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Abstract

Dietary restriction (DR), in the absence of malnutrition, is the only intervention known to reliably
increase average and maximal lifespan in a variety of organisms including mammals. Because the
effects of DR on the heart are poorly understood, in the present study we examined the effects of DR
on the ubiquitin-proteasome pathway (UPP) in the heart. In these studies we observed that DR
significantly reduced age-related impairments in proteasome-mediated protein degradation, and
reduced age-related increases in ubiquitinated, oxidized, and sumoylated protein in the heart.
Interestingly, DR did not significantly increase the expression of 20S proteasome subunits or the
proteasome maturation factor (POMP-1). These data demonstrate for the first time the effects of
aging and DR on proteasome biogenesis and sumoylation in the heart. Cumulatively, our data indicate
that DR has many beneficial effects towards the UPP in the heart, and suggests that a preservation
of the UPP may be a potential mechanism by which DR mediates beneficial effects on the
cardiovascular system.
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1. Introduction

Aging is associated with an alteration in steady state protein dynamics, including a dysfunction
of both protein synthesis and protein degradation (Rattan, 1996, Szweda et al., 2003; Cuervo
etal., 2005). Additionally, aging is associated with increased levels of proteins burdened with
oxidative modifications (Grune, 2003; Szweda et al., 2003). Several studies have suggested
that these age-related alterations to the proteome may play a role in promoting aging and age-
related disease in a variety of tissues (Rattan, 1996; Grune, 2000; Merker et al., 2001; Torres
et al., 2003,2006; Ding et al., 2006). In particular studies have demonstrated a potential role
for an age-related inhibition of a key intracellular protease, the proteasome, as a potential
mediator of age-related pathogenesis in the heart (Keller et al., 2000a,b; Bulteau et al., 2002).
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The ubiquitin proteasome pathway (UPP), is a proteolytic system which is responsible for a
majority of intracellular protein degradation. The 20S core proteasome is composed of alpha
and beta subunits which together form a 28 subunit barrel shaped structure that is responsible
for all proteasome-mediated protein degradation. Additional cap-like structures (devoid of
proteolytic activity) can also bind to the 20S proteasome to form a larger 26S proteasome
complex (Couxetal., 1996) The biogenesis of the 20S proteasome complex requires the protein
proteoassemblin, which is also known as proteasome maturation protein (POMP1) (Ramos et
al., 1998; Burri et al., 2000; Kruger et al., 2001).

A key aspect to UPP-mediated proteolysis is that proteins are selectively targeted for
degradation, with two principle mechanisms of selectivity being the processes of ubiquitination
and sumoylation (Melchior, 2000; Hermann et al., 2007). It is interesting to note that elevations
in ubiquitinated and sumoylated protein are known to occur during aging of a variety of tissues
(Grune, 2000; Szweda et al., 2003; Ding et al., 2006), with elevations in proteins possessing
such post-translational modifications believed to represent malfunction of the UPP. However,
it is important to point out that while impairments in peptidase activities of the proteasome
have been demonstrated in the heart (Keller et al., 2000; Bulteau et al., 2002), to date it is
unclear whether aging promotes an impairment in proteasome-mediated protein degradation.

Currently dietary restriction (DR) is the only intervention demonstrated to consistently and
reliably increase mammalian lifespan. In addition to modulating lifespan, DR ameliorates the
effects of aging on a variety of organ systems including hepatic, cardiovascular, immune, and
central nervous system (Yu, 1996; Masuro, 2000; Pahlavani, 2004;Mattson and Wan, 2005).
With regards to the cardiovascular system it is particularly important to note that DR reduces
blood pressure, heart rate, atherosclerosis, and promotes an overall beneficial effect on the
cardiovascular system (Nakano et al., 2001; Fontana et al., 2007; Minamiyama et al.,
2007;Varady and Hellerstein, 2007). Currently is unclear which cellular and biochemical
events are responsible for mediating the beneficial effects of DR in organs such as the heart.
In the present study we demonstrate that aging and DR have multiple effects on the UPP in the
heart, with the majority of these effects not described previously. Together, these data raise
the possibility that alterations in the UPP within cardiomyocytes modulate heart physiology
in response to aging and DR.

