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Abstract
The hypothesis that life span extension by caloric restriction (CR) is contingent upon the
attenuation of macromolecular oxidative damage was tested in two different strains of mice: the
C57BL/6, whose life span is extended by CR, and the DBA/2, in which CR has relatively minor or
no impact on longevity. Mice were fed ad libitum (AL) or restricted to 40% lesser food, starting at
4 months of age. Protein damage was measured as protein-linked adducts of 4-hydroxy-2-nonenal
(HNE) and malondialdehyde (MDA) in skeletal muscle mitochondria at 6- and 23-months of age.
Protein-HNE and -MDA content increased with age in C57BL/6 mice and CR significantly
attenuated these augmentations. Metalloprotease 1, NADP-dependent mitochondrial malic enzyme
(isoform 2) and citrate synthase were identified by mass spectroscopy to contain HNE/MDA
adducts. DBA/2 mice exhibited little effect of age or CR on protein HNE/MDA content in skeletal
muscle mitochondria. In contrast, protein-HNE levels in liver mitochondria showed a significant
increase with age in AL-fed mice of both strains, and CR caused significant attenuation of this
damage. Overall, results indicated that the age-related increase in protein oxidative damage and its
abatement by CR are genotype- and tissue- specific, and not a universal phenomenon.

Keywords
HNE-protein conjugates; oxidative stress; protein oxidative damage; mitochondrial proteins; food
restriction

1. Introduction
Although numerous hypotheses have been proposed, the nature of the mechanisms causing
age-associated losses in physiological fitness remains unclear. Decrease in the amount of
energy (food) intake, or caloric restriction (CR), has been widely employed to explore the
causality of senescence, partly because of the assumption that the mechanisms by which CR
prolongs life span are essentially similar to those implicated in the normal aging process.
Accordingly, numerous comparisons of the age-related changes have been made between ad
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libitum (AL) fed animals and their cohorts fed a lesser amount of food, conventionally 30 –
40% for mice and rats. In general, results of such comparisons have indicated that the
magnitude of a vast majority of age-related changes, observed in the AL animals, is
attenuated by CR (Ramsey et al., 2000; Masoro, 2005; Sohal and Weindruch, 1996).
Consequently, it has not been possible to unambiguously identify a subset of age-related
alterations that are specifically linked to the longevity-extending effect of CR.

Contrary to the historical assumption that longevity extension by CR is a virtually universal
phenomenon, studies in this and other laboratories have suggested that the CR effect on life
span is genotype-specific. For instance, under the AL feeding regimen, male C57BL/6 and
DBA/2 mice were found to achieve similar life spans; however, gradual imposition of CR by
40%, starting at 4–5 months of age, caused an approximately 25% extension of the life span
in C57BL/6 mice, but the longevity of DBA/2 was unaffected (Forster et al., 2003). Results
of previous studies suggest that CR has either no effect (Fernandes et al., 1976) or a
relatively minor longevity prolongation effect in male DBA/2 mice (Turturro et al., 1999).
More recently, Liao et al. (2009) have reported that among 41 recombinant inbred strains of
mice, 40% CR lengthened the life spans of only 10 strains, whereas, it shortened it in a
majority of the strains. We have previouly advocated that the genotypes, in which life span
is relatively insensensitive to CR, may provide ‘negative controls” for discerninig the effects
of CR that are associated with life span extension from those that relate to CR, but not life
span.

In this context, the main objective of this study was to determine whether the normal aging
process and the extension of life span by CR are, respectively, associated with the accrual
and the attenuation of macromolecular oxidative damage. Indeed, numerous studies in the
literature have indicated that the steady-state concentrations of the products of free radical
attacks on various macromolecules are elevated during aging, and the rate of accumulation
of such damage is lowered by CR (Masoro, 2005; Sohal and Weindruch, 1996).
Nonetheless, studies reporting a CR-induced decrease in oxidative damage were
overwhelmingly conducted in strains of mice or rats that exhibited a robust extension of life
span under CR. Thus it remains unknown whether or not CR lowers the level of oxidative
damage without affecting life span. The resolution of this, as well as the over-arching issue,
namely whether or not oxidative stress/damage is a determinant of life span, is deemed
important in understanding the causality of the aging process, especially in the context of the
recent expressions of skepticism about the validity of the oxidative stress hypothesis of
aging (Buffenstein et al., 2008; Perez et al., 2009; Speakman and Selman, 2011; Van
Raamsdonk and Hekimi, 2010).

