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Abstract. Cardiovascular diseases are known to manifest
different clinical symptoms in men and women. Basically this
is due to gender-specific genotypes and sexual hormones. We
studied gender specificity on the protein expression level in
the mouse and human heart, with particular emphasis on the
age-dependency of sex-specific protein expression. We first
studied the heart proteome in female and male mice at 14 and
100 weeks of age using two-dimensional electrophoresis and
mass spectrometry. Protein pattern comparison in young and
old mice revealed 7 and 22 protein spots with sex-related
expression profiles, respectively. Four proteins co-changed in
both age groups. The variant protein spots were identified
and revealed 10 distinct proteins and several isoforms thereof:
α1-antitrypsin (3 isoforms), apolipoprotein A2 (2 isoforms),
apolipoprotein A4 (3 isoforms), apolipoprotein E, apolipoprotein J (3 isoforms), carbonic anhydrase 2 (6 isoforms),
desmin, nitrilase 1, peroxiredoxin 2 and Rho GDP dissociation
inhibitor α (2 isoforms). More sex-related proteins were
detected in old than in young mice. Through 2DE protein
pattern and immunoblot comparisons, six of the variant
proteins detected in mice were also observed to change in an
age- and sex-dependent manner in the human heart. The age
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and/or gender-related proteins and species differences in this
regard are discussed in terms of cardiovascular disease.
Introduction
Cardiovascular diseases such as coronary heart disease,
arteriosclerosis, myocardial infarction and hypertension show
significant sex- and age-dependency (1-4). In general, women
develop cardiovascular diseases 10-15 years later than men
(1,5,6). For example, the probability for development of
arteriosclerosis significantly increases with aging in both
genders (1). However, because arteriosclerosis starts earlier
in men, the number of diseased men in their 50s is higher
than that of women. Women and men also differ in cardiac
remodelling with aging. Myocyte apoptosis and replacement
fibrosis are more pronounced in aging male than in aging
female hearts (5,7,8). Furthermore, adaptation to mechanical
load is better in females than in males, as has been shown in
studies of myocardial hypertrophy under the condition of
aortic stenosis (4,9). Based on observations like these, it is
well established that age and sex fundamentally influence the
development of cardiovascular diseases. The expression of
genes located on sex chromosomes and sexual hormones,
such as estrogens and androgens, may explain sex-specific
differences in disease phenotypes. However, in many ways the
cellular and molecular mechanisms behind these differences
remain elusive.
Proteomics is a fundamental approach in studying
correlations between the molecular phenotypes of cells and
the clinical phenotypes of organs. This technique has been
successfully applied in elucidating the pathomechanisms
behind cardiovascular disease (10-12). Using the mouse as a
model organism, we studied the dependence of heart protein
expression on age and sex under physiological conditions by
two-dimensional electrophoresis (2DE) and mass spectrometry
(13). Our goal was to identify proteins that are age- and
sex-specifically expressed in the heart. For this purpose, a
comparative study of female and male heart samples from
C57BL/6 mice at two very distant age stages (young and old)
was performed. Our large-gel 2DE technique allowed us to
resolve over 3800 proteins (including protein isoforms) of the
heart in a single 2D gel and offered a uniform and reproducible
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platform to investigate to what extent the difference in age
and sex modifies protein expression. We investigated the
proteins found to be expressed sex-dependently in the mouse
also in the human heart. Our results offer a solid basis for the
investigation of the role of gender- and age-related proteins
in heart diseases.
Materials and methods
Animals and human tissues. The animal experiment protocol
used in this study was approved by the ethics committee of
Charité University of Medicine Berlin, according to the
German Animal Protection Laws (TSchG). C57BL/6 mice were
acquired from Charles River Germany (Sulzfeld, Germany).
We used heart tissue from three mice in each of the following
four groups: young females of 14 weeks of age, old females
of 100 weeks of age, young males of 14 weeks of age, and
old males of 100 weeks of age. Whole hearts were surgically
extracted from the mouse thorax after swift decapitation. The
heart was excised at the left ventricle and washed thoroughly
with physiological salt solution to remove the blood completely.
Subsequently the hearts were shock frozen in liquid nitrogen
and stored at -80˚C until the protein extraction procedure.
The investigation of human tissue conforms to the principles
outlined in the Declaration of Helsinki. All patients gave written
informed consent. Human left ventricular myocardial tissue
was obtained from heart biopsies of 51- to 57-year-old women
(n=6) and 55- to 64-year-old men (n=6). Idiopathic dilated
cardiomyopathy was diagnosed by echocardiography. Biopsy
material from subjects with significant hypertension or coronary
artery disease, valvular, inflammatory, metabolic or congenital
heart diseases, as established by cardiac catheterization, angiography and myocardial biopsy, was excluded.
Sample preparation for two-dimensional electrophoresis. Heart
total protein extracts for two-dimensional gel electrophoresis
were prepared as described previously (13). Briefly, whole
mouse heart or ~100 mg of heart biopsy was ground in a
mortar placed in a liquid nitrogen bath after adding the
following: 2.2 parts (v/w) of 50 mM Tris buffer (pH 7.5)
containing 50 mM KCl, 20% (v/v) glycerol, 4% (w/v) 3-[(3cholamidopropyl) dimethyl-ammonio]-1-propane sulfonate
(CHAPS) and a protease inhibitor cocktail (Complete™, used
according to the manufacturer's instructions, Roche Applied
Science, Mannheim, Germany). Finally, a number of glass
beads (2.5±0.05-mm diameter, Wolf Glaskugeln GmbH,
Mainz, Germany) equivalent to 0.034 times the sample weight
were added to the mixture and sonification was performed
twelve times (15 sec each) in a water bath at 0˚C. The resulting
homogenate was stirred for 30 min at 4˚C in the presence
of 0.025 parts (v/v) DNase (Merck, Darmstadt, Germany).
Subsequently, 6.5 mol/l urea and 2 mol/l thiourea were added
to the sample. After dissolving, 0.01 parts (v/w) 70 mM DTT
and 0.01 parts (v/w) ampholyte mixture (Servalyte 2-4,
Serva, Heidelberg, Germany) were added and the homogenates
were stirred for another 30 min at room temperature. The
samples were stored at -80˚C or analyzed immediately.
Large-gel two-dimensional electrophoresis and evaluation of
protein patterns. Proteins were separated by large-gel two-

