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Abstract

Introduction—The homeostatic intracellular repair response (HIR?) is an endogenous beneficial
pathway that eliminates damaged mitochondria and dysfunctional proteins in response to stress.
The underlying mechanism is adaptive autophagy. The purpose of this study was to determine
whether the HIR? response is activated in the heart in patients undergoing cardiac surgery and to
assess whether it is associated with the duration of ischemic arrest and predicted surgical outcome.

Methods—Autophagy was assessed in 19 patients undergoing coronary artery bypass or valve
surgery requiring cardiopulmonary bypass (CPB). Biopsies of the right atrial appendage obtained
before initiation of CPB and after weaning from CPB were analyzed for autophagy by
immunoblotting for LC3, Beclin-1, Atg5-12, and p62. Changes in p62, a marker of autophagic
flux, were correlated with duration of ischemia and with the mortality/morbidity risk scores
obtained from the Society of Thoracic Surgeons Adult Cardiac Surgery Database (v2.73).

Results—Heart surgery was associated with a robust increase in autophagic flux indicated by
depletion of LC3-1, LC3-11, Beclin-1, and Atg5-12; the magnitude of change for each of these
factors correlated significantly with changes in the flux marker p62. Moreover, changes in p62
correlated directly with cross clamp time and inversely with the mortality/morbidity risk scores.

Conclusion—These findings are consistent with preclinical studies indicating that HIR? is
cardioprotective, and reveal that it is activated in patients in response to myocardial ischemic
stress. Strategies designed to amplify HIR? during conditions of cardiac stress may have
therapeutic utility and represent an entirely new approach to myocardial protection in patients
undergoing heart surgery.
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Introduction

Methods

Heart surgery patients continue to experience significant post-operative complications such
as myocardial stunning and infarction. This is due in part to inadequate intraoperative
myocardial protection and ischemia/reperfusion injury [1]. Myocardial stunning (reversible
post ischemic myocardial dysfunction) manifests as low cardiac output and lasts hours to
days after surgery. In patients with limited functional reserve, stunning can lead to multi-
organ failure and death. Similarly, some degree of myocardial necrosis occurs in up to 20%
of patients undergoing heart surgery with subsequent adverse short and long term adverse
consequences [2-5]. Because irreversible tissue injury involves cell death, previous efforts
focused on preventing apoptosis and necrosis [6]. However, attention is now focused on
mechanisms to salvage cells by amplifying their endogenous protective mechanisms. One
such mechanism is the homeostatic intracellular repair response (HIR2). The underlying
process is adaptive autophagy, a lysosomal salvage pathway that eliminates damaged
mitochondria and misfolded aggregated proteins in response to stress.

Adaptive autophagy is characterized by the formation of a cup-shaped pre-autophagosomal
double-membrane structure which surrounds cytoplasmic material and closes to form the
autophagosome [Fig. 1]. The outer membrane of the autophagosome fuses with a lysosome
to create a single membrane structure, the autophagolysosome. Here, the cargo is degraded,;
amino acids, free fatty acids, and sugars are exported to the cytosol for use as metabolic
substrates [7-9]. This process involves multiple autophagy (Atg) proteins. For example,
activation of the class 111 PI3K/Vps34 and Beclinl (Atg6) complex results in the formation
of an isolation membrane to which other Atg proteins are recruited. The conjugate of Atg12-
Atg5 is involved in the expansion of the isolation membrane. Another protein, p62,
functions as an adaptor protein to link ubiquitin-rich mitochondria and protein aggregates to
the forming autophagosome [10-12]. Autophagic activity is reflected in changes in the
abundance of proteins such as Beclin-1, Atg5-12, and p62. Since p62 levels increase when
autophagy is inhibited chronically, and decrease when autophagy is induced, p62 can be
used as a marker to assess autophagic flux [13]. For the purpose of this study, we selected
Beclin-1 as a catalytic factor that also participates in regulating lysosomal fusion, Atg5-12
as a consumable structural component, and p62 as a dynamically regulated adaptor protein
for ubiquitinated cargo.