Accordingly, a comparison was made between the levels of mitochondrial protein oxidative
damage in C57BL/6 and DBA/2 mice, whose life spans are, respectively, robustly prolonged
or relatively little affected by CR (Fernandes et al., 1976; Forster et al., 2003; Turturro et al.,
1999). Protein oxidative damage was measured as the amounts of lipid peroxidation
products, 4-hydroxy-2-nonenal (HNE) and malondialdehyde (MDA), conjugated with
mitochondrial proteins. Initially, the hind leg skeletal muscles were the main focus of our
studies, but later the scope of the investigation was broadened for the purpose of inter-organ
comparison to include the liver mitochondria. Skeletal muscle mitochondria were selected
because our previous studies on the C57BL/6 mice had indicated that protein and lipid
oxidative damage in such mitochondria increased during aging and that CR attenuated such
damage (Lass et al., 1998), thereby providing a foundation for the feasibility of the present
study. Furthermore, mitochondria are widely regarded as a particularly appropriate model
for studying the association between oxidative damage and aging because they are the
predominant intra-cellular sites of superoxide anion radical and hydrogen peroxide, whose
rates of generation increase during aging (Ferguson et al., 2005; Gruber et al., 2008; Kwong
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and Sohal, 2000; Sastre et al., 2003). The latter is hypothesized to emanate from the
progressive accrual of oxidative damage to mitochondrial proteins (Sohal and Dubey, 1994).
In the current studies, it was hypothesized that if longevity is causally associated with
mitochondrial protein structural damage, the amount of damage should increase with age
and CR should attenuate such a rise to a greater extent in the C57BL/6 than in the DBA/2
mice.

2. Experimental procedures
2.1. Materials

Electrophoretic supplies were procured from BIO-RAD; rabbit anti-HNE (HNE11-S) and
anti-MDA (MDA 11-S) antisera were obtained from Alpha Diagnostic; and ECL Plus
Western Blotting Detection System was from Amersham Biosciences.

2.2. Animals
Studies were conducted in adherance to the Guidelines for the Care and Use of Laboratory
Animals, promlugated by the National Institutes of Health and approved by the University
of Southern California. Thirty nine DBA/2J and 27 C57BL/6J male mice were obtained
from The Jackson Laboratory (Bar Harbor, ME) at 8–9 weeks of age and housed singly
under a 12- h light/dark cycle. Mice were fed NIH-31 diet ad libitum until 14 weeks of age,
after which cohorts were placed gradually under a CR regimen, with a 10% reduction in the
amount of food consumed by the AL fed mice during the first week, 20% in the second
week and 40% in the third week and thereafter. The CR mice were fed a vitamin-fortified
NIH-31 diet to equalize the intake of essential nutrients. The amount of food, consumed by
the AL mice, was monitored throughout the duration of the study in order to maintain the
level of intake by the CR mice at 60% of the AL group. Mice were euthanized at 6 or 23
months of age, i.e., following 2 or 19 months on the 40% CR regimen.

2.3. Preparation of mitochondrial protein
Mice were killed by cervical dislocation and the hind leg skeletal muscles and liver were
removed, weighed and placed in ice-cold antioxidant buffer containing 50 mM potassium
phosphate buffer (pH 7.4), 2 mM EDTA and 0.1 mM butylated hydroxytoluene. Muscle was
minced with razor blades, homogenized in 10 vol of isolation buffer containing 120 mM
KCl, 20 mM HEPES (pH 7.4), 2 mM MgCl2, 1mM EGTA and 0.5 mg/ml BSA, and filtered
through 4 layers of cheesecloth to remove the fat and fibrous tissue (Birch-Machin et al.
1993). The filtrate was centrifuged at 17,000 g for 10 min and the resulting pellet was
resuspended in 10 vol of isolation buffer and centrifuged at 7,000 g for 10 min. The pellet
was re-suspended in 10 vol of a buffer containing 300 mM sucrose, 2 mM HEPES (pH 7.4)
and 0.1 mM EGTA, and centrifuged at 1200 g for 10 min. The pellet was discarded and the
supernatant was centrifuged at 12,000g for 10 min. The resulting mitochondrial pellet was
resuspended in the latter buffer and frozen at −80 °C. Liver was homogenized in a buffer
containing 0.25 M sucrose, 3 mM EDTA, 10 mM Tris buffer, ph 7.4 and centrifuged
according to the procedure described by Lash and Sall (1993). Mitochondrial protein content
was measured using a bicinchoninic acid protein assay kit and BSA as a standard (Pierce,
Rockford, IL, USA).

