in cardiac mitochondrial
function and ATP generation (Jahangir et al., 2001; Pimentel et al., 2003; Wallace, 2001) has
been recognized as a major factor contributing to the diminished responsiveness of the aging
heart to metabolic demands (Goldspink, 2005), the molecular basis for senescence-related
mitochondrial dysfunction remains poorly understood.

The purpose of this study was to determine age-related changes at the transcriptional level of
genes regulating mitochondrial energetics in the heart. The expression profile of genes
encoding proteins for mitochondrial substrate metabolism and OxPhos, including subunits of
the electron transport chain (ETC) complexes and mitochondrial F0F1 ATP synthase were
characterized in ventricles from 6 and 24 month old rats using high throughput microarray and
verified by RT-PCR. In parallel, functional activities of the ETC and F0F1 ATPase complexes
were compared using enzymatic assays and the overall capacity of mitochondria from adult
and aged heart to utilize oxygen and synthesize ATP by functional assays. In addition,
expression levels of major transcription co-activator factors regulating mitochondrial
biogenesis (Finck and Kelly, 2006; Lehman et al., 2000), along with the number and
morphology of mitochondria in the adult and aged heart were assessed. We report specific
transcriptome patterns associated with compromised mitochondrial function providing
molecular evidence for aging-related impairment in myocardial metabolism.

2. Materials and methods
2.1. Total RNA isolation and quantification

Ventricles were removed from anesthetized (sodium pentobarbital 50mg/kg, intraperitoneal
injection) adult (6 month old, n=5) and aged (24 month old, n=5) male Fischer-344 rats
(National Institute of Aging colonies) that were maintained on a standard chow diet and housed
in a controlled environment for one week before being sacrificed. Immediately after harvesting,
ventricular tissue was rapidly sliced (2mm thick), frozen in liquid nitrogen and stored at −80°
C until further gene and protein expression analysis. Frozen tissue (~20 mg) was homogenized
in TRIzol® Reagent (Invitrogen Corporation, Carlsbad, CA) using a Pellet Pestle® motor
homogenizer (Kimble-Kontes, Vineland, NJ). Total RNA was isolated following the TRIzol®
Reagent protocol (Invitrogen Corporation, Carlsbad, CA) and then further purified using an
affinity resin column (QIAGEN Inc., Valencia, CA). Quantification of the concentration of
total RNA was performed using spectrophotometric analysis (abs-emission A260/A280). No
change in the amount of total RNA recovered was observed in the aging ventricles (11±4 µg
of RNA) compared to adults (9±2 µg of RNA). The integrity of the samples was assessed
qualitatively on an Agilent 2100 Bioanalyzer (Affymetrix, Santa Clara, CA). Each sample was
then divided into two aliquots, one for microarray labeling and the other for verification of
selected genes by RT-PCR.

2.2. Gene expression profiling
Total isolated RNA (100 ng) from each adult (n=5) and aged (n=5) sample was converted to
cDNA following instructions provided in the Two-Cycle cDNA synthesis kit and Target
Labeling Protocols (Affymetrix, Santa Clara, CA). The obtained cDNA was purified by phase
lock gel (Eppendorf, Westbury, NY) with phenol/chloroform extraction and used as a template
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for the in vitro transcription reaction. Biotinylated cRNA was then synthesized using an RNA
transcript labeling reagent (Affymetrix, Santa Clara, CA). Labeled cRNA was fragmented and
hybridized onto the GeneChip® Rat Genome 230 2.0 arrays (Affymetrix, Santa Clara, CA)
according to manufacturer’s protocol. Briefly, appropriate amounts of fragmented cRNA and
control oligonucleotide B2 were added along with control cRNA (BioB, BioC, BioD), herring
sperm DNA, and BSA to the hybridization buffer. The hybridization mixture was heated at
99°C for 5 min followed by incubation at 45°C for 5 min, before sample was injected into the
microarray. Hybridization was carried out at 45°C for 16 hours, mixing on a rotisserie at 60
rpm. After hybridization, solutions were removed and arrays were washed and stained with
streptavidin-phycoerythrin (Molecular Probes, Invitrogen Corporation, Carlsbad, CA). After
washes, probe arrays were scanned using the GeneChip 3000 scanner (Affymetrix, Santa Clara,
CA). The quality of the fragmented biotin-labeled cRNA in each experiment was evaluated
before hybridization onto the GeneChip® Rat Genome 230 2.0 array by hybridizing onto a
test-3 array, and analyzed as a measure of quality control (Sreekumar et al., 2002).