dimensional electrophoresis (2DE) as described previously
(13,14). The gel format was 40 cm (isoelectric focusing) x
30 cm x 0.75 mm (SDS-PAGE). Capillary tube gels for
isoelectric focussing were prepared with a special mixture of
carrier ampholytes covering a pH range of 3.5 to 9.5. Protein
(90 μg per sample) was applied to each 2DE run. Visualization
of protein spots was achieved using a highly sensitive silver
staining procedure (13). Protein patterns were evaluated
visually on a light box (Biotec-Fischer, Reiskirchen, Germany)
and quantified digitally using the Proteomweaver imaging
software (version 2.1, Definiens, Munich, Germany).
Corresponding protein spots in different 2DE-gels were
compared for their spot intensity and spot position. Only
clearly visible differences of protein spots consistent across
all three mice of a group (either male vs. female or 14 vs.
100 weeks) were included in further evaluations. For spot
quantification, spot volumes were calculated by a built-in
feature of the software. Subsequently, spot information was
extracted from Proteinweaver. Spot intensities were normalized
by calculating the relative intensity, which was defined as
percentage of the total spot volume to its parent gel. Finally,
data on differentially expressed proteins were subjected to
statistical analysis to determine the significance of groupto-group difference (unpaired Student's t-test). Differences
were considered to be statistically significant when p<0.05.
The standard error of mean (mean ± SEM) of relative spot
intensities is reported.
Protein identification using mass spectrometry. Mouse heart
protein (300 μg) was used for protein identification as described
previously (15). Briefly, proteins were electro-separated by
2DE and visualized using mass spectrometry-compatible
silver staining (16). Protein spots of interest were excised
from the 2DE-gel and in-gel trypsin digestion was performed.
Tryptic fragments were analyzed either by Matrix-assisted
laser desorption ionization-Time of flight mass spectrometry
(MALDI-TOF, Bruker Reflex IV, Bruker, Bremen, Germany)
or ESI-MS/MS (Deca XP ion trap MS, Thermo Electron
Corporation, Karlsruhe, Germany). The mass spectra were
analyzed using Mascot (www.matrixscience.com) or Sequest
(version 3.1, www.field.scripps.edu/sequest). For peptide
mass fingerprinting (NCBInr, mammalian species, www.ncbi.
nlm.nih.gov/), the following stringent criteria were applied:
Probability based Mowse Score >36 (p<0.05) for ESI-MS/MS;
Mowse scores >61 (p<0.05), with at least three matched
peptides and sequence coverage of ≥30% for MALDI-TOF
MS.
Western blot analyses. Western blot analyses were performed
to validate the differential expression of proteins that were
detected by 2D-electrophoresis technique, as well as to map
the observations obtained in the mouse model on human
heart tissue. For this purpose, equal amounts (20 μg) of protein
extract were electro-separated with a 15% SDS-PAGE and
transferred to a PVDF-membrane (Millipore, Bedford, MA,
USA) using the Trans-Blot® SD semi-dry electrophoretic
transfer cell (100 mA, 150 min, Bio-Rad, München, Germany).
The membranes were subsequently blocked overnight at 4˚C
with 5% skim dry milk solution in TBST buffer (containing
0.1% Tween-20) under mild agitation. The following seven
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Table I. Proteins that were differently expressed in female
and male mouse heart tissue at two distinct ages.
–––––––––––––––––––––––––––––––––––––––––––––––––
Young female vs.
young male
(14 weeks old)

