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Abstract

Energy production in myocardial cells occurs mainly in the mitochondrion. Although alterations in mitochondrial functions in the senescent
heart have been documented, the molecular bases for the aging-associated decline in energy metabolism in the human heart are not fully
understood. In this study, we examined transcription profiles of genes coding for mitochondrial proteins in atrial tissue from aged (265 years
old) and comorbidities-matched adult (<65 years old) patients with preserved left ventricular function. We also correlated changes in functional
activity of mitochondrial oxidative phosphorylation (OXPHOS) complexes with gene expression changes. There was significant alteration in
the expression of 10% (101/1,008) of genes coding for mitochondrial proteins, with 86% downregulated (87/101). Forty-nine percent of the
altered genes were confined to mitochondrial energetic pathways. These changes were associated with a significant decrease in respiratory
capacity of mitochondria oxidizing glutamate and malate and functional activity of complex I activity that correlated with the downregulation
of NDUFA6, NDUFA9, NDUFBS, NDUFBS, and NDUFS2 genes coding for NADH dehydrogenase subunits. Thus, aging is associated with
a decline in activity of OXPHOS within the broader transcriptional downregulation of genes regulating mitochondrial energetics, providing a
substrate for reduced energetic efficiency in the senescent human atria.
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The mitochondrion is the main site of energy production in myocar-
dial cells. Aging-related cardiac structural and functional alterations,
including changes in mitochondrial energetic capacity and oxidative
stress, play a major role in increasing the susceptibility of the heart to
mechanical and electrical dysfunction, as reflected by the increasing
prevalence of both atrial fibrillation and heart failure in the aging
population (1,2). Research has shown that aging induces broad

transcriptional changes in genes coding for mitochondrial functions
in animal models, along with downregulation of functional activities
of proteins involved in energy metabolism in animal hearts (3,4).
Although changes in cardiac energetics in humans have previously
been shown to be associated with heart failure (5) and atrial fibrilla-
tion (1), the component resulting from age-related changes in mito-
chondrial energetics has not yet been fully elucidated in nondiseased
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human hearts and the molecular bases for aging-associated decline
in energy metabolism in the human heart are not fully defined.

The purpose of our study was to identify aging-related transcrip-
tional changes in genes coding for mitochondrial proteins involved in
substrate metabolism, oxidative phosphorylation system (OXPHOS),
and the tricarboxylic acid (TCA) cycle, and to correlate these with the
functional changes in the OXPHOS in human atrial appendage tissue
from adult and aged patients free of atrial pathologies.

Methods

Patient Selection

Right (RAA) and left (LAA) atrial appendage tissue was harvested
from adult (<65 years, 7 = 24) and aged (265 years, n = 26) patients
undergoing open heart surgery. Patients with congenital, struc-
tural, or functional atrial disease—including persistent or perman-
ent atrial fibrillation, classes III/IV heart failure, advanced mitral
valve disease—and those undergoing emergency bypass surgeries
or requiring inotropic support were excluded to avoid confound-
ing effects of disease on myocardial function and gene expression.
Clinical history, echocardiogram, and electrocardiogram were used
to exclude patients with structural or electrical heart disease or sys-
temic illnesses. Within 5-10 min after surgical resection, atrial tis-
sue was either used for mitochondrial isolation or snap-frozen in
liquid nitrogen, and stored at —80°C for gene, protein expression,
and functional assessment of the OXPHOS. The research study
was conducted in accordance with the Code of Ethics of the World
Medical Association (Declaration of Helsinki) for experiments
involving humans. The study was approved by the Mayo Clinic and
Aurora Health Care Institutional Review Boards for human subject
research, written informed consent was obtained from subjects, and
all patients’ privacy rights were observed.

Mitochondrial Isolation

Mitochondria were isolated from the LAA by differential centrifu-
gation as described previously (4). Tissue was placed into ice-cold
isolation buffer containing (in mM) 200 mannitol, 50 sucrose,
5 KH,PO,, 1 EGTA, 5 MOPS (pH 7.3), 0.2% BSA, and homog-
enized using OMNI GLH-115 Polytron homogenizer (OMNI
International, Kennesaw, GA). Mitochondria were washed in isola-
tion buffer containing neither EGTA nor BSA. Protein concentra-
tion was determined with a BCA protein assay kit (Thermo Fisher
Scientific, Waltham, MA).

Mitochondrial Respiration

Mitochondrial respiration was measured at room temperature
using the Mitocell 200 micro respirometry system comprising a
782 oxygen meter, 1302 oxygen electrode, and MT200 respirom-
eter (Strathkelvin Instruments, Scotland). Mitochondria were incu-
bated in a mitochondrial assay buffer (in mM) of 250 sucrose, 5
MgCl,, 2 KH,PO,, 0.02 EGTA, and 10 Tris-HCI, with a pH of 7.3,
in the presence of substrates for complex I (5 glutamate and 2.5 mal-
ate), complex II (5 succinate and 0.002 rotenone), or complex IV (6
ascorbate, 0.3 N'N'N'N'-tetramethyl-p-phenylenediamine (TMPD)
and 1 pg antimycin A/ml) (6). The rate of basal respiration was
measured in the presence of substrates; the rates of ADP-dependent
respiration (state 3) and respiration upon depletion of ADP (state 4)
were determined after addition of 0.2 mM ADP; the rate of uncou-
pled respiration was determined in the presence of 30 nM carbonyl
cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP).