2. Materials and Methods
2.1. Materials

In this study, the POMP1/Ump1 (proteasome maturation protein) antibody (PW9715), 20S
proteasome subunits a. 1, 2, 3,5,6 & 7 (C2, C3, C8, C9, iota and zeta) antibody (PW8195) and
20S proteasome ‘core’ (B) subunits antibody (PW8155) were purchase from Biomol
International (Plymouth Meeting, PA, USA). Ub (P4D1) antibody (sc-8017) and SUMO-1
(D-11) antibody (sc-5308), were purchased from Santa Cruz Biotech, Inc. (Santa Cruz, CA,
USA). The secondary antibodies peroxidase conjugated goat anti-rabbit IgG (H+L)
(111-035-003) and peroxidase conjugated goat anti-mouse 1gG (H+L) (115-035-003) were
purchase from Jackson ImmunoResearch Lab, Inc. (West Grove, PA, USA). Protease Inhibitor
Cocktail (P2714-1BTL) and all other reagents were obtained from Sigma (St. Louis, MO,
USA).

2.2. Animal studies

Male Helicobacter-free F344/Brown Norway (F344 x BN F1) rats were obtained from the NIA
Dietary Restriction (DR) colony. The hearts were manually dissected following euthanatization
via CO, overdose and subsequent decapitation. The rats in this study consisted of 6 three
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month-old ad libitum (AL), 6 twenty-five month old AL, and 6 twenty five month old DR
rodents. These rodents were all utilized as outlined in IACUC approved protocols.

2.3. Western blot analysis

Western blot analysis was conducted to measure levels of POMP1, 20S proteasome a and f3
subunits, and measure changes in protein ubiquitination and sumoylation cause by aging and
DR in rat hearts. Rat hearts were homogenized in the presence of protease inhibitor cocktail,
15 ug of each heart protein sample was separated by SDS-PAGE (BioRad, 7.5% or 10-20%
precast gel) and transferred to nitrocellulose membrane (Whatman Schleicher & Schuell
Protran Nitrocellulose Transfer Membrane, Dassel, Germany). Membranes were then
successively exposed to different primary and secondary antibodies before being developed
using Pierce ECL Western Blotting Substrate (Pierce, Rockford, IL). The resulting bands were
digitalized and quantified using NIH ImageJ software.

2.4. Analysis of proteasome-mediated protein degradation

Proteasome-mediated protein degradation was analyzed as described previously by our
laboratory (Ceccarini etal., 2007). Briefly, 20 ug lysates were prepared in 100 ul of proteasome
activity buffer (Keller et al., 2000a,b; Bulteau et al., 2002; Ceccarini et al., 2007) consisting
of 10 mM Tris-HCI (pH 7.8), 0.5 mM dithiothreitol, and 5 mM MgCl,. The samples were then
incubated with 2 mg/ml of oxidized BSA, which was generated from the iron mediated
oxidation of rhodamine labeled BSA (Molecular Probes, Eugene Oregon). Following a 30
minute oxidation, the BSA was dialyzed overnight and the presence of oxidation confirmed
via analysis of protein carbonyls as described previously (Ceccarini et al., 2007). The oxidized
BSA was incubated in the lysates for 1 hour, centrifugation, and ultimately the analysis of
fluorescence. Proteasome-mediated protein degradation is reported as the percentage of the
oxidized BSA which was degraded, which was determined by the change in fluorescence over
time. The 26S proteasome activity (ATP stimulated, 1 mM ATP) and 20S (SDS stimulated,
0.02% SDS) was measured in heart lysates using methodologies similar to what has been
reported previously (Keller et al., 2000a,b; Kisselev et al., 2002). In order to confirm the
specificity of the findings for proteasome activity all background protease activity in the heart
lysate (not inhibited by 10 uM MG132 pretreatment) was subtracted from the observed values.