Old female vs.
old male
(100 weeks old)

–––––––––––––––––––––––––––––––––––––––––––––––––
Up-regulated
in males

α1-antitrypsin

Down-regulated
in males

Total

α1-antitrypsin (3 isoforms)
Apolipoprotein J (3 isoforms)
Apolipoprotein A4 (3 isoforms)
Apolipoprotein E
Apolipoprotein A2 (2 isoforms)

(3 isoforms)
1 protein spot
(not identified)

Peroxiredoxin 2
Desmin
Nitrilase 1

Peroxiredoxin 2
P-RhoGDI 1 (2 isoforms)
Carbonic anhydrase (6 isoforms)
1 protein (not identified)

7 proteins including
isoforms

22 proteins including isoforms

–––––––––––––––––––––––––––––––––––––––––––––––––

antibodies were employed to analyze both mouse and human
samples: rabbit anti-human peroxiredoxin 2 (1:400, Lab
Frontier, Fukushima, Japan), rabbit anti-human carbonic
anhydrase 2 (1:200, Santa Cruz, Heidelberg, Germany), rabbit
anti-mouse apolipoprotein E (1:400, Biozol, Eching, Germany),
monoclonal mouse anti-human apolipoprotein J (1:400, Biozol,
Eching, Germany), rabbit anti-human p-RhoGDI (1:200,
Santa Cruz), chicken anti-human α 1-antitrypsin (1:400,
Biozol) and monoclonal mouse anti-human desmin (1:200,
Santa Cruz). All these antibodies have been proven to react
adequately against antigens of both mouse and human origin.
For chemical luminescence protein detection (ECL Western
blotting detection system, GE healthcare, Solingen, Germany),
appropriate horseradish peroxidase-conjugated secondary
antibodies were applied. These included goat anti-rabbit IgG
(1:10000, GE healthcare), sheep anti-mouse IgG (1:10000,
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GE healthcare) and rabbit anti-chicken IgG (1:1000, Dianova,
Hamburg, Germany). Three repeats were carried out for each
Western blot experiment. For carbonic anhydrase 2, Western
blot analysis was additionally carried out on 2DE gels to
investigate differences in protein isoforms. Relative protein
expression data were obtained through the quantification of
protein band intensities (ImageQuant TL, GE healthcare).
Results
The heart proteome of female and male C57BL/6 mice of
two distinct age groups (14 and 100 weeks) was analyzed by
large-gel two-dimensional electrophoresis to detect differently
expressed proteins between mice of different age and/or gender.
Highly reproducible protein patterns were achieved by using
protocols standardized in all details in our laboratory. In the
silver-stained 2DE patterns of mouse heart, we detected over
3100 protein spots by visual evaluation. Approximately 3800
spots were detected reproducibly using imaging software
(Proteomweaver). The comparison of mouse heart 2DE
patterns of young females vs. young males revealed seven
differentially expressed protein spots. Among them, four
protein spots were increased and three decreased in their
expression in males compared to females (Table I). Out of
these seven protein spots, six were identified and found to be
four distinct proteins. In old mice, 22 protein spots showed
sex-dependent expression (Table I). Regarding females, twelve
protein spots were increased and ten decreased in their
expression level in the comparison with males. Out of these
22 protein spots, 21 were identified and found to be eight
different proteins (Table I). The expression ratios of these
variant proteins (male vs. female) are summarized in Table II
and Fig. 3. Two distinct proteins showed sex-specific alteration
in young as well as in old mice (α1-antitrypsin and peroxiredoxin 2). In the following, mouse heart protein expression
changes are described in groups according to their expression
behavior at different ages.