Mitochondrial OXPHOS Enzymatic Activity

Frozen RAA tissue sample (~50 mg) was homogenized in ice-cold
buffer (1:20 w/v) containing (in mM) 100 KCl, 5 MgCl,, 2 EGTA,
and 50 Tris/HCI (pH 7.5), and homogenized using an OMNI GLH-
115 Polytron homogenizer (OMNI International). The homogenate
was centrifuged at 1,000xg for 15 min at 4°C; the supernatant was
aliquoted and stored at —80°C until processed. The functional activ-
ity of mitochondrial OXPHOS complexes -V was measured in tis-
sue homogenate as previously described (1,7).

Western Blot Analysis

Frozen tissue (~40 mg) from the RAA was homogenized in RIPA
lysis buffer (Abcam, Cambridge, MA) with protease inhibitor cock-
tail freshly added (Cell Signaling Technology, Danvers, MA). Protein
extracts (20 pg) were separated on NuPAGE precast 4-12% Bis—
Tris gel (Thermo Fisher Scientific) and transferred to polyvinylidene
difluoride membranes (Thermo Fisher Scientific). The membranes
were blocked in 5% BSA that was dissolved in Tris-buffered saline
containing 0.2% Tween-20. After the blocking, the membranes
were immunoblotted using primary human MitoProfile® Total
OXPHOS antibody cocktail (Abcam) against complex I subunit
nicotinamide adenine dinucleotide hydrogen dehydrogenase (ubi-
quinone) (NDUFBS), complex II 30kDa (SDHB), complex III core
protein 2 (UQCRC2), complex IV subunit II (COX2), complex V
alpha subunit (ATPSA), and glyceraldehyde 3-phosphate dehydro-
genase (GAPDH - 14C10) HRP-conjugated rabbit monoclonal anti-
body against GAPDH (Cell Signaling Technology). The secondary
goat anti-mouse IgG-HRP antibody (Santa Cruz Biotechnology,
Santa Cruz, CA) was used against the primary human OXPHOS
antibodies. Proteins were visualized by SuperSignal™ West Pico
chemiluminescent substrate and monitored using UltraQuant® v6.0
software in molecular imaging systems (UltraLum, Claremont, CA).
Densitometric evaluation of protein bands was performed using
Image] software (National Institutes of Health [NIH], http:/rsb.
info.nih.gov/ij/). Bands corresponding to the mitochondrial com-
plexes were normalized to the density of respective GAPDH band.

Total RNA Isolation and Quantification

Frozen RAA tissue (~20 mg) was homogenized in TRIzol® Reagent
(Thermo Fisher Scientific). Total RNA was isolated following the
TRIzol® Reagent protocol as previously described (4) and quanti-
fication performed using spectrophotometric analysis (absorbance-
emission A260/A280). The integrity of the samples was assessed
qualitatively on an Agilent 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA). Each sample was then used for microarray ana-
lysis and verification of selected genes by real-time reverse transcrip-
tion polymerase chain reaction (RT-PCR). The total amount of RNA
extracted was not significantly different between the two age groups
(5.1 = 1.1 pg in aged vs 6.8 = 5.0 pg in adult, per gram of tissue).

Gene Expression Profiling

Total isolated RNA (100 ng) from individual samples was con-
verted to cDNA using the Two-Cycle cDNA synthesis kit and Target
Labeling Protocols (Affymetrix, Santa Clara, CA). The obtained
¢DNA was then purified by phase lock gel (Eppendorf, Westbury,
NY) followed by phenol/chloroform extraction and used as a tem-
plate for the in vitro transcription reaction. cRNA was then synthe-
sized and labeled using RNA transcript labeling reagent (Affymetrix).
Labeled cRNA was fragmented and hybridized onto GeneChip®
Human Genome U133 Plus 2.0 microarrays (Affymetrix) according
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to the manufacturer’s protocol. The quality of the fragmented biotin-
labeled cRNA in each experiment was evaluated before hybridiza-
tion as previously described (4).

Microarray Data Analysis

The images of the hybridized microarrays were scanned and quanti-
tatively analyzed by a GeneChip 3000 scanner (Affymetrix). 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 were performed
by GeneSpring GX bioinformatics software (Agilent Technologies).
Quality control (QC) was performed on the normalized intensity
values after excluding the probe sets with absent call in 100% of
the arrays. After applied QC filtering to diminish background noise
created by low-intensity gene probes, genes were clustered into the
two age group conditions (a and b) using the following cosine cor-
relation (r) equation:

n
z a;b,

i=1

The data were then plotted in a hierarchical clustering heat map
and volcano plots to identify genes that were significantly up- or
downregulated in the aging atria. Statistical analysis of the micro-
array gene expression was performed using Welch’s #-test and
a multiple testing correction formula, the Benjamini-Hochberg
false discovery rate, which together reported a corrected (Corr)
p value for each gene. The hierarchical clustering for condi-
tions and entities was performed using Euclidean distance metric
and Ward’s linkage algorithm. Statistical significance was set at
p(Corr) < .0S.

Real-Time Reverse Transcription Polymerase Chain
Reaction

Real-time RT-PCR was performed to quantify gene expression levels
using TagMan® (Applied Biosystems, Foster City, CA) as previously
described (4). Gene transcript levels were subsequently measured
according to instructions for the Applied Biosystems Assay-on-
Demand Gene Expression Product.