Autophagy has been extensively investigated in cell culture and animal models subjected to
stresses such as starvation or ischemia/reperfusion [9, 14-16]. To measure autophagy it is
necessary to obtain tissue for Western blot analysis, immunofluorescence microscopy, or
electron microscopy. For that reason, few studies have examined autophagy in the human
heart [17, 18], but there is evidence that HIR? is active in animal models [10, 19-21]. Given
that inadequate myocardial protection remains a major clinical problem, the purpose of this
study was to determine if HIR? is activated in patients undergoing surgery, and whether the
duration of ischemic arrest or patient risk factors affect the pathway.

Study Design

The study protocol was fully approved by the Institutional Review Boards of Wayne State
University School of Medicine and Oakwood Hospital Medical Center. All tissue
procurements were done in compliance with the IRB approved protocol. The transfer of
human tissue between Oakwood Healthcare Inc. and the San Diego State University (SDSU)
was governed by a Universal Biological Materials Transfer Agreement (UBMTA) between
the two institutions. Nineteen patients undergoing conventional heart surgery with
cardiopulmonary bypass (CPB) and intraoperative cardioplegia were studied. Inclusion
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criteria were limited to adult patients undergoing first time non-emergent cardiac surgery on
CPB with aortic cross clamping. The patient population included those undergoing coronary
artery bypass grafting (CABG) alone, valve repair or replacement alone, or CABG
combined with valve repair or replacement. Right atrial tissue (100-200mg) was excised
during atrial cannulation before initiation of CPB and aortic cross clamping (“a” samples),
and again after removal of cross clamp and weaning from CPB (“*b” samples). Atrial
biopsies were frozen in liquid nitrogen and stored at -80° C until they were analyzed.

Biochemical Analysis

Samples were shipped on dry ice to San Diego State University, where they were processed
and analyzed in three lots (*a” and *“b” samples from patients 1-5, 6-12, and 13-19). For all
samples, proteins were extracted by Dounce homogenization in ice-cold RIPA buffer with
freshly added Protease Inhibitor Cocktail Complete (Roche) followed by centrifugation
(1000g % 5min, 4°C) and recovery of supernatants and determination of protein
concentrations (Bio-Rad DC Protein assay). Equal amounts of protein (20 pg) were resolved
on 10-20% Tris-Glycine SDS-PAGE gels (Invitrogen) and transferred to nitrocellulose
membranes. The membranes were blocked with 5% non-fat dry milk for 1h and then
incubated overnight with 1:1000 diluted primary antibodies against actin (Sigma), Beclin-1
(Cell Signaling), Atg5 (Santa Cruz), and p62/SQSTM1 (MBL International). Membranes
were washed (3 x 10min) in 150mM NaCl buffered with 50mM Tris (pH 7.6) with 0.1%
Tween-20 (TBST) at room temperature and incubated with the appropriate peroxidase-
conjugated secondary antibodies (KPL, 1:2500) for 1 hour. Following washing in TBST,
blots were developed with SuperSignal West Dura Extended Duration Substrate (Thermo-
Pierce), and immuno-reactive bands were visualized with the Bio-Rad ChemiDoc XRS
system. Captured images were quantified by densitometry using NIH Image J. Relative
density values were calculated for samples run on the same blot, and to normalize between
blots, index samples were included on each blot and signal intensity was normalized to those
samples.

Prior work has established p62 as a surrogate marker of autophagic flux [22]. Changes in
p62 protein abundance before and after CPB were calculated as the difference in the
normalized densitometry values (before minus after) and recorded as the Ap62 value for
each patient. Changes in Ap62 were correlated retrospectively with cross clamp time and
with the predicted risk of operative mortality and morbidity obtained from the Society of
Thoracic Surgeons (STS) Adult Cardiac Surgery Database (v2.73).

