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Abstract

Introduction: Acute myocardial infarction (AMI) is a main
contributor of sudden cardiac death worldwide. The dis-
covery of new biomarkers that can improve AMI risk pre-
diction meets a major clinical need for the identification of
high-risk patients and the tailoring of medical treatment.
Previously, we reported that autophagy a highly conserved
catabolic mechanism for intracellular degradation of cellular
components is involved in atherosclerotic plaque pheno-
type and cardiac pathological remodeling. The crucial role of
autophagy in the normal and diseased heart has been well
described, and its activation functions as a pro-survival
process in response to myocardial ischemia. However,
autophagy is dysregulated in ischemia/reperfusion injury,
thus promoting necrotic or apoptotic cardiac cell death. Very
few studies have focused on the plasma levels of autophagy
markers in cardiovascular disease patients, even though
they could be companion biomarkers of AMI injury. The aims
of the present study were to evaluate (1) whether variations
in plasma levels of two key autophagy regulators

autophagy-related gene 5 (ATG5) and Beclin 1 (the mam-
malian yeast ortholog Atg6/Vps30) are associated with AMI
and (2) their potential for predicting AMI risk. Methods: The
case-control study population included AMI patients (n =
100) and control subjects (n = 99) at high cardiovascular risk
but without known coronary disease. Plasma levels of ATG5
and Beclin 1 were measured in the whole population study
by enzyme-linked immunosorbent assay. Results: Multi-
variate analyses adjusted on common cardiovascular factors
and medical treatments, and receiver operating character-
istic curves demonstrated that ATG5 and Beclin 1 levels were
inversely associated with AMI and provided original bio-
markers for AMI risk prediction. Conclusion: Plasma levels of
autophagy regulators ATG5 and Beclin 1 represent relevant
candidate biomarkers associated with AMI.
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Introduction

Acute myocardial infarction (AMI) remains a major
cause of death and disability worldwide. Unfortunately, the
number of people with cardiovascular risk (CVR) factors is
increasing due to the world’s aging population and the rise in
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obesity and diabetes [1]. Despite considerable improvements
in acute care and secondary prevention after AMI, there is
always a need to discover novel biomarkers improving risk
prediction models and therapeutic decision-making.
Autophagy is a conserved pathway for the degradation and
recycling of long-lived proteins and cytoplasmic organelles
through the lysosome. In the general form of the process,
cytoplasmic cargo targeted for destruction is sequestered
inside double-membrane vesicles called autophagosomes
and is delivered to the lysosome by fusion for breakdown [2].
Autophagy is critical for maintaining cellular homeostasis,
and dysregulated autophagy has been associated with the
pathogenesis of diseases including cardiovascular conditions
[3-6]. Once activated, autophagy proceeds through four
sequential steps, each step requiring specific regulatory
proteins and complexes [7]. Cardiac autophagy has been
extensively described in cardiomyocytes, cardiac fibroblasts,
vascular smooth muscle cells, and endothelial cells [8, 9].
Our recent works reported that autophagy is involved in
atherosclerotic plaque phenotype and development [6], and
acted as an adaptive response to antagonize exchange
protein directly activated by cAMP 1 (Epacl)-promoted
cardiomyocyte hypertrophy [10]. Although autophagy has
been observed in the failing myocardium and during is-
chemia and reperfusion (I/R) of both murine models and
patients [11-15], the beneficial or detrimental effect of
autophagy is not fully understood and requires further in-
vestigations. Several studies showed that ischemic injury
activates autophagy in cardiomyocytes enabling them to
cope with nutritional stress and improve cell survival [11, 14,
16]. On the other hand, autos is a novel form of cell death
which is associated with reduced autophagic flux and
blockade of autophagosome clearance occurred during the
late reperfusion phase in I/R mouse model [17]. Notably, a
meta-analysis including 40 studies (1,066,408 patients)
showed that the autophagy inducer metformin commonly
used in patients with diabetes could significantly reduce all-
cause mortality in myocardial infarction (MI) and heart
failure patients [18]. Minimizing myocardial tissue death is
the ultimate goal of interventions in patients with AMI, and
the study of autophagy marker levels is therefore highly
relevant and could help clinicians to adapt the therapeutic
strategy. However, despite the existence of several phar-
macological agents and regimens that modulate autophagy,
few clinical studies (e.g., interventional protocol with tre-
halose, hydroxychloroquine, or exercise) have investigated
changes in circulating autophagy proteins as reliable markers
for predicting/controlling disease progression and for
monitoring clinical status. Currently, a small panel of
autophagy proteins has been measured in human body
fluids thanks to available immunoassay kits [19-22]. For
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example, circulating levels of the autophagy protein ATG5
(first discovered in yeast, is a protein involved in the early
stages of autophagosome formation) and Parkin (involved in
the ubiquitination of mitochondrial substrates during mi-
tophagy) were found as diagnostic tools for early monitoring
of patients with cognitive decline, for identifying the active
phase of multiple sclerosis or related to the severity of
hypoxic injury during perinatal hypoxic-ischemic enceph-
alopathy [19-21]. Interestingly, it was shown that healthy
centenarians have increased circulating Beclin 1 protein (a
BH3-only protein core component of the class III PI3K
complex required for autophagosome formation) levels in
comparison with a population of young healthy subjects or
patients with MI [22]. The level of serum circulating Beclin 1
is also related to the degree of airflow obstruction in chronic
obstructive pulmonary disease patients [23]. A recent study
showed that autophagy (e.g., Beclin 1, ATG5, and ATG7)
and mitophagy (e.g., Parkin, optineurin) proteins are up-
regulated in human serum of calcific aortic valve stenosis
and correlated with the pro-inflammatory cytokine
interleukin-1p as well as with the severity of the disease [24].
Thus, our hypothesis for this work was to investigate in
human plasma samples whether variations in levels of
autophagy markers could be accurately measured and po-
tentially associated with AMI. To address these objectives,
we focused on the two essential pro-autophagic factors
ATGS5 and Beclin 1. We measured the plasma concentra-
tions of ATG5 and Beclin 1 proteins in a case-control study
including patients who experienced AMI and high-risk
asymptomatic individuals according to a Systematic Coro-
nary Risk Evaluation (SCORE) model [25].