Table II. An overview of age- and gender-specific proteins in heart tissues of C57BL/6 mice.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Protein

Number of

Gene bank

Molecular

isoforms

ID

weight (kD)

pI

Mowse
score

Protein expression levela
–––––––––––––––––––––––––––––––––––––––––––––––
matched peptides 14W Male 14W Female 100W Male 100W Female
Number of

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Desmin

1

1352241

53

5.21

380

44

Nitrilase 1

1

18204913

36

8.21

132

17

P-RhoGDI 1

2

31982030

23

4.6

143

16

Carbonic anhydrase 2

6

31981657

29

5.1

133

18

1.047±0.062 1.832±0.089 1.069±0.086
ND

0.612±0.081 0.324±0.074

1.193±0.033 1.114±0.087
ND

ND

1.089±0.045
0.345±0.078

0.94±0.039

1.238±0.040

ND

3.196±0.714

Apolipoprotein J

3

729152

52

5.12

280

5

ND

ND

0.47±0.151

ND

Apolipoprotein A2

2

109574

11

5.2

213

4

ND

ND

1.514±0.337

ND

Apolipoprotein E

1

114041

36

5.19

507

10

ND

ND

0.712±0.029

Apolipoprotein A4

3

191885

45

6.5

275

27

0.143±0.032 0.162±0.034 1.246±0.371

0.575±0.074

α1-antitrypsin

3

1703024 (1-1);

61

4.7

521

8

0.805±0.169 0.232±0.047 0.611±0.085

ND

21

4

144

14

1.027±0.064 1.436±0.080 1.199±0.001

1.808±0.085

ND

15012149 (1-3);
3023213 (1-5)
Peroxiredoxin 2

1

51980699

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
aValues

of protein expression level account for percent intensity of protein spots on the 2DE patterns. ND, not detected; 14W, 14-week-old; 100W, 100-week-old; pI, isoelectric

point.

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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Figure 1. Large-gel two-dimensional electrophoresis of the mouse heart proteome. (a) Representative silver-stained 2DE pattern of the heart proteome (male
C57BL/6 mouse, 100 weeks). pI, isoelectric point. (b) Nine protein spots (arrows), which represent four different apolipoproteins, showed a gender-specific
expression profile in heart tissue of 100-week-old mice. (A) Apolipoprotein J (three isoforms); (B) apolipoprotein A4 (three isoforms); (C) apolipoprotein E;
and (D) apolipoprotein A2 (two isoforms).

Proteins with highest expression in young female mice. Two
proteins demonstrated their highest expression level in the
14-week-old female animals (Table II): desmin (GI: 1352241)
and nitrilase 1 (GI: 18204913). Expression of desmin was also
comparably low in young males, old males and old females
(Fig. 3a). Nitrilase 1 showed only medium expression in old
female and old male animals. The corresponding spot of this
protein was not detectable in 2DE patterns of young males
(Fig. 3b).
Proteins with highest expression in old female mice. Rho
GDP dissociation inhibitor α (P-RhoGDI 1, GI: 31982030) was
characterized by its highest expression level in old females
and lowest expression in old males. Medium expression of
this protein was observed in young male and female animals
(Fig. 3c). Furthermore, a series of six protein spots which
were identified as carbonic anhydrase 2 (CA2, GI: 31981657)
was only present in protein patterns of old female hearts, but
was below the detection limit in males or young females.
Proteins with highest expression in old male mice. A third
group of proteins exhibited their highest expression in old