2.5. Analysis of Protein Oxidation

The amount of protein oxidation was determined by analysis of protein carbonyls and 4-
hydroxynonenal (HNE) modified proteins as described previously (Keller et al., 2000; Bulteau
et al., 2001; Ceccarini et al., 2007). Briefly, protein carbonyls were detected by derivatization
of protein carbonyls, and subsequent detection of derivatized products using an antibody
detection methodology (anti-dinitrophenylhydrazine: DNP antibody) available from a
commercial source (Chemicon International, Temecula CA). HNE-modified proteins were
detected using a commericially available antibody to HNE-lysine conjugates (Millipore,
Temecula CA).

3. Results

3.1 Effects of aging and DR on proteasome-mediated protein degradation and expression of
20S proteasome components

Proteasome-mediated protein degradation was determined in lysates derived from the hearts
of male 3 month-old AL, 25 month-old AL, and 25 month-old DR rodents obtained from the
NIA rodent colony. Significant decreases in proteasome-mediated degradation of oxidized
bovine serum albumin (0sBSA) was observed in the hearts of aged AL rats (Figure 1).
Interestingly, a nearly complete reversal of the age-related impairment in oXBSA degradation
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was observed in the hearts of aged DR rodents (Figure 1). In our next analysis we moved from
analyzing proteasome-mediated protein degradation to measuring 26S and 20S proteasome
peptidase activity. Analysis of 26S proteasome activity in heart lysates revealed a significant,
and surprising, increase in chymotrypsin-like activity in both aged and DR heart lysates (Figure
2). Analysis of 20S proteasome activity in heart lysates revealed a significant decrease in
chymotrypsin-like activity in the aging heart (Figure 2). While the trend for DR ameliorating
age-related impairment in 26S proteasome activity was observed (Figure 2), this observation
was not statistically significant in the current sample set.

Because previous studies have demonstrated age-related impairments in proteasome function
are related to elevations in oxidative modifications to the proteasome complexes (Keller et al.,
2000a,b), we sought to elucidate if increased oxidative modification of the proteasome occurred
in the heart tissues utilized for our aforementioned proteasome activity studies. In this analysis,
following immunoprecipitation of the proteasome complexes, we observed that a significant
amount of protein carbonyls were present in proteins of different molecular weights within the
proteasome complexes all heart lysates examined (Figure 3), with no significant difference
observed between the different experimental groups.

In order to elucidate if the aging- and DR-mediated alterations in proteasome-mediated protein
degradation were associated with alteration in the expression of proteasome complexes we
conducted Western blot analysis of 20S alpha and 20S beta subunits. In these analyses we
observed that there was a decline in 20S beta subunits in both aging AL and DR rodent hearts
(Figure 4A), as compared to 3 month-old rats. In contrast to 20S beta subunit expression, 20S
alpha subunits were observed to be elevated in both aged AL and DR rodents as compared to
3 month-old rat hearts (Figure 4B). Analysis is POMP-1 expression revealed no significant
alteration in POMP-1 expression in either aged AL or DR rodents as compared to 3 month-old
rat hearts (Figure 5), although a clear trend for decreased POMP-1 expression with both aging
and DR was observed. For Western blot analysis of proteasome subunits and POMP-1 equal
loading was confirmed by commassie blue staining (data not shown).

3.2. Effects of aging and DR on the levels of ubiquitinated, sumoylated, and oxidized proteins

in the heart

In our next analysis we sought to examine the effects of aging and DR on the level of proteasome
substrates (ubiquitinated-, sumoylated-, oxidized-proteins). In these analyses there was a
significant elevation in the levels of ubiquitinated protein in the aged AL animals as compared
to 3-month old rodents (Figure 6), with DR significantly attenuating the observed age-related
increase in ubiquitinated protein levels (Figure 6). Interestingly, under our experimental
conditions the increase in ubiquitinated protein was identified as likely being ubiquitin-loaded
E1 and E2 ubiquitin ligases, as opposed to high-molecular weight smears of ubiquitin
immunoreactivity. Similar to ubiquitination, aging was observed to elevate the levels of
sumoylated protein in the aging heart (Figure 7), with DR again significantly reducing the age-
related elevation in sumoylated protein in the heart (Figure 7). For Western blot analysis of
ubiquitinated and sumoylated proteins equal loading was confirmed by commassie blue
staining (data not shown).