2.4. Western blot analysis
SDS-PAGE was carried out in 10% separating gels by loading equal amounts of
mitochondrial protein (8 ug) in each well. Proteins were transferred onto membranes at 90 V
for 1 h at 4 °C. The membranes were blocked in 5% non-fat milk in Tris-buffered saline [10
mM Tris-HCl (pH 7.5), 150 mM NaCl] and Tween 20 at 37 °C for 30 min, washed thrice, 5
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min each, with TBST and incubated with primary antibodies overnight at 4 °C. Antibodies
against 4-hydroxy-2-nonenal (HNE) and malondialdehyde (MDA) were diluted 1:5000 in
3% non-fat milk in TBST buffer. After washing, the membranes were incubated with a goat
anti-rabbit IgG antibody, conjugated to horseradish peroxidase (secondary antibody; dilution
1:100000), for 1.5 h at room temperature. Proteins were visualized using an enhanced
chemiluminescence kit. The intensities of immunoreactive bands were quantified by
scanning densitometry and analyzed with Quantity One (Bio-Rad).

2.5 Identification of HNE- and MDA-modified proteins
HNE- and MDA-modified proteins were identified by the procedure described by Yarian et
al. (2005). Briefly, coomassie blue stained protein bands from SDS–PAGE, corresponding
to purified HNE-modified proteins, were excised, destained, reduced with dithiothreitol,
alkylated with iodoacetamide and digested with sequencing-grade trypsin (Promega) at 37
°C overnight. Tryptic digestion products were extracted from the gel with a 5% formic acid/
50% acetonitrile solution and evaporated with SpeedVac (ThermoSavant). The dried tryptic
digest samples were resuspended in 10 µL of 60% formic acid and separated on a
BioBasic-18 100 mm × 0.18 mm reverse phase capillary column (ThermoFinnigan). Mass
analysis was conducted using a ThermoFinnigan LCQ Deca XP Plus ion trap mass
spectrometer, equipped with a nanospray ion source.

2.6 Statistical analysis
The total normalized immunodensities of HNE- and MDA-adducts were considered in
separate 3-way analyses of variance, with Age, Strain and Diet as between groups factors.
Data for individual bands were considered together in a 4-way ANOVA involving the same
factors, with Band as a within-groups factor. In the case of a significant 3-way interaction,
hypothesis-based individual comparisons of AL and CR groups of matching age and strain
were performed, as well as planned comparisons assessing the effect of age and strain for
mice under the AL feeding condition. The 8 comparisons were performed using single
degree-of-freedom F tests involving the error term from the overall analysis. The alpha level
was set at 0.05 for all analyses.

3. Results
3.1. Age- and CR- related changes in amounts of HNE- and MDA- adducts in skeletal
muscle mitochondrial proteins of C57BL/6 and DBA/2 mice

To determine the effects of age, diet, and strain on the pattern of protein expression, aliquots
of skeletal muscle mitochondrial proteins from 6- and 23-month-old, AL- and CR- fed,
C57BL/6 and DBA/2 mice, were separated by SDS–PAGE and stained with Coomassie
blue. Several distinct protein bands of varying densities were clearly discernable in all
groups, however, there were no obvious age-, strain- or diet--associated differences in the
staining densities of specific bands among the different groups, suggesting that the relative
amounts of the major proteins were not notably affected by age, CR, or strain (Figs. 1, 2).
Corresponding sets of aliquots of mitochondrial protein were resolved by SDS-PAGE and
processed for Western analysis, using specific anti-HNE or anti-MDA antibodies. Up to 10
anti-HNE- and 6 anti-MDA- positive protein bands of varying densities could be discerned
in both the 6- and 23-month-old, C57BL/6 and DBA/2 mice (Fig. 1). Comparisons of the
Western blots with the Coomassie-stained gels suggested that the densities of the
immunopositive bands, putatively reflecting the amounts of the HNE- or MDA-adducts,
were independent of the level/abundance of the protein in these bands. For instance, the
relatively high abundance ~ 195 kDa protein band in the Coomassie-stained gel showed
little reactivity with anti-HNE or anti-MDA antibodies in the Western blots, whereas the low
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abundance ~30 kDa band exhibited comparatively strong reactivity with anti-HNE antibody,
but not with anti-MDA antibody (Fig. 1).

