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Oxidative alternations in rat heart homogenate and mitochondria 
during ageing
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Abstract. Our understanding of the role played by reactive oxygen and nitrogen species in disease 
pathology and ageing is still insufficient. Reactive oxygen species and reactive nitrogen species can 
initiate protein and lipid oxidative damage that may be the most important contribution to ageing 
and age-related heart diseases. In the present study, we investigated the effect of ageing on oxida-
tive damage of protein amino acid residues and lipids in heart homogenate and mitochondria of 
4- and 26-month-old Wistar rats. Levels of dityrosine and levels of lysine conjugates increased in 
heart homogenate during ageing, although levels of conjugated dienes did not change. We observed 
significantly oxidative modification of tryptophan in heart mitochondria and increased levels of 
dityrosine with advancing age. However, levels of lysine conjugates, conjugated dienes as well as 
relative level of cytochrome c oxidase were unchanged in heart mitochondria during ageing. The 
results of this study suggest a different mechanism of oxidative modification in heart compartments 
during ageing and moreover, mitochondria and other cellular compartments are targets for oxida-
tive modifications.
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Introduction

Ageing is characterised by a progressive deterioration in 
physiological and metabolic processes. Ageing is an ex-
tremely complex, multifactorial process and numerous 
ageing theories have been proposed. During the past few 
years, the theories of Free Radical/Oxidative Stress theory 
of ageing and reactive oxygen and nitrogen species (ROS/
RNS) have achieved increasing interest in experimental and 
clinical medicine.

The heart, an organ which has post-mitotic cells and one 
of the highest oxygen consumption rates in the body, has 
a slow turnover of antioxidant enzymes and is therefore 
highly susceptible to ROS/RNS. Ageing is associated with 
numerous molecular, ionic, biophysical and biochemical 
changes in the heart (Lakatta and Sollott 2002). Organ-
isms are constantly exposed to many different forms of 

ROS/RNS that damage biomolecules, leading to the loss 
of biological function. For many years, the focus has been 
on lipid oxidation as a main result of ROS/RNS damage. 
Lipid peroxidation is a degenerative process that inter-
feres with cell membranes under conditions of oxidative 
stress (Girotti 1998; Halliwell and Guteridge 1999). Lipid 
peroxidation products, such as unsaturated aldehydes, 
malondialdehyde, and 4-hydroxy-2-nonenal are cytotoxic 
and mutagenic (Dhalla et al. 2000) and can cause other 
oxidative damage to proteins. Presently, proteins are rec-
ognized as one of the most important targets of oxidative 
damage not just because they play elementary roles in 
organisms. Proteins can go through many covalent changes 
after exposing to oxidants (Halliwell and Guteridge 1999; 
Levine and Stadtman 2001). Protein modifications, elic-
ited by the direct oxidative attack on Lys, Arg, Pro or Thr, 
by secondary reaction of Cys, His or Lys residues with 
reactive carbonyl compounds, can lead to the formation 
of protein carbonyl derivatives (Dalle-Donne et al. 2003) 
which cause numerous changes in protein structure and as 
a consequence, it is difficult to find easy-to-measure and 
representative parameters.
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Dysfunction in the mitochondrial respiratory chain 
can lead to initiation and worsening of cardiac failure. It 
assumes that mitochondria are considerably participating 
at oxidative damage during ageing as well as in the process 
of ageing because they are a place of free radical creation 
(Harman 1972; Lee and Wei 2001). The mitochondria 
releases H2O2 to the cytosol, and the general level of oxida-
tive stress in the cell will depend on the balance between 
H2O2 generation and its elimination by cellular antioxi-
dants (Davies et al. 2001). The ageing process in mitochon-
dria can lead to the release of a higher amount of ROS, 
higher mitochondrial and cytosol damage (Lee and Wei 
2001) and lower mitochondrial source of low-molecular 
antioxidants (Hernanz et al. 2000). Furthermore, previous 
studies in our laboratory performed on rat brain showed 
mitochondria protein oxidative damage (Babusikova et 
al. 2007). There are inconsistent results about the effect of 
ROS/RNS and ageing on mitochondria enzymatic activities 
(Miró et al. 2000; Choksi et al. 2004; Navarro and Boveris 
2004, 2007) and therefore it is difficult to gauge the nature 
of the functional changes to mitochondria and the link 
between oxidative damage and metabolic dysfunction is 
still unclear.

Our aim was to investigate changes in the levels of dity-
rosine, tryptophan and the level of cytochrome c oxidase. 
We also studied 1-anilino-8-naphthalenesulfonate (ANS) 
fluorescence, levels of lysine conjugates with lipid peroxi-
dation (LPO) products and conjugated dienes in the heart 
homogenate and mitochondria aged rats.