2.3. Microarray data analysis
GeneChip 3000 scanner (Affymetrix, Santa Clara, CA) was used to scan and quantitatively
analyze images of hybridized microarrays. Intensity values for each probe cell in the arrays
were calculated by GeneChip® software and flags were assigned to each probe set declaring
Present, Marginal or Absent call (Detection Call Algorithm). Probe cell intensities were used
to calculate an average intensity for each set of probe pairs representing a gene, which directly
correlated with the amount of cRNA. Data analysis and normalization was performed by
GeneSpring GX 7.3 bioinformatics software (Agilent Technologies, Palo Alto, CA), excluding
the probe sets with absent call in all arrays. After applying quality filtering to diminish
background noise created by non-significant gene probes, One-way ANOVA test with Multiple
Testing Correction (Benjamini and Hochberg False Discovery Rate) was applied to the filtered
gene list resulting in group of genes with significant p-values. Significantly down and
upregulated genes were then clustered among the two conditions (a and b) using the following
cosine correlation (r) equation:

Furthermore, the list of mitochondrial proteins with their molecular function and encoding
genes were gathered using the MitoP2 database (http://www.mitop.de/). Functional annotation
and pathway analysis of mitochondrial genes were performed using NetAffx
(www.affymetrix.com/analysis/index.affx) and Ingenuity Pathway Analysis (Ingenuity®
Systems, Redwood City, CA).

2.4. Real-time polymerase chain reaction
Taqman® Real-Time polymerase chain reaction (RT-PCR) was performed to quantify gene
expression levels (Applied Biosystems, Foster City, CA). In brief, 1 µg of total RNA was added
to the RT master mix in a 100 µl reaction volume and the combination incubated at 25°C for
10 min, then at 37°C for 120 min. Gene transcript levels were subsequently measured according
to instructions for the Applied Biosystems Assay on Demand Gene Expression Product (Foster
City, CA). The 20X Gene Expression Assay mix was added to 2X Taqman® Universal PCR
Master Mix and 1 µg of cDNA was then added to create a final concentration for each reagent
of 1X and a reaction volume of 20 µl. Mixtures were incubated at 50°C for 2 min, then at 95°
C for 10 min, before thermal cycling 40 times at 95°C for 15 sec and 60°C for 1 min.
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Gene expression assays for Citrate Synthase (CS), Cytochrome-c Oxidase Subunit Va
(COX5a), Cytochrome-c Oxidase Subunit Vb (COX5b) and ATP synthase beta (ATP5B) were
selected using TaqMan® Gene Expression Assays On-Demand (Applied Biosystems, Foster
City, CA). Results were normalized to a pre-designed TaqMan® Endogenous Control,
Eukaryotic 18s rRNA Endogenous Control (Applied Biosystems, Foster City, CA) which was
used to normalize against differences in RNA isolation, RNA degradation and in the
efficiencies of the reverse transcription and PCR reactions. All samples were run in triplicate
and quantitated by normalizing signals with the 18s signal. Final quantitation was achieved by
a relative standard curve.

2.5. Mitochondrial isolation
Following thoracotomy, ventricles were removed from adult (6 month old, n=6) and aged (24
month old, n=6) Fischer-344 male rats and placed into the isolation buffer (in mM): Sucrose
50, Mannitol 200, KH2PO4 5, EGTA 1, MOPS 5, 0.2% BSA (pH 7.3) and then homogenized
using a PT10/35 Polytron (Brinkmann Instruments, Westburry, NY). Mitochondria were
separated from membranes and nuclei by differential centrifugation (Sorvall RC5C, Kendro
Laboratory Products, Newtown, CT) as previously described (Jahangir et al., 2001), washed
with isolation buffer (containing no EGTA and BSA) and protein concentration determined
with a DC-Protein Assay kit (BIO-RAD Laboratories, Hercules, CA). All mitochondrial
parameters were determined within 4 hours of isolation.

2.6. Mitochondrial enzymatic activity
The enzymatic activity assay of the OxPhos complexes were carried out in mitochondria
isolated from adult and aged hearts disrupted by three rapid freeze-thaw cycles and treated with
n-dodecyl-β-D-maltoside (1 mM). Complex I enzymatic activity was measured by the
rotenone-sensitive reduction of ubiquinone-1 (Abs 340 nm) and specific activity was calculated
using an extinction coefficient of 6.81/mM/cm (Darley-Usmar et al., 1987). Complex II activity
was measured as the rate of reduction of ubiquinone-2 by succinate (Abs 600 nm) and
calculated using the extinction coefficient of 21/mM/cm (Darley-Usmar et al., 1987). Complex
III activity was measured by following the increase in absorbance at 550 nm due to the reduction
of ferricytochrome c after adding 6 µl of decylubiquinol (Kwong and Sohal, 2000).
Decylubiquinol used in this assay was prepared as previously described (Trumpower and
Edwards, 1979). Complex IV activity was measured in n-dodecyl-β-D-maltoside (1 mM)
treated mitochondrial isolates by a colorimetric assay kit (Sigma-Aldrich Inc., Saint Louis,
MO) following the decrease in absorbance at 550 nm of ferrocytochrome c by cytochrome c
oxidase (21.82/mM/cm). Oligomycin-sensitive F1F0-ATPase (Complex V) activity was
determined by the decrease in absorbance at 340 nm caused by pyruvate-mediated oxidation
of NADH in the absence and presence of 3 µg of oligomycin (Darley-Usmar et al., 1987). An
extinction coefficient of 6.22/mM/cm was used to calculate Complex V specific activity.

