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Study of negligibly senescent animals may provide clues that lead to better understanding of the cardiac aging process. To
elucidate mechanisms of successful cardiac aging, we investigated age-related changes in proteasome activity, oxidative
protein damage and expression of heat shock proteins, inflammatory factors, and mitochondrial complexes in the heart
of the ocean quahog Arctica islandica, the longest-lived noncolonial animal (maximum life span potential: 508 years).
We found that in the heart of A. islandica the level of oxidatively damaged proteins did not change significantly up
to 120 years of age. No significant aging-induced changes were observed in caspase-like and trypsin-like proteasome
activity. Chymotrypsin-like proteasome activity showed a significant early-life decline, then it remained stable for up to
182 years. No significant relationship was observed between the extent of protein ubiquitination and age. In the heart of
A. islandica, an early-life decline in expression of HSP90 and five mitochondrial electron transport chain complexes was
observed. We found significant age-related increases in the expression of three cytokine-like mediators (interleukin-6,
interleukin-1(, and tumor necrosis factor-a) in the heart of A. islandica. Collectively, in extremely long-lived molluscs,
maintenance of protein homeostasis likely contributes to the preservation of cardiac function. Our data also support the
concept that low-grade chronic inflammation in the cardiovascular system is a universal feature of the aging process,

which is also manifest in invertebrates.
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GE is a major risk factor for cardiovascular disease,
which remains the leading cause of morbidity and
mortality of older Americans. Despite recent advances in
the biology of aging, the factors determining successful car-
diovascular aging are still not completely understood (1,2).
Life span in the animal kingdom ranges more than 10,000-
fold, and comparative studies on long-lived, successfully
aging animals can elucidate key cellular mechanisms that
may contribute importantly to successful cardiovascular
aging (3,4). We have initiated a series of studies in long-
living species to test predictions of major theories of aging
and to elucidate key mechanisms for delaying cardiovascu-
lar aging (3-7).
In this study, we introduce the ocean quahog, Arctica
islandica (Linnaeus, 1767), the longest-lived noncolo-
nial animal known to science (8), as a study organism to
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cardiovascular aging research. The known maximum life
span potential for this infaunal bivalve mollusc found
in the shelf seas of the North Atlantic currently stands at
508 years (9) (Table 1). This extraordinarily long-lived
species has recently piqued the interest of biogerontolo-
gists (10-14) because it may possess exceptional biological
properties that defend against the vagaries of aging. Recent
studies have characterized several aspects of A. islandica
physiology (10,15,16) and used this novel invertebrate
model organism to test predictions of the oxidative stress
hypothesis of aging (12,17,18), to evaluate novel aspects
of allometry of life span (11), and to elucidate the role of
a multistress resistance phenotype in longevity (13). This
study investigates age-related changes in the heart of this
molluscan model of extreme longevity, A. islandica, the
first study to undertake such an approach.
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Table 1. Chronological Age, Maximum Reported Life Span, and Life History Characteristics of the Population of Arctica islandica Sampled for

This Study
Maximum
Species Life Oldest Youngest Maximum Growth Rate Mortality Age at
Species Span (y) Sampled (y) Sampled (y) Size (mm) (K [VBGF)]) Rate (Z) Maturity (y) Lifestyle References
Artica islandica 508 182 10 93.7 0.03 0.02 7 Infaunal (57)
burrower

The typical bivalve heart comprises a median ventricle
that communicates with a pair of lateral equisized auricles
through separate openings guarded by valves (19,20). The
contractile machinery, the electrical properties of the myo-
cytes, the role of mitochondria in energy supply, and the
role of antioxidant and repair pathways in cellular homeo-
stasis show remarkable similarities with the mammalian
heart. Interestingly, in bivalves the heart is believed to serve
two functions due to its close association with the gut:
firstly to pump hemolymph around the circulatory system
and secondly to facilitate the movement of fecal material
through the gut running through the heart (19,20). During
its life span spanning five centuries, the heart of A. island-
ica can beat more than 1.5 billion times. Yet, there are no
studies extant investigating cardiac aging in this extraor-
dinary animal model of successful aging. This study was
designed to investigate whether age-related changes in the
cardiac biology of mammals remain faithful in the heart of
A. islandica and to facilitate our understanding of how this
animal maintains its cardiac function throughout its excep-
tional life span.

In mammals, the progressive accumulation of oxidatively
modified proteins is an important feature of aging (21,22),
which has been implicated in the etiology or progression of
arange of age-related disorders and diseases and serve as a
reliable biomarker of aging (23,24). An increase in carbonyl
content of proteins with age or with failing heart function
has been documented in the mammalian heart (25-30).
Here we seek to understand if accrual of protein oxidation
with age is present in the heart of A. islandica.

In mammals, oxidatively modified proteins are not
repaired and have to be removed by proteolytic degradation.
Degradation of altered proteins is mostly accomplished by
the evolutionarily conserved ubiquitin—proteasome system.
Misfolded proteins are tagged for degradation with a small
protein (ubiquitin) allowing the proteasome to degrade the
tagged protein. In mammals, proteasome activity, critical
for the maintenance of cellular viability, is demonstrated
to decrease with age and believed to be a contributing fac-
tor to cardiac dysfunction during aging (30-34). The age-
related failure of the proteasome system to deal with altered
proteins likely leads to progressive accumulation of aggre-
gates of ubiquitinated proteins with age (35). Despite its
potential importance in regulation of life span, there are no
studies extant investigating age-related changes in the ubiq-
uitin—proteasome system in molluscan models of extreme
longevity.