Gene expression assays for NDUFA6, NDUFBS, SDHD,
UQCRC2, COX7A2L, ATP5G1, PDHAI, CS, and ACO2 coding
for NADH dehydrogenase 1 alpha subcomplex subunit 6 and beta
subunit 8 (complex I), succinate dehydrogenase subunit D (complex
II), ubiquinol-cytochrome ¢ reductase core protein 2 (complex III),
cytochrome ¢ oxidase subunit VIIa polypeptide 2 (complex IV),
ATP synthase subunit C isoform 1 (complex V), pyruvate dehydro-
genase alpha 1, citrate synthase, and aconitase 2, respectively,
were selected using TagMan® Gene Expression assay search tool
(Applied Biosystems). Results were normalized to a pre-designed
TagMan® Endogenous Control, Eukaryotic 18S rRNA Endogenous
Control (Applied Biosystems), which was used to normalize against

differences in RNA isolation, RNA degradation, and the efficiencies
of the reverse transcription and PCR reactions. All samples were run
in triplicate and quantitated using an absolute standard curve, nor-
malizing each gene signal to the 18S signal.

Statistical Analysis

Mean = standard error (SE) was applied to describe quantitative
variables, and percentages were used for qualitative variables. The
Kolmogorov-Smirnov test was used to evaluate the normality of
continuous variable distribution. Bivariate comparison of the aged
and adult groups was performed using the #-test for normally dis-
tributed variables or the nonparametric Kruskal-Wallis test for the
variables that did not follow the normal distribution. To reveal asso-
ciation between quantitative variables, linear regression analysis
was applied. The statistical analysis was performed using SAS soft-
ware (version 9.2, SAS Institute, Cary, NC) and SigmaPlot (version
12.3, Systat Software, Inc, San Jose, CA). Gene expression analysis
was performed for global profiling and comparison of expression
between adult and aged patients, and statistical significance for each
gene was set at p < .0S.

Results

Clinical Characteristics
The clinical characteristics of the patients included in the study are
shown in Table 1. The mean ages of the adult and aged group were

Table 1. Clinical Characteristics of Patients in the Study

Adult Aged p-value

Number of patients 24 26
Age (y) S1+2 74 51 <001

(29-62) (65-83)
Sex (male/female) 15/9 15/11 .59
BMI > 30 1(48%) 7 (27%) .20
Coronary artery disease 8 (78%) 4 (92%) .18
History of MI 6 (26%) 6 (23%) .81
Hypertension 4 (61%) 9(73%) .38
Hyperlipidemia 9 (83%) 0 (77%) .63
Diabetes mellitus 0(0%) 0( %)
Atrial fibrillation 0(0%) 0(0%)
History of smoking 6 (67%) 2 (46%) .10
LA size < 4.5 cm 19 (68%) 1(78%) 42
LVEF (%) 63 +1 59:2 .07
Beta blockers 16 (70%) 16 (62%) .56
ACE/ARB inhibitors 1 (48%) 0 (39%) 52
Calcium blockers 4 (17%) 5(19%) .87
Statins 5(65%) 3(50%) 29
CABG 7 (74%) 3 (88%) 21
AVR 3 (13%) 7 (27%) 23
MVR 1(4%) 3(12%) .75
Other 0(0%) 1(4%)

Note. Data are shown as the number of patients and percent of the total
number in parenthesis 7(%).. Age and left ventricular ejection fraction (LVEF)
are presented as the mean = SE. ACE I = angiotensin-converting enzyme inhibi-
tors; AVR = aortic valve replacement; ARB = angiotensin II receptor antago-
nists; BMI = body mass index; CABG = coronary artery bypass grafting; MI =
myocardial infarction; MVR = mitral valve replacement. Other surgery: aortic

or septal myomectomy.
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51 =2 years (n =24) and 74 = 1 years (n = 26), respectively. The adult
and aged patients were well matched for the presence of risk factors
for cardiovascular diseases, comorbidities, and cardiac function. No
significant differences were observed in sex distribution, body mass
index, hypertension, hyperlipidemia, coronary artery disease, his-
tory of heart failure, prior myocardial infarction, type of surgery
performed, or major medications. The patients from both groups
had preserved left ventricular ejection fraction, and there were no
patients with a history of diabetes mellitus or atrial fibrillation.

Aging Reduces the Activity of the Mitochondrial
Phosphorylation System
Aging in the human myocardium was associated with a reduction
in functional activity of the mitochondrial electron transport chain
(ETC, Figure 1A). The activity of ETC complex I as determined
by the rotenone-sensitive reduction of ubiquinone-1 was signifi-
cantly reduced in the aged group compared with the adult group
(44.8 = 20.8 vs 73.0 + 44.2 nmol/min/mg protein, respectively,
p = .03). The functional activities of the remaining four OXPHOS
complexes were not significantly altered by age. The rate of reduc-
tion of ubiquinone-2 by succinate (complex II) was 49.4 + 28.7 in
the aged group versus 56.2 = 18.3 nmol/min/mg protein in the adult
group (p = .50). Antimycin A-sensitive reduction of oxidized cyto-
chrome ¢ by decylubiquinol (complex IIT) was 34.8 = 30.5 in the aged
group versus 36.5 = 11.0 nmol/min/mg of protein in the adult group
(p = .88). Complex IV activity, estimated as a decrease in absorbance
of ferrocytochrome ¢ by cytochrome ¢ oxidase, was 241.3 = 127.0
versus 205.3 += 89.0 nmol/min/mg protein in the adult and aged
groups, respectively (p = .45). Oligomycin-sensitive oxidation of
NAD?, reflecting F F| ATPase (complex V) activity was 48.0 = 30.7 in
the aged group versus 60.6 = 24.9 nmol/min/mg protein in the adult
group (p = .22). In addition, we correlated the effect of age on the
activity of OXPHOS complexes I-V, which has been plotted as a func-
tion of age in Figure 1B, confirming the age-associated reduction in the
activity of complex I (r = 0.42, p = .01). The activities of the remaining
OXPHOS complexes were not significantly correlated with age.
These results were further confirmed on isolated mitochondria
from different age groups measuring oxygen consumption rate
in the presence of substrates supporting complexes I, II, and IV.