STS Database

The Society of Thoracic Surgeons (STS) Adult Cardiac Surgery Database (v2.73)predicted
risk is based on patient demographics and clinical variables, and employs different models
for different surgical procedures. Database elements were obtained by an independent data
analyst who abstracted the required elements from the patient's electronic medical record or
paper record and manually inserted into the database software. The software assigns a
predicted risk of various events based on different STS risk models. Predicted morbidity and
mortality is defined as the composite end point of death or permanent stroke, renal failure,
prolonged ventilation > 24hr, deep sternal wound infection, and reoperation for any reason.
Mortality is defined as occurring within the same hospitalization after the index operation
even after 30d of surgery or within 30d of surgery even if discharged home, unless it was
clearly unrelated to surgery.

Statistical Analysis

Paired two-tailed Student's t-test was used to analyze the changes in autophagy proteins
before cross clamping and after unclamping. Linear regression was used to examine the
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relationship between the HIR? response and each patient's predicted risk score obtained from
the STS database. Multiple linear regression was used to adjust for potential confounding
variables. Pearson correlation coefficients were calculated between autophagy proteins and
patient variables. Continuous variables are expressed as mean + standard deviation;
categorical variables as percentages. A p-value of 0.05 was considered significant.

Patient Characteristics

Patient demographics and clinical characteristics are shown in Table 1. Among the 19
patients, 13 underwent CABG, 5 underwent a valve procedure and 1 patient had a combined
procedure (aortic valve replacement and CABG). Predicted risk for morbidity/mortality
ranged from 3.6 to 26.4%. All patients were discharged from the hospital in less than 30d;
one patient developed appendicitis postoperatively and required operative intervention. In
this group of patients the pre-operative ejection fraction ranged from 40-65%; no patients
were NYHA Class Il or IV.

Analysis of Intraoperative Autophagy

Western blotting was performed to determine the protein abundance of actin at the two
sampling times. There was no change in actin levels before and after cross clamp (data not
shown), and actin was used as a loading control for all samples. Many autophagy proteins
are consumed during brisk autophagic flux, including Atg5-12 and p62. We have previously
observed depletion of Beclin-1 and LC3-11 in the porcine heart under conditions of
accelerated autophagic flux (unpublished data). Under conditions of ischemic and nutritional
stress, the consumption of these factors exceeds the capacity of the cell to replace them.
Thus the rate of disappearance of these factors is a reflection of the magnitude of autophagic
flux. As shown in Fig. 2, Beclin-1 protein levels were higher before CPB than after
(0.422+0.017 vs. 0.296+0.026 relative density units, p=0.001), indicating an increase in
autophagic flux during the surgical procedure. Similar changes were observed for Atg5-12
(0.42040.062 vs. 0.343+0.062, p=0.002) (Fig. 3). The adaptor protein p62 is important for
clearance of damaged mitochondria in the heart [10] and is similarly subject to lysosomal
degradation. Levels of p62 also dropped during surgery (0.233+£0.022 vs. 0.128+0.011,
p=0.001) (Fig. 4). Changes before and after CPB for Beclin-1, Atg5-12, LC3-I and LC3-11
all showed a statistically significant correlation with Ap62 (Fig. 5), suggesting that this
represented coordinated engagement of the autophagy machinery during surgery.

To assess whether the decrease in p62 was time-dependent, we performed a linear regression
analysis of cross clamp time versus Ap62 (Fig. 6) (model r2=0.1808, p=0.0696). Because
the Ap62 value is calculated from the baseline and post-operative p62 values, we then
performed a multivariate analysis of post-operative p62 versus cross clamp time, after
adjusting for the baseline p62. In this multivariate analysis (model r?=0.3630), post-
operative p62 was independently associated with both cross clamp time (p=0.0310) and the
baseline p62 value (p=0.0396). Taken together, these results suggest that autophagic flux is
upregulated in the heart in response to the stress of intraoperative ischemia.