2.7. Mitochondrial respiration and ATP production
Mitochondrial respiration was determined at 30°C in continuously stirred mitochondria (1 mg/
ml) in (in mM) KCl 110, KH2PO4 5, Pyruvate 2.5, Malate 2.5 and MOPS 10 (pH 7.3).
Mitochondrial oxygen consumption was determined using an oxygen selective electrode
(Jahangir et al., 2001). Data were acquired and processed using the Bioquest software
(Holmuhamedov et al., 1998). Mitochondrial respiration was determined in the absence (state
2) or presence (state 3) of 250 µM ADP (Holmuhamedov et al., 1999). The rate of ADP-induced
respiration was derived from changes in oxygen concentration continuously monitored in the
mitochondrial suspension following addition of ADP (Ozcan et al., 2001). The maximal
respiratory capacity of mitochondria was determined following a challenge of 2,4-
dinitrophenol (25 µM), a mitochondrial uncoupler (Holmuhamedov et al., 2004).
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Mitochondrial ATP production was measured in K2CO3-MOPS neutralized HClO4-soluble
mitochondrial extracts by high performance liquid chromatography (HPLC, Hewlett Packard,
Waldbronn, Germany) as described (Dzeja et al., 1999). Following addition of ADP (1 mM),
two aliquots of mitochondrial suspension (200 µl each) were removed at 60 sec interval (1
mM) into 20 µl HClO4 (3.3 M) and precipitated proteins separated by centrifugation (14,000
RPM). After neutralization with 100 µl K2CO3 (2.5 M K2CO3 in 1 M HEPES) and removal
of precipitate (centrifugation at 14,000 RPM), the concentration of ATP within extracts was
determined and used to define the rate of ATP synthesis (Holmuhamedov et al., 2001).

2.8. Western Blot Analysis
Frozen ventricular tissue (~40 mg) from adult and aged rats (same tissue saved from gene
expression analysis) were homogenized in a Urea-modified RIPA buffer (50 mM Tris-HCl pH
8.0, 150 mM NaCl, 1% Triton X-100, 1% SDS, 3 M urea) with protease inhibitor cocktail
(Roche Applied Science, Indianapolis, IN). After protein concentration was determined (BIO-
RAD Laboratories, Hercules, CA) aliquots of extracted protein (20 µg) solubilized in Laemmli
sample buffer containing dithiothretiol (200 mM) were boiled (90°C for 5 min), separated on
15% SDS-PAGE gel and transferred to nitrocellulose membranes (Invitrogen, Carlsbad, CA).
Membranes were blocked overnight in Western blocking reagent (Roche Applied Science,
Indianapolis, IN) and then incubated for 12 hr in primary antibodies. Primary antibodies for
Cytochrome c oxidase subunits Va, Vb, VIc, ATP synthase subunit alpha and beta were diluted
to 0.5 mg/ml for succinate dehydrogenase subunit A and Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) to 1:5,000 and citrate synthase diluted to 1:1,000. Membranes were
then exposed for 1 hr to secondary antibody (1:30,000). SuperSignal West Pico
chemiluminescent substrate (Pierce Biotechnology, Rockford, IL) was used for detection in
the AC-1 Autochemi system (UVP, Upland, CA). All primary antibodies, except for citrate
synthase (a kind gift from Dr. J.O. Holloszy, Washington University, St. Louis, MO), were
purchased from Molecular Probes (Invitrogen Corporation, Carlsbad, CA) and all secondary
antibodies purchased from Jackson ImmunoResearch Laboratories (West Grove, PA).

2.9. Electron microscopy imaging and mitochondrial numeric density
Electron microscopy images (Jeol 1200 TEM, Tokyo, Japan) from adult and aged left
ventricular free wall were used at 4,000 final magnification, to quantitatively assess
mitochondrial numeric density (Frenzel and Feimann, 1984). Using a point counting method,
randomly selected areas from micrographs of adult and aged tissue were picked to determine
the area density of mitochondria and reported as number of mitochondria/100 µM2.

2.10. Statistical analysis
Data for OxPhos complexes western blots, enzymatic activities, mitochondrial oxygen
consumption and ATP production are here reported as mean ± S.E.M. Student's t-test was used
for data analysis and differences at p < 0.05 were considered significant.

3. Experimental Results
3.1. Aging alters the expression profile of genes coding for cardiac mitochondrial proteins

Gene expression pattern in adult (6 months, n=5) versus aged (24 months old, n=5) rat
ventricles were compared using heat map and hierarchical clustering (Fig. 1A). Heat maps of
614 genes coding for mitochondrial proteins displayed their relative level of expression within
each individual sample shown in green (downregulated), red (upregulated) or black
(unchanged). Hierarchical clustering revealed a pattern where each individual sample from
adult and aged ventricles clustered within the same age group, differentiating the adult from
the aged transcriptome (Fig. 1A). The reproducibility of results for level of gene expression of