As summarized in Supplementary Figures 1-3, the basal respir-
ation rate of mitochondria oxidizing NADH-dependent substrates
(glutamate and malate) was not altered with age (Supplementary
Figure 1), however, state 3 respiration was diminished in mito-
chondria from the aged patients, demonstrating a significant
correlation with age (r = 0.83, p = .01). The respiratory control
ratio (state 3/state 4), which indicates the degree of coupling
between the rate of electron transport in the ETC (respiration)
and phosphorylation of ADP (ATP production) (r = 0.80, p =
.02), and uncoupled respiration (r = 0.89, p = .003) were signifi-
cantly affected by age (Supplementary Figure 1). No age-related
alterations were observed in the rate of oxygen consumption by
mitochondria oxidizing succinate (Supplementary Figure 2) or
ascorbate and TMPD (Supplementary Figure 3).

Thus, with aging, the efficiency of the mitochondrial OXPHOS
pathway declines along with a significant reduction in the functional
activity of complex I in human aging atria.

Aging-Related Decrease in Oxidative

Phosphorylation Proteins Expression Level

The effect of aging-associated changes in the OXPHOS was also
confirmed at the protein level by Western blots using an anti-
body cocktail against specific subunits of the OXPHOS complexes
(Figure 2A and B). There was statistically significant age-related
reduction in the protein expression level of complex I NDUFBS§
subunit (7 = 0.65, p = .01). Although complex IIl UQCRC2 subunit
(r=0.63,p =.05) and complex IV COX2 subunit (r = 0.62, p = .06)
protein levels were lower in older patients, these changes did not
reach the statistical cut-off (p < .05) for significance (Figure 2B).
Non-significant correlation was found between age and the pro-
tein levels of complex II SDHB and complex V ATPSA subunits
(Figure 2).

Aging Alters Expression Profile of Genes Coding

for Proteins that Regulate Cardiac Mitochondrial
Energetics

The differences in gene expression pattern in the RAA tissue from
the adult (z = 10) and aged (7 = 10) patient groups were analyzed
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Figure 1. Functional activities of mitochondrial oxidative phosphorylation
complexes in the right atria of adult and aged patients. (A) Data are
expressed as nmol/min/mg protein and presented as mean + SE, *p <.05. (B)
Correlation between functional activity of complexes |-V and age; n = 18 for
adults and n =17 for aged.

OXPHOS complexes I-V. (A) Immunoblots of representative subunits of
complexes (C I-CV) using MitoProfile Total OXPHOS human antibody cocktail
(Abcam, Cambridge, MA). (B) Age-related correlation in densitometry of
bands corresponding to mitochondrial complexes normalized to the density
of glyceraldehyde 3-phosphate dehydrogenase (GAPDH); n=5 for adults and
n=5 for aged.
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using GeneSpring GX (Agilent Technologies). Hierarchical clustering
heat map revealed a condition clustering pattern where some of the
adult (A1-A6) and aged (O7-010) patient samples clustered within
the same age group (Figure 3A). The majority of genes coding for
mitochondrial proteins from the aged patients (02-0O10) clustered
together except for one patient (O1). Four patients (A7-A10) from
the adult group clustered with the aged group.

Differences in selected genes coding for mitochondrial pro-
teins in aged atria compared with adults is plotted as a volcano
plot according to their p-value and fold change (Figure 3B). Out
of 1,008 genes coding for mitochondrial proteins in humans, 101
(10%) genes were differentially expressed in the atria of patients in
the aged group compared with patients in the adult group (p(Corr)
< .05). None of the mitochondrial DNA-coded genes were altered
between the groups. The differences were all due to nuclear DNA-
coded genes. The majority (86%) of these genes (87/101) was
downregulated (Figure 3C, green bar), while 14 genes (14%) were
upregulated (Figure 3C, red bar) (Supplementary Table 1). Forty-
nine percent of the altered genes were confined to pathways regulat-
ing mitochondrial energetics, including genes coding for substrate
metabolism (30%), OXPHOS (13%), and TCA cycle (6%, Figure
3C). The clustering of gene expression values within each age group
for selected altered genes of mitochondrial proteins, including
NDUFA6 (NADH: dehydrogenase ubiquinone 1 alpha subcomplex

@
O

5000 NOUFAD 3000 ATPSCT

Adult Aged
< ¥
& S 8000 ¥

p<0.05

A1A2A3 A ASO1ABAT ABAGRTOD20304050607080RD10

B
&

o =N ow

510050 051015
log, [Fold Change]

o -logyo[p (Corr)-value]

