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Abstract

Background & Aim: Autophagy is a cytoprotective recycling mechanism, capable of digesting dysfunctional cellular components,

and this process is associated with pro-survival outcomes. Autophagy may decline in the aging myocardium, thereby contributing

to cardiac dysfunction. However, it remains to be established how autophagy responds to ischemia-reperfusion stress with age.

Methods: Samples from the right atrium were collected from young ([?]50 years; n=5) and aged ([?]70 years; n=11) patients prior

to and immediately following cardioplegic arrest during coronary artery bypass grafting (CABG) surgery, a model of human

ischemia-reperfusion injury. Results: Mitochondrial content did not differ between the age groups, however a 32% reduction

in UQCRC2 (0.74 vs 0.53, effect of age, p=0.03) was seen with age, indicating possible compositional disruptions. In response

to IR, VDAC (0.75 vs 1.05, p=0.03) and COX-I protein (0.63 vs 1.10, p=0.03) was over expressed in young, but not in aged

patients. Reductions in Parkin (0.95 vs 0.49, interaction effect, p=0.04) and NIX (0.60 vs 0.21, p=0.004) protein expression

with age suggest an impairment in mitochondrial recycling, which may lead to an accumulation of dysfunctional mitochondria.

Following IR, our data suggest that in the young cohort, autophagy is reduced as a Beclin-1 decreased by 63% (0.95 vs 0.36,

p=0.001) and no changes were observed in either p62 or LC3-II:I ratio. Conclusion: Our data demonstrate a blunted cardiac

mitochondrial response to ischemia with age, accompanied by a possible impairment in mitophagy. These findings support an

age-associated inability of the atrial myocardium to mount appropriate adaptive responses to stress.
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Abstract

Background & Aim: Autophagy is a cytoprotective recycling mechanism, capable of digesting dysfunc-
tional cellular components, and this process is associated with pro-survival outcomes. Autophagy may decline
in the aging myocardium, thereby contributing to cardiac dysfunction. However, it remains to be established
how autophagy responds to ischemia-reperfusion stress with age.

Methods: Samples from the right atrium were collected from young ([?]50 years; n=5) and aged ([?]70
years; n=11) patients prior to and immediately following cardioplegic arrest during coronary artery bypass
grafting (CABG) surgery, a model of human ischemia-reperfusion injury.

Results: Mitochondrial content did not differ between the age groups, however a 32% reduction in UQCRC2
(0.74 vs 0.53, effect of age, p=0.03) was seen with age, indicating possible compositional disruptions. In
response to IR, VDAC (0.75 vs 1.05, p=0.03) and COX-I protein (0.63 vs 1.10, p=0.03) was over expressed
in young, but not in aged patients. Reductions in Parkin (0.95 vs 0.49, interaction effect, p=0.04) and NIX
(0.60 vs 0.21, p=0.004) protein expression with age suggest an impairment in mitochondrial recycling, which
may lead to an accumulation of dysfunctional mitochondria. Following IR, our data suggest that in the
young cohort, autophagy is reduced as a Beclin-1 decreased by 63% (0.95 vs 0.36, p=0.001) and no changes
were observed in either p62 or LC3-II:I ratio.

Conclusion: Our data demonstrate a blunted cardiac mitochondrial response to ischemia with age, accom-
panied by a possible impairment in mitophagy. These findings support an age-associated inability of the
atrial myocardium to mount appropriate adaptive responses to stress.