Because of the contribution of the proteasome to the degradation of oxidized proteins, we next
sought to elucidate whether there was an alteration in oxidized protein levels in the heart tissue
of aged AL and DR rodents. In this analysis we observed that while there was no significant
alteration in 4-hydroxynonenal (HNE) modified proteins in any experimental group (Figure
8), there was observed to be a significant increase in protein carbonyls in the aged heart (Figure
8). DR was observed to significantly decrease age-related elevations in protein carbonyl levels
within the majority of heart lysates examined (Figure 8).
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4. Discussion

The data in the present study demonstrate for the first time the effects of aging and DR on
proteasome-mediated protein degradation in the heart. Additionally, our studies show that
aging has different effects on the 26S and 20S proteasome peptidase activities in the heart. For
example, 26S proteasome activity is elevated in both aging AL and DR hearts, while 20S
proteasome activity is selectively inhibited in the hearts of aged AL rodents. This surprising
divergence may have important implications for proteolysis in the heart where ubiquitin-
mediated proteolysis (26S proteasome) is likely able to be largely preserved as compared to
20S proteasome activity (non-ubiquitin mediated proteolysis). In this scenario the aging heart
would be expected to maintain the turnover of key 26S proteasome substrates (transcription
factors, cyclins, etc.) but ultimately accumulate potentially toxic 20S proteasome substrates
such as oxidized proteins.

It appears that the basis for the decline in proteasome function in the aging heart may be
mediated in part by a decline in the amount of 20S beta proteasome subunits, which are the
subunits responsible for the individual peptidase activities of the proteasome. Other studies
have suggested that age-related impairments in 20S proteasome function may be mediated by
an increase in oxidative modifications to the proteasome complex (Grune, 2000; Szweda et al.,
2003; Ding et al., 2006). However, in the present study we did not observe any significant
alteration in oxidative modifications to the proteasome complexes present in heart lysates from
either aged or DR rodents.

The ability of DR to preserve 20S proteasome peptidase activities, and proteasome-mediated
degradation of oxidized proteins in the heart, appears not to be mediated by an increase in
proteasome complexes. This is based on the fact that DR was not observed to increase the
amount of 20S proteasome subunits or increase the expression of POMPL. It is interesting to
note that in the present study POMP-1 was detected primarily as an apparent dimer, which has
been observed previously (Zhang et al., 2007). It is possible that DR preserves proteasome-
mediated protein degradation in the aging heart via the suppression of the amount of oxidized
proteins, which are not only substrates of the proteasome, but are capable of inhibiting
proteasome activity (Bulteau et al., 2002). In the present study we observed reduced levels of
protein carbonyls (Figure 7), but not HNE modified proteins, in the heart lysates of DR rodents
which is consistent with DR-mediated decreases in the levels of protein carbonyls potentially
contributing to the preservation of proteasome function.

Previous studies have strongly implicated a role for reduced level of reactive oxygen species
(ROS) generation as the basis for DR mediated effects in tissues such as the heart (Yu,
1996;Minamiyama et al., 2007). These studies identified a key role for DR mediated
suppression of mitochondrial ROS in mediating the beneficial effects of DR (Yu, 1996), with
ROS known to be able to inhibit the proteasome in a variety of cell types (Grune, 2000;Szweda
et al., 2003;Ding et al., 2006). Alternatively, recent studies have demonstrated that the heart
possesses a number of proteasome subpopulations which presumably possess different
compositions and different specific activities (Drews et al., 2007). DR may therefore promote
the expression of proteasome complexes with higher specific activity, including 26S
proteasomes, which as a consequence aids in preserving proteasome-mediated protein
degradation in the heart.