=)
S
on
=3
1=
1=
=)
«
NoOB o
S
=3
S 7,0
0 wp @

4000 * -

S

Expression value

N OB o

18000
512000 L3

6000 *
p=002

Rt

Altered
mitochondrial genes,

Expression value
nN
o
o
o
oodo o
Expression value
o

Figure 3. Aging-associated alterations in mitochondrial gene transcripts.
(A) Hierarchical clustering and heat map of genes coding for proteins
regulating mitochondrial energetics from adult (A1-A10) and aged patients
(01-010). Green indicates downregulation; red, upregulation; and black, no
change in the level of expression of genes. (B) Volcano plot illustrating the
relative changes in expression of genes coding for mitochondrial proteins
from aged and adult patients (p(Corr) < .05). There were 101 genes coding
for mitochondrial proteins that were significantly different in the aged group
compared with the adult group (blue dots). (C) Number of significantly
downregulated (87 genes, green bar) and upregulated (14 genes, red bar)
genesin the aged atrias compared with adults and their distribution according
to their molecular function with 49% of the altered genes coded for proteins
regulating mitochondrial energetic pathways (30% for substrate metabolism,
13% for oxidative phosphorylation (OXPHOS), and 6% for tricarboxylic
acid cycle (TCA), and the remaining 51% for other mitochondrial functions
including apoptosis (Apopt) and detoxification (Detox). (D) Expression values
for selected genes coding for subunits of mitochondrial proteins regulating
energetics from right atrial appendages of adult (n = 10, white dots) and aged
(n=10, black dots) patients 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, n =
10 for adults and n = 10 for aged.

6), ATPSG1 (ATP synthase, H*-transporting, mitochondrial F com-
plex subunit C1), ACO2 (aconitase 2), IDH2 (isocitrate dehydro-
genase 2 (NADP*), ME2 (malic enzyme 2), and PDHA1 (pyruvate
dehydrogenase alpha 1), are shown as dot-plots in Figure 3D,
which demonstrates tight grouping of expression within the same
age group and significant differences between the two age groups
(p(Corr) < .05).

Aging Decreases the Expression of Genes

Regulating the Oxidative Phosphorylation and
Substrate Metabolism Pathways in Human Atria
Microarray data showed that the expression of genes coding for
several subunits of the mitochondrial OXPHOS complexes was
downregulated with aging. Out of 78 genes that code for subunits of
complexes I-IV of the ETC, the expression of ten genes (13%) was
significantly reduced in aged atria (Figure 4, colored green). These
included five genes coding for subunits of complex I, one gene each
for complexes II and IV, two genes for complex III, and one gene
coding for a chaperone complex I assembly protein (TIMMDC1) as
summarized in Figure 4 and Supplementary Table 1. Also, out of 21
genes known to code for the mitochondrial F F, ATP synthase com-
plex (complex V of OXPHOS), one gene, ATP5SG1, that codes for
subunit ¢ isoform 1 of the F subcomplex was significantly downreg-
ulated (Figure 4; colored green). The effect of aging on the expression

Oxidative Phosphorylation Pathway
cl cll cli ClIv cv

Succinate
SUCLG

NAD* 2 Malate \ Succinyl-CoA ADP+Pi  ATP+H,0
NADH MDH2 AKGDH
Oxaloacetate a-Ketoglutarate
Pyruvate ég_txl

Citrate Isocitrate
Malat&Oxanaoetate./

Figure 4. Schematic representation of genes of complexes coding for
the mitochondrial oxidative phosphorylation and tricarboxylic acid cycle
(TCA). Genes coding for subunits of the electron transport chain (C I-IV),
F,F, ATP synthase (C V) and TCA that are significantly downregulated in
the aging atria 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. NDUFA6,
NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 6.; NDUFAS9,
NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 9; NDUFB5,
NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 5; NDUFBS,
NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 8; NDUFS2, NADH
dehydrogenase (ubiquinone) 1 beta subcomplex, 2; TIMMDC1, complex
| assembly factor TIMMDC1; SDHD, succinate dehydrogenase complex,
subunit D; COQY, coenzyme Q9 homolog (S. cerevisiae); NNT, nicotinamide
nucleotide transhydrogenase; Core2, ubiquinol-cytochrome c¢ reductase
core protein 2; Cyt b, cytochrome b5 reductase 4; Vlla2, cytochrome c
oxidase subunit Vlla polypeptide 2 like; ¢, ATP synthase, mitochondrial
F, complex, subunit c, isoform 1; FH, fumarate hydratase; MDH2, malate
dehydrogenase 2; CS, citrate synthase; ME2, malic enzyme 2, NAD(*)-
dependent, mitochondrial; PDHA1, pyruvate dehydrogenase (lipoamide)
alpha 1; IDH2, isocitrate dehydrogenase 2 (NADP*), mitochondrial; ACO2,
aconitase 2, mitochondrial; AKGDH, alpha-ketoglutarate dehydrogenase;
SUCLG, succinyl-CoA ligase, subunit alpha; IMS, inner mitochondrial space;
IMM, inner mitochondrial membrane; MM, mitochondrial matrix.
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profile of genes regulating the TCA cycle and substrate metabolism
with fold change and p-values is summarized in the Supplementary
Table and illustrated in Figure 4. Out of the 15 genes that code for
components of the TCA cycle, six genes were downregulated—CS,
ACO2, FH, IDH2, ME2, and PDHA1, coding for citrate synthase,
aconitase 2, fumarate hydratase, isocitrate dehydrogenase 2, malic
enzyme 2, and pyruvate dehydrogenase alpha 1.