male hearts. Apolipoprotein J (ApoJ, GI: 729152) was present
only in the old males. This protein was located in the acidic
region of the 2DE pattern as a group of three protein spots
differing in isoelectric point (pI) and molecular weight
(Fig. 1bA). Likewise, apolipoprotein A2 (ApoA2, GI: 109574)
and apolipoprotein E (ApoE, GI: 114041) were visible
exclusively in the aged males. ApoA2 was identified as a
twin spot in the lower molecular weight region of the 2DE
patterns (Fig. 1bD). ApoE presented as a single spot in the
central region of the 2DE-gels (Fig. 1bC). Moreover, a series
of three parallel spots identified as apolipoprotein A4 (ApoA4,
GI: 191885, Fig. 1bB) exhibited their highest expression in old
males, lower expression in old females and lowest expression
in young animals of both sexes (Fig. 3d).
Proteins that showed expression differences between young
and old animals in both genders. The expression levels of
three additional protein spots were up-regulated in young and
old males compared to females of the respective age group,
with stronger sex-related differences in aged animals. At 100
weeks of age, the three spots were down-regulated below the
detection limit in old female mouse hearts (Fig. 3e). These three
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spots present as a pair of double spots that differ predominantly
in molecular weight (Fig. 2, left arrows of each gel section)
and in having a single spot shifted to the more basic side of
them (Fig. 2, right arrow of each gel section). The analysis
with mass spectrometry led to the identification of the double
spots (Fig. 2, left arrows) as a mixture of α1-antitrypsin (AAT)
isoform 1-1 (GI: 1703024) and α1-antitrypsin isoform 1-5
(GI: 3023213). The single spot at the right side was identified
as a further isoform of the same protein, termed α1-antitrypsin
1-3 (GI: 1501249). In addition, a further protein spot identified
as peroxiredoxin 2 (Prdx2, GI: 51980699) had a higher
expression level in female mice than in males of both age
groups. Again, the gender difference was more pronounced
in the aged animals (Fig. 3f).

Figure 2. Sections of 2DE heart protein patterns showing the appearance of
three protein spots (arrows) in young (14-week-old, 14 w) and old (100week-old, 100 w) mice of both genders. (a) The permanence of the three
spots in young and old male mice. (b) The appearance of the three spots
shown in a, but here in female mice. All three protein spots appeared in
young females with lower intensities than in young males. These spots
disappeared in old females completely. The double spot was identified by
mass spectrometry to be a protein mixture of α1-antitrypsin 1-1 and 1-5. The
single spot was α1-antitrypsin 1-3.

Comparison of 2DE pattern between mouse and human heart.
In an attempt to investigate the protein spots that revealed
sex-specific expression in the mouse heart also in human
heart, biopsies from six women and six men of similar ages
(between 50 and 60 years old) were investigated by 2DE as
for the mouse heart samples. The protein patterns of mouse
and human heart were generally similar (Fig. 4). However,
this is mainly due to very characteristic and prominent spots
occurring all over the protein patterns in both mouse and
human heart. Considering the details of these patterns, many
protein spots appear to be unique either for mouse or human
heart due to differences in spot location and appearance. As a
consequence, of all the proteins found to be sex-specifically
expressed in the mouse, only α1-antitrypsin could be projected
to human heart protein patterns based on visual protein
pattern comparison (Fig. 4). In the human heart 2DE pattern,

Figure 3. Bar charts showing expression profiles of murine heart proteins with sex-dependent differences in the two age groups, represented by spot intensity
data (means ± SEM). Each bar denotes a grouping of three mice of the same age and sex. In each diagram, the group(s) marked with asterisks showed a
significant difference compared to other groups in the same diagram (*p<0.05). (a) Desmin, (b) nitrilase 1, (c) P-RhoGDI 1, (d) ApoA4, (e) α1-antitrypsin and
(f) peroxiredoxin 2. 14W, 14 weeks of age; 100W, 100 weeks of age.
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Figure 4. Comparison of 2DE protein patterns of mouse and human heart. 2DE heart protein patterns from mouse and human (male) can be correlated, to a
certain extent, quite well due to characteristic spots and groups of spots which can be recognized immediately in both patterns. This allowed us to detect the
sex-specific mouse α1-antitrypsin spots (a, arrows) also in the human pattern (b). However, the two isoforms of α1-antitrypsin fragments detected in the
human pattern coincidentally by mass spectrometry in a lower region (d, arrows) were not present at that position in the mouse (c).