The total HNE- or MDA- protein content was quantified as the density of the entire
immunoreactive material, using porin protein as a standard (Fig. 3). In the AL- fed, C57BL/
6 mice, HNE and MDA content was significantly increased (by 15% and 29%, respectively),
during 6 to 23 months of age; however, there was no significant age-related accretion in the
total amount of HNE- or MDA-positive material in the DBA/2 mice. The total amounts of
HNE and MDA adducts at 6 months of age were, respectively, 25% and 14% higher in the
AL fed C57BL/6 than in DBA/2 mice, and 42% higher for both adducts at 23 months of age.
In C57BL/6 mice, CR decreased the total HNE content by 11% at 6 months and 22% at 23
months of age; whereas in the DBA/2 mice, CR had no effect on the total HNE content at 6
months and increased it by 10% at 23 months of age. Caloric restriction had no impact on
total MDA content at 6 months in C57BL/6 mice, but decreased it by 18% at 23 months of
age. In contrast, CR enhanced the total MDA content in DBA/2 mice by 15% at 6 months of
age and 13% at 23 months. The different age-dependent effects of the diet in the two
different strains resulted in a significant Age × Strain × Diet interaction when the
normalized density data for HNE and MDA were considered in 3-way analyses of variance
(ps < 0.025). Thus, the effect of age and CR on HNE- and MDA- adducts in skeletal muscle
differed in the two strains of mice: in the AL-fed C57BL/6 mice, the total levels of the
HNE- and MDA-adducts increased with age and CR virtually prevented these age-related
elevations, whereas, in the DBA/2 mice, age had no effect on HNE or MDA content and CR
tended to increase the HNE and MDA level. Altogether, data suggested that the age-
associated increase in mitochondrial protein oxidative damage, indicated by the levels of
HNE/MDA adducts, is dependent upon the genotype and is not a universally occurring
phenomenon.

3.2. Effect of age and CR on amounts of HNE- and MDA-adducts in specific mitochondrial
protein bands in C57BL/6 and DBA/2 mice

Densities of the individual HNE/MDA immunopositive bands were also monitored
separately in order to determine whether the effects of age, strain or diet occurred uniformly
or differentially. Among the ten HNE-positive protein bands, with MW of ~ 115-, 100-, 95-,
90-, 80-, 75-, 50-, 43-, 35- and 30-kDa, that were discernable at 6 months of age in C57BL/6
mice, only four, with MW of 115-, 80-, 75- and 50-kDa, exhibited an age- and/or CR-related
alteration in immunodensity (Figs. 1, 2). Out of the six MDA-positive bands, with MW of ~
115-, 90-, 80-, 50-, 43-, 35- and 30-kDa, only three, with MW of 115, 80- and 50-kDa,
showed apparent age- or CR-associated variations in signal intensity. It should be noted that
the latter three bands exhibited the presence of both HNE- and MDA-adducts (Figs.1, 2).