To verify age-related changes in the transcriptional profile of
genes determined by microarray analysis, expression of selected
genes in adult and aged atrial appendages was assessed by real-
time RT-PCR. The expression of NDUFA6, NDUFBS, SDHD,
UQCRC2, COX7A2L, ATP5G1, PDHAI1, CS, and ACO2 coding
for NADH dehydrogenase 1 alpha subcomplex subunit 6 and beta
subunit 8 (complex I), succinate dehydrogenase subunit D (complex
II), ubiquinol-cytochrome ¢ reductase core protein 2 (complex III),
cytochrome ¢ oxidase subunit VIIa polypeptide 2 (complex IV), ATP
synthase subunit C isoform 1 (complex V), pyruvate dehydrogen-
ase alpha 1, citrate synthase, and aconitase 2, respectively, was sig-
nificantly reduced in the aging atrial appendages (Supplementary
Figure 4). The mRNA levels of these enzymes or regulatory factors
determined by real-time RT-PCR were reduced in the aged atria
compared with the adult atria by a similar extent as determined by
microarray analysis.

Discussion

Our study identified broad changes in the expression of genes cod-
ing for mitochondrial proteins with selective transcriptional down-
regulation of subunits of complexes I-V of OXPHOS, TCA cycle,
and substrate metabolism with age in the human atria from patients
free of structural or electrical atrial dysfunction. These changes were
associated with age-elicited decline in mitochondrial oxidative phos-
phorylation associated with a decrease in the levels of OXPHOS pro-
teins and activity of complex I in the respiratory chain.

Aging is characterized by reduced functional reserve and
increased susceptibility of the atria to electrical and mechanical
dysfunction, including atrial fibrillation, reduced contractility, and
increased fibrosis (8), but the molecular bases for such changes are
not entirely known. Aging is associated with a diminished capacity
of mitochondria to generate ATP, as previously shown in animal
models (4,9). This is in agreement with human studies showing that
high energy phosphates decline in the human heart with age (10).
Correspondingly, mitochondrial oxidative capacity drops by 50%
in human hearts with aging (11). Aging reduces the state 3 respir-
ation rate during oxidation of NADH-dependent substrates in heart
mitochondria (4). Our findings in atrial tissue from aged patients
compared with a comorbidity-matched adult group demonstrated
a significant reduction in mitochondrial OXPHOS capacity by
using substrates that enter the ETC at complex I (glutamate and
malate) but not at complexes II (succinate) or IV (ascorbate and
TMPD) (Supplementary Figures 1-3). The difference in decline of
mitochondrial respiratory capacity between different metabolic
substrates could be due to age-related changes in complex I, sub-
strate transporters or dehydrogenases activities (12) or the OXPHOS
supercomplex destabilization in mitochondrial senescence (13).
Loss of supercomplexes has been shown to compromise different
stoichiometries of the OXPHOS complexes I, I1I, and IV in interfib-
rillar mitochondria from aged rats (14), which may result in ineffi-
cient electron flux through the ETC affecting mitochondrial energy
reserve capacity (15). It appears that supercomplex formation is not
required for keeping basal respiratory activity but for respiratory

coupling since destabilization of supercomplexes diminishes state 3
respiration thus reducing mitochondrial energetic reserve capacity
(13). This needs to be further assessed in human atrial tissue.
Overall, myocardial ATP production requires proper function-
ing of the mitochondrial OXPHOS system that is composed of four
ETC complexes (complexes I-IV), and the F F -ATPase (complex V)
within the mitochondrial inner membrane as well as enzymes regu-
lating the TCA cycle and substrate metabolism. Among the OXPHOS
complexes, complex I deficiency is the most frequently encountered
defect in mitochondrial energetics, as previously described in ani-
mal models and human diseases (1,16), and its impairment is also
associated with aging (4,17). In our study, alteration in the transcript
level of nDNA-encoded genes (NDUFA6, NDUFA9, NDUFBS,
NDUFBS, NDUFS2, and TIMMDCI) in the aged human hearts
(Figure 4, Supplementary Table 1) was accompanied by a significant
reduction in protein level of complex I NDUFBS subunit (Figure 2)
and enzymatic activity (Figure 1) compared with the adult hearts.
These results are consistent with previous studies in Fisher 344
rats, in which aging-associated downregulation of genes coding for
subunits of mitochondrial complex I were associated with reduced
NADH:ubiquinone oxidoreductase activity (4). It is not known how
the aging-associated reduction in expression of the various complex
I subunits in the human atria demonstrated in our study alters atrial
function. The subunit NDUFAG is a crucial subunit involved in com-
plex I assembly and a target for oxidative-stress-induced damage
(18). It is involved in stabilizing the junction between the membrane
and matrix arms of complex I, which is critical for complex I activity
and stability of the connection between the membrane and matrix
arms (19). There also is evidence that NDUFA9Y is involved in con-
formational rearrangement of catalytically active (A) and deactive-
dormant (D) states of complex I (20). The A/D transition plays an
important role in tissue response to the lack of oxygen and hypoxic
deactivation of complex I that occur in mitochondria during ische-
mia (21). NDUFBS is primarily thought to be an accessory subunit
not involved in catalysis (22). However, peroxynitrite-induced oxi-
dation of NDUFBS led to alteration in complex I enzymatic activity
and mitochondrial bioenergetics in endothelial cells (23), and it has
been suggested that polymorphisms in NDUFB8 gene are involved
in neurodegeneration (24). NDUFBS has NADH dehydrogenase
and oxidoreductase enzymatic activity and reduction in its expres-
sion after systematic application of a tumor necrosis factor-like
weak inducer of apoptosis in mice after myocardial infarction was
reported to aggravate cardiac dysfunction (25). The protein encoded
by the NDUFS2 gene is a core subunit of the iron-sulfur protein
fraction of complex I, and mutations in this gene are associated with
complex I deficiency and reduced enzymatic activity in Leigh syn-
drome (26). The TIMMDC1 gene codes for the chaperone protein
involved in the assembly of mitochondrial complex I (27). Studies
have shown that TIMMDC1 protein is physically associated with
multiple factors of mitochondrial complex I assembly as well as sol-
uble and matrix arms. Its depletion affects complex I assembly and
leads to a decrease in complex I activity and cellular respiration (28).
Although the role of these complex I subunits in the aging human
heart has not been studied, the association of the overall decline in
the expression of these subunits with reduced complex I activity in
the aged study group suggests their potential role in aging-associated
mitochondrial impairment. This needs to be further defined. This is
important because aging-associated changes in mitochondrial tran-
scriptome and proteins could underlie myocardial functional defi-
cits that not only reduce mitochondrial energetic reserves (4,29) but
also increase susceptibility to calcium overload and mitochondrial
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permeability transition pore opening (29), increasing vulnerability to
oxidative damage and stress-mediated myocardial injury (30).

