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Abstract
The aging heart undergoes well characterized structural changes associated with functional
decline, though the underlying mechanisms are not understood. The aim of this study was to
determine to what extent ventricular myocardial protein expression was altered with age and
which proteins underwent protein nitration. Fischer 344 X Brown Norway F1 hybrid (FBN) rats of
four age groups were used, 4, 12, 24, and 34 months. Differential protein expression was
determined by 2-DE and proteins were identified by peptide mass fingerprinting. Altered protein
nitration with age was assessed by immunoblotting. Over 1,000 protein spots per sample were
detected, and 255 were found to be differentially expressed when all aged groups were compared
to young rats (4 months) (p ≤ 0.05). A strong positive correlation between differential protein
expression and increasing age (p=0.03, R2=0.997) indicated a progressive, rather than abrupt,
change with age. Of 46 differentially expressed proteins identified, 17 have roles in apoptosis, 10
in hypertrophy, 7 in fibrosis, and 3 in diastolic dysfunction, aging-associated processes previously
reported in both human and FBN rat heart. Protein expression alterations detected here could have
beneficial effects on cardiac function; thus, our data indicate a largely adaptive change in protein
expression during aging. In contrast, differential protein nitration increased abruptly, rather than
progressively, at 24 months of age. Altogether, the results suggest that differential myocardial
protein expression occurs in a progressive manner during aging, and that a proteomic-based
approach is an effective method for the identification of potential therapeutic targets to mitigate
aging-related myocardial dysfunction.
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1. Introduction
Aging is a major risk factor for developing disease, including cardiovascular disease and
cancer (Lakatta and Levy, 2003). Thus, as the elderly percentage of the population rapidly
increases in the near future, there will be a resultant rise in age-related cardiovascular
disease. A major aspect of the aging process is a gradual decline in biological functions, and
the human heart undergoes structural and functional changes with age, resulting in a decline
in cardiac performance (Gates et al., 2003; Groban, 2005; Oxenham and Sharpe, 2003).
While these systemic changes are well documented, the changes that occur at the cellular
and molecular level are less well understood. Growing evidence implicates oxidative stress
such as that caused by reactive nitrogen species (RNS) as a causal factor for cellular
dysfunction and it is well accepted that oxidative stress increases with age (Barja, 2002;
Sohal and Weindruch, 1996).

To provide a better understanding of the protein molecular machinery underlying the aging
process, we employed a proteomic platform capable of characterizing changes in protein
expression and post-translational modifications. Although many theories of aging have been
proposed, such as cellular senescence (Hayflick, 1965), gene expression order (Helfand and
Rogina, 2000), and free radical generation (Harman, 1981), the mechanism that accounts for
biological aging is currently viewed as a complex, multifactorial process. Alterations in
proteins also have been proposed to contribute to aging-related impairments (Levine and
Stadtman, 2001), and tools of proteomics such as the field’s cornerstone, two-dimensional
electrophoresis (2-DE), are well suited to analyze complex quantitative and qualitative
changes with age. This analysis of differential expression and modification yields a semi-
global view of the underlying molecular changes accompanying physiological processes
such as aging, which can assist in elucidating its mechanisms. Furthermore, these
exploratory experiments are necessary to increase the likelihood of discovering novel
proteins regulating aging phenomena and potential therapeutic targets for aging related
dysfunction.

The majority of aging studies have compared only very young to extremely old animals. A
primary goal of this study was to determine whether global and individual changes in
ventricular myocardial protein expression during aging occurred in a progressive or in an
abrupt manner. We also examined post-translational protein nitration (3-nitrotyrosine) of
specific proteins as an index of age-related oxidative stress. To this end, hearts from Fischer
344 X Brown Norway hybrid (FNB) rats, ages 4, 12, 24, and 34 months were obtained from
the NIA for analysis of differential protein expression and nitrotyrosine modification.