The heat shock proteins (HSPs) are a class of molecular
chaperones characterized by their ability to modulate the
structure and protect the correct folding of other proteins.
HSPs have been demonstrated to regulate both stress resist-
ance and life span in model organisms (36). In mammalian
tissues, including the heart, expression of multiple HSPs
decreases significantly with age (28), which is believed to
play a role in age-related cardiac dysfunction. In one of the
few investigations in clams, Ivanina and coworker reported
an age-related decrease in the expression of HSP90 and
HSP60 in Mercenaria Mercenaria (37). Presently no infor-
mation is available on age-related changes in HSPs in
A. islandica. 1t is believed that in many mammalian spe-
cies (eg, long-lived bats), efficient maintenance of protein
homeostasis may contribute to their unusually long life
span (38). This concept is also supported by data obtained
from invertebrate model organisms (36). To test the hypoth-
esis that exceptional longevity of A. islandica is associated
with an ability to maintain protein homeostasis over a long
period of time, we assessed age-related changes in activities
of proteasome activities, cellular accumulation of ubiquit-
inated proteins, and expression of HSPs in the heart tissue.

Mitochondrial decay has been postulated to be an impor-
tant mechanism underlying part of the aging process (39).
Indeed, age-related dysregulation of mitochondrial biogen-
esis and consequent decline in mitochondrial content have
been documented in multiple vertebrate species in various
tissues, including the myocardium (reviewed recently in
Ref. 1). Decline in mitochondrial number and/or mitochon-
drial dysfunction may lead to enhanced ROS generation and
cellular energy deficits, compromising vital ATP-dependent
cellular processes, including detoxification pathways, repair
systems, DNA replication, and transport mechanisms. In
vertebrates, the heart is thought to be especially sensitive to
age-related dysregulation of mitochondrial biogenesis and
mitochondrial dysfunction due to the dependency of car-
diac myocytes on beta-oxidation of fatty acids for energy
and the postmitotic nature of cardiac tissue (which allows
for greater accumulation of mitochondrial mutations and
deletions) (1). Thus, the maintenance of mitochondrial con-
tent is likely critical to preservation of myocardial function
in extremely long-lived animals. In this study, age-related
changes in the cardiac expression of five complexes that
make up the electron transport chain in A. islandica are,
therefore, investigated.

In mammals, aging is associated with a significant pro-
inflammatory shift in the cytokine expression profile in the
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cardiovascular system (40-49), which have been linked to
the development of various age-related pathologies, includ-
ing atherosclerosis and heart failure (50) (reviewed recently
in Ref. 2). Molluscs have an innate immune system, and
although lacking the adaptive immune systems of verte-
brates, do share common signaling processes, for example,
various cytokines, employed by vertebrates in eliminating
pathogens and parasites (51). There is a significant body of
literature suggesting the existence of cytokines in inverte-
brates and their role in invertebrate immunity (51-55); yet,
age-related changes in the expression profile of molluscan
cytokine-like mediators have not been documented. We,
therefore, investigate age-related changes in heart tissue
of A. islandica of three cytokines (tumor necrosis factor-o
[TNF-al], interleukin-6 [IL-6], and interleukin-1f3 [IL-13])
associated with age-related heart disease in mammals and
documented to occur in bivalves.

METHODS

Clam Collection and Maintenance

Specimens of the extremely long-lived ocean qua-
hog (A. islandica) used in this study were collected from
a site at 20-25 m depth at the mouth of Belfast Lough
(547842.10°N 5835.25°W) in April 2010, using a custom-
ized rigid-toothed dredge, 1 m wide with a 25 mm mesh,
deployed from the RV “Prince Madog.” Belfast Lough is a
fully marine inshore body of water that experiences annual
seawater temperature ranges of between 6°C and 15°C
(56). Ridgway and coworker undertook a comprehensive
demographic study of the A. islandica population in Belfast
Lough, documenting maximum life spans of 220 years (57).
Maximum species life span and physiological characteris-
tics for the species at this location are presented in Table 1.
Although documented to live more than 500 years, in some
parts of its range, the population sampled for this study have
a documented longevity of 220 years (57).

The clams were transported to the aquaria at the School of
Ocean Sciences, Bangor University, UK, where they were
held at ambient temperature in 500L tanks for 3 months
prior to the studies. On the day of the experiments, the qua-
hogs were dissected. Heart tissue was isolated using micro-
surgery instruments and a stereo operating microscope and
frozen in liquid nitrogen and stored at —80°C until ship-
ping. When required for subsequent biochemical analysis,
samples were shipped in dry ice to the Reynolds Oklahoma
Center on Aging at the University of Oklahoma Health
Sciences Center, Oklahoma City, where all subsequent bio-
chemical analysis was undertaken.

Determination of Individual Age

Individual age of the clams used was determined from
internal shell growth increments through sclerochronologi-
cal analysis as previously described (18).
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Analysis of Age-Related Changes in Protein
Carbonylation in the Molluscan Heart