Abbreviations

CABG Coronary artery bypass grafting

COX-I Cytochrome c oxidase subunit I
COX-IV Cytochrome c oxidase subunit IV
HRP Horseradish peroxidase
Hsp70 Heat shock protein 70
IR Ischemia-reperfusion
LC3 Microtubule-associated proteins 1A/1B light chain 3B
NIX Nip3-like protein X
P62 Sequestosome 1
SDS-PAGE Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
TFE3 Transcription factor E3
TFEB Transcription factor EB
UQCRC2 Cytochrome b-c1 complex subunit 2
V-ATPase Vacuolar-type ATPase
VDAC Voltage-dependent anion channel

Introduction

Aging has significant structural, metabolic and biochemical repercussions on a variety of tissues, including
the heart. Many age-associated changes converge on mitochondria, which include disrupted morphology

2
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. characterized by swollen organelles1, and functional impairments including declines in oxidative phosphory-
lation and elevations in reactive oxygen species (ROS) emission2. Mitochondrial maintenance throughout
the lifespan is critical for cardiac health, which relies on the removal and degradation of dysfunctional
mitochondria via the lysosomes through a selective form of autophagy, known as mitophagy.

Autophagy is a cytoprotective mechanism, and is often associated with pro-survival outcomes in the face
of cellular stress, including ischemia-reperfusion (IR) insults3–7. Autophagy provides a pivotal step in de-
termining cell fate, as damaged mitochondria that do not undergo mitophagy may initiate apoptosis or cell
death8,9. It has been reported that autophagy decreases with age and this is thought to contribute to the
aging phenotype10. The importance of autophagy in the heart has been demonstrated through loss- and
gain-of-function animal models in which impaired autophagy has resulted in cardiomyopathy11,12, while en-
hanced autophagy has promoted longevity13. Therefore, it is important to understand how the intersection
of age impacts the ability of the heart to respond to stress and injury, which in turn may allow a more
tailored approach for interventions and therapies.

To better understand the role of age in implementing a pro-survival stress response in the heart, samples of
the right atrial appendage were taken from patients prior to, and following cardioplegia during a coronary
artery bypass grafting surgery (CABG), which is a model of ischemia-reperfusion14. As sampling ventricular
tissue in humans poses a risk for patients, tissues harvested from the right atrial appendage are used as a
surrogate for the molecular events taking place in the myocardium as a whole. Participants were selected
based on age, with young subjects classified as being under the age of 50 years, while aged subjects were
over the age of 70 years. We hypothesized that the young cohort would have a pronounced autophagic
response following post-operative reperfusion compared to the aged patients. This would be associated with
a pro-survival response, and could provide insight into how age influences the mechanisms involved in the
stress response following an ischemia-reperfusion insult.

Methods

Right atrial tissue sampling - Samples of right atria were taken immediately prior to and following cardioplegic
cardiac arrest using a double purse-string approach, which is a well-established model of human myocardial
ischemia-reperfusion injury15–17. The heart was arrested with high potassium (27mEq/L) blood cardioplegia
solution and was maintained with a low potassium formulation at 4°C. After weaning from bypass and a
brief period of reperfusion (5-15 minutes), the tissue between the two purse-string sutures was harvested. The
pre-cardioplegic arrest samples wre taken pre-cardiopulmonary bypass (CPB) and pre-arrest at the time of
venous cannulation. All tissues were flash frozen in liquid nitrogen. The average age of the young participants
was 42.6 years, and all were male (n=5). The average age of the aged participants was 73.8 years, and 10 of
11 were male (n=11). Patients were matched for co-morbidities including dyslipidemia and hypertension, as
well as for prescribed medications. Participants were excluded if they had diabetes, kidney disease, cancer
or any other underlying issues, and were excluded if they currently identified as smokers. Use of patient
samples from the St. Michael’s BioBank was approved by the Office of Research Ethics at York University
(Certificate #2018-114), as well as the Research and Ethics board at St. Michael’s Hospital (REB 15-385).

Protein Extraction- Atrial samples were weighed and diluted in 10x Sakamoto buffer with protease and
phosphatase inhibitors and lysed with a Tissue Lyser. Lysates were centrifuged at 14,000g for 10 minutes,
and the supernate was stored at -80º C.