2. Materials and Methods
2.1 Materials

IPG strips and acrylamide for slab gels were purchased from Bio-Rad (Richmond, CA).
Other ultrapure electrophoretic reagents were obtained from Bio-Rad (Richmond, CA),
Sigma Chemical Co. (St. Louis, MO), or BDH (Poole, UK). Sequence grade trypsin was
obtained from Promega (Madison, WI). Ammonium bicarbonate was purchased from
Mallinckrodt Chemicals Paris, KY). Formic acid, iodoethanol, and triethylphosphine were
obtained from Sigma-Aldrich Co. (St.Louis, MO). Acetonitrile and hydrochloric acid
solution N/10 were obtained from Fisher Scientific (Fair Lawn, NJ). PVDF for western
blotting was obtained from Millipore Co. (Billerica, MA). All other chemicals used were of
the highest grade obtainable.
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2.2 Tissues
Male Fischer 344 X Brown Norway hybrid (FBN) rat hearts (ages 4, 12, 24, and 34 months;
n=5) were purchased from the National Institute of Aging (NIA). The rodent colonies were
barrier maintained and kept Specific Pathogen Free (SPF). The rats were euthanized by CO2
asphyxiation and their hearts were removed, flash frozen in liquid N2, and stored at −80°C.
The hearts were shipped on dry ice and stored at −45°C immediately upon arrival.

2.3 Preparation of Ventricular Myocardium (VM)
On ice, 150 mg of tissue was cut from the apex from each heart (VM) and massaged in ice
cold filtered saline to remove as much blood as possible. The VM was then thoroughly
minced with surgical scissors in a 50 ml beaker along with 8 volumes of a solution
containing 9M urea, 4% Igepal CA-630 ([octylphenoxy] polyethoxyethanol), 1% DTT and
2% carrier ampholytes (pH 3–10). The minced samples were then placed in 3 ml DUALL®
ground-glass tissue grinders and manually homogenized. To complete the solubilization, the
minced/ground samples were sonicated with 3 × 2 second bursts at instrument setting 3
using a Microson Ultrasonic Cell Disruptor (Misonix, Inc.). This was repeated every 15 min
for 1 hr at room temperature. After complete solubilization at room temperature for 120 min,
samples were centrifuged at 50,000 rpm at 15°C for 20 min using a Beckman TL-100
ultracentrifuge to remove nucleic acid and insoluble materials, and the supernates stored at
−45°C until 2-DE separation.

2.4 Two-Dimensional Electrophoresis and Image Analysis
Reagent Compatible Detergent Compatible (RC DC) protein concentration assays were
performed for each of the 20 samples using an RC DC Protein Assay Kit according to the
manufacturer’s protocol (BioRad). Aliquots (~20–50 µl each) containing 400 µg of protein
from each sample were diluted with ~450–480 µl rehydration buffer (8M urea, 2% CHAPS,
15 mM DTT, 0.2% ampholytes pH 3–10, and 0.001% orange G). The resulting 500 µl
protein dilutions were loaded onto IPG strips (24 cm, linear pH 3–10) by overnight, passive
rehydration at room temperature. Isoelectric focusing was performed simultaneously on all
IPG strips using two Protean IEF Cells (BioRad), by a program of progressively increasing
voltage (150 V for 2 h, 300 V for 4 h, 1500 V for 1 h, 5000 V for 5 h, 7000 V for 6 h, and
10,000V for 3 h) for a total of 100,000 Vh. A computer-controlled gradient casting system
was used to prepare the second-dimension SDS gradient slab gels (20 × 25 × 0.15 cm) in
which the acrylamide concentration varied linearly from 11% to 17% T. First-dimension
IPG strips were loaded directly onto the slab gels following equilibration for 10 minutes in
Equilibration Buffer I and 10 minutes in Equilibration Buffer II (Equilibration Buffer I: 6M
urea, 2% SDS, 0.375M Tris-HCl pH 8.8, 20% Glycerol, 130mM DTT; Equilibration Buffer
II: 6M urea, 2% SDS, 0.375M Tris-HCl pH 8.8, 20% Glycerol, 135mM iodoacetamide) for
alkylation and reduction of proteins. Second-dimension slab gels were run in parallel at 8°C
for 18 h at 160V. Slab gels were stained using a colloidal Coomassie Blue G-250 procedure
(Candiano et al., 2004). Gels were fixed in 1.5 L/10 gels of 50% ethanol/2% phosphoric acid
overnight followed by three 30 min washes in 2 L/10 gels of deionized water. Gels were
transferred to 1.5 L/10 gels of 30% methanol/17% ammonium sulfate/3% phosphoric acid
for 1 h followed by addition of 1.2 g/L of powdered Coomassie Blue G-250 stain. After 96
h, gels were washed several times with water and scanned at 95.3 µm/pixel resolution using
a GS-800 Calibrated Imaging Densitometer (Bio-Rad, Hercules CA). The resulting 12 bit
images were analyzed using PDQuest™ software (Bio-Rad, v.7.1). Background was
subtracted and peaks for the protein spots located and counted. Each gel image was
normalized against the total gel density. PDQuest™ performs a preliminary statistical
analysis using Student’s t-test to compare groups and determine differential expression
candidates. Sigma Stat 3.0 (Systat Software, Inc., San Jose, CA) was used to calculate the
regression coefficient when comparing changes in the number of these candidates with age.
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PDQuest™ data was exported to Sigma Stat 3.0 for 1-way analysis of variance ANOVA).
Proteins were selected for MS identification based on these calculations.