Protein carbonyl content was assessed in the heart tis-
sue of A. islandica using the OxiSelect Protein Carbonyl
ELISA Kit (Cell Biolabs Inc., San Diego, CA), according to
the manufacturer’s guidelines. In brief, a standard curve of
carbonylated bovine serum albumin (BSA) was constructed
by mixing oxidized BSA and reduced BSA in predeter-
mined ratios. Heart tissues were homogenized and adjusted
to 10 pg protein/mL for each sample. A 100 pL volume of
10 pg/mL protein samples were used. Samples and reduced/
oxidized BSA standards were then incubated overnight
at 37°C in a 96-well protein binding plate and afterward
washed thrice with PBS. Following the wash step, 100 pL.
of 2,4-dinitrophenylhydrazine working solution was added
and the plate incubated for 45 minutes in darkness at room
temperature. The wells were then washed with 250 pL of
a 1:1 solution of PBS and ethanol incubated on an orbital
shaker for 5 minutes, and the wash steps were repeated five
times. After the last wash, wells were washed with PBS,
and then 200 pL of blocking solution was applied to each
well and incubated for a further 2 hours at room tempera-
ture on an orbital shaker. The wells were then washed again
with 250 pL wash buffer, and then 100 pL of anti-2,4-dini-
trophenyl antibody was added before a further 1-hour incu-
bation at room temperature on the orbital shaker, following
which wells were again washed thrice with the wash buffer.
Following these washes, 100 pL of diluted horseradish
peroxidase—conjugated secondary antibody was added to
all wells and incubated for another 1 hour at room tempera-
ture on an orbital shaker and the plate washed a further five
times with a wash buffer. The substrate solution (100 pL)
was then added to all wells, including blank wells, and the
plate incubated at room temperature on an orbital shaker
for 30 minutes following which the reaction was stopped
with the addition of 100 pL stop solution to each well.
Absorbance was read immediately on a Infinite M200 plate
reader (Tecan, Research Triangle Park, NC) at 450 nm with
the fully reduced BSA standard as absorbance blank.

Analysis of Age-Related Changes in Proteasome Activity
in the Molluscan Heart

To compare protein recycling activities in heart of
A. islandica, we assessed three types of protease activities
associated with the proteasome complex in heart samples
using the Proteasome-Glo Chymotrypsin-Like, Trypsin-
Like, and Caspase-Like Assays (Promega, Madison, WI),
according to the manufacturer’s guidelines. Briefly, lucif-
erin detection reagent was mixed with Proteasome-Glo
cell-based buffer, and then appropriate Proteasome-Glo
peptide substrates for the chymotrypsin-like, trypsin-like,
and caspase-like activities were added. For Proteasome-Glo
trypsin-like assay, only the inhibitors 1 and 2 were added.
The mixture was incubated at room temperature for 30
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minutes, after which 50 pLL of Proteasome-Glo cell-based
reagent was added to 50 pL of heart supernatant samples.
Reaction samples were mixed and incubated for a minimum
of 10 minutes, and luminescence was measured on Infinite
M200 plate reader.

Analysis of Age-Related Changes in Protein
Ubiquitination in the Molluscan Heart

Protein ubiquitination was assessed by UbiQapture
Western Blot (Enzo Life Sciences, Farmingdale, NY)
according to the manufacturer guidelines. Briefly, the con-
trol ubiquitinylated-protein lysate (5 pL) was diluted with
95 uL of PBS at 4°C in a clean 1.5 mL Eppendorf tube
(100 pL final volume) to prepare the control binding solu-
tion. This diluted sample contained 25 pg total protein at a
concentration of 250 pg/mL. Using 25 pg total protein con-
tent as a starting point, the lysate samples were prepared for
ubiquitin enrichment, in clean 1.5-mL Eppendorf tubes, by
dilution of stock lysate solution in appropriate volumes of
PBS to give a final diluted sample binding solution volume
of 100 uL (protein concentration, 250 pg/mL). Starting
material samples for subsequent analysis were prepared by
addition of 25 pL 5x sodium dodecyl sulfate—polyacryla-
mide gel electrophoresis gels loading buffer to each 100
pL starting material lysate solution, followed by heating
to 95°C for 10 minutes and stored at —20°C until required.
The UbiQapture-Q matrix was suspended by gently invert-
ing the tube several times, and then 40 pL volume was
aliquoted into a fresh tube for each of the samples to be ana-
lyzed. PBS (200 pL) was added to each tube, mixed gently
by inversion, and centrifuged for 10 seconds at 5,000g; then
PBS buffer was removed carefully without disturbing the
matrix pellet. Sample or control binding solution (100 pL)
was added to tube containing washed UbiQapture-Q matrix,
resuspended gently by inversion, and then incubated at
4°C on a horizontal rotor mixer for a minimum of 4 hours.
Subsequently, samples were centrifuged for 15-30 seconds
at a speed of 5,000g to collect the UbiQapture-Q matrix.
The supernatant (unbound fraction) was aspirated carefully
(approximately 100 pL). Samples of unbound fraction were
prepared for subsequent analysis by addition of 25 puL 5x
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
gel loading buffer followed by heating to 95°C for 10 min-
utes. The matrix was washed with 200 pL PBS. Samples
were centrifuged for 30 seconds at 5,000g to collect the
UbiQapture-Q matrix. The supernatant was removed care-
fully (wash fraction). Wash with PBS was repeated once
more. Ubiquitin—protein conjugates were eluted by addition
of 100 puLL PBS and 25 pL 5x sodium dodecyl sulfate—poly-
acrylamide gel electrophoresis gel loading buffer to each
matrix containing sample (elution fraction). Quench was
performed by mixing at room temperature for 5 minutes,
followed by heating to 95°C for 10 minutes. The samples
were analyzed by Western blotting.
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Analysis of Age-Related Changes in HSP Expression in
the Molluscan Heart