Immunoblotting- Atrial proteins were separated on polyacrylamide SDS-PAGE gels at 120mV. Proteins
were transferred onto nitrocellulose membranes and incubated in 5% milk in wash buffer. Membranes were
incubated with primary antibody overnight at 4°C, and then with HRP-conjugated secondary antibodies for
1 hr at room temperature the following day. Membranes were visualized with enhanced chemiluminesence.
Image J software was used for quantifications.

Statistical Analyses- Unpaired t-tests were used to detect differences between young and aged subjects using
GraphPad Prism 6.0. When comparing the effect ischemia-reperfusion (pre- and post-CABG) in the young
and aged atria, a two-way ANOVA with repeated measures was used. The critical value was set at p<0.05.
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. All error bars represent the SEM.

Results

Mitochondrial markers following ischemia-reperfusion with age. No significant changes were found with age
in the outer membrane protein VDAC, the inner membrane subunits COX I, and COX IV, as well as the
matrix enzyme citrate synthase (Fig. 1 A-E). However, a 32% reduction in UQCRC2, a subunit of complex
3 of the electron transport chain (Fig. 1F; 0.74 vs 0.53, main effect of age, p=0.03), was observed with age,
suggesting a compositional change that may be indicative of a complex III defect in the aging heart. This
was also observed in a negative correlation between the UQCRC2 protein content and age (Fig. 1G; r=-0.61,
p=0.06).

IR resulted in 30% increases in VDAC (0.75 vs 1.05, p=0.03) and COX-I (0.63 vs 1.10, p=0.03), in a manner
that was attenuated with age. This suggests an acute accumulation of mitochondrial proteins that are not
being degraded.

Autophagy markers following ischemia-reperfusion with age. LC3 is a component of the autophagosomal
membrane, which undergoes lipidation as part of its maturation from LC3-I to LC3-II. No significant changes
were found in the immature or mature forms basally (Fig. 2B), or in the ratio of LC3II to LC3I (0.62 vs
1.27, p=0.70), despite a trend toward an increase with age (Fig. 2C; 0.62 vs 1.18, p=0.82). Furthermore, a
negative correlation was seen between Optineurin, an autophagy adaptor protein, with age (Fig. 2G; r=-0.62,
p=0.057). These data support an impairment in autophagy with age.

A decrease in Optineurin (main effect of IR; 1.14 vs 0.65, p=0.003) was also observed post-reperfusion in the
young subjects, however this was not seen in the aged cohort (Fig. 2D). When accompanied by the marked
reduction in the autophagy initiator Beclin-1 (Fig. 2F; main effect of IR, 0.93 vs 0.50, p=0.001), and the
lack of change in p62 (2.03 vs 1.54, p=0.10), these data suggest that the autophagy pathway was reduced
post-IR.

Mitophagy markers following ischemia-reperfusion with age.Parkin, the E3 ubiquitin ligase, was reduced
in aged atrial samples (Fig. 3D; r=-0.78, p=0.02), along with NIX, a receptor on the outer mitochondrial
membrane that has roles in both mitophagy and in apoptosis. Following IR, Parkin levels were dramatically
reduced in atrial samples of younger patients (Fig. 3B; 0.95 vs n.d., p=0.02), an effect that was not observed
in the aged cohort (Fig. 3B; 0.49 vs 0.47, interaction effect, p=0.04; main effect of IR, p=0.02). This suggests
a decline in mitophagy following IR in younger patients. However, this could have been compensated for by
the elevation in NIX, by 3.8-fold in the young cohort (0.60 vs 1.8, p=0.002), but only 2.3-fold in the aged
subjects (Fig. 3C; 0.21 vs 0.76, interaction effect, p=0.04; main effect of IR, p=0.002; main effect of age,
p=0.004). These data highlight a blunted response in the aged cohort to the IR injury, suggesting a loss in
the ability to mount an appropriate response to stress with age.