Materials and Methods

Animals

Male Wistar rats supplied by Institute of Experimental 
Pharmacology, Slovak Academy of Sciences (Dobrá Voda, 
Slovakia) were divided into two groups according to age, 
4-month-old and 26-month-old. The animals were allowed 
free access to food and water, and were maintained in an 
air-conditioned room. Experiments were approved by the 
Ethics Committee of the Jessenius Faculty of Medicine 
in Martin (Slovakia), as well as by the rules issued by the 
State Veterinary and Alimentary Administration of the 
Slovakia.

Preparation of tissue samples

The rats were decapitated and hearts were excised. Hearts 
were washed, minced and homogenized in 10 vol. of 
30 mmol/l KH2PO4, 5 mmol/l EDTA, 0.3 mol/l sucrose, 
0.5 mmol/l ditiothreitol, 0.3 mmol/l phenylmethylsulfonyl 
fluoride, 1 μmol/l leupeptine, 1 μmol/l pepstatine (pH 7.0) 

with a Ultra-Turrax T 25 homogenizer (three times for 10 s; 
20,500 rpm).

Mitochondria were prepared from tissue homogenate by 
differential centrifugation. The supernatant from homoge-
nate centrifugation (3200 rpm for 10 min) was centrifuged 
at 15,100 rpm for 35 min. The pellet was suspended in 30 
mmol/l imidazole, 60 mmol/l KCl, 2 mmol/l MgCl2 (pH 7.0). 
All isolation steps were performed at 4°C.

Protein assay was performed by method of Lowry et al. 
(1951), using a bovine serum albumin as a standard.

Fluorescence measurements

Fluorescence measurements were performed in solution 
containing 50 μg proteins per milliliter, 10 mmol/l HEPES, 
100 mmol/l KCl (pH 7.0) at 25°C using Shimadzu RF 
540 spectroflourimeter. Fluorescence spectrums were 
measured as previously (Babusikova et al. 2004). For 
tryptophan, fluorescence were measured at emission 
spectra (from 300 to 450 nm) by excitation at 295 nm 
(2 nm slit width). Emission spectra of dityrosine were 
recorded in range 380 to 440 nm at excitation wave-
length 325 nm. Emission spectra (from 425 to 480 nm) 
of lysine conjugates with LPO products were recovered 
at an excitation of 365 nm. Excitation spectra (from 325 
to 380 nm) were measured at 440 nm. ANS fluorescence 
was measured following 15 min incubation of the probe 
with heart homogenate as well as mitochondria. The 
excitation and emission wavelengths were 365 and 480 
nm, respectively.

Measurement of conjugated dienes and TBARS

Conjugated diene formation was determined from the 
absorbance ratio A233nm/A215nm of heart homogenate and 
mitochondria dispensed in concentration 20 μg/ml protein 
in solution with 10 mmol/l phosphate buffer containing 1% 
Lubrol (Braughler et al. 1986; Klein 1970).

Determination of thiobarbituric acid-reactive substances 
(TBARS) formation was performed according to Das (1994). 
TBARS concentration was determined from the absorbance 
at 532 nm.

Western blot analysis

The protein homogenates were solubilized in 0.5 mol/l Tris-
HCl, pH 6.8, 10% glycerol, 5% SDS, 5% 2-β-mercaptoethanol, 
and 0.5% bromphenol blue. Equal amounts of protein from 
each sample (20 μg protein/lane) were subjected to SDS-
PAGE with the use of 8 and 15% gels. After electrophoresis, 
proteins were transferred to nitrocellulose membrane blots. 
Blots were blocked in 5% top nonfat milk in TBST buffer 
(tris buffered saline with addition of 0.05% of Tween 20) for 



117Oxidative alternations during ageing

1 h at room temperature. The blots were incubated 90 min 
in primary antibodies to cytochrome c oxidase (Molecular 
Probes, 1 : 1000) diluted in antibody buffer (5% nonfat milk 
diluted in TBST). The blots were then washed in TBST and 
incubated in secondary antibody solution for 90 min at room 
temperature. The blots were washed in TBST, incubated in 
chemiluminescent substrate (Pierce) for 3 min and exposed 
to film. The bands corresponding to particular protein 
were visualized and quantified by the Molecular Imager 
(Bio-Rad).

Data analysis

The results are presented as mean ± S.E.M. One-way analysis 
of variance was first carried out to test for the differences 
between groups. Between individual groups comparisons 
were made using an unpaired Student’s t-test. A value of p < 
0.05, p < 0.01, p < 0.001 were considered to be statistically 
significant.

Results

Weights of 4-month-old and 26-month-old Wistar rats were 
348.75 ± 10.28 g and 407.5 ± 20.54 g (p < 0.05).