Determination of HSP in the heart tissue was performed
using the MultiBead HSP/Chaperone 8-plex kit for flow
cytometry (Enzo Life Sciences, Farmingdale, NY) accord-
ing to the manufacturer’s guidelines. Fold changes in the
expression of HSP90, HSP70, HSP60, and HSP40 over four
age groups were analyzed. The assay utilizes monoclonal
antibodies or antigen affinity purified polyclonal antibod-
ies covalently coupled to latex beads. Briefly, 100 pL of the
assay buffer was pipetted to the bottom of each well of the
96-well plate. The buffer was aspirated by vacuum manifold,
and the plate was tapped firmly on a lint free paper towel
to remove residual buffer. Then 50 pL of the assay buffer
was added to each well followed by 50 pL of standard, 50
pL of heart samples, and 50 pL of diluted beads. The plate
was sealed and incubated for 1 hour at room temperature,
shaken at 700 rpm. Next, the plate was aspirated on vac-
uum manifold and washed thrice by adding 200 pL of wash
buffer. Following the final wash, the plate was removed from
the vacuum manifold and tapped to remove residual buffer.
Then, 100 pL of the diluted (1x) antibody mixture was added
to every well; the plates were sealed and incubated for 1 hour
at room temperature on a shaker, and washed thrice; finally,
100 pL of the diluted (1x) MultiBead-streptavidin-PE con-
jugate was added to each well. The plate was again sealed,
incubated for 30 minutes on a shaker at room temperature,
and rewashed thrice as above. Finally, 200 pL of wash buffer
was added to each well, and the beads vigorously pipetted
up and down. The samples were evaluated by flow cytom-
etry (GUAVA 8HT, Merck Millipore, Billerica, MA).

Analysis of Age-Related Changes in the Expression of
Mitochondrial ETC Complexes in the Molluscan Heart

To analyze age-related changes in the expression of mito-
chondrial ETC complexes in heart tissue of A. islandica,
the BeadPlex Human Mitochondrial Toxicity: Oxidative
Phosphorylation Panel (Millipore, Merck KGaA, Darmstadt,
Germany) was used, according to the manufacturer’s guide-
lines. Quantitative determination of the following ETC
complexes was performed: complex I (NADH-ubiquinone
oxidoreductase), complex II (succinate ubiquinone oxidore-
ductase), complex III (ubiquinone cytochrome C oxidore-
ductase), complex IV (cytochrome C oxidase), and complex
V (ATP synthase). A 96-well filter plate was prewet with
100 pL of Ix assay diluent and incubated for 30 seconds,
and the liquid was removed by vacuum filtration. To the
plate, 1x capture Bead Mix was added, then the heart sam-
ples and controls were added, followed by 1x detection anti-
body mix; the plate was incubated for 3 hours in darkness
at room temperature on an orbital plate shaker at 700 rpm.
The plate was then washed thrice with 100 pL wash buffer
and 50 pL 1x streptavidin-PE added to each well, followed
by a 30-minute incubation at room temperature on an orbital
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shaker. The plate was then again washed thrice with 100 pL
1x wash buffer and beads were resuspended with 120 pL 1x
wash buffer before being shaken for 5 minutes in darkness
at room temperature on an orbital shaker; then the plate was
read on Luminex Bio-Plex 200, System.

Analysis of Age-Related Changes in Cytokine-Like
Factors in the Molluscan Heart

The expression of IL-6-like, IL-1p3-like, and TNF-a-like
cytokines (which are important biomarkers of aging in the
mammalian heart) in cardiac homogenates was analyzed
using the Multiplex MAP Cytokine/Chemokine Magnetic
Bead Panel (Millipore, Merck KGaA, Darmstadt, Germany).
Briefly, 200 pL of wash buffer was added to each well of a
96-well plate that was sealed and mixed on a plate shaker for
10 minutes at room temperature. The wash buffer was then
decanted from all wells; 25 nL of each standard, control, and
sample was added, and 25 pL of assay buffer was added to
the entire plate. Twenty-five microliters of premixed beads
was then added to each well, and the plate was resealed and
incubated with agitation overnight at 4°C. Next, well con-
tents were gently removed with a hand-held magnet; the plate
was washed twice and then 25 pL of detection antibodies
added to each well. The plate was then again sealed and incu-
bated with agitation for 1 hour at room temperature and 25
pL of streptavidin—phycoerythrin added to each well contain-
ing the 25 pL of detection antibodies. After which the plate
was again sealed and incubated with agitation in darkness for
30 minutes at room temperature. Again well contents were
gently removed using the hand-held magnet and the wells
washed twice before 150 pL. of Sheath Fluid was added to
each well and beads resuspended on a plate shaker for 5 min-
utes. The plate was then run on Luminex Bio-Plex 200.

Protein Concentration Measurements

For normalization purposes, the protein content of each
sample was determined by a spectrophotometric quan-
titative method using BCA reagent (Thermo Scientific,
Rockford, IL).

Data Analysis

Statistical analyses of data were performed by regres-
sion analysis or analysis of variance (ANOVA) followed
by the Tukey post hoc test, as appropriate. To investigate
age-related changes in the degree of protein carbonylation,
protein ubiquitination, and proteosomal activity, we inves-
tigated the linear relationship between each parameter and
age of the animal from which the heart tissue was derived
through regression analysis. To investigate changes in the
expression of HSPs, mitochondrial ETC complexes, and
cytokine-like factors, fold changes in the expression of
each of the parameters over four age groups (2040 years,
41-80 years, 80-120 years, and >120 years) were analyzed.
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We initially assessed the various outcomes at baseline
across these four age groups using Kruskal-Wallis test or
ANOVA (if normality assumption was fulfilled) followed
by appropriate pairwise comparisons. A value of p < .05
was considered statistically significant. Data are expressed
as means + SEM, unless otherwise indicated.