In the present study we observed that the age-related decline in proteasome-mediated protein
degradation was associated with an elevation in both ubiquitinated and sumoylated protein.
These data raise the possibility of age-related decreases in proteasome-mediated protein
degradation potentially contribute to elevations in ubiquitinated and sumoylated protein in the
aging heart. This model is further supported with the observation that the DR-mediated
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preservation in proteasome-mediated protein degradation is associated with a concomitant
amelioration in ubiquitinated and sumoylated protein levels. Elevations in ubiquitinated and
sumoylated protein are believed to represent the accumulation of aberrant proteins, which may
directly or indirectly contribute to deleterious alterations in cell homeostasis. For example, the
inability to tightly regulate cell signaling or transcription factors via proteolysis, or the inability
to remove toxic misfolded or damaged proteins via degradation, could lead to pathological
features in the heart as well as other tissues (Grune, 2000; Szweda et al., 2003). It is interesting
to note that in our hands no significant elevation in high molecular weight smears of
ubiquitinated protein were observed, and instead there appeared to be an elevation in what is
likely E1 and/or E2 ubiquitin ligases. These data may indicate an alteration in the function of
these two enzymes with age, whereby ubiquitin remains conjugated to these 2 enzymes with
aging of the heart. Regardless, our data suggest that DR ameliorates age-related alterations in
the proteome in part via the preservation of proteasome-mediated protein degradation.

The effect of proteasome inhibition on cardiomyocyte and heart function is complex. For
example, studies 20 years ago identified that cardiac atrophy is associated with an increase in
protein turnover (Samarel et al., 1987), as is the reversal of hypertrophy (Samarel et al.,
1987). Recently, studies have demonstrated that application of proteasome inhibitors is
sufficient to promote a number of pathological features in the heart including left ventricular
atrophy (Stansfield et al., 2007). Additionally, studies have demonstrated that inhibition of the
proteasome occurs in a number of pathological conditions including cardiac ischemia-
reperfusion injury (Bulteau et al., 2001). Taken together these data are consistent with
proteasome inhibition being a deleterious and potentially pathological event in the heart. In
contrast, proteasome inhibition has also been demonstrated to have beneficial effects on the
heart in some instances, such as the ability of proteasome inhibition to induce beneficial
preconditioning prior to cardiac ischemia-reperfusion injury (Patterson et al., 2007).
Additionally, some studies have demonstrated the ability of proteasome inhibitors to attenuate
some forms of apoptosis (Ding et al., 2006; Patterson et al., 2007). It is therefore difficult to
ascertain exactly what the effect of a DR-mediated preservation in proteasome function may
be on the heart, although it is likely this preservation in proteasome function is an overall
beneficial event to cardiomyocyte function, and may ultimately contribute to the beneficial
effects of DR on the heart. Recent studies have demonstrated that proteasome inhibition is
sufficient to impair protein synthesis, with feed-back between the proteasome and protein
synthesis machinery contributing to the maintenance of cell homeostasis (Ding et al., 20086,
2007). Such studies raise the possibility that the preservation of proteasome function in the
hearts of DR rodents is associated with a concomitant beneficial preservation in protein
synthesis, which together contribute to the overall beneficial maintenance of the proteome, as
compared to age-matched AL rodents.

It will be important in future studies to elaborate what alterations in the proteome are key for
mediating the beneficial effects of DR in tissues such as the heart. Such efforts will almost
certainly rely on accurately identifying crucial substrates of the proteasome, which also have
altered turnover in the aging heart. This is necessary in large part because such proteins may
serve as potentially important biomarkers of proteasome inhibition in the heart. Once such
proteins are identified efforts can be made to identify which of these substrates has preserved
expression-function in the hearts of DR rodents. Data from such experiments could thereby
provide mechanistic insight as to how deleterious alterations in the proteome, mediated via
age-related proteasome inhibition, may ultimately contribute to the effects of aging and DR on
the heart.
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Abbreviations