Oxidative modification in heart homogenate

During ageing we observed oxidative damage in rat heart 
homogenate. Fig. 1 shows changes in intensity of intrin-
sic tryptophan and dityrosine fluorescence. Tryptophan 
fluorescence of 26-month-old rats was not significantly 
changed compared with the 4-month-old rats (p > 0.05). 
Levels of dityrosine increased significantly with ageing 
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Figure 1. Effect of ageing on fluorescence intensity of tryptophan 
and dityrosine in rat heart homogenate. The results are expressed 
as means ± S.E.M. of 5 experiments. ** p < 0.01, significantly dif-
ferent as compared to 4 month-old animals; � 4-month-old rats, 
� 26-month-old rats.

Figure 2. A. Effect of ageing on fluorescence emission and excita-
tion of conjugates of lysine with lipid peroxidation (LPO) products 
in rat heart homogenate. B. Excitation fluorescence spectrum of 
conjugates of lysine with LPO products in rat heart homogenate. 
The results are expressed as means ± S.E.M. of 5 experiments. 
Lysem, emission of conjugates of lysine with lipid peroxidation 
products; Lysex, excitation of conjugates of lysine with lipid 
peroxidation products; ** p < 0.01, *** p < 0.001, significantly 
different as compared to 4 month-old animals; � 4-month-old 
rats, � 26-month-old rats.

A

B

(+37.21 ± 7.4%; p < 0.001). In order to assess modifica-
tion of homogenate proteins by LPO-end products, the 
fluorescence excitation (350–360 nm) and emission 
(440–450 nm) spectra were measured. Fluorescence of 
lysine conjugates with LPO products were increased with 
age (+14.98%, p < 0.001; +12.0%, p < 0.01) (Fig. 2). Sig-
nificant differences were observed in ANS fluorescence 
(+15.23%, p < 0.001) (Fig. 3). Modifications in lipid 
structure were also assayed by measurement of changes in 
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levels of conjugated dienes and TBARS (Tab. 1). Levels of 
conjugated dienes elevated significantly to 114.29 ± 0.7% 
and levels of TBARS were unchanged with advancing age. 
A relative amount of cytochrome c oxidase did not change 
during ageing (Fig. 4).

Oxidative damage in heart mitochondria

In rat brain mitochondria we observed significant changes 
only in the levels of intensity of intrinsic tryptophan (–10%) 
and dityrosine (+12%) fluorescence (Tab. 2). Fluorescence 
of lysine conjugates with LPO-end products did not change 

with advancing age and protein surface hydrophobicity, 
measured by ANS fluorescent probe, did not change as well 
(Tab. 2).

Discussion

Ageing has a powerful effect on increased susceptibil-
ity to cardiovascular diseases even in optimally healthy 
individuals. In this report we investigated the potential 
effect of the ageing process on protein and lipid modifi-
cations in rat heart homogenates and mitochondria. We 
observed protein and lipid oxidative damage in heart 
homogenate and mitochondria with advanced age; how-
ever, heart homogenate was more damaged than heart 
mitochondria (Tab. 3).

Aromatic amino acid residues have been considered the 
main target of oxidants. We measured dityrosine fluores-
cence as a sensitive marker of protein oxidation (Davies 
et al. 1999). Levels of dityrosine were increased in cardiac 
homogenate and in mitochondria; there was a significant 
decreased level of tryptophan. The cross-linking of protein 
tyrosyl residues can be a result of a normal physiological 
process as a result of a pathological response to oxidative 
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Figure 3. Effect of ageing on fluorescence intensity of ANS probe in 
rat heart homogenate. The results are expressed as means ± S.E.M. of 
5 experiments. *** p < 0.001, significantly different as compared to 
4 month-old animals; � 4-month-old rats, � 26-month-old rats.

Figure 4. Representative western blot of cytochrome c oxidase and 
effect of ageing on protein level of cytochrome c oxidase. The results 
are expressed as means ± S.E.M. of 5 experiments. � 4-month-old 
rats, � 26-month-old rats.

Table 1. Effect of ageing on level of conjugated dienes in heart 
homogenate

Age CD
A233/A215

TBARS
(mmol/mg)

4 months  0.35 ± 0.0035 3.93 ± 0.389
26 months  0.40 ± 0.0026*** 3.39 ± 0.078

CD, conjugated dienes, TBARS, thiobarbituric acid-reactive sub-
stances. The results are expressed as means ± S.E.M. of 5 experiments. 
*** p < 0.001, significantly different as compared to 4 month-old 
animals.