Lysosomal markers following IR with age. Dramatic 68% and 85% reductions in TFEB and TFE3, the
transcription factors that regulate lysosomal- and autophagy-related genes, were observed with age (Fig. 4B-
C; 0.63 vs 0.20, p=0.02; 1.00 vs 0.10, p=0.0001 respectively), which corresponded to negative correlations
with age (Fig. 4F-G; r=-0.56, p=0.15; r=-0.95, p=0.001 respectively). Furthermore, a trend for reduced
Cathepsin-D, a lysosomal protease, was found in the aged cohort (Fig. 4D; 0.54 vs 0.34, p=0.14), but no
change was observed for V-ATPase, a proton pump found on the lysosomal membrane (Fig. 4E; 0.51 vs
0.54). TFEB and TFE3 were markedly reduced in the young patients following IR (Fig. 4B-C; 0.63 vs n.d.,
main effect of IR, p=0.02 for TFEB). Surprisingly, there was an increase in V-ATPase protein content in the
atria of younger patients following IR (Fig. 4E; 0.51 vs 1.12, main effect of IR, p=0.005). These changes were
dependent on age. TFEB content remained unchanged (Fig. 4B; 0.20 vs 0.25, interaction effect, p=0.02),
while TFE3 content increased 3-fold (Fig. 4C; 0.10 vs 0.45, interaction effect, p=0.01), while V-ATPase did
not respond in the aged cohort (Fig. 4E; 0.54 vs 0.71, interaction effect, p=0.05), supporting the notion of
a blunted stress response in the atria of aged subjects, compared to the young (1.12 vs 0.71, p=0.004). This
would also support declines in the capacity for autophagy in the aged, which was evident by the reduced
response in autophagy markers in the aged patients.
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. Stress response markers following ischemia-reperfusion with age.No significant changes were observed in
either HSP70 or caspase-3 with age, or following the IR (Fig. 5A-D).

Conclusion

The aging myocardium is characterized by a number of structural, biochemical and metabolic changes that
contribute to a decline in cardiac function18. An emerging characteristic of the aging phenotype is a decline
in autophagy, described in a number of tissues19,20. This is a significant alteration as autophagy is often cy-
toprotective and has been linked to improved outcomes in response to IR injuries3,11,21–23. Autophagy is also
emerging as a quintessential mechanism involved in the protective benefits of ischemic preconditioning5,24,
therapeutic hypothermia 4 and a number of pharmaceuticals, such as statins25. Previous studies have high-
lighted a reliance on autophagy in the response to IR in patients undergoing cardioplegia during surgery15,22.
The goal of this study was to contribute to our understanding of how age influences the autophagy response
to IR insults in human cardiac tissue by using samples from right atrial appendages of patients undergoing
CABG surgery.

Our results revealed no overt changes with age in several markers indicative of mitochondrial content, with
the notable exception of a significant decrease in UQCRC2, a subunit of complex III. This is in line with
previous reports of functional impairments in complex III activity in rodent models of aging2,26, and is
suggestive of a change in mitochondrial composition with age.

The critical end-stage steps of the autophagy pathway reside within lysosomes, which serve to degrade
dysfunctional cargo. Previous accounts have described evidence of lysosomal dysfunction with age, as these
organelles tend to accumulate lipofuscin, indicative of a catabolic blockade27–29. Strikingly, we observed sharp
declines in both TFEB and TFE3, transcriptional regulators of lysosomal biogenesis, with age. Despite this
decline, only a trend for decrease in the lysosomal protein Cathepsin D was observed, a known target of
TFEB. However, the induction of v-ATPase, a robust effect observed with IR in younger subjects, was
completely blunted with age (Table 1). This suggests that TFEB and TFE3 levels may be sufficient to
maintain basal levels of lysosomal proteins, but that the response to stress is severely restricted with age.
Interestingly, a trend for an increase in the LC3 II:I ratio with age was observed without a change in the
adaptor proteins p62 and Optineurin. Together, these data point to a decline in lysosomal function with age,
since these proteins are normally consumed in the autophagy process, and an increase in LC3-II represents
an accumulation of autophagosomes that have not fused to lysosomes for degradation. This would be in line
with numerous studies that support a decrease in autophagy with age in other tissues, pointing potentially
to reduced degradative capacity of the lysosome, rather than impairments at the initiation/tagging stages, or
in the elongation of the phagophore11,22,30. Our data also suggest a decrease in mitophagy with age, evident
from the marked decrements in both Parkin and Nix (Table 1). This could lead to the accumulation of
mitochondria with altered composition, and possible dysfunction within the heart, evident from the decrease
in UQCRC2. It is well known from other studies in muscle cells that the inhibition of lysosomal function leads
to an accumulation of mitochondrial content, but that these organelles have reduced rates of respiration,
as well as elevated ROS emission31. Future measures of mitochondrial function are required to verify this
hypothesis.