In the AL-fed, C57BL/6 mice, normalized immunodensities of HNE-adducts increased
during 6 to 23 months by 38%, 87%, 51%, and 22% respectively, for the 115-, 80-, 75- and
50-kDa bands (Fig. 4). In contrast, during the same period, none of age-related changes in
these bands were significant in the DBA/2 mice. Densities of the 115-, 80- and 50-kDa
HNE-positive bands at 23 months of age were 33–97% higher in the AL-fed, C57BL/6 mice
than in DBA/2 mice. In the C57BL/6 mice, CR resulted in a decrease of 20% in
immunodensity of the 50 kDa HNE-positive band at 6 months of age and, at 23 months, the
immunodensities of the 115-, 80-, and 50-kDa protein bands were, respectively, 20%, 56%,
and 32% lower in the CR compared to the AL fed mice. In contrast, there were no CR-
related decreases in HNE-positive bands in DBA/2 mice at 23 months of age (Fig. 4). The
analysis of variance conducted on the data shown in Fig 4 suggested a significant main
effect of Band (p< 0.001), as well as a significant 3-way interaction of Age, Strain and Diet
(p<0.001), reflecting the strain-dependent effects of age and diet on HNE content in the
different bands.
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The pattern of the age- and CR-related changes in the levels of MDA adducts were similar
to that of the HNE-adducts. In the AL-fed, C57BL/6 mice, the MDA content of the 115-,
and 80-kDa bands increased, respectively, by 41% and 99% during 6 to 23 months of age,
while the corresponding accretions in the DBA/2 mice were not significant. The densities of
all three MDA-positive bands in the AL mice at 23 months of age were 41–109% higher in
C57BL/6 than in the DBA/2 mice (Fig. 5). In 6-month-old, C57BL/6 mice, CR had no
attenuating effect on MDA content of 80- and 115-kDa bands and, surprisingly, increased
the MDA level in the 50-kDa band by 29%. In the corresponding DBA/2 mice, CR had no
significant effect on the MDA content of any of the bands. At 23 months of age, the MDA
content of 115- and 80-kDa bands was, respectively, 15% and 55% lower in the CR
compared to the AL- fed C57BL/6 mice, whereas the corresponding changes in the DBA/2
mice were not significant (Fig. 5). The analysis of variance conducted on normalized MDA
immunodensity led to the same outcome as that for HNE immunodensities. Thus, the results
suggested that during aging the specific mitochondrial protein bands accrued considerably
more HNE and MDA adducts in the C57BL/6 than in DBA/2 mice, and the attenuations in
immunoreactivity due to long-term CR were also greater in the former than in the latter.

3.3. Identification of HNE- and MDA-modified proteins in the skeletal muscle mitochondria
To identify the specific proteins with HNE- and/or MDA adducts within the 115-, 80-, 75-
and 50-kDa immunoreactive bands (Fig.1), mitochondria were sonicated and separated into
matrix and membrane fractions by ultracentrifugation; the soluble proteins were then
separated according to their isoelectric point, in the pH range of 8 to 4, and the enriched
immunopositive bands were confirmed by Western blotting, as described in the Materials
and Methods section. Mass spectrometric analysis indicated the presence of pitrilysin
(metalloprotease 1) in the 115 kDa band, NADP-dependent mitochondrial malic enzyme
(isoform 2) in the 75 kDa band, and citrate synthase in the 50 kDa band (Table 1). We were
unsuccessful in reliably identifying the immunoreactive protein in the 80-kDa band.

3.4. Age- and CR- related changes in the amounts of HNE-adducts in liver mitochondrial
proteins of C57BL/6 and DBA/2 mice

To determine whether or not tissue other than skeletal muscle is also affected by age, CR
and genotype in a manner similar to that observed in skeletal muscle, the total amounts of
HNE-adducts were also examined in the liver mitochondria (Fig. 6). The effect of age on
HNE in the AL-fed mice differed from that observed in skeletal muscle: there were
increases of 16 to 22% in both strains of mice during 6 to 23 months of age. The effect of
CR on the level of liver HNE-adducts at 6 and 23 months of age differed markedly from that
evident in skeletal muscle mitochondria, with both mouse strains exhibiting robust decreases
in the amounts of protein-bound HNE content. In the 23-month-old C57BL/6 mice, HNE
level decreased by 79% under the CR regimen, whereas in the DBA/2 mice of the same age
it was attenuated by 55%; similar effects of CR were also present in the 6-month-old mice of
both strains. Thus, in liver mitochondria, the ability of CR to attenuate the level of HNE-
modified protein did not accord with the difference in the longevity-extending effect of CR
between the C57BL/6 and DBA/2 strains.