Preston et al. Page 5

Mech Ageing Dev. Author manuscript; available in PMC 2009 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



adult and aged hearts are also shown as dot-plots in Figure 1B, highlighting the clustering of
altered gene expression within each age group with the statistical significance of age-related
changes between the two groups for the selected genes. Furthermore, differences in expression
of genes in the aged ventricles plotted as a volcano map defined the degree of significance in
expression according to their p-value and fold change (Fig. 1C). Ninety four out of these 614
genes (15%) were differentially expressed in the aging ventricles at a p value < 0.01 (Fig 1B).
The majority (95%) of these genes (89 out of 94) were downregulated (Fig. ID, green bar),
while 5% (5 out of 94) were upregulated (Fig. 1D, red bar). Age-associated alteration in the
expression of genes coding for mitochondrial proteins in the ventricles were confined to those
encoded by nuclear DNA (nDNA) with no change in expression of mitochondrial DNA
(mtDNA) encoded genes. Distribution of 94 differentially expressed genes according to their
molecular function (www.affymetrix.com/analysis/index.affx), demonstrates that 65% percent
of altered genes were confined to pathways regulating mitochondrial metabolism and
energetics that includes changes in genes coding for OxPhos (41%), substrate metabolism
(18%) and tricarboxylic acid (TCA) cycle (6%, Fig. 1D).

3.2. Aging decreases the expression of genes regulating oxidative phosphorylation
The expression of genes coding for several subunits of the mitochondrial respiratory chain
complexes was downregulated with aging (Fig. 2). Out of 78 genes that code for subunits of
Complexes I, II, III and IV, 30 genes (39%) were decreased in ventricles of aged rats (Fig. 2,
colored Green). These included 16 genes coding for subunits of Complex I, 2 genes for
Complex II, 4 genes for Complex III and 8 genes for Complex IV (Fig. 2 and 3). Also, out of
21 genes known to code for the mitochondrial F0F1ATP synthase complex (www.mitop.de/),
9 genes ATP5A1, ATP5B, ATP5C1, ATP5D, ATP5G1, ATP5G2, ATP5H, ATP5J and ATP5O
that respectively code for subunits α, β, γ, and δ of the F1 subcomplex; subunits c isoform 1,
c isoform 2, d, and F6 of the F0 subcomplex and subunit O of the stalk that links F1 to F0
complex, were downregulated (Fig. 2, Complex IV, colored Green). Specific genes coding for
subunits of the ETC and F0F1ATP synthase complex, along with their description, gene ID,
fold change and p-Value are summarized in Fig. 3, collectively indicating a broad
downregulation of the components of OxPhos pathway.

To verify age-related changes in the transcriptional profile of genes determined by microarray
analysis, expression of selected genes in adult and aged ventricles were assessed by real time-
polymerase chain reaction (RT-PCR). The expression of CS, COX5a, COX5b and ATP5B
encoding four critical subunits of mitochondrial enzymes, citrate synthase, cytochrome c
oxidase Va, cytochrome c oxidase Vb and ATP synthase beta respectively, were significantly
reduced in the aging ventricles. The mRNA levels of these enzymes determined by RT-PCR
were reduced by 1.9, 1.4, 1.5 and 1.9 fold in aged ventricles compared to adults for CS,
COX5a, COX5b and ATP5B genes respectively (p < 0.01), a downregulation similar to that
detected in the microarray analysis, i.e., 1.4, 1.3, 1.4 and 1.7 fold reduction for each of the
tested genes respectively (Fig. 4).

3.3. Aging selectively decreases protein expression and activities of complexes of the
mitochondrial oxidative phosphorylation pathway

The effect of aging-associated changes in the expression of selected genes for subunits of the
mitochondrial ETC and ATP synthase complexes was also confirmed at the peptide level using
western blots of ventricular tissue from aged (24 month old, n=5) and adult (6 month old, n=5)
rats. Protein expression of cytochrome c oxidase subunits Va, Vb, VIc and ATP synthase
subunit beta was decreased with aging by 20%, 29%, 40% and 20%, respectively (p<0.01, Fig.
5A), while ATP synthase subunit alpha, succinate dehydrogenase subunit A and citrate
synthase showed no significant change (10%, 4% and 2% decrease in aged respectively, p=NS).
The differences in the activity of mitochondrial ETC and F0F1 ATPase complexes between
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adult and aged were also determined in mitochondria isolated from ventricles. The activity of
ETC Complex I, as determined by the rotenone-sensitive reduction of ubiquinone-1 was 249
±10 nmol NADH/min/mg of protein in adult (n=6) compared to 135±10 nmol NADH/min/mg
protein in aged (n=6) mitochondria from heart, indicating a 46% reduction in Complex I activity
with age (p < 0.01, Fig. 5B). The activity of Complex II of the ETC was however not
significantly altered by aging. The rate of reduction of ubiquinone-2 by succinate was 92±11
nmol/min/mg protein in adult (n=6), similar to 77±18 nmol/min/mg protein in aged
mitochondria (n=6, p=NS, Fig. 5B). The activity of Complex III, as defined by the rate of
reduction of ferricytochrome c by decylubiquinone was 263±9 nmol/min/mg protein for adult
(n=6), not significantly different from 243±14 nmol/min/mg protein in aged counterparts (n=6,
p=NS, Fig. 5B). Decrease in absorbance of ferrocytochrome c by cytochrome c oxidase,
reflective of Complex IV activity, was also not significantly different between the two age
groups (498±25 vs 476±75 nmol/min/mg protein in adult and aged respectively, n=6, p=NS,
Fig. 5B). Oligomycin-sensitive oxidation of NAD+, reflecting F0F1 ATPase (Complex V)
activity was, however significantly reduced from 499±31 nmol NADH/min/mg protein in
adults (n=6) to 377±19 nmol NADH/min/mg protein in aged mitochondria (n=6, p < 0.01, Fig.
5B). Overall, the capacity of mitochondria to utilize oxygen and synthesize ATP from ADP
was significantly reduced in the aged heart. Specifically, the rate of ADP stimulated oxygen
consumption (state 3 respiration) in malate-pyruvate containing media was 230±10 ng-atoms
O2/min/mg protein in mitochondria isolated from adult heart (n=6) compared to 140±7 ng-
atoms O2/min/mg protein from aged hearts (n=6, p < 0.01, Fig. 5 inset). This was associated
with a reduced rate of ATP production measured at 500±55 nmoles ATP/min/mg protein in
aged (n=6) compared to 636±40 nmoles ATP/min/mg protein in mitochondria isolated from
adult hearts (n=6, p < 0.05, Fig. 5 inset). Thus, with aging the efficiency of mitochondria for
OxPhos and the capacity to synthesize ATP are significantly decreased, along with a selective
reduction in the activity of Complexes I and V of the mitochondrial OxPhos pathway.