Prior reports32 using the same surgical intervention have demonstrated that perioperative IR promotes
mitochondrial biogenesis, likely by enhancing the translation of pre-existing mRNAs. This is in line with our
observations of increased COX I and VDAC protein content. This increase in select mitochondrial markers
may represent a protective response, aimed at maintaining cardiac metabolic capacity following an ischemic
insult. It is important to note that not all mitochondrial markers increased following IR, and this may reflect
a compositional change rather than an overall increase in content. Interestingly, the aged cohort exhibited
a blunted increase in COX I protein content in comparison to young counterparts, further indicating an
inability of the aged heart to mount an appropriate response to stress, as discussed above (Table 1). Increases
in VDAC could also contribute to an enhanced activity of the mitochondrial permeability transition pore,
and although increased pore formation to initiate mitochondrial-mediated apoptosis is a common finding
with IR33–35, our data provide no evidence for enhanced apoptotic signaling following this IR intervention
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. in this cohort.

The ubiquitination “tagging” of mitochondria could be impaired following IR in younger subjects, based on
the marked decline in Parkin levels following this bypass surgery. The interpretation of impaired autophagy
and mitophagy is supported by the modest trend for an increase in LC3-II protein content observed in the
younger patients, along with previous accounts that have demonstrated poor clearance by the lysosomes
in rodent models of IR. As the nature of the autophagy process is highly dynamic, researchers have relied
on measurements of autophagy flux to better understand this recycling process, although many of these
techniques rely on fluorescent tagging, or the use of inhibitors which would not be appropriate for human
trials. Thus, it is critical to rely on data from animal models to fully appreciate the complexity of the IR
response.

During enhanced autophagy, LC3-II and p62 should be degraded along with the dysfunctional cargo. The
lack of decrease in these proteins, taken together with the decline in Beclin-1, which is involved in the
initiation of autophagy, suggests that autophagy decreases following IR. TFEB and TFE3 also decline,
and as transcriptional regulators of a number of autophagy-related genes 36, these data also support this
autophagy decrease. Interestingly, the postoperative response in these parameters appeared to be blunted in
the aged cohort and this may be evidence of an inability to mount a stress response with age (Table 1).

In summary, our data support the idea that autophagy declines with age in human atria. It remains to
be addressed whether this decrement lies in the initiation of the recycling process, the ability to detect
and sequester damaged material, or in the capacity to breakdown cellular components at the lysosome.
Understanding the autophagic response is also critical as it is thought to have repercussions for the activity
of cell death or apoptotic pathways3,15,37. Our findings also demonstrate the influence of age on the response
of the myocardium to surgeries involving ischemia-reperfusion, as older subjects exhibit a reduced resilience
and adaptability compared to younger patients. Future work will be needed to resolve the relative roles of
apoptosis and autophagy in the aging myocardium, and will be aided by measurements of mitochondrial
function.
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Figure Legends:

Figure 1: Mitochondrial markers following ischemia-reperfusion with age. Representative western blots of
mitochondrial markers pre- and post-operative in atrial samples of young and aged patients (A ). Graphical
representation of changes in protein content of VDAC (B ), citrate synthase (C ), COX I (D ), COX IV
(E ), and UQCRC2 (F ). Correlation between UQCRC2 protein expression and age (G).Ponceau stain was
used for normalization of the data. #, effect of ischemia p<0.05; *, effect of age p<0.05; Y, young; A, aged;
n=2-8. VDAC, voltage dependent anion channel; COX I, cytochrome oxidase subunit I; COX IV, cytochrome
oxidase subunit IV; UQCRC2, ubiquinol-cytochrome c reductase core protein 2.

Figure 2: Autophagy markers following ischemia-reperfusion with age. Representative blots of autophagy
markers pre- and post-operative in atrial tissues of young and aged patients (A ). Graphical representation
of changes in protein content of the mature form of LC3, LC3-II (B ), ratio of LC3-II to I (C ), p62 (D
), Optineurin (E ), and Beclin-1 (F ). Correlation between age and Optineurin protein content based on
western blot data (G ). Ponceau stain was used for normalization of the data. ##, effect of ischemia p<0.01;
Y, young; A, aged; n=2-11. LC3, microtubule-associated proteins 1A/1B light chain 3B; p62, sequestosome
1.

Figure 3 : Mitophagy markers following ischemia-reperfusion with age. Representative blots of mitophagy
markers pre- and post-operative in atrial tissues of young and aged patients (A ). Graphical representation
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. of observed changes in protein content of Parkin (B ), NIX (C ). Correlation between Parkin protein content
and age (G ). Ponceau stain was used for normalization of the data. φ, interaction effect p<0.05; #, effect
of ischemia p<0.05; ##, effect of ischemia p<0.01; **, effect of age p<0.01; ***, effect of age p<0.001; Y,
young; A, aged; n=2-11.

Figure 4: Lysosomal markers following ischemia-reperfusion with age. Representative blots of lysosomal
markers pre- and post-operative in atrial tissues of young and aged patients (A ). Graphical representation
of changes in protein content of TFEB (B ), TFE3 (C ), immature Cathepsin D (D ), and v-ATPase (E ).
Graph of the relationship between TFEB protein content (F ), TFE3 protein content (G ) and age. Ponceau
stain was used for normalization of the data. φ, interaction effect p<0.05; φφ, interaction effect p<0.01; #,
effect of ischemia p<0.05; ##, effect of ischemia p<0.01; *, effect of age p<0.05; **, effect of age p<0.01;
***, effect of age p<0.001; Y, young; A, aged; n=2-11. TFEB, transcription factor EB; TFE3, transcription
factor E3; v-ATPase, vacuolar-type H+ATPase.

Figure 5: Stress response markers following ischemia-reperfusion with age. Representative blots of stress
response markers pre- and post-operative in atrial tissues of young and aged patients (A ). Graphical
representation of changes in protein content of HSP70 (B ), Caspase-3 middle band (C ), Caspase-3 top
band (D ). Ponceau stain was used for normalization of the data. Y, young; A, aged; n=5-11. HSP70, heat
shock protein 70.

Table 1 : Differential responses to IR in young and aged patients. Summary of how proteins respond
following IR in human atrial tissues and how age influences the overall stress response. This wide sampling
of proteins illustrates a blunted response in the aged patients, which may influence the degree of recovery to
IR.

Young Aged

Mitochondrial Content —— VDAC — VDAC
— COX-I N/C COX-I

Autophagy —— Beclin-1 — Beclin-1
— LC3-II (trend) N/C LC3-II
—— Optineurin — Optineurin

Mitophagy — Parkin N/C Parkin
— NIX N/C NIX

Lysosomal Biogenesis — TFEB N/C TFEB
— TFE3 — TFE3
— v-ATPase N/C v-ATPase

(N/C, no change)
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