4. Discussion
The main objective of this study was to test the historical concept that macromolecular
oxidative damage increases with age and CR retards its accretion. Results indicate that the
total amounts of HNE/MDA adducts increased with age and CR attenuated the
augmentations in the skeletal muscle mitochondria in the C57BL/6 mice, whose life span is
extended by CR; whereas, in the DBA/2 mice, whose life span is unaffected or weakly
extended by CR, there was neither an increase in the level of HNE/MDA adducts with age
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nor did CR cause a decrease in the amounts of these adducts. Incongruously, in the liver
mitochondria of both strains of mice, the level of protein-HNE content significantly
increased with age and CR caused a very substantial reduction in its amount regardless of
age. The observed age-related increase in protein oxidative damage in the skeletal muscle
and liver mitochondria and its attenuation by CR in C57BL/6 mice accords with the
numerous reports of similar association in the literature. Nevertheless, another set of
observations, namely: (i) the DBA/2 mice neither exhibit an age-related elevation in
oxidative damage nor does CR have an attenuating effect on the level of such damage in
skeletal muscle mitochondria, and (ii) oxidative damage in the liver of both strains of mice
is attenuated by CR, are inconsistent with the historical concept of an assocition between
oxidative damage, life span and CR. Instead, our findings suggest that age-related accual of
protein oxidative damage, manifested as HNE/MDA adducts, and its decrease by CR, are
dependent upon the tissue and the genotype, and show no consistent linkage with longevity.
Indeed, the tissue-specific nature of the age-related changes in the level of mitochondrial
oxidative damage has been previously reported by Davies et al. (2001) in the rat.
Mitochondrial protein carbonyl content was found to decrease in liver, remain unchanged in
the heart and to increase in the brain, which led these authors to conclude that there was no
consistent or large-scale accumulation of mitochondrial oxidative damage during aging.

Several factors may be responsible for the lack of consistent correlations between accretion
of protein oxidative damage and longevity. The steady-state levels of oxidized proteins are
dependent upon the balance between two main processes, namely the rate of hydrolysis of
oxidized proteins and the rate of nascent oxidation of proteins (Stadtman, 2002). Oxidized
proteins are known to be more susceptible to proteolysis than the native proteins, as they are
preferentially hydrolyzed by the activities of proteasomes or alkaline proteases (Agarwal
and Sohal, 1994; Jung and Grune 2008; Rivett et al., 1985; Starke-Reed and Oliver, 1989;
Ugarte et al., 2010). Alkaline protease activity of tissues against oxidized bovine serum
albumin was reported to decline in rats by 50% in the liver and 20% in heart, and remain
unaltered in the brain (Agarwal and Sohal, 1994). Keller and associates found that
proteasomal activity declined with age in the rat heart, liver and brain, but not in the spleen
(Dasuri et al., 2009; Li et al., 2008; Zhang et al., 2007). In contrast, houseflies showed no
age-related alterations in proteolytic activity (Agarwal and Sohal, 1994). Lon-like protease
activity, localized within mitochondria, decreased 5-fold in the mouse skeletal muscle and
2.5-fold in rat liver, but remained unaffected in the rat heart (Ugarte et al., 2010). Such
findings suggest that age-related changes in proteasomal activity for the removal of oxidized
proteins also do not follow a uniform pattern in different tissues or genotypes.

The rate of nascent protein oxidation is determined by the balance between ROS generation
and the antioxidant defenses as well as the abundance of the moleculer targets of oxidative
attacks (Stadtman, 2002). In general, the rates of mitochondrial production of superoxide
anion radical and hydrogen peroxide vary in different tissues and increase as a function of
age (Sohal et al., 2002). It was reported in a previous study (Ferguson et al., 2008) that the
rate of mitochondrial superoxide anion radical generation in the skeletal muscle and heart
was similar in these two strains of mice, whereas the amounts of GSH in the heart, liver and
skeletal muscle, as well as catalase activity in in skeletal muscle and heart, were
significantly higher in C57BL/6 than the DBA/2 mice, suggesting that the former may be
relatively more efficient in the removal of hydrogen peroxide. Nevetheless, in a separate
study, skeletal muscle and liver of both strains of mice were found to display comparable
levels of age-related increases in GSSG:GSH ratios and amounts of protein mixed
disulfides, which are widely accepted as relatively sensitive indicators of oxidative stress
(Rebrin et al., 2011). Such data do not support the role of observed inter-strain differences in
pro-oxidant generation and/or antioxidant defenses as factors in the age-related variations in
the accrual of mitochondrial oxidative damage reported in the current study.
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However, a notable difference between the two strains of mice used here, that may arguably
be partly responsible for the age- and CR-associated inter-strain differences in the amounts
HNE/MDA-modified proteins, is the level of adiposity. Our previous studies indicated that
the mice of these two strains weighed the same at 4 months of age and consumed similar
amounts of food throughout life; however, compared to the DBA/2, the C57BL/6 had ~ 25%
lower metabolic rate and during 6 to 22 months of age gained 20% more body weight and
160% greater fat mass. CR prevented fat accumulation in C57BL/6 by 56%, but had little
effect in the DBA/2 mice (Sohal et al., 2009). Lipotoxic effects, emanating from the
deposition of excess fat in skeletal muscle and liver, have been implicated in mitochondrial
dysfunction and the exacerbation/acceleration of senescent changes (Chavez and Summers,
2010; Schrauwen et al. 2010; Zimniak, 2011). Lipolysis of triacylglycerides, stored in the
intra-cellular lipid droplets, into fatty acids, such as linoleic- and arachidonic-acid, can upon
peroxidation lead to the generation of lipid peroxides and subsequently products like HNE
and MDA (Chavez and Summers 2010). The finding, that the amounts of HNE/MDA
protein adducts increased with age and CR attenuated such augmentations to a greater extent
in C57BL/6 than in DBA/2 mice, correlates with the differences in their fat mass under both,
AL and CR regimens. Nonetheless, a cause-and-effect relationship between the inter-strain
variation in fat mass and HNE/MDA adducts cannot be established on the basis of the
current data.