2.5 Post-Translational Modification Analysis via Western blotting
Immediately upon completion of a second, replicate 2-DE run, gels from all four groups
(n=3) were carefully removed and equilibrated in transfer buffer (49 mM TRIS, 39mM
Glycine, 10% SDS, 20% MeOH, pH 9.2) for 1 h at room temperature. The PVDF membrane
was immersed briefly in 100% methanol and then transfer buffer before being placed on the
transfer soaked filter paper in the Transblot® SD Semi-Dry Transfer Cell (BioRad).
Equilibrated gels were placed directly on top of the PVDF membrane. A maximum of 2 gels
were stacked in the Semi-Dry Transfer Cells and each Cell was connected to a separate
Power Pac HC (BioRad). Power supplies were set at 25 V and protein spots were transferred
to PVDF paper over the course of 2 hrs. Following transfer, the gels were removed and
stained as described above to evaluate transfer efficiency. The PVDF membranes were
removed from the Transfer Cells and allowed to dry completely. Each membrane was then
blocked with PBS-0.3% Tween20 for 2 hrs using 3–5 washes at room temperature and then
incubated overnight with a primary anti-3-nitrotyrosine antibody (clone 1A6, Upstate/
Millipore, Billerica, MA), diluted 1:10,000 in PBS-0.1% Tween20. The unbound antibody
was rinsed off with 5–6 changes of PBS-0.1% Tween20 in 30–45 min. The secondary
antibody (Goat Anti-mouse IgG, HRP conjugate, Upstate/Millipore, Billerica, MA) was
diluted 1:10,000 in PBS-0.1% Tween20 and incubated for 2 hrs at room temperature. The
unbound antibody was rinsed off with 5–6 changes of PBS-0.1% Tween20 in 30–45 min.
The membranes are then developed in 10–15mls of tetramethylbenzidine (TMB) for exactly
5 min at room temperature. The membranes were scanned at 95.3 µm/pixel resolution using
a GS-800 Calibrated Densitometer. The resulting images were analyzed using PDQuest™
software and the resultant data exported to Sigma Stat 3.0 (Jandel Scientific, CA) for 1-way
analysis of variance (ANOVA) after PDQuest™ performed a preliminary statistical analysis
using Student’s t-test to determine differential expression candidates.

2.6 In-gel Tryptic Digestion and Peptide Mass Fingerprinting
Each pre-selected spot that could be detected against a light box was cut from the gel by
hand using a 1.5 mm gel cutting tool. Each cut spot was placed in one well of a 96-well
plate, as was grp78 (standard) and one gel blank, and was processed using the Multiprobe II
(Perkin-Elmer, Boston MA). In this automated system, the excised protein spots were first
destained with 50 mM ammonium bicarbonate-50% acetonitrile followed by 100%
acetonitrile. Reduction with 10 mM DTT and alkylation with 55 mM iodoacetamide was
carried out prior to overnight tryptic digestion using modified trypsin (6 ng/µl). The grp78
(StressGen, Victoria, BC Canada) calibrant and a gel blank were digested using identical
conditions. The resulting peptides were extracted by addition of 25 µl 0.2% formic acid
(aqueous) and 7 µl of acetonitrile solution to each well, and shaking plates at 37°C for one
hour. The resulting solution was placed in a separate 96 well plate and dried via a speedvac.
The dehydrated peptides were then reconstituted in 5 µL of 0.2% formic acid and 1 µL of
acetonitrile with continuous shaking of the plate for 5 minutes. Aliquots from peptide
extracts (in 3 µL volumes) were then placed onto a MALDI target plate, air dried, and the
application repeated until all the extraction solution was used. Just before the peptides
finished drying, 0.8 µl of matrix (2 mg/ml W-cyano-4-hydroxycinnamic acid in 50%
acetonitrile) was added to each peptide spot and allowed to dry completely.