RESULTS

Analysis of the shells indicated that the oldest animal
sampled was 182 years old (Table 1). Although the spe-
cies has been documented to live in excess of 500 years,
such extreme estimates of life span appear to be from
one specific location with maximum life spans of around
200-250 years more common for the species in the North
Atlantic, suggesting that the species in the sampled location
is not a short-lived population compared with the Baltic Sea
populations where this species lives for 60 years. The ani-
mals were assigned one of four age groups (2040 years,
41-80 years, 80-120 years, and >120 years) to investigate
age-related changes in protein expression in the heart tissue.

Age-Related Changes in Protein Carbonylation in the
Molluscan Heart

Protein carbonyl content in the cardiac muscle did not
change significantly up to 120 years of age, whereas in
older animals a gradual increase was observed (Figure 1).
Over the entire age range investigated, the positive associa-
tion between age and cardiac protein carbonyl content was
significant (n = 18, F =4.630; p =.046, > = .168) (Figure 1).

Age-Related Changes in Proteasome Activity in the
Molluscan Heart

To test the hypothesis that long-term maintenance of
proteasome homeostasis may protect the cardiac muscle
during aging and contribute to the exceptional longevity of
A. islandica, we measured three types of peptidase activi-
ties of the 20S/26S proteasome. Although in the case of
chymotrypsin-like activity (Figure 2A) we observed a sig-
nificant positive association between the protease activity
of cardiac muscle and age (n =19, F =48.864, p=0<.001,
r? = .73), these changes manifested relatively early during
the animal’s life, and then trypsin-like proteasome activity
was maintained for a century. For trypsin-like proteasome
activity (Figure 2B; n =19, F = 3.235, p = .089, r* = .105)
and caspase-like proteasome activity (Figure 2C; n = 19,
F=.629, p =.438, > = .001), there was no significant rela-
tionship with age.

Age-Related Changes in Protein Ubiquitination

The extent of protein ubiquitination was determined
through Western blot analysis (Figure 3A). The concentra-
tion of ubiquitinated proteins in the heart of A. islandica
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Figure 1. The relationship between the protein carbonyl content (AU)
of the heart tissue and age of Arctica islandica. Regression analysis: n = 18,
F=4.630; p =.046, > = .168.

indicated no significant association with age (Figure 3B;
n=19, F=0.542, p = 471, r* £.001). No significant rela-
tionship was observed between protein carbonylation and
the amount of ubiquitin-labeled protein (Figure 3C; n = 19,
F =0.0516, p = .823, r* < .001). The relationship between
the three investigated proteasome activities (chymotrypsin-
like, trypsin-like, and caspase-like) and the amount of
ubiquitin-labeled protein was also investigated, and again
no significant association was observed (Figure 3D; chymo-
trypsin-like: n =19, F = 0.0491, p = .492, r* < .001; trypsin-
like: n =19, F = 1.467, p = 241, r* = .240; caspase-like:
n=19, F=2.288, p=.153, r? <.0687). Previously, Breusing
and coworker (58) reported strong correlations between
decline in proteasome activity and the increase in protein
oxidation in liver and lung of aged rats. In this study, no
correlation between protein damage and proteasome activity
in the heart of A. islandica was observed (data not shown).

Analysis of Age-Related Changes in HSP Expression in
the Molluscan Heart

The investigation of variations of the expression of HSP
with age focused on four specific HSPs: HSP40, HSP60,
HSP70, and HSP90. All four HSPs investigated appeared to
demonstrate consistent patterns with large initial decreases in
activity (Figure 4A-D). However, due to high variability in
the data, no significant age-related changes in the expression
of HSP40, HSP60, and HSP70 were detected (Kruskal-Wallis
Test: HSP40, H value = 4.58, p = .206; HSP60, H=3.2, p =
.362; HSP70, H = 2.45, p = .484). Significant changes were
observed in the expression of HSP90 (Kruskal-Wallis Test:
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Figure 2. Proteasome activity (AU) in the hearts of Arctica islandica.

HSP40, H value = 8.86, p = .031); however, again high inter- Relationships between changes with age of chymotrypsin-like activity (A)

animal variability affected the outcome. Similar to the other

(regression analysis: n = 19, F = 48.864, p = 0 < .001, r* = .73), trypsin-like
activity (B) (regression analysis: n = 19, F = 3.235, p = .089, r* = .105), and

three HSPs, there was a large initial decrease in expression of caspase- like activity (C) (regression analysis: n = 19, F = 0.629, p = .438,
HSPI0 from the first age quartile (2040 years) to the second * = -00D).
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Figure 3. Protein ubiquitination was detected through Western blot analysis (A). Protein ubiquitination demonstrated no significant association with age (B;
n=19,F=0.542, p =471, r* <.001). No significant relationship between protein carbonylation and protein ubiquitination was also observed (C; n =19, F=0.0516,
p=.823,2<.001). There was also no significant relationships between protein ubiquitination and the three investigated proteasome activities (D; chymotrypsin-like:
n=19, F=0.0491, p = 492, * <.001); trypsin-like: n = 19, F = 1.467, p = 241, r* = .240); caspase-like (n = 19, F = 2.288, p = .153, r* < .0687).

(41-80 years); however, this time a significant decrease in
expression was detected. Further pairwise comparisons
demonstrated that the two oldest age classes (80—120 and

>120 years) were not significantly different from either of
the two earlier age classes.

Age-Related Changes in the Expression of

Mitochondrial ETC Complexes in the Molluscan Heart
The investigation of variations of the expression of

the five mitochondrial oxidative phosphorylation com-

plexes (I-V) demonstrated consistent patterns with
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Figure 4. Age-associated changes in heat shock expression in Arctica islandica across four age quartiles: 2040 years old, 41-80 years old, 81-120 years old, and
>120 years old. Fold changes in expression from the youngest quartile of HSP90 (A), HSP70 (B), HSP60 (C), and HSP40 (D) were assessed in the heart tissue across
the four age quartiles. Data are mean + SEM. Different letters indicate significant differences between the age quartiles in (A), as indicated by pairwise comparisons.