Preclinical studies have shown that autophagy plays a protective role in the setting of
myocardial ischemia and reperfusion [10, 21, 23-25]. As the patients in this study exhibited
variable degrees of autophagic flux, we wished to determine whether this flux might have a
bearing on the patient's ability to tolerate the stress. In the absence of significant morbidity
in this small patient series, we focused on the on the predicted risk of operative morbidity
and mortality based on the STS Database models. As shown in Fig. 7, there is an inverse
correlation between the magnitude of autophagic flux (based on Ap62) and the predicted
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risk (model r2=0.2572, p=0.0267). Because cross clamp time predicts Ap62 it is a potential
confounding variable. Therefore, we performed a multivariate analysis to adjust for cross
clamp time in the Ap62 versus risk score relationship. In this multivariate analysis (model
r2=0.3785), Ap62 remained independently associated with predicted risk (p=0.0384).

Discussion

The results show that autophagy protein levels diminish, reflecting an increase in autophagic
flux during cardiac surgery. All factors measured in this study (LC3-I, LC3-1l, Beclin-1,
Atg5-12, and p62) decreased during CPB, and the magnitude of change for each of these
factors correlated significantly with Ap62. Moreover, the change in p62 correlated
significantly with cross clamp time, suggesting that this pathway is ongoing during ischemic
arrest and cold cardioplegia. Interestingly, Ap62 correlated significantly with the STS
Database risk score, even after accounting for cross clamp time. This suggests that the
patient characteristics that contribute to statistical risk (including features of metabolic
syndrome and age) may also affect autophagy.

While the clearance of p62 has become widely accepted as an index of autophagic flux [11,
26, 27], p62 can be upregulated within minutes in response to a stimulus (e.g., ischemic
preconditioning) [23]. Levels then decline as a result of lysosomal degradation of p62 and its
cargo of damaged mitochondria and ubiquitinated protein aggregates [10]. In these heart
samples, autophagy proteins including Beclin-1, Atg5-12, and LC3-11, were degraded in
parallel with p62, consistent with accelerated flux. An increase in LC3-11 is often interpreted
as increased autophagy, but a low LC3-I1 level may be due to minimal induction of
autophagy or accelerated flux and inadequate replacement. Interpretation of dynamic protein
changes in the heart undergoing ischemic arrest and cold cardioplegia is complex. To
simplify interpretation, we have made two assumptions: (1) the decrease in autophagy
proteins during surgery is solely due to lysosomal degradation (not proteasomal), and (2) the
magnitude of the decrease is not confounded by new protein synthesis. Proteasome function
is impaired during myocardial ischemia and reperfusion [28]. We did not measure mRNA
and cannot comment on new protein synthesis. With these caveats, we conclude that
autophagy is activated and that the magnitude of change is a reflection of autophagic flux.

There is little information about autophagy in the human heart. Kassiotis et al. showed that
in biopsies from left ventricles of failing hearts, MRNA and protein levels of autophagy
were downregulated after LVAD support [17]. In biopsies of right atrial appendages
obtained at the time of CABG surgery, Garcia et al. reported evidence of impaired
autophagic flux in patients who developed postoperative atrial fibrillation [18]. Both groups
concluded that autophagy was an adaptive response in the stressed heart. In our study,
autophagy was measured in the right atrial appendage. Whether this parallels autophagy in
the left ventricle is unknown.

We suggest that adaptive autophagy is the underlying mechanism of the homeostatic
intracellular repair response, which is elicited by cellular challenges such as nutrient
limitation, transient ischemia, and endoplasmic reticulum stress. Removal of damaged
organelles and misfolded proteins via autophagy is required for preservation of ATP
production and myocardial contractility [30-33], and to prevent apoptotic or necrotic cell
death. In a study of pigs with hibernating myocardium induced by chronic ischemia,
autophagosomes were absent from apoptotic cells whereas viable cells appeared to
upregulate autophagy [34].