Peptide masses were analyzed by MALDI-TOF-MS using a Waters Micromass M@LDI
SYSTEM (Micromass, Milford, MA) and the prOTOF™ 2000 MALDI Orthogonal Time of
Flight Mass Spectrometer (PerkinElmer/SCIEX, Concord, ON). Prior to data collection, the
instrument was calibrated externally using a mixture of peptide standards, digested standard
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(grp78), and experiment artifact peaks based on tryptic autolysis. Proteins were identified by
manually searching the Rattus NCBInr database using ProFound (The Rockefeller
University) software and the mass lists obtained from exported MALDI spectra of the
excised proteins. An “Expectation” value less than 0.001 was the threshold for what was
considered a positive identification.

2.7 Bioinformatic Analysis of Identified Proteins
Functions, processes, and components (sub-cellular locations) of identified proteins were
analyzed by the Gene Ontology tools available from Princeton University
(http://go.princeton.edu/) (Harris et al., 2004). A list of the altered proteins’ Rat Genome
Database Accession numbers (RGD number) was generated and entered into the Princeton
University Generic Gene Ontology (GO) Term Mapper
(http://go.princeton.edu/cgi-bin/GOTermMapper). The output files were analyzed and
transformed into histograms.

3. Results
3.1 Differential Protein Expression

Rat hearts from four different age groups, 4, 12, 24, and 34 month were solubilized and
proteins separated by 2-DE. A representative image of these 2D gels is shown in Figure 1.
Axes were calibrated based on calculated pI and MW from identified proteins, using the
Compute pI/Mw Tool (http://us.expasy.org/tools/pi_tool.html) and from known masses of
homologous proteins in a rat ventricular myocardium 2D gel available from the
WORLD-2DPAGE List (http://us.expasy.org). On average, 1,010 protein spots were
detected, and 73.4% were matched to the master pattern on average. Student’s T-test was
used as a preliminary statistical test to determine differential expression candidates via
comparisons with control. The results are shown in Figure 2A in a Venn diagram. The union
of all three comparisons is 255 protein spots while the intersection contains 21 spots (p ≤
0.05), 12 of which have been identified by MALDI-TOF PMF and are listed in bold in Table
1. Figure 2B illustrates the strong, significant correlation of differential expression and
aging. There was an approximate 2-fold increase in the number of differentially expressed
proteins from 12 to 34 months when compared to the 4-month-old controls. The proportion
of those proteins that were up-regulated increased with age while the proportion of down-
regulated proteins decreased with age. The candidate proteins were then analyzed by
ANOVA using Sigma Stat, and those with sufficient staining intensity (>200 PPM) were cut
and identified by PMF. Those proteins identified with a sufficient expectation score are
listed in Table 1, and their corresponding bar graphs are shown in Figure 3. Each bar
represents the mean spot abundance in PPM of that group, where the groups are 4, 12, 24,
and 34 months illustrated from left to right, each with standard error bars. Each protein’s
average abundance is listed to the right in PPM, and the SSP number, a unique identification
number given to each spot by PDQuest, is listed at the bottom of each bar graph and in the
same row as the corresponding protein identity in Table 1. Some of the proteins
demonstrating progressively increasing or decreasing trends over the rats’ lifespan, such as
several of the aforementioned 21 in Figure 2A, are also shown in Figure 1 with their
respective bar graphs in the margins. Note that not every SSP number shown in Figure 1 is
listed in Table 1 because some proteins could not be identified with a sufficient expectation
score.