No significant differences were detected in Figure 4B-D.

significant changes in expression with age (Kruskal-
Wallis Test: complex I, H value = 9.36, p = .025; com-
plex II, H = 14.37, p = .002; complex III, H value = 19.32,
p < .001; complex 1V, H value = 17.64, p = .001; complex
V, H value = 11.66, p = .009). Further pairwise compari-
sons indicated consistent responses. With all complexes,
significant reductions in activity between the first two age
quartiles were observed. Although this reduction appeared
to remain lower for the duration of the animals’ life span,
no further significant reductions were observed. Although
expression of complexes I, III, and IV in the third age quar-
tile (81-120 years) appeared to be similarly low to those of
the 41-80 and >120 years quartiles, they were not signifi-
cantly lower or higher than any other age quartile, includ-
ing the first. Similarly the expression of complex IV in the
fourth age quartile (>120 years) was not significantly differ-
ent than all preceding age quartiles (Figure SA-E).

Age-Related Changes in Cytokine-Like Mediators in the
Molluscan Heart

The concentration of IL-6-like, IL-13-like, and TNF-
o-like mediators demonstrated a very similar pattern with

age (Figure 6A-C), with significant differences observed
between the age quartiles for each cytokine (Kruskal-Wallis
Test: IL-6, H value = 11.61, p = .009; IL-1p, H = 9.98, p
=.019; TNF-a, H = 7.96, p = .047). For IL-1p3, IL-6, and
TNF-a, subsequent pairwise comparisons demonstrated the
fold change in the expression of each cytokine-like media-
tor and demonstrated no change between the first two age
classes but then a significant increase to the next age class
(81-120 years). In the oldest age quartile (>120 years old),
concentrations of IL-1p-like and TNF-a-like mediators were
slightly lower than the preceding age class and were not sig-
nificantly different from any of the age classes. In the case of
IL-6-like cytokines, the oldest age quartile (>120 years old)
was significantly higher than the lowest age quartile but was
similarly not significantly different compared with the two
other age quartiles (41-80 and 81-120 years).

Di1scusSION

This study documented age-related changes in heart of
A. islandica, the longest-lived noncolonial animal in the
world. Sclerochronological analysis of the shells of sam-
pled animals demonstrated that a large proportion of the
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Figure 5. Age-associated changes in the expression of different complexes of the five mitochondrial oxidative phosphorylation complexes in Arctica islandica
across four age quartiles: 2040 years old, 41-80 years old, 81-120 years old, and >120 years old. Fold changes in expression from the youngest quartile of com-
plexes I (A), I (B), III (C), IV (D), and V (E) were assessed in the heart tissue across the four age quartiles. Data are mean + SEM. Different letters indicate significant

differences between the age quartiles, as indicated by pairwise comparisons.

species’ maximum life span at that location was investi-
gated. The oldest animal sampled was documented to be
182 years old, with the population longevity at the sampled
location (Belfast Lough, Northern Ireland, UK) estimated
to be 220 years (57). Previous attempts to document age-
related changes in the biology of longevous bivalves have
failed to overcome this logistical barrier of sampling suf-
ficiently aged animals, the oldest of the old, and here the
ages sampled cover almost 85% of the known life span of
that population. For example, Ivanina and coworker (37)
reported changes in HSPs during the aging process of
M. mercenaria, yet the oldest animals sampled were 4 years

old, which depending on the population sampled covers
5%-10% of its maximum longevity and which has been
estimated to vary between 50 and in excess of 100 years
depending on location (59).

Recent gerontological research has documented that
A. islandica exhibit enhanced resistance to multiple forms
of stress compared with its shorter-lived relatives (12,13).
Our previous findings demonstrating an association
between longevity and organismal and cellular resistance
to oxidative stress—induced injury and death in A. islandica
is consistent with the oxidative stress hypothesis of aging
(12). Our previous studies also support the premise that
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Figure 6. Age-associated changes in activity of cytokine-like molecules in Arctica islandica across four age quartiles: 20—40 years old, 41-80 years old,
81-120 years old, and >120 years old. Fold changes in concentration from the youngest quartile of interleukin-1f (A), interleukin-6 (B), and tumor necrosis factor-a
(C) were assessed in the heart tissue across the four age quartiles. Data are mean + SEM. Different letters indicate significant differences between the age quartiles, as
indicated by pairwise comparisons, for example, in the case of IL-13, the third quartile is significantly elevated compared with the first two quartiles, but not the fourth.

extreme longevity in A. islandica is associated with an
attenuated cellular ROS production (12). In this study, we
observe that the level of oxidatively damaged proteins in the
cardiac muscle of A. islandica does not change significantly
up to 120 years of age (Figure 1). Taken with our recent
findings that protein carbonyl concentration in A. islandica
gill tissue is reduced compared with tissues of shorter-lived
hard clam, M. mercenaria, these data suggest that reduced
ROS production in long-living bivalves is associated with
lower levels of accumulated macromolecular damage (12),
supporting the conclusion that cellular redox homeosta-
sis may determine life span. Other researchers have also
reported no age-associated increase in the protein carbonyl
content of the gill and mantle tissue of A. islandica (60).
Importantly, successfully aging mammals, such as bats
(38), also tend to exhibit significantly lower protein oxida-
tion (carbonylation) than shorter-lived species (22). Accrual
of protein oxidation with age is also minimal in longer-lived
muroid rodents (Peromyscus leucopus, maximum life span
potential: 8.3 years) in contrast to the linear increase in
short-lived Mus musculus (maximum life span potential:
~4 years) (22). In this study, very old animals exhibited a
gradual age-associated increase in cardiac protein carbonyl
content (Figure 1); however, the extent of these changes
was lower than what has been reported in mammals.