3.4. Aging decreases gene expression of transcription co-activator factors regulating
mitochondrial biogenesis in heart

To determine whether aging alters expression of genes regulating mitochondrial biogenesis,
an important adaptive program that remodels cellular energetics in response to metabolic
demands (Finck and Kelly, 2006), the transcription profile of genes coding for regulatory
transcriptional co-activator factors was also defined. While no change in expression of genes
coding for the myocyte enhancer factor 2 (MEF2) transcription factor family was seen with
aging, a significant reduction in the expression of MAPK14 (−1.2 fold), PPARGC1A (−2.2
fold), PPARGC1B (−1.5 fold), PPARD (−1.5 fold), ESRRG (−1.4 fold), NRF2L1 (−1.3 fold)
and NRF2L2 (1.2 fold) encoding for mitogen-activated protein kinase 14 (p38MAPK),
peroxisome proliferator-activated receptor-γ coactivator-1 alpha (PGC-1α), peroxisome
proliferator-activated receptor-γ coactivator-1 beta (PGC-1β), peroxisome proliferator-
activated receptor delta (PPAR-δ), estrogen receptor gamma (ERR-γ), nuclear factor erythroid-
derived 2-like 1 and nuclear factor erythroid-derived 2-like 2 respectively, was observed in
ventricles of aged rats (p < 0.01, Fig. 6). To asses whether changes in expression of these
transcription co-activator factors results in a decrease in the amount of mitochondria within
the ventricles, the total protein content of mitochondrial isolates and a mitochondrial marker
enzyme citrate synthase content was determined by western blot. Differences in the
mitochondrial numeric density were also evaluated by electron micrography (4,000
magnification) of left ventricular free wall myocardium from adult and aged rats. There was a
non-significant increase in protein content of isolated mitochondria in aged (23±3 µg/µl, n=10)
compared to adults (25±2 µg/µl, n=10, p=NS) with no increase in citrate synthase content by
western blot (Fig. 5A). The number of mitochondria per 100 µm2 was not reduced but rather
increased in the aged (77±6/100 µm2) when compared to adult ventricles (41±7/100 µm2, p <
0.01, Fig. 7), suggesting a compensatory remodeling.
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4. Discussion
Aging is associated with reduced functional reserve and altered responsiveness of the heart to
stress but the molecular basis for this deficiency is not entirely clear (Chantler et al., 2006;
Goldspink, 2005; Lakatta and Sollott, 2002). Here, we focused on mitochondrial energetic
pathways and demonstrated that with aging a widespread suppression of the mitochondrial
energy production system and transcription co-activator factors that regulate mitochondrial
genes involved in substrate metabolism and OxPhos occurs at the transcriptional level. These
changes were associated with reduced activities of Complex I and V of the OxPhos pathway
that translated into diminished capacity of cardiac mitochondria to utilize oxygen and to
produce ATP from ADP.

Mitochondrial ATP is synthesized through a coordinated transfer of electrons across the inner
mitochondrial membrane through complexes I to IV of the electron transport chain. This
electron transfer is accompanied by efflux of protons from mitochondrial matrix into the inter-
membrane space generating a negative mitochondrial membrane potential (Δψ) and a proton
gradient across the inner mitochondrial membrane which is used to phosphorylate ADP to ATP
as the protons flow back into the mitochondria through the F0F1ATP synthase complex
(Navarro and Boveris, 2007). Electrons delivered to the mitochondrial respiratory chain
complexes are derived from NADH and/or FADH2 generated through the TCA cycle from
Acetyl Co-A. With aging, a widespread reduction in the expression of genes coding for proteins
of various complexes of the mitochondrial OxPhos pathway in aged rat ventricles was here
demonstrated. Although, the fold change of most of respiratory transcripts did not exceed 2-
fold, the association with a decline in mitochondrial functional capacity for ATP synthesis
highlighted the biological significance of these findings. It is becoming clear that the biological
outcome of gene expression changes is not necessarily dependent on the level of differential
expression (Someya et al., 2007), since highly expressed genes may portray a less than 2-fold
difference in microarrays while lowly expressed genes may show a greater than 2-fold change
(Klebanov et al., 2007; Mutch et al., 2002). This is why we report age-associated changes in
gene expression not only by fold change but also by their statistical significance at p value <
0.01. This is also highlighted by dot plots (Fig. 1B) showing clustering of expression changes
within each group with p values < 0.01 indicating reproducibility of expression patterns within
each age group. We have not considered any change that had a statistical significance with p
> 0.01; however, functional significance of these small changes (p > 0.01) cannot be entirely
excluded.