also identified as human α1-antitrypsin (Fig. 4). The α1antitrypsin spots found in the mouse 2DE pattern clearly
correlate in position with the upper group of spots rather than
with the lower spots of the human α1-antitrypsin. With regard
to sex specificity, this protein showed opposite behavior in
mouse and human heart. In mouse heart, it was drastically
increased in males, but in human heart these protein spots
showed higher expression levels in women (four out of six
cases). This was also true for the two additional isoforms of
antitrypsin in the lower molecular weight area (five out of six
cases) (Fig. 5).

Figure 5. Protein spots of α1-antitrypsin in human male and female heart 2DE
patterns. A chain of protein spots representing human α1-antitrypsin was
detected in the upper part of the protein pattern (a and b). Two additional
spots in the lower part of the 2DE-gel presumably represent fragments of
human α1-antitrypsin (c and d). Gender-specific differences were quite
obvious for spots shown in c and d but less pronounced for the spots shown
in a and b.

α1-antitrypsin occurred as a chain of four spots bearing slight
modifications in isoelectric point and molecular weight. In
addition to this spot chain, two protein spots in a far lower
molecular weight area of human heart 2DE patterns were

Western blot analyses on mouse and human samples.
Immunoblots of four proteins of mouse heart confirmed our
findings obtained by 2DE pattern analysis: compared to old
females, old males had down-regulated peroxiredoxin 2 and
carbonic anhydrase 2 but up-regulated ApoE and ApoJ
(Fig. 6a). The decreased expression of carbonic anhydrase 2
in the old male mouse was additionally confirmed using
Western immunoblotting on the 2DE-gel, where this protein
was resolved into 4 protein isoforms. All of them were downregulated in old males (Fig. 6d). Expression levels of the
other three proteins (p-RhoGDI 1, desmin and α1-antitrypsin)
showed no significant differences between males and females
by Western blot analysis, reflecting the lower sensitivity of
immunoblotting technique compared to 2DE in discriminating
differences in protein levels.
As all antibodies chosen in this study were proven to
react against both mouse and human antigens (see Materials
and methods for details), we employed the same pallet of
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Figure 6. Gender-dependent protein expression ratios (male vs. female) in human and mouse heart tissue, as revealed by Western immunoblotting analyses.
(a) Gender-specific expression patterns of CA2, Prdx2, ApoE and ApoJ observed in the mouse heart 2DE pattern were validated by Western blot analysis.
(b) Gender-dependent protein expression of P-RhoGDI 1 and CA2 was similar in both human and mouse. (c) Three proteins (AAT, desmin and Prdx2)
showed an opposite gender-dependency in human compared to in mouse heart. (d) Gender dependency of mouse carbonic anhydrase 2 was additionally
confirmed by Western blot analysis on 2DE-gels. The expression levels of 4 isoforms of carbonic anhydrase 2 in 100-week-old female mouse heart were >1.7
times the expression levels in male mice of the same age.

antibodies used to test the mouse proteins also for the human
heart samples. Consistent to our finding in mouse heart,
carbonic anhydrase 2 and p-RhoGDI 1 showed sex specificity
in human heart as well (down-regulation in men, Fig. 6b). As
shown in Fig. 6c, desmin, Prdx 2 and α1-antitrypsin also
showed sex specificity in human heart, albeit in the opposite
direction to that in mouse heart (desmin and Prdx2 were upregulated in men, α1-antitrypsin was down-regulated in men).
The expression level of the other two proteins (ApoE and
ApoJ) did not show significant differences between male and
female human heart tissue.
Discussion
The goal of the current study was to characterize the influence
of sex and age on heart protein expression. Due to the scarcity
of human tissue samples, we first employed C57BL/6 mice, a
standard mouse strain that has been proven to be a pertinent
model for studying human heart diseases (17,18). The use of
well-characterized inbred mouse strains reduces the possible
influences of genetic polymorphisms on protein expression
patterns, a problem involved in investigations of human
individuals. Our 2DE analysis of heart tissues of 14- and
100-week-old mice of both genders resulted in the detection
of over 20 protein spots with sex-specific expression profiles
depending to some extent on age. These protein spots were
identified by mass spectrometry as ten distinct proteins.
Findings based on 2DE were confirmed in most cases by
immunoblotting.
Taking into account that approximately 3800 proteins
(including isoforms) were evaluated at two ages, the effect of
sex specificity on protein expression in the heart seems to be