In mammals, proteasome activity decreases during aging,
which likely contributes to age-related pathophysiologi-
cal alterations in the heart (30-34). Although proteasome
activities have been investigated in short-lived and long-
lived bivalves (12,17), this is the first study to focus on
age-associated changes in proteasome activity in the mol-
luscan heart. Importantly, we observed no significant age-
associated changes in two types of peptidase activity of the
20S/26S proteasome (caspase-like and trypsin-like proteas-
ome activity; Figure 2) in the heart of A. islandica. Although
we did observe a significant decline in chymotrypsin-like
proteasome activity in cardiac muscle of A. islandica, it
manifested relatively early during the animal’s life, and then
chymotrypsin-like proteasome activity was maintained for

over a century (Figure 2). We also did not observe a sig-
nificant relationship between the extent of protein ubiqui-
tination and age (Figure 3), which is likely due to the low
levels of damaged proteins in the heart of A. islandica during
aging. The data in this study demonstrate for the first time
that the ubiquitin—proteasome pathway is largely preserved
in the heart of A. islandica during aging. It is expected that
even centuries-old cardiac myocytes would maintain the
turnover of key 26S proteasome substrates (transcription
factors, cyclins, etc.) and prevent the accumulation of poten-
tially toxic 20S proteasome substrates, such as oxidized pro-
teins. The low levels of oxidatively damaged proteins and
ubiquitinated proteins and the preserved proteasome activity
in aged A. islandica are consistent with the hypothesis that
long-term maintenance of proteasome homeostasis contrib-
utes to successful cardiac aging in this bivalve species.

In this study, we documented a consistent pattern of
decline in four specific HSPs with age in the heart tissue;
however, following statistical analysis, only the initial
decrease in HSP90 was significant (Figure 4). In one of the
few previous investigations into age-associated changes
in HSPs, Ivanina and coworker (37) reported that these
responses were HSP specific, with an age-related decrease
in the expression of HSP90 and HSP60, and a concomi-
tant increase in HSP70. However, the studies of Ivanina
and coworker (37) had important limitations because only
5%—10% of the maximum life span of M. mercenaria was
investigated. It is unclear whether the initial decrease in
HSP90 expression is an indication of a general decline in
molecular chaperones with age. Alternatively, a decrease
in HSP9O in early life may reflect a developmental change
unrelated to senescence. Interestingly, in other organisms,
a wide variability in age-related changes of cytoplasmic
HSPs has been documented, with increases (21), no changes
(61), or decreases (28) reported. The HSP90 family, which
comprises 1%—2% of all cellular proteins making it one of
the most abundant proteins even in the absence of stress,
acts downstream of the HSP70/HSP40-chaperone sys-
tem and plays an important role in conformational protein
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regulation and cell signaling. Although data on the expres-
sion of these HSPs throughout the life span of A. islandica
are especially important, environmental challenges will
affect HSP70/90 gene regulation, in addition to the effects
of aging. Therefore, investigators should be conservative in
drawing conclusions from variations in HSP expressions
between studies or between wild populations or species
from different locations.

There is a wide range of studies both in invertebrate
model organisms (62,63) and vertebrate animals (1,64—66)
that implicate mitochondrial dysfunction and dysregulation
of mitochondrial biogenesis as a causative factor in the car-
diac aging process. Both the mammalian and the molluscan
hearts have a relatively high metabolic demand compared
with other tissues and are rich in mitochondria. The existing
literature support the concept that aging-induced changes in
mitochondrial biology, including dysregulation of mitochon-
drial biogenesis and a decline in cardiac mitochondrial con-
tent, are causally linked to the decline in cardiac performance
with age in mammals (66). This study documents a consist-
ent early-life decline in expression of all five ETC com-
plexes, which potentially reflect a decline in mitochondrial
content, in the cardiac muscle of A. islandica (Figure 5). It is
possible that these mitochondrial changes in early life reflect
a developmental change unrelated to senescence such as the
early life decline in HSPs. A previous study documented a
similar developmental change through the investigation of
age-related changes in antioxidant parameters in A. island-
ica from 4 to 200 years (18). In the gill and mantle tissues,
catalase, citrate synthase activity, and glutathione concen-
tration declined rapidly within the first 25 years, covering
the phase of rapid somatic growth and thereafter remained
constant for >150 years. The similarity of the results in the
two studies suggests that changes with age through develop-
mental reasons rather than ageing may be a common obser-
vation in indeterminately growing animals with an initial
phase of rapid somatic growth. Importantly, in the hearts of
A. islandica, there were no further declines in mitochondrial
ETC complexes for more than a century. This observation is
consistent with the concept that preservation of mitochon-
drial integrity is an important factor in successful cardiac
aging. Further studies are warranted to assess age-related
changes in mitochondrial function and mitochondrial vol-
ume and density in A. islandica. It is important to note that
the heart in mammals is largely composed of postmitotic
cells; thus, mitochondria in the mammalian heart likely are
more adversely affected by aging than other organs (67). In
contrast, cells in the heart of A. islandica are likely capa-
ble of self-regeneration (associated with rejuvenation of the
mitochondrial pool), a process which likely contributes to
the preservation of mitochondrial integrity for centuries. In
a previous study, Philipp and coworker (68) compared mito-
chondrial function of the longer-lived Laternula elliptica
with Mya arenaria, which represent the same ecotype (ben-
thic infaunal filter feeders) but differ in maximum life span,
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36 and 13 years, respectively. They documented that the
short-lived M. arenaria demonstrated a more pronounced
decrease in mitochondrial function (respiration, respiratory
control ratio, proton leak, and membrane potential) than its
longer-lived relatives, and tissue redox state in L. elliptica
remained stable throughout all ages, whereas it increased
dramatically in aged M. arenaria. These results along with
the results of this study are consistent with the concept that
preservation of mitochondrial integrity is an important factor
in successful aging in bivalves.