Complex I of the ETC, composed of three subcomplexes (Iα, Iβ and Iλ) with 14 central and 32
accessory subunits (Brandt, 2006), harbors NADH dehydrogenase and oxidoreductase
activities, catalyzing the first step of NADH oxidation and transferring electrons from NADH
and FMN derived from the TCA cycle to the respiratory chain (Fig. 2). Seven of the subunits
of Complex I are encoded by the mitochondrial genome, while the remaining 39 subunits are
products of nuclear genes. Mutations identified in genes encoding for complex I subunits have
been associated with complex I disassembly, instability and increase in reactive oxygen species
production, resulting in degenerative diseases (Benit et al., 2003; Kirby et al., 2004; Loeffen
et al., 2001; Mamelak et al., 2005). In the present study no significant alteration in expression
of the mtDNA coded genes that are included in the Affymetrix Rat Genome 230 2.0 were
found, whereas expression of 16 out of the 37 genes coded by the nDNA was decreased. This
observation that changes in expression of nDNA did not alter expression of mtDNA coded
genes included in the microarray is of interest and indicates that crosstalk between nDNA and
mtDNA may not be tightly coordinated. This is consistent with our previous observation that
even with complete depletion of mtDNA, the expression, import and activity of nDNA encoded
proteins into mitochondrial scaffolds was not inhibited in mitochondria of rho mutant cells
lacking mtDNA, therefore “mismatch” subunits can exist, although the mitochondrial function
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may be impaired (Holmuhamedov et al., 2003). This was also demonstrated in pathological
conditions such as cancer, where an imbalance between nuclear and mitochondrial encoded
proteins may occur (Mazzanti and Giulivi, 2006). The alteration in transcript levels of Complex
I nDNA encoded genes in the aged hearts (Fig. 3) was associated with functional decline and
a 46% reduction in enzymatic activity as determined by the rotenone-sensitive reduction of
ubiquinone-1 (Fig. 5B) and decreased state 3 respiration in malate-pyruvate NAD-dependent
substrate. These results are consistent with previous reports indicating a reduction in Complex
I activity in mitochondria isolated from old brain, liver, kidney and skeletal muscle (Benzi et
al., 1992; Kumaran et al., 2005; Lenaz et al., 1997; Nakahara et al., 1998; Navarro and Boveris,
2004; Sugiyama et al., 1993). These changes may contribute to the reduced energetic reserves
and increased susceptibility of the aged heart to stress and oxidative injury (Navarro and
Boveris, 2007), underscoring the relevance of the present findings.

Complex II, succinate dehydrogenase (SDH), of the ETC is the membrane-bound component
of the TCA cycle and is composed of 4 nuclear encoded subunits that are involved in the
oxidation of succinate and electron transfer from FADH2 to Coenzyme Q, thus linking the
TCA cycle to the mitochondrial respiratory chain promoting electron flow, ATP production
and reactive oxygen species generation (Cecchini, 2003). Despite downregulation of SDHC
(p=0.002) and SDHD (p=0.007, Fig. 3) that code for subunits c and d of the SDH, we found
no significant change in Complex II activity in the aged heart (Fig. 5B) as determined by the
reduction of ubiquinone-2 by succinate (Darley-Usmar et al., 1987). These findings are similar
to previous reports demonstrating no age-associated change in the activity of SDH in
mitochondria isolated from rat skeletal muscle as well as from mice kidneys and liver (Kwong
and Sohal, 2000; Sugiyama et al., 1993; Yarian et al., 2006).

Complex III (Coenzyme Q-cytochrome c oxido-reductase) of the ETC is composed of 10
subunits, 9 encoded by the nDNA and 1 by mtDNA and oxidizes ubiquinol and transfer protons
from mitochondrial matrix into the inter membrane space reducing cytochrome c. In the aged
heart, the expression of UQCRC1, UQCRH, UQCRFS1 and CYC1 encoding for the core protein
I, hinge protein, Rieske iron-sulfur polypeptide 1 and cytochrome c-1 of the Coenzyme Q-
cytochrome c oxido-reductase complex were downregulated (Fig. 3). However, this was not
associated with a significant change in the activity of Complex III as determined by the rate
of reduction of ferricytochrome c by decylubiquinol (Fig. 5B). Differences in maximum
enzyme activity has been previously described between frozen-thawed mitochondria compared
to detergent solubilized and could be due to methodological differences.