rather small (0.18% of proteins in the young stage and 0.58%
in the old stage). This notion gains even more prominence
when it is considered that four of the proteins bearing age/
gender-specific expression profiles belong to the same protein
family (apolipoproteins). This could imply that gender effects
manifest predominantly via a more subtle protein interaction
network, rather than by distinct protein reactions. As another
general observation, a larger number of proteins showed sex
differences in old heart tissues than in young tissues. The
variant proteins found in the two age groups overlapped in
only two distinct proteins. Apparently, the extent of sexspecific protein expression depends considerably on age.
Therefore, age should be considered as an important factor
when studying gender effects in heart diseases.
Age-independent peroxiredoxin up-regulation in female mice
suggests a better redox-defence in females. In this study, we
observed that peroxiredoxin 2 expression clearly shows sex
specificity. The expression level of peroxiredoxin 2 was higher
in female than in male mouse hearts, independently of age.
Antioxidative capacity is an important protective mechanism
in cardiovascular diseases, particularly in atherosclerosis
(11), which is much more frequent in men than in women
until approximately 70 years old (19-27). Specifically, peroxiredoxin 2 is a negative regulator of platelet-driven growth
factor (PDGF) signalling. Peroxiredoxin 2 deficiency can result
in increased H2O2 production, enhanced activation of PDGF
receptor, and subsequently increased cell proliferation and
migration in the vascular remodelling process (28). The underrepresentation of peroxiredoxin 2 in males suggests a lower
redox regulation capacity in males. The more pronounced early
differences in peroxiredoxin 2 expression may be due to
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additional protective mechanisms contributed by sex hormones
in young females (29).
Over-representation of oxidized apolipoproteins in aged
male heart reflects a greater susceptibility of aged males to
oxidative stress. Comparisons of 2DE protein patterns of
aged female and aged male mice revealed sex specificities
of four different apolipoproteins (ApoJ, ApoA4, ApoE and
ApoA2). Consistent results were also supplied by Western
blot analyses (in mouse, but not in human heart). All of these
apolipoproteins occurred preferentially in aged male, rather
than female, mouse hearts. Interestingly, three of these apolipoproteins occurred as groups of spots differing in isoelectric
points on the 2DE protein pattern. This could indicate posttranslational modification of these apolipoproteins, for instance
by protein oxidation. Under heightened oxidative stress, the
methionine residues of apolipoproteins can be consecutively
oxidized to their respective methionine sulfoxide (30). Such
oxidation would give extra negative charges to the protein,
which result in isoforms bearing a characteristic spot chain
appearance. Several lines of evidence suggest that there is an
increase in the level of reactive oxygen species (ROS) with
aging (31-33). According to our observation of a higher level
of peroxiredoxin in females, the male organism is more
susceptible to ROS in old age than the female organism.
This is in line with previous findings that the level of lipid
oxidation is higher in aged males than females (34-36). A
relation between lipoprotein oxidation and atherosclerosis
has been described previously (37,38). Atherosclerosis is
characterized by the accumulation of both lipoprotein-derived
lipids and inflammatory cells in the affected vascular wall
(30,39,40). The oxidation of lipoproteins is an important
contributor to atherosclerosis and coronary heart disease,
since oxidized lipoproteins can cause serious damage of the
vascular wall (38,41,42). The more advanced apolipoprotein
oxidation in old males is in accordance with the fact that
atherosclerosis affects men more severely than women (29).
Desmin and nitrilase 1 were up-regulated in female mice in
young adulthood. Another two proteins (desmin and nitrilase 1)
showed higher expression in young female hearts, while no
difference was observed in aged animals. Nitrilase 1 could be
involved in hormone metabolism (43). The pathophysiological
role of this protein is still unknown. Desmin is a cytoskeletal
protein of high abundance in cardiomyocytes (44). Recent
evidence suggests that desmin could play an important role
in regulating myogenesis (45). Indeed, a rare desmin-linked
cardiomyopathy exists in humans (46).
A higher level of p-RhoGDI 1 and carbonic anhydrase in old
females could be connected to age-related estrogen loss.
Two other proteins, p-RhoGDI 1 and carbonic anhydrase 2
(CA2) showed increased expression profiles in aged female
human and murine hearts. P-RhoGDI 1 acts as an inhibitor of
the Rho family small G proteins by preventing a return to their
ligand-dependent active form (47,48). RhoGDI 1 is involved
in pathological cardiac hypertrophy (49,50). Recently, Laufs
et al described the suppression of small G protein rac-1 at the
transcriptional level by estrogen (51). An increased expression
of p-RhoGDI 1 in the old female heart reflects the increased