There is growing evidence that chronic low-grade inflam-
mation, characterized by a proinflammatory shift in the
profile of secreted cytokines, evolves during aging in the
mammalian cardiovascular system (40—49). The innate
immune system of molluscs is believed to share the com-
mon signaling molecules found in higher vertebrates,
including cytokines, and there is strong evidence to believe
these occur in molluscs. Our studies document significant
age-related increases in the concentration of three cytokine-
like mediators (IL-6, IL-1PB, and TNF-a) in the heart of
A. islandica (Figure 6), which support the hypothesis that
low-grade chronic inflammation in the cardiovascular sys-
tem is a universal feature of the aging process. In mam-
mals, IL-6, IL-1P, and TNF-a are commonly associated
with a proinflammatory response, which has been linked
to increased oxidative stress, impaired mitochondrial func-
tion, increased apoptosis, and reduced myocyte contractile
function. Importantly, IL-6, IL-1f3, and TNF-a are also ele-
vated in direct relation to deteriorating functional class of
heart failure (50,69). Although the functional consequences
of the observed age-related changes in inflammatory
cytokine expression in the molluscan heart are unknown,
the age-associated increase in proinflammatory cytokines
presented in this study provides support for the phenom-
enon referred to as “inflamm-aging (70)” and demonstrates
that molluscs exhibit similar proinflammatory responses
in the cardiac muscle with age as mammals. Importantly,
our studies support the concept that in successfully aging
animals, age-related chronic low-grade inflammation in the
cardiovascular system manifests much later in life than in
shorter-living species.

Age-related changes in invertebrate immune func-
tions have been documented in several species, some of
them outside the usual model animals; for example, cel-
lular immunosenescence has been reported in the cricket,
Gryllus assimilis (71), and the fruit fly Drosophila mela-
nogaster. Importantly, several studies report increased
transcripts of immune response genes in D. melanogaster
with age (72). These results and the present study strongly
suggest that age-related immunosenescence (inflamm-
aging) is a universal feature of the aging process. Despite
the taxonomic distance between bivalves and mammals,
their cardiovascular systems show remarkable similarities,
with a well-developed hemal system consisting of the heart
and vessels, which plays important physiological roles,
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including gas exchange, osmoregulation, nutrient distri-
bution, waste elimination, and immune function. Here the
heart has been the focus of study; however, equally impor-
tant is the maintenance of the vasculature throughout the
life span. As most age-related human diseases (including
cardiovascular disease, stroke, and neurodegenerative dis-
eases) involve some type of vascular/microvascular pathol-
ogies, future studies should, therefore, also investigate
vascular aging in bivalve models of extreme longevity.

Limitations of the Study

This study has had to deal with two logistical prob-
lems that make analyzing the results more difficult but
also may obscure or mask age-associated changes in
cardiac biology. This study is unique in its investiga-
tion of age-associated changes of a wild population of a
species; however, this brings its own challenges—aging
in free-living animals varies between individuals and
populations (73). Although controlled at the population
level, longitudinal studies remain the desired approach
even though the necessity to study wild-caught speci-
mens of A. islandica brings the challenge of unavoida-
ble individual heterogeneity. Through sampling a single
location and population, we have tried to constrain this
heterogeneity. However, an individual’s somatic “state”
will be reflected in a wide range of phenotypic traits,
such as body size or condition and immune response,
which themselves often deteriorate with age, and these
cannot be controlled and so adds intraspecific variabil-
ity to the data. Additionally, in studies based on cross-
sectional (as in this study) rather than longitudinal
observations, there is often an influence of a phenom-
enon referred to as a “survivorship effect (74),” which
can mask age-associated changes in the cardiac biology
of the animals under study. Such “survivorship effects”
may contribute to the apparent changes at advanced ages
observed in this study, for example, in the expression of
complex V and HSP90.

Because antibodies directed against molluscan proteins
are not available, we chose to use antibodies directed against
evolutionarily conserved human orthologs. In previous
studies, antibodies directed against human cytokines were
demonstrated to detect molluscan cytokine-like mediators
(75-78). Further, invertebrate hemocytes have been induced
to produce cytokine-like molecules in response to signals
that elicit cytokine production in mammalian leukocytes,
and a cytokine inhibitor, a human anti-TNF-a antibody, was
shown to block cellular responses mediated by molluscan
cytokines (75).

CONCLUSIONS
To our knowledge, this is the first study investigating
age-related changes in the heart of this molluscan model
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of extreme longevity, A. islandica. Our findings support
the concept that fundamental mechanisms of cardiac aging,
including the role of inflammation, may be evolutionar-
ily conserved. The documented similarities between age-
related changes in mammalian and bivalve hearts provide
justification for further investigations into the cardiac biol-
ogy of this exceptionally long-lived species, especially for
the evaluation of pathways involved in the protection of
the proteome (eg, pathways involved in autophagy) in the
longest-living noncolonial animal.
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