3.2 Ontological Analysis
Altered proteins were organized using the Gene Ontology (GO) Term Mapper
(http://go.princeton.edu/cgi-bin/GOTermMapper), into groups based on the cellular
processes in which they are involved. Figure 4A illustrates the percent of up- and down-
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regulated proteins that belong to a particular process. The asterisks in the figure highlight the
observation that a large portion of the down-regulated proteins are involved in cell
differentiation, biogenesis, and morphogenesis. Decreased protein expression in these
categories is consistent with an expected smaller role for these processes in an aging,
terminally differentiated tissue bed with limited proliferative capacity. Figure 4B illustrates
the analysis of up-regulated proteins by age group comparison. Again, the asterisks highlight
the expected finding that fewer biogenesis proteins are highly expressed with age. Some
4v12 bars are not present indicating there were no differentially expressed proteins in that
two group comparison involved in that process marked below.

3.3 Differential Nitrosylation
Nitrotyrosine immunoblots from all four age groups were analyzed to determine which
proteins had undergone changes in nitration with age. Images of representative blots from all
four groups are shown in Figure 5. Most of the proteins that were nitrated were resolved
near the basic end of the gel (~pH 6–9) and at a midrange of molecular weight (~30–
80kDa). Student’s T-test was used as a preliminary statistical analysis to determine
differential modification candidates in pairwise comparisons with control. The results are
illustrated in Figure 6A in a Venn diagram. The number of differentially nitrosylated
proteins increased with age (Figure 6B), but in an abrupt rather than in a progressive manner
as seen with protein expression. All of these proteins exhibited increased nitrosylation
compared to controls (data not shown). Corresponding protein spots were located in the
Coomassie-stained 2D gel by pattern matching and homologous position and were cut out
and identified. Those identified with sufficient expectation scores are listed in Table 2, with
upward arrows indicating the protein spots that demonstrated a significant increase
(ANOVA) in nitrosylation with age. The spot identified as dismutase was chosen for
illustration with an enlarged view of a representative nitrated spot for each group under the
corresponding bar in the graph in Figure 7. Dismutase exhibited a significant increase in
nitration at 24 and 34 months compared to 4 and 12 months.

4. Discussion
4.1 Differential Protein Expression

The total number of differentially expressed protein spots increased linearly with age
compared to the 4-month-old controls, demonstrating that differential expression increases
progressively, rather than abruptly, during aging, (Fig. 2). These results are consistent with
the well-described functional and structural changes that occur in the aging heart.
Furthermore, progressive increases and decreases in individual protein abundance with age,
as shown in Figure 3, strongly suggest they are causally related. The relevance of these
individual changes with aging is better understood by addressing individual protein function,
as detailed categorically below, based on the ontological analyses.

4.2 Apoptosis
Aging is characterized by a loss of cardiomyocytes in both humans (Olivetti et al., 1991)
and rats (Anversa et al., 1986; Anversa et al., 1990), a process due, at least in part, to
apoptosis (Hacker et al., 2006). We found 12 up-regulated and 2 down-regulated proteins
with antiapoptotic properties, and only 1 up-regulated pro-apoptotic protein. The majority of
changes therefore appear to be adaptive rather than to facilitate apoptosis. For example,
parvalbumin increased at 24 and 34 months, and over-expressing parvalbumin has been
reported to delay apoptosis (Tombal et al., 2002). Desmin, a type III intermediate filament
protein, also increased with age, and studies have shown that decreased desmin expression
results in apoptosis and cardiomyopathy (Kumarapeli and Wang, 2004), implying desmin
may facilitate myocyte survival. HSP27 expression increased by 3-fold from 4 to 34 months.
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HSP27 is known to attenuate certain models of myocardial dysfunction (Liu et al., 2007)
and interfere with apoptosis, which is dependent on its ability to control reactive oxygen
species (ROS) (Mehlen et al., 1997).