Autophagy is suppressed by insulin signaling, hyperlipidemia, hypercholesterolemia, and
amino acids, and has been reported to be impaired in animal models of obesity and
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metabolic syndrome [35-38]. Impairment of HIRZ may account for the increased
vulnerability to ischemic injury in patients with obesity and metabolic syndrome. Similarly,
autophagy diminishes with age [39-41]. Presence of these comorbid conditions may limit the
patient's ability to upregulate HIR? in response to an ischemic challenge [42]. This leads us
to consider whether it is possible to amplify HIR? in the most vulnerable patients. A
growing number of cardioprotective drugs have been reported to induce autophagy in the
heart, including adenosine, diazoxide, ranolazine, rapamycin, sildenafil, chloramphenicol,
and statins, but have not been tested in settings that mimic the comorbidities of cardiac
surgery patients [23][19, 24, 43, 44]. In this study, all 19 patients were on statin therapy,
which is known to induce autophagy [45] and which could have enhanced their ability to
tolerate ischemia [46, 47].

Our findings show that the human heart responds to ischemic stress by activating HIR?, a
pathway that may be compromised by comorbid conditions. Amplifying HIRZ during
cardiac surgery could mitigate the operative risk in vulnerable patients and would represent
an entirely new approach to intraoperative myocardial protection.
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Figurel.

Autophagy Machinery Involved in HIRZ. Initiation of autophagy involves the participation
of autophagy (Atg) proteins involved in formation of the pre-autophagosomal structure and
elongation of the isolation membrane. Atg12 is covalently linked to Atg5 by a ubiquitin
ligase system (Atg7, Atg10). Damaged mitochondria, protein aggregates, and other cytosolic
components are flagged for engulfment by the adaptor protein p62. The autophagosome
fuses with a lysosome and the cargo is degraded along with many of the Atg proteins. Under
conditions of rapid autophagic flux, Atg proteins may be consumed before they can be
replaced by new protein synthesis.
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Figure2.

Reduced Levels of Beclin-1 during Cardiac Stress. Graph shows densitometry values for

Beclin-1 from right atrial appendage biopsies taken before and after CPB for each patient.

Lower panel shows representative Western blots from 7 of the 19 patients. Arrow indicates
Beclin-1.
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Figure 3.

Reduced Levels of Atg5-12 during Cardiac Stress. Graph shows densitometry values for
Atg5-12 from right atrial appendage biopsies taken before and after CPB for each patient.
Lower panel shows representative Western blots from 7 of the 19 patients. Arrow indicates
Atg5-12.
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Figure4.

Reduced Levels of p62 during Cardiac Stress. Graph shows densitometry values for p62
from right atrial appendage biopsies taken before and after CPB for each patient. Lower
panel shows representative Western blots from 7 of the 19 patients. Arrow indicates p62.
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Figure5.

Autophagy Protein Depletion Is Coordinated. Each graph shows the change in the indicated
autophagy protein (e.g. ABeclin-1) plotted against the change in p62 (Ap62) for each
patient.
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Figure6.

Depletion of p62 as a Function of Cross Clamp Time. Plot shows linear regression analysis
of Ap62 vs. cross clamp time (p=0.0696). Each point corresponds to an individual patient.
With multivariate analysis to take the starting level of p62 into account, there was a
statistically significant association between the second p62 level and cross clamp time (r?
=0.3785; p=0.0384).
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0.8

Operative Risk Correlates with Changes in Autophagy. Plot shows linear regression of
morbidity and mortality risk score versus Ap62. Each point represents an individual patient.
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Patient Characteristics. Pertinent characteristics of the 19 patients are summarized. Values represent mean +

SD, or the number of patients with that characteristic and percentage in parentheses.

Patient Characteristics

Age (years) 60 + 12
Male gender 17 (89%)
Weight (kg) 103.2 +22.3
Smoker 5 (26%)
Previous Ml 8 (42%)
BSA (m2?) 2.22+0.25
BMI (kg/m?) 315+56
Diabetes mellitus 7 (37%)
Dyslipidemia 16 (84%)
Hypertension 18 (95%)
Preoperative ejection fraction (%) 58 +7
CABG only 13 (68%)
Valve only 5 (26%)
CABG + valve 1 (6%)
Cross clamp time (min) 118+ 30
Cardiopulmonary bypass time (min) 145+ 35
# vessels bypassed 3.35
Predicted morbidity and mortality 11% + 6%
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