expression level of rac-1 due to the estrogen loss during aging.
This, in turn, could interfere with the signalling pathway in
myocardial hypertrophy.
As a key enzyme responsible for osteoclastic bone
resorption, CA2 and its up-regulation in bone tissue have
been intensively studied in postmenopausal or ovariectomized
animal models (52,53). The similar behavior of this protein
in the heart of aged females could be attributed to estrogen
deficiency. Recently, Alvarez and colleagues suggested a novel
role of carbonic anhydrase in mediating the hypertrophic
response of cardiac myocytes through stimulating the transport
flux of plasma membrane ion exchangers (54). The increase
of CA2 expression in old females could correlate to the gradual
loss of this protective mechanism that has been preventing
cardiomyocyte hypertrophy during the young female life phase.
The expression pattern of α 1-antitrypsin resembles sex
hormone levels. In the present study, we found that α1antitrypsin 1-1, 1-3, and 1-5 showed both age- and sex-specific
expression profiles in the heart tissue of mice. Compared to
males, the cardiac protein levels of all three isoforms of α1antitrypsin were lower in the expression profiles of young
females. At 100 weeks, these protein spots disappeared
completely in the female heart protein pattern, whereas they
were still present in male 2DE patterns. α1-antitrypsin, a
serine proteinase inhibitor (55), is associated with diverse
biological processes including age-dependent processes such
as renal and sperm development, and sex-dependent processes
such as hormone transport and homeostasis (56). Higher
expression of α1-antitrypsin in males than in females has
already been observed in mouse brain (57). Previous studies
have shown that the α 1-antitrypsin 1-5 level is directly
correlated with the testosterone level (58,59) and can be
inhibited by the administration of estrogen (60). Therefore,
the sex- and age-related expression of α1-antitrypsin detected
in our protein patterns is in line with several observations
that have been reported. Unlike humans, who have a single
gene for α1-antitrypsin, Mus domesticus possess multiple
copies of this gene (61). The occurrence of different α1antitrypsin isoforms in the mouse and human protein patterns
may explain their different sex-related behavior. Furthermore,
our observation on this protein may be taken as a hint that
sex- and age-specific expression of proteins could in certain
cases be a matter of protein isoforms rather than of the total
protein.
The relevance of the observation made in the mouse model to
humans. In order to explore to what extent age- and sexspecific heart protein expression found in the mouse can be
applied to humans, we first compared the 2DE patterns of
mouse and human hearts and then used antibodies to investigate
the sex-related proteins found in mice also in humans. Of all
the seven proteins investigated in human tissues samples,
only two (CA2 and p-RhoGDI 1) showed consistent behavior
in humans and mice, whereas three further proteins showed
the opposite expression pattern (Prdx2, AAT and desmin).
These results show the problem that may occur when mouse
results are translated to humans.
In conclusion, our investigation allowed us to detect ten
proteins with age- and sex-specific expression profiles in
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mouse heart tissue. Two of these proteins showed the same
expression behavior in men. Although these protein expression differences were found in healthy organisms, some of
them are known to be involved in the pathomechanisms of
cardiovascular disease. This suggests that the effect of age
and sex on protein expression may play an essential role in
the development of clinical phenotypes of cardiovascular
disease.
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