The functional impact of aging in the human atria in our study
was mainly observed in the complex I activity. Despite reduction in
expression of SDHD (Figure 4, Supplementary Figure 4 and Table 1),
a gene coding for subunit D of the OXPHOS complex II, we found no
significant changes in enzymatic activities of complex II (Figures 1)
in the aged atrial tissue compared with the adult atrial tissue. These
findings are similar to previous reports demonstrating no age-associ-
ated changes in the activity of complex II in mitochondria from rat
hearts (4). We observed an aging-associated decrease in expression of
CYBS5R4 and UQCRC2 genes coding for the OXPHOS cytochrome
b5 reductase 4 and complex III core protein 2, correspondingly
(Figure 4, Supplementary Figure 4 and Table 1). The downregulation
of UOCRC2 gene resulted in decline of the protein level of the core
protein 2 (Figure 2). However, the functional activity of complex III
did not change with age (Figure 1). The core protein 2 that lacks the
redox center is not directly involved in electron transfer in complex
I11, but may still play some role in energy transduction, regulation
of the enzymatic reaction, or assembly of other subunits into the
functional complex and super-complex formed from complexes I,
II1, and IV (31). Similarly, despite downregulation of the expression
of COX7A2L (Figure 4, Supplementary Figure 4 and Table 1) coding
for complex IV subunit COX2, and decline in COX2 protein level
(32), in aged human myocardium, there was no significant difference
in functional activity of cytochrome ¢ oxidase between patients in
the adult and aged groups (Figure 1). This is consistent with what
was previously observed in aged rat hearts (4), but different from a
report by Fannin et al., which described aging-related alterations in
cytochrome ¢ oxidase activity limited to interfibrillar mitochondrial
subpopulation without impact on subsarcolemmal mitochondria
(33). The biochemical activity of complex V has been described to be
less affected by age (30) and the functional effect more a reflection
of impairment of electron transfer through the ETC rather than a
defect in complex V itself (33). A downregulation of nDNA-encoded
ATPS5G1 gene in the aged human atrial myocardium was observed
(Figure 4, Supplementary Figure 4 and Table 1); however, this was
not associated with any significant reduction in functional activity or
protein expression of complex V (Figures 1 and 2). This is different
from the observation in the aged rat ventricular myocardium that
displayed downregulation of the transcripts and complex V ATPase
activity (4). The effect of aging on complex V is of interest because of
its possible role in the regulation of mPTP formation and cell injury,
and it will be interesting to assess whether species, or tissue-depend-
ent differences exist in its expression or activity in the aging heart.

Enhanced leakage of electrons from the impaired ETC during
respiration leads to increased reactive oxygen species (ROS) pro-
duction and a decline in the antioxidant system, which has been
described to involve nicotinamide nucleotide transhydrogenase
(NNT) (18,34). Mitochondrial NNT, a proton pumping transhy-
drogenase, is considered a key antioxidative enzyme based on its
ability to regenerate NADPH from NADH in mitochondria (35).
This has an important implication in redox detoxification in the
mitochondria as NADPH is used for maintenance of glutathione
reductase and thioredoxin reductase generating reduced glutathione
and reduced thioredoxin, which are important for normal myocar-
dial functioning during stress. The NNT switches to pro-oxidative
mode under pathological heart workload, reversing the direction of
the reaction, oxidizing NADH from NADPH to support ATP pro-
duction by the ETC (18). The combined redox action of reduced
glutathione and thioredoxin maintained by NNT protects against

ROS overflow from mitochondria in both state 4 and state 3 respira-
tions (36). The reduction in mitochondrial phosphorylation capacity
(decline in state 3 with increase in state 4 respiration) observed in
our study could lead to increased ROS production in elderly patients.
Previously, NNT expression was demonstrated to be reduced more
than seven times in aging mice between 5 and 30 months, and this
correlated with decline of other genes involved in mitochondrial bio-
genesis (37). In agreement with these data, we observed substan-
tial decline of NNT gene expression in elderly patients in our study
(Figure 4, Supplementary Table 1), but the functional significance
needs to be further investigated in view of reduced NNT activity.