In a previous studty, CR was found to have a varied effect on the redox state in these two
strains of mice. Both strains showed a comparable age-related pro-oxidizing shift in the thiol
redox state, indicated by levels of GSH and GSSG, GSSG:GSH ratios and the amounts of
protein mixed disulfides. Relatively long-term CR (19 months) prevented these pro-
oxidizing changes in the skeletal muscle and liver of C57BL/6 mice, but not in the DBA/2
mice. Even a relatively short-term CR (7 weeks) reversed the age-associated pro-oxidizing
shift in the glutathione redox state in the erthrocytes of C57BL/6, but not in the DBA/2
mice. A comparison of the activities of enzymes associated with glutathione metabolism and
redox state indicated that in DBA/2 mice, CR elevated the activities of glutathione
peroxidase and glutathione reductase, but not glutamate-cysteine ligase, the rate-limiting
enzyme in GSH synthesis. In contrast, CR enhanced the activities of glutathione peroxidase
as well as GCL in the C57BL/6 mice. Thus CR failed to attenuate the pro-oxidant changes in
the mouse strain (DBA/2), whose life span is not robustly prolonged by CR, suggesting that
thiol redox state rather than the steady-state levels of protein oxidative damage, may be
more closely associated with longevity extension by CR.

Although mitochondrial protein oxidative damage was found neither to consistenly increase
with age nor show an attenuation by CR, it may not necessarily imply that such damage is
unlikely to exert any deleterious functional effect. For instance, oxidative damage does
increase the rate of protein turnover, which, unless matched by biosnythesis, would decrease
the net content of the native proteins. Even though the total amount of oxidative damage
may not increase with age, damage to some indidual proteins increases during aging, as also
observed in the current study. Metalloprotease 1, NADP-dependent mitochondrial malic
enzyme (isoform 2) and citrate synthase were found to undergo significant age-related
increases in HNE/MDA content, however, corresponding alterations in catalytic activities
were not determined. Although aconitase has been identified to be a target of structural
oxidative damage and to lose activity during aging in several different tissues and
genotypes, the specific proteins exhibiting oxidative damage may vary in different tissues
(Sohal, 2002). Furthermore, oxidative damage to a specific protein does not, a priori. entail
a loss of activity during aging. Yarian et al. (2005) identified four proteins that displayed
MDA adducts in mouse heart, but only two of those showed a age-related loss of activity. It
is also worth pointing out that Western blot analysis is less efficient in the detection of
oxidative damage to proteins that are relatively low in abundance. Thus, it seems that no
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reliable inferences about the potential losses of protein function can be drawn solely on the
basis of structural damage.

In conclusion, the results of this study suggest that the association between aging, oxidative
damage and CR does not follow a uniform pattern in different tissues and genotypes.
Although the results are partially supportive, they also contradict the historic concept that
oxidative damage increases with age and the extension of life span by CR is associated with
the retardation of the accrual of such damage.