We found that peroxiredoxin 6 (Prx6) increased linearly with age. Overexpressing Prx6 has
been shown to protect cells against oxidative stress (Manevich and Fisher, 2005) and reduce
the number of apoptotic cells after UV irradiation in keratinocytes (Kumin et al., 2006).
Furthermore, certain peroxiredoxins have been shown to have an inhibitory effect on cellular
senescence (Han et al., 2005; Han et al., 2006). We also found that the protein kallikrein, a
subfamily of serine proteases, increased with age (4 vs. 34 month), and kallikrein gene
delivery has been reported to reduce myocardial apoptosis (Agata et al., 2002; Yin et al.,
2005). We observed a consistent upregulation of glutathione s-transferase (GST) with age.
GST overexpression has been found to reduce both ROS and apoptosis in the H9C2 rat heart
tissue cell line (L'Ecuyer et al., 2004). The anti-apoptotic effect of Pyridoxal kinase is
inferred because downregulation of the protein induces apoptosis (Schlieper et al., 2007).
Thus the upregulation of pyridoxal kinase, as well as others such as mitochondrial aldehyde
dehydrogenase, ubiquitin, and protein kinase C epsilon (PKCe), clearly favor cell survival
(Chen et al., 2006; Inagaki et al., 2006; Powell, 2006). It is possible that age related
susceptibility to oxidative stress may result in increased signals to initiate programmed cell
death, and therefore, a global upregulation of cell survival proteins would be favorable to
counter these signals and maintain the life of the organism.

4.3 Hypertrophy
Though the heart loses cells with age, the remaining cells enlarge as the heart hypertrophies
during aging. In the FBN rat, an increase in the left ventricle mass-to-body-weight ratio is
accompanied by a decrease in systolic function (Hacker et al., 2006). Hypertrophic growth
is consistent with our finding that anti-apoptotic proteins increase with age, leaving the cells
in a pro-growth state. For example, the up-regulated anti-apoptotic protein HSP27 is thought
to play a regulatory role in growth of certain tissues through its actin cytoskeleton stabilizing
properties (Pantos et al., 2004). Protein Kinase C epsilon (PKCe) increased stepwise with
age in our study. Increased PKCe expression and activity is associated with hypertrophy,
and the generally accepted notion is that PKCe mediates pathological hypertrophy.
However, Wu et al. found that increasing PKCe translocation/activation improved cardiac
contractile function in a hypertrophic mouse model indicating that PKCe signaling is a
compensatory rather than pathological event (Wu et al., 2000). Desmin previously has been
found to be associated with hypertrophy (Wang et al., 2002), but upregulation, even up to 12
fold of its normal mRNA levels, of desmin is not detrimental (Wang et al., 2001). We
observed a maximum 6 fold upregulation in protein expression (4 vs. 34 month). Also,
proteins such as peroxiredoxin 6, kallikrein, and ubiquitin, were up-regulated with age in our
study and have been implicated as potentially important proteins in preventing myocardial
hypertrophy (Agata et al., 2002; Matsushima et al., 2006; Okada et al., 2004).

4.4 Fibrosis
Hypertrophy is commonly associated with fibrosis in aging humans and animal models,
including the FBN rat (Hacker et al., 2006). Fibrosis is an abnormal accumulation of
connective tissue involving structural remodeling of the fibrillar collagen matrix, which
leads to compromised elasticity and therefore contributes to diastolic function (Burlew and
Weber, 2002). Interestingly, the aging associated increase in collagen is not due to up-
regulation of the collagen gene but a decrease in its degradation and increase in cross-
linking of mature collagen (Razza, 2005). We did not identify collagen in our 2D gels
because collagen is approximately 130 kDa, which is typically too large to enter an 11%
acrylamide gel. We did find, however, a stepwise increase, up to 15 fold that of control, in
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procollagen-lysine,2-oxoglutarate 5-dioxygenase 1 (lysyl hydroxylase 1, or LH1) with age.
LH1 forms hydroxylysine sites that are essential for the stability of the intermolecular
collagen cross-links. It has been reported that in Fischer 344 rat hearts cross-linking
increases approximately 5 fold from 5 to 23 months of age (Thomas et al., 2001). This
upregulation may promote stabilization of collagen leading to a decrease in its degradation
and contribute to the increase in fibrosis observed in aging. To our knowledge, this is the
first report of LH1 upregulation in the aging heart.