Cytochrome c oxidase (COX) is the terminal enzyme of the mitochondrial respiratory chain
(Complex IV). It is a multi-subunit enzyme complex that couples the transfer of electrons from
cytochrome c to molecular oxygen and contributes to proton efflux into the inter-membrane
space (Richter and Ludwig, 2003). The complex consists of 13 subunits encoded by 3
mitochondrial and 17 nuclear genes (www.mitop.de/). The mitochondrial-encoded subunits
perform electron transfer of proton pumping activities while the function of nuclear-encoded
subunits is unclear but may play a role in the regulation and assembly of the whole complex.
In our study no change in the expression of any of the three mtDNA encoded subunits was
observed, while 8 of the 17 nDNA encoded genes including COX5A, COX5B, COX6A2,
COX7A2, COX7B, COX8A, COX8H and SURF1 genes were all downregulated in the aged
heart (Fig. 3). Despite a decrease in the expression of these genes, no significant reduction in
cytochrome c oxidase functional activity (Fig. 5B) was observed in aged rat heart mitochondrial
fragments, which may reflect preserved expression of functionally active mtDNA encoded
subunits. These results are consistent with findings reported in mitochondrial fragments from
aged rat hearts (Fannin et al., 1999) but different from those described in brain and liver
mitochondria from old rats where a 24–28% reduction in Complex IV activity was
demonstrated (Navarro and Boveris, 2004). This discrepancy in the effect of aging on Complex
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IV activity could be related to tissue specific differences in isoenzymes of Complex IV or other
complexes (Capaldi et al., 1988) that may respond differently to aging. In addition,
methodological differences such as the use of polarographic determination of cytochrome c
oxidase activity demonstrating reduced Complex IV activity in aged cardiac mitochondria may
explain some of the reported differences (Navarro and Boveris, 2007). Moreover, differences
in the activities of OxPhos complexes in the literature could result from the use of different
subpopulations of mitochondria in different studies (Fannin et al., 1999; Palmer et al., 1977).
It has been previously demonstrated that interfibrillar mitochondria exhibit a selective decline
in Complex III and IV activity which is not observed in the subsarcolemmal population of
mitochondria (Fannin et al., 1999; Lesnefsky and Hoppel, 2006; Suh et al., 2003). In our study,
mitochondria were not separated and a mixed population was used, therefore any selective
decrease in the activity of ETC complexes in one subpopulation could have been masked.

Mitochondrial F0F1 ATP synthase (Complex V) catalyzes ATP synthesis, utilizing the
electrochemical gradient generated by proton efflux across the inner membrane during electron
transfer (Walker and Dickson, 2006). Complex V is composed of two linked multi-subunit
complexes, F0, the integral membrane-spanning component comprising the proton channel and
F1, the catalytic portion of mitochondrial ATP synthase linked by a central and peripheral stalk
(Carbajo et al., 2005; Walker and Dickson, 2006). We found that 9 of the 21 genes that code
for subunits of complex V were downregulated in aged hearts (Fig. 2, Fig. 3). This is consistent
with previous reports in mitochondria from rat and mice brain and heart demonstrating
downregulation of subunits of F0F1 ATPase (Nicoletti et al., 1998). Subunit ATP6 encoded by
mtDNA that was reported to be downregulated by Manczak et.al, (Manczak et al., 2005) were
not observed in our analysis. The changes in transcript levels of subunits of the F0F1 ATPase
(Fig. 3) in our study were associated with a reduction in functional activity of Complex V
demonstrating a 25% reduction in the oligomycin-sensitive F0F1 ATPase activity (Fig. 5B),
similar to that reported in mitochondria from rat liver and heart (Davies et al., 2001; Guerrieri
et al., 1996). In conditions associated with reduced substrate availability or hypoxia, such as
during myocardial ischemia, the enzyme complex switches from an ATP generating to ATP
consuming system that utilizes ATP to maintain mitochondrial electrochemical gradient (Das,
2003), thus preserving mitochondrial function and integrity. Reduction in the activity of
Complex V in the aging heart may reduce mitochondrial functional capacity and ability to
maintain hyperpolarized membrane potential during metabolic stress and thereby increase
predisposition to cellular injury (Di Lisa and Bernardi, 2005).