Highlights

• Mice differing in life-extending response to caloric restriction (CR) were studied

• Age-related increases in protein oxidation were dependent on genotype and
tissue

• Attenuation of protein oxidation by CR was genotype and tissue specific

• The effect of CR on protein oxidation did not fully accord with life-span
extension

Abbreviations

AL ad libitum

CR caloric restriction

DNP dinitrophenylhydrazone

HNE 4-hydroxy-2-nonenal

MDA malondialdehyde
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Fig. 1.
Coomassie-blue-stained gels and Western blots of HNE- and MDA-modified proteins in
mitochondria from hind leg skeletal muscles of ad libitum (AL) fed mice at 6- and 23
months of age. From left: Panels A an B, mitochondrial proteins (8 µg) from C57BL/6 and
DBA/2 mice, respectively, were resolved on an SDS/polyacrylamide gel and stained with
Coomassie blue. MW indicates the molecular weight markers. Panels C, D, E and F are
representative immunoblots of the mitochondrial proteins from the two strains of mice,
reacting with anti-HNE or anti-MDA polyclonal antibodies, at 6 and 23 months of age. To
confirm equal protein loading and provide for normalization, the membranes were re-probed
with anti-porin antibody, as shown at the bottom of the panels.
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Fig. 2.
Coomassie-blue-stained gels and Western blots of HNE- and MDA-modified proteins in
mitochondria from skeletal muscles of 23-month-old C57BL/6 and DBA/2 mice, fed ad
libitum (AL) or maintained on the calorically restricted (CR) diet since 4-months of age.
Panels A and B are Coomassie blue-stained gels. Panels C, D, E and F are representative
immunoblots of mitochondrial proteins reacting with anti-HNE or anti-MDA polyclonal
antibodies. To confirm equal protein loading and provide for normalization, the membranes
were re-probed using anti-porin antibody (shown at the bottom of the panels).
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Fig. 3.
Amounts of total HNE- and MDA-immunopositive protein in skeletal muscle mitochondria
of C57BL/6 and DBA/2 mice at 6 and 23 months of age. Mice were fed AL or gradually put
on 40% CR at 4 months of age. Data represent the aggregate amounts of HNE-(top) and
MDA- (bottom) immunopositive material. Values are mean ± SD of 3 independent
mitochondrial preparations, each consisting of tissue pooled from two mice. † p < 0.05 for
planned comparison between 6- and 23-month-old AL-fed mice of the matching strain; * p <
0.05 for comparison between CR- and AL- fed mice of matching age and strain; # p < 0.05
for comparison between AL-fed C57BL/6 vs DBA/2 mice of matching age.
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Fig. 4.
Normalized density of HNE immunostaining for 115-, 80-, 75- and 50-kDa protein bands
(Figs. 1, 2) in the skeletal muscle mitochondria of C57BL/6 and DBA/2 mice as a function
of age and diet. Data are expressed as the mean ± SD of 3 independent mitochondrial
preparations, each consisting of tissue pooled from two mice. † p < 0.05 for planned
comparison between 6- and 23-month-old AL-fed mice of the matching strain; * p < 0.05 for
comparison between CR and AL fed mice of matching age and strain; # p < 0.05 for
comparison between AL-fed C57BL/6 vs DBA/2 mice of matching age.
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Fig. 5.
Normalized density of MDA-immunostaining for 115-, 80- and 50-kDa protein bands (Figs.
1, 2) in skeletal muscle mitochondria of C57BL/6 and DBA/2 mice as a function of age and
diet. Values are mean ± SD of 3 independent mitochondrial preparations, each consisting of
tissue pooled from two mice. †p < 0.05 for planned comparison between 6- and 23-month-
old AL-fed mice of the matching strain; * p < 0.05 for comparison between CR- and AL-fed
mice of matching age and strain; # p < 0.05 for comparison between AL-fed C57BL/6 vs
DBA/2 mice of matching age.
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Fig. 6.
Normalized density of total HNE-immunostaining in liver mitochondria of C57BL/6 and
DBA/2 mice at 6 and 23 months of age. Mice were fed AL or gradually put on 40% CR at 4
months of age. Data represent the aggregate amounts of HNE-immunopositive material.
Values are mean ± SD of 3 independent mitochondrial preparations, each consisting of
tissue pooled from two mice. † p < 0.05 for planned comparison between 6- and 23-month-
old AL-fed mice of the matching strain; * p < 0.05 for comparison between CR- and AL-fed
mice of matching age and strain; # p < 0.05 for comparison between AL-fed C57BL/6 vs
DBA/2 mice of matching age.
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