Consistent with other observations in this study, we found a number of alterations in protein
abundance that may be compensatory for dysfunction. For example, desmin, peroxiredoxin,
and kallikrein were all found to be upregulated. Mice null for desmin develop myocardial
fibrosis (Fountoulakis et al., 2005), indicating desmin may protect against fibrosis.
Peroxiredoxin and kallikrein also have been shown to have protective effects against fibrosis
(Agata et al., 2002; Matsushima et al., 2006), which is consistent with their reported
protective effects against hypertrophy.

4.5 Diastolic Dysfunction
Diastolic dysfunction is a hallmark of aging in the human heart, occurs independently of
disease, but may contribute to the increased incidence of congestive heart failure in the
elderly (Lakatta, 1993). Diastolic dysfunction occurs in the FBN rat model of aging as well
(Brenner et al., 2001; Hacker et al., 2006; Walker et al., 2006; Wanagat et al., 2002). We
identified two proteins with possible roles in diastolic dysfunction, both of which increased
in abundance in stepwise fashion from 4 to 34 months: myosin regulatory light chain 2
(MLC-2) and parvalbumin. It has been reported that MLC-2 overexpression causes diastolic
dysfunction (Palermo et al., 1995; Swynghedauw, 1996), thus the upregulation of MLC-2
we observed may play some role in impairing relaxation with age. The upregulation of
parvalbumin, however, is most likely adaptive to diastolic dysfunction. It has been reported
that parvalbumin gene transfer into the myocardium improves diastolic dysfunction in
senescent FBN myocytes (Huq et al., 2004). Reuptake of Ca2+ into the sarcoplasmic
reticulum (SR) is one of the major determinants of the rate of relaxation in the heart, and it
has been reported that aging is accompanied by a prolonged increase in intracytosolic Ca2+

after depolarization which prolongs relaxation (Muscari et al., 1992). Parvalbumin is a
calcium binding protein that can function as a Ca2+ sink to facilitate myocardial relaxation
(Schmidt et al., 2005). To our knowledge, this is the first report of parvalbumin and MLC-2
upregulation in the heart with aging.

4.6 Nitration
Increases in oxidative stress are associated with an age dependent decline in function of the
heart (Sohal, 2002) and have been implicated as a cause of aging (Golden et al., 2002;
Sohal, 2002; Sohal and Weindruch, 1996). Tyrosine nitration is a biomarker of oxidative
stress, increases in certain cardiac proteins with age (Kanski et al., 2005), and is known to
cause protein dysfunction (Beckman, 1996). We confirmed a previously observed increase
in the number of proteins modified with age (Fig. 6B); however, this trend appeared more
abrupt with most of the changes occurring at 24 and 34 months rather than a gradual
increase as seen in the differential expression data (Fig. 2B). This disconnect indicates that
nitration may not be the oxidative stress signal that is potentially triggering differential
expression. It is possible that protein nitration does not reflect total protein oxidation, which
is expected to increase in a gradual manner.

We identified 17 nitrated myocardial proteins, 7 of which exhibited a significant increase in
nitration, or nitrosylation, with aging (ANOVA) indicated by upward arrows in Table 2;
however it should be noted that a higher degree of certainty awaits confirmation of both
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identity and post-translational modification of specific peptides by tandem mass
spectrometry. We observed that nitration of dismutase, a protein that destroys oxygen
radicals produced within the cells, increases at 24 and 34 months (Figure 7). Manganese
superoxide dismutase (mnSOD) has been found to be nitrated with age (Kanski et al., 2005)
and a single tyrosine residue in the active catalytic sites of mnSOD can inactivate it
(MacMillan-Crow et al., 1998; Xu et al., 2006). We also observed an increase in nitration of
heat shock protein 70 (HSP70). It has been shown that removing HSP70 might induce
cardiac dysfunction and hypertrophy (Kim et al., 2006), thus nitration related HSP70
dysfunction may partially explain age related myocardial dysfunction.