AL

ad libitum
DR

dietary restriction
NIA

National Institute of Aging
POMP

proteasome maturation protein
ROS

reactive oxygen species
Sumo

small ubiquitin-like modifier
Ub

ubiquitin
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Figure 1. Effects of aging and dietary restriction on proteasome mediated protein degradation in

the heart

The levels of proteasome mediated protein degradation were determined by measuring the
amount of oxidized bovine serum albumin (0xBSA) in heart lysates from 3 month-old AL, 25
month-old AL, and 25 month-old DR rodents. The graphs represent the mean and S.E.M. of
the degradation of rhodamine labeled 0xBSA from 6 animals in each experimental group. *p
< 0.05 compared to 3 month old AL animals, **p< 0.05 compared to 25 month old AL rodents.
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Figure 2. Analysis of heart lysate reveals an age-related impairment in 20S, and age-related increase
in 26S, proteasome activity

Analysis of 26S proteasome activity in heart lysates (ATP stimulated) revealed a significant
elevation in chymotrypsin-like activity in both aged and DR heart lysates. Analysis of 20S
proteasome activity (SDS stimulated) revealed an age-related impairment in chymotrypsin-
like activity in 25-month old tissues relative to heart lysates from 3-month old animals. The
specificity for proteasome activity in heart lysate studies was determined by subtracting the
background protease activity (chymotrypsin-like activity not inhibited by lysate pretreatment
with 10 uM MG132). *p < 0.05 compared to 3 month old AL animals.
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Figure 3. Oxidative modification to the proteasome in the heart does not appear to be modulated
by aging or DR

Immunoprecipitation of the proteasome was conducted in heart lysates from 3 month-old AL,
25 month-old AL, and 25 month-old DR rodents. The resulting immunoprecipitate was
analyzed for protein carbonyls by derivatization and subsequent detection of the derivatized
products using an anti- DNP antibody based detection system. Results are representative of
results from 6 separate experiments.
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Figure 4. Effects of aging and dietary restriction on the levels of 20S alpha and 20S beta subunits
in the heart

The level of 20S beta subunits (A) and 20S alpha subunits (B) were analyzed in the hearts of
3 month-old AL, 25 month-old AL, and 25 month-old DR rodents. A representative blot for
the analyses is provided, with the molecular weight markers provided on left hand margin of
the representative blot. The graph represent the mean and S.E.M. of the optical density of the
immunoreactivity from 6 animals in each experimental group. *p < 0.05 compared to 3 month
old AL animals. Equal loading was confirmed by commassie staining, data not shown.
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Figure 5. Effects of aging and dietary restriction on the levels of POMP-1 in the heart

The level of POMP-1 were analyzed in the hearts of 3 month-old AL, 25 month-old AL, and
25 month-old DR rodents. A representative blot for the analyses is provided, with the molecular
weight markers provided on left hand margin of the representative blot. The graph represent
the mean and S.E.M. of the optical density of the immunoreactivity from 6 animals in each
experimental group. Equal loading was confirmed by commassie staining, data not shown.
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Figure 6. Effects of aging and dietary restriction on the levels of ubiquitinated protein in the heart
The level of ubiquitinated protein was analyzed in the hearts of 3 month-old AL, 25 month-
old AL, and 25 month-old DR rodents. A representative blot for the analyses is provided. The
graph represent the mean and S.E.M. of the optical density of the immunoreactivity from 6
animals in each experimental group. *p < 0.05 compared to 3 month old AL animals; **p <

0.05 compared to 25 month old AL animals. Equal loading was confirmed by commassie
staining, data not shown.
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Figure 7. Effects of aging and dietary restriction on the levels of sumoylated protein in the heart
The level of sumoylated protein was analyzed in the hearts of 3 month-old AL, 25 month-old
AL, and 25 month-old DR rodents. A representative blot for the analyses is provided. The
graphs represent the mean and S.E.M. of the optical density of the immunoreactivity from 6
animals in each experimental group. *p < 0.05 compared to 3 month old AL animals; **p <
0.05 compared to 25 month old AL animals. Equal loading was confirmed by commassie

staining, data not shown.
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Figure 8. Effects of aging and dietary restriction on the levels of oxidized protein in the heart
The level of oxidized protein was determined by analyzing the amount of HNE-modified
protein and protein carbonyls present in the hearts lysates from 3 month-old AL, 25 month-
old AL, and 25 month-old DR rodents. A representative blot for each analyses is provided,
which represents the data obtained from 6 separate experiments.
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