Table 2. Effect of ageing on fluorescence intensity in rat heart mitochondria

Age Fluorescence intensity (arbitrary units) CD
Tryptophan Dityrosine Lysem-LPO Lysex-LPO ANS A233/A215

4 months  54.55 ± 0.3  72.86 ± 1.5 31.09 ± 0.3 30.59 ± 0.4 48.34 ± 0.9 0.2594 ± 0.0042
26 months  49.54 ± 0.8***  81.85 ± 1.8** 32.10 ± 0.8 31.90 ± 1.3 50.06 ± 1.7 0.2611 ± 0.0108

CD, conjugated dienes ; Lysem-LPO, emission of conjugates of lysine with lipid peroxidation products; Lysex-LPO, excitation of con-
jugates of lysine with LPO products; ANS, 1-anilino-8-napthalenesulfonate. Values are expressed as means ± S.E.M. of 5 experiments. 
** p < 0.01, *** p < 0.001, significantly different as compared to 4 month-old animals.
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stress and disease. Age-related increase in oxidative damage 
of tyrosine was observed in mouse skeletal muscle and heart 
(Leeuwenburgh et al. 1997) and in rat brain (Babusikova et 
al. 2007). Similar amino acid residues oxidative modifications 
were observed in the heart after in vitro-induced oxidative 
stress (Kaplan et al. 2003; Babusikova et al. 2004) which 
suggest an indirect effect of reactive oxygen during ageing. 
In contrast, in the Davies et al. (2001) study, there were no 
observed age-related alternations (o-, m-tyrosine content) 
in brain, heart or liver. Several factors may account for the 
different results of these studies, including differences in 
animal species and the methods used for detection of protein 
oxidation. We observed also changes in the surface hydro-
phobicity in cardiac homogenate with advanced age by using 
ANS, an anionic probe. Changes in surface hydrophobicity 
are often associated with changes in protein conformation 
which can cause alternation in enzyme activities. Age-re-
lated changes in the surface hydrophobicity could be due to 
oxidation by ROS not only in rat liver (Chao et al. 1997) and 
brain (Babusikova et al. 2007) but also in the heart. We did 
not detect changes in mitochondrial ANS fluorescence and 
probably conformational changes occurred in other cardiac 
cellular compartments. We determined oxidative damage in 
heart sarcoplasmic reticulum during ageing (result does not 
show). Statistically significant oxidative lipid damage was 
observed only in heart homogenate, levels of conjugates of 
lysine with products of LPO and conjugated dienes increased 
in 26-month-old rats. There was higher sensitivity to protein 
oxidative damage than to lipid oxidative damage observed by 
Tian et al. (1998) as well. However, there were increased levels 
of proteins carbonyl and TBARS in the submitochondrial 
membranes of brain, heart, liver and kidney in ageing mice 
(Navarro et al. 2004). In contrast, increased accumulation 
of degraded lipid products such as malondialdehyd and 4-

hydroxynonenal in mitochondria membranes were observed 
with advanced age (Esterbauer et al. 1991; Chen and Yu 1994). 
This indicates the possibility that the decline of enzymatic 
activities is rather connected with the accumulation of pro-
tein damage during ageing. The results of our study indicate 
age-related accumulation of fluorescent products within the 
heart which supports the idea that protein and oxidative 
modification increases with advanced age.

As a consequence to oxidative damage there is a decrease 
in bioenergetical function of mitochondria in tissues with age 
(Wei et al. 2001). The link between mitochondrial oxidative 
damage and metabolic dysfunction is still unclear. Activities 
of complexes I, II, III, IV and V have been variously shown 
to decline or remain unchanged with age (Sugiyama et al. 
1993; Berrientos et al. 1996; Lenaz et al. 1997; Davies et al. 
2001; Kumaran et al. 2004). Western blot analysis showed 
that ageing is associated with a selectively decreased content 
of complexes I, II and IV in human skeletal muscle, whereas 
complex III was not altered (Boffoli et al. 1994). We did not 
detect changes in amount of cytochrome c oxidase. Due 
to inconsistent results, it is difficult to gauge the nature of 
functional changes to mitochondria. In many enzymatic 
activities there are observed changes during ageing but the 
mechanism of how it occurs is still unclear. Our established 
oxidative damage and accumulation of damaged amino 
acids with age could contribute to the observed changes in 
enzymatic activities. Post-translate mechanism of protein 
oxidative damage can contribute to the increase in oxida-
tive stress and to the physiological damage accumulation 
during ageing. 

In conclusion, results of this study indicate that the 
susceptibility of tissues to undergo protein oxidative dam-
age increases with age. This shows that protein oxidative 
modification is in a reciprocal relation to the ageing of an 
organism and its cells which may be sensitive to various 
degrees to increasing oxidative stress.
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