5 Final Remarks
Our results show that differential protein expression increased progressively with aging.
This progressive trend was observed not only on a group basis but, with few exceptions, in
individual proteins as well. The results of this investigation reveal an adaptive or
compensatory response to aging at the protein level. Of those identified altered proteins with
known functions in apoptosis, fibrosis, hypertrophy, and diastolic dysfunction, 68% have
properties that would compensate rather than mediate dysfunction. Rather than serving as an
explanation as to why the aging animals have compromised cardiac function and increased
senescence, the data seem to account for their longevity. Animals without these proteomic
characteristics may not have survived as long. In fact, the 36 month mean survival age of the
FBN rat is longer than most other rat strains, and they have been described as having fewer
age-related pathologies (Lipman et al., 1996). Differential nitrosylation also increased with
age, a corroboration of previous studies with similar findings. The trend we observed was
abrupt as opposed to progressive, indicating nitration may not be the causal factor behind the
increase in differential expression. Future work must confirm some of the most prominent
age-related changes in protein expression, using Western bloting, immunohistochemistry,
and definitive tandem mass spectrometric-based protein identification. In conclusion,
proteomic analysis continues to be an extremely useful approach for characterizing changes
in protein levels during aging, generating new hypotheses regarding mechanisms that might
govern aging, and discovering potential therapeutic targets to mitigate aging-related
myocardial dysfunction.
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Figure 1.
Detection of differential protein expression. Shown is a representative Coomassie stained
2D gel of ventricular myocardial proteins. The gel was calibrated for isoelectric point (pI) in
the first dimension (X-axis) and molecular weight (kDa) in the second dimension (Y-axis).
Individual bars in each graph represent mean spot abundance per group which are 4, 12, 24,
and 34 months from left to right. The overall mean spot abundance is listed to the right
(PPM) and the spot’s SSP number is listed below each graph.
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Figure 2.
Analysis of differential protein expression. A) Venn diagram illustrating the number of
differentially expressed protein spots in each age group compared to control (p ≤ 0.05) using
Student’s T-test as a preliminary statistical analysis. The totals in each group are listed in
parentheses after the two group comparison label while the numbers of individual
components are listed separately. B) Histogram where each bar represents the total number
of differentially expressed protein spots per two group comparison and the percent that are
either up- or down-regulated. The linear regression trend line with respective R2 and p-value
illustrates the correlation of differential expression and aging.
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Figure 3.
Relative quantitation of differential protein expression. Bar graphs were generated in
PDQuest for the differentially expressed proteins listed in Table 1 (ANOVA). The SSP
numbers correspond to the protein ID listed in Table 1. Each bar represents the relative
mean abundance for one group, which are represented as follows: 4, 12, 24, and 34 months
from left to right. The overall mean spot abundance is listed to the right (PPM) and the
spot’s unique SSP number is listed below each graph.
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Figure 4.
Ontological analysis of cellular processes. A) Percent of up- or down-regulated proteins
belonging to particular categories of cellular processes. B) Percent of up-regulated proteins
in 12-, 24-, or 34-month-old comparisons belonging to particular categories of cellular
processes. * highlights result expected for aging heart (see Discussion section for further
explanation).
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Figure 5.
Detection of protein nitration. Representative Western blots from all four groups, 4,12, 24,
and 34 months, are shown from rat ventricular myocardium 2D gels that were probed with
an anti-3-nitrotyrosine primary antibody. Indicated by arrows are the isoelectric point (pI) in
the first dimension (X-axis) and molecular weight (kDa) in the second dimension (Y-axis).
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Figure 6.
Analysis of protein nitration. A) Venn diagram illustrating the number of differentially
expressed nitrated proteins in each age group compared to control (p ≤ 0.05) using Student’s
T-test as a preliminary statistical analysis. The totals in each group are listed in parentheses
after the two group comparison label while the numbers of individual components are listed
separately. B) Histogram where each bar represents the total number of differentially
expressed proteins per two groups illustrating the relationship between aging and nitration in
these animals.
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Figure 7.
Relative quantitation of dismutase nitration. Mean nitration intensity, as measured by
PDQuest™ following immunoblot, of dismutase increases significantly in 24 and 34 month
old FBN rat hearts compared to 4 and 12 month old rats (1-way ANOVA). * denotes a
significant increase from 4 months; # denotes a significant increase from 12 months. Shown
below each bar is an enlarged view of a representative immunoblot dismutase protein spot
for each group.
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