Although expression of specific mitochondrial genes have been previously demonstrated to be
altered within the aging heart (LeMoine et al., 2006), the overall gene expression profiling of
the myocardium in the present study indicates a more generalized downregulation of the
transcriptional regulatory program in the aging heart. This could be explained by
downregulation of upstream genes such as transcription co-activator factors that modulate
expression of nuclear and/or mitochondrial DNA (Lehman et al., 2000; Molkentin and Dorn,
2001; Nisoli et al., 2003). Indeed, a significant decrease in the expression of transcription co-
activator factor genes coding for PGC-1α, PGC-1β, PPAR-δ, ERR-γ, nuclear factor erythroid-
derived 2-like 1 and nuclear factor erythroid-derived 2-like 2, which modulates gene expression
of enzymes regulating mitochondrial metabolism and mitogenesis (Lin et al., 2005) was
observed in the senescent heart (Fig. 6; p < 0.01). The significance of reduction in these factors
to mitogenesis in the senescent heart needs to be further explored. However, we did not observe
any apparent reduction in the number of mitochondria in cardiomyocytes from senescent heart
nor differences in protein content of isolated mitochondria or mitochondrial marker citrate
synthase between adult and aged hearts indicating that reduced mitochondrial content was not
responsible for the overall reduction in the capacity of mitochondria to synthesize ATP but
instead reflects a functional impairment of energy production (Nakahara et al., 1998).
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Thus, we here demonstrate aging associated decline in mitochondrial capacity to synthesize
ATP with a widespread reduction in expression of genes coding for various subunits of
mitochondrial OxPhos complexes. While there is a broad downregulation of the OxPhos
complex genes, selective dysfunction of certain complexes were identified opening the
possibility of targeted interventions. The absence of non-selective shutdown of OxPhos on the
other hand maybe due to adaptive remodeling, which include an increase in the number of
mitochondria at least partially compensating for deficiency in Complex I and V allowing the
mitochondria to maintain a baseline function, albeit rendering them susceptible to stress.
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Fig. 1.
Aging-associated alterations in mitochondrial gene transcripts. A) Hierarchical clustering and
heat map of samples from adult (6 month old, n=5) and aged (24 month old, n=5) rat ventricles.
Shown are the expression pattern of 614 genes coding for mitochondrial proteins where
Green color indicates downregulation, Red color upregulation, and Black color no change in
the level of expression of genes. Samples from adult (Pink line) and aged (Gray line) animals
clustered together as illustrated by condition tree (A1–A5 adult, O1–O5 aged samples). B)
Expression values for selected genes coding for subunits of the mitochondrial OxPhos
complexes from adult (n=5, White dots) and aged (n=5, Black dots) ventricles are shown as
dot-plots highlighting the clustering of gene expression within each age group with the
statistical significance of age-related changes between the two groups shown with their p
values. C) Volcano plot illustrating the statistical distribution of 614 genes in aged compared
with adult ventricles. There are 94 genes that were significantly different (p < 0.01) in the aged
compared to adults (Blue dots). D) Number of significantly downregulated (89 genes, Green
bar) and upregulated genes (5 genes, Red bar) in the aged heart and distribution according to
their molecular function; 65% changes in genes coding for mitochondrial energetic pathways
(41% for oxidative phosphorylation, 18% for substrate metabolism pathways and 6% for TCA
cycle) and remaining 35% for other mitochondrial functions.
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Fig. 2.
Schematic representation of genes coding for subunits of mitochondrial oxidative
phosphorylation complexes. Genes coding for subunits of the electron transport chain
(Complexes I – IV) and F0F1 ATP synthase (Complex V) that are significantly downregulated
in the aging ventricle are colored Green, while subunits not altered with aging are shown in
Gray. None of the genes coding for subunits of the oxidative phosphorylation pathway were
upregulated in the aged hearts.

Preston et al. Page 16

Mech Ageing Dev. Author manuscript; available in PMC 2009 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
List of genes coding for mitochondrial oxidative phosphorylation pathway that are significantly
(p < 0.01) downregulated in the aged rat heart with gene name, description, gene identification
code (ID), fold change and p-values.
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Fig. 4.
Comparison of aging associated reduction in expression of selected genes coding for
mitochondrial oxidative phosphorylation subunits determined by microarray and Real Time-
Polymerase Chain Reaction (RT-PCR) techniques; CS=Citrate Synthase,
COX5a=Cytochrome c oxidase subunit 5a, COX5b=Cytochrome c oxidase subunit 5b and
ATP5B=ATP synthase beta.
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Fig. 5.
A) Western blots of selected protein subunits of the mitochondrial electron transport chain and
ATP synthase complexes from adult (6 month old) and aged (24 month old) rat ventricles.
Cytochrome c oxidase subunits Va, Vb, VIc and ATP synthase subunit beta are decreased with
aging by 20%, 29%, 40% and 20% respectively (p < 0.01). There was no significant difference
between adult and aged in expression of ATP synthase subunit alpha, glyceraldehyde-3-
phosphate dehydrogenase, citrate synthase and succinate dehydrogenase subunit A. B)
Enzymatic activities of Complexes I to V of the mitochondrial oxidative phosphorylation
pathway in adult (n=6) and aged (n=6) ventricles. Compared to adults, functional activities of
Complexes I and V are significantly decreased in the aged mitochondria (p < 0.01), while no
significant differences were observed in activities of Complexes II, III and IV. All activities
are expressed as nmoles/min/mg of mitochondrial protein; Inset, the rate of oxygen
consumption and adenosine triphosphate (ATP) production in mitochondria from aged (n=6)
ventricle is significantly decreased compared to adult (n=6). White bars = adult, black bars =
aged, * p < 0.01.
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Fig. 6.
List of genes coding for transcription co-activator factors that are significantly (p < 0.01) altered
with aging with gene name, description, gene identification code (ID), fold change and p-
values.

Preston et al. Page 20

Mech Ageing Dev. Author manuscript; available in PMC 2009 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 7.
Electron microscopy of ventricular tissue and numeric density of mitochondria in adult (6
month old, n=8) and aged (24 month old, n=8) rat ventricles. N=nucleus, White arrows point
to mitochondrial clusters, White bars=adult, Black bars=aged, * p < 0.01.
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