Another important player in cardiac mitochondrial energetics is
pyruvate dehydrogenase coded by PDHA1 gene, which was down-
regulated in the aging heart, indicating that the overall conversion of
pyruvate to acetyl-CoA catalyzed by this enzyme could be reduced.
PDH1A downregulation (Figures 3 and 4, Supplementary Table 1)
suggests that the link between glycolysis and TCA cycle is impaired
and, therefore, aerobic glucose oxidation through the OXPHOS
pathway might be altered. In addition, there was upregulation in
Acyl-CoA synthase long-chain family member 3 (Supplementary
Table 1), which converts free long-chain fatty acids into fatty acyl-
CoA esters and, thereby, plays a role in lipid biosynthesis and fatty
acid degradation. The functional consequences of these changes in
human atria with aging need to be further investigated and were
beyond the scope of this study. This is important in view of recent
reports suggesting a switch in mitochondrial metabolism from
fatty acid oxidation to glycolysis in humans (38) and animal mod-
els (39,40) with aging. Animal models are widely used to study
human aging-related diseases (41,42), but it is not clear whether, at
the molecular level, cardiac aging in animal models is comparable
with human aging. Cardiac senescence is accompanied by decline
in mitochondrial function, increased oxidative stress, impairment of
protein QC, dysregulated mitochondrial dynamics (fission/fusion),
and mitophagy (43), but molecular-level changes in mitochondrial
function in human nondiseased heart tissue have not been fully char-
acterized. In this regard, our study provides important information
using tissue from human hearts that will help fill some of this gap
in knowledge. Age-associated changes in genes coding for OXPHOS
complexes were previously described in animal models with down-
regulation of a higher number of genes coding for mitochondrial
proteins and each of the individual complexes of the OXPHOS in
aging rat ventricular myocardium (4), which is different from our
observation in human atria. The reason behind these differences is
not clear but could be related to differences in species, tissue assessed,
different metabolic demands of atrial versus ventricular tissue, and
other confounding effects of human diseases that have not been seen
in inbred animal models.

Another limitation of the published literature is the reporting of
changes in human atrial genes mainly from patients who underwent
surgery for diseases that can impact atrial structure and function,
such as mitral valve disease (44), atrial fibrillation (45), hypertrophic
cardiomyopathy (46), or systemic diseases (47). The described
changes could, therefore, be due to the effect of disease superimposed
on aging-related changes as a wide spectrum of patients belonging
to different age groups were included in both the diseased and non-
diseased groups. It is very difficult to obtain human cardiac tissue
from nondiseased hearts, making it difficult to discern the impact of
aging from disease. Studies using cadaveric tissue suffer from vari-
ability that could be introduced due to different conditions of tis-
sue acquisition and preservation, duration of ischemia, and storage
condition (such as cardioplegia solution constituents, temperature,
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and duration of storage) (48). The strength of our study is the use
of a standardized approach to tissue collection performed on tissue
removed from patients. This approach included freezing the tissue
within 5-10 min of removal from the body to prevent introduction
of variability that could potentially affect studies on transcriptomic
changes due to poor reliability of mRNA data. Extra care was taken
to exclude all conditions that can potentially affect atrial function
and energetics. Only tissue from the RAA was used from aged and
adult hearts to avoid regional differences in gene expression, pro-
tein level or enzymatic activity. However, the amount of RAA tissue
is limited for mitochondrial isolation, and, therefore, only limited
information could be obtained. When possible, larger samples from
the LAA were used to isolate mitochondria in order to determine
differences in age-associated changes in respiratory capacity of
isolated mitochondria. We were careful to exclude tissue from all
pathological conditions that can alter atrial energetics or mitochon-
drial function—such as the presence of heart failure, left ventricular
dysfunction, left atrial enlargement, mitral valve disease, presence of
complicated diabetes, or atrial fibrillation—by careful review of the
preoperative electrocardiogram, echocardiogram, laboratory results,
and pathological description of the heart by the surgical team. The
two groups were matched for gender, comorbidities, medications
used, and type of surgery.

A potential limitation of our findings on aging-related differences
in the expression of the genes could be the smaller magnitude of dif-
ferences (less than twofold) for the majority of genes between aged
and adult atria. However, these differences showed a tight clustering
of values within each age group that were highly significant statistic-
ally. As reported by several investigators, the biological consequences
of gene expression changes may not depend entirely on the level of
expression, as highly expressed genes may depict less than a twofold
difference in expression by microarrays, while less-expressed genes
may display a greater than twofold change (49). Recently, transcrip-
tomic profiling (41,298 genes) across the whole body in humans
revealed 828 (2%) age-associated genes in the heart ventricle (50).
The aging-related genes were grouped into 374 (45%) upregulated
and 454 (55%) downregulated genes. The downregulated genes
were related to mitochondrial biology, including TCA cycle and
mitochondrial ETC. Our study results are in line with these reported
changes, with the focus on the effect of aging on atrial OXPHOS
activity and how it correlates with observed transcriptional changes
in gene expression.

In summary, our study in a clinically well-matched group of adult
and elderly patients with preserved left ventricular function under-
going open heart surgery provides evidence that aging is associated
with widespread downregulation of genes regulating mitochondrial
energetics and oxidative phosphorylation accompanied with decline
in the OXPHOS proteins. However, at the functional level, only
reduction in ETC complex I activity was predominantly observed.
This could potentially explain the reduced mitochondrial reserves,
and complex I of the OXPHOS could represent a target to improve
energetic efficiency in the senescent human atria.
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Supplementary data are available at The Journals of Gerontology,
Series A: Biological Sciences and Medical Sciences online.
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