Methods

Study Population

The case-control study population included AMI patients (n =
100) and control subjects (n = 99) at high CVR but without known
coronary from a prospective cohort (NCT02405468) [26]. Cases and
control subjects were recruited in the Cardiology, Arterial Hyper-
tension and Therapeutic Department of Toulouse University
Hospital Center, France. Cases (n = 100, men and women) were
patients who were diagnosed with an AMI according to the “Third
Universal Definition of MI” [27] and were included 3 days after the
acute ischemic phase (hereinafter referred to as AMI patients).
Demographic, clinical, and biological characteristics were recorded,
and a blood sample was drawn at the time of inclusion. Coronary
data were available for all patients. Left ventricular ejection fraction
(LVEF) was available at inclusion. During the same period, subjects
(n = 99, men and women) at high CVR (hereinafter referred to as
controls) but without any previous vascular or coronary event,
particularly AMI, were recruited in the Center for the Prevention of
Cardiovascular Disease in the Cardiology Department of Toulouse
University Hospital Center, France. Exclusion criteria for both
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groups included the following: infectious disease within 1 week
before the inclusion, immunocompromised patients, antibiotic
treatment within 1 month before inclusion, chronic viral infection,
chronic inflammatory intestinal bowel disease, renal failure (esti-
mated glomerular filtration rate <50 mL/min per 1.73 m?), and
pregnancy. Written informed consent was obtained from each
individual included in the study. The study protocol conformed to
the ethical guidelines of the 1975 Declaration of Helsinki and
Toulouse Hospital guidelines. The study protocol was previously
reviewed and approved by the regional board of health authorities
(Agence Régionale de Santé Occitanie-Midi-Pyrénées, Toulouse,
France) and the institution’s Ethics Committee on research on
humans (Comité de Protection des Personnes du Sud-Ouest,
Toulouse, France), approval number 2013-750.

Plasma Levels of Autophagy Marker Measurement

For each patient, an EDTA blood tube (4 mL per patient) was
collected in fasting condition and transported at 4°C. The sample
was then centrifuged, aliquoted, and stored at —80°C. Plasma
concentrations of ATG5 and Beclin 1 were determined by using
commercially available enzyme-linked immunosorbent assay kits
(human ATGS5 ELISA kit [HUEB1679]; Assay Genie, Dublin,
Ireland; human BECN1 [Beclin 1] ELISA kit [E-EL-H0564];
Elabscience, Houston, TX, USA).

Statistical Analysis

Data are presented as means and standard deviations for
quantitative variables and percentages for categorical variables. The
distribution of qualitative variables between cases and controls was
compared using the ¥* test. When basic assumptions were not
satisfied, data were subjected to Fisher’s exact test. The comparison
of the mean values of quantitative variables was performed by using
the Student’s ¢ test. We used the Shapiro-Wilk’s and Levene’s tests to
test the normality of distribution of residuals and the homogeneity
of variances, respectively. When basic assumptions of Student’s ¢ test
were not satisfied, we performed a logarithmic transformation of the
variables or a Wilcoxon-Mann-Whitney test. The autophagy
markers ATG5 and Beclin 1 were compared between cases and
controls using the Mann and Whitney test. Relationships between
the levels of autophagy markers and metabolic parameters or CVR
factors were tested with a nonparametric measure of rank corre-
lation (Spearman rank correlation). Autophagy regulators were
tested in a multivariate analysis by adjusting for variables of the basic
model. A basic model was created with the following variables
(common CVR factors): gender, current smoker, hypertension,
dyslipidemia, diabetes, obesity, age, and heredity. Medical treat-
ments were added in the basic model. Logistic regression analyses
were performed with polynomial models (quadratic and cubic) to
examine for possible nonlinear relationships between continuous
variables and case-control status. Because of a clearly nonlinear
relationship with ATG5 and Beclin 1, logistic regression analyses
were carried out using a categorization of the variable into quartiles.
To establish the ability to differentiate cases and controls for
autophagy markers, the receiver operating characteristic (ROC)
curve analysis was used and the calculation of the standard error of
the area under the curve (AUC) was done applying the Delong’s
method. All tests were two-tailed at the level of significance of 0.05.
All analyses were carried out using SAS software, version 9.4 (SAS
Institute, Cary, NC, USA) and STATA statistical software, release
14.1 (Stata Corporation, College Station, TX, USA).

Association of Circulating Autophagy
Biomarkers with AMI

Results

Population Characteristics

The case-control study was conducted on 199 indi-
viduals (men and women). The baseline characteristics of
the AMI and control subjects are reported in Table 1. The
high prevalence of hypertension, dyslipidemia, or obesity,
as well as the significant differences in the medical
treatments found in the control group, was explained by
their recruitment in the Department of Prevention of
Cardiovascular Disease (Toulouse University Hospital
Center, Toulouse, France).

Measurement of ATG5 and Beclin 1 in Plasma

Samples

Plasma levels of the autophagy biomarkers ATG5 and
Beclin 1 were quantified in the studied subjects using an
enzyme-linked immunosorbent assay. As shown in
Figure 1, the circulating concentrations of ATG5 and
Beclin 1 were statistically lower in AMI patients com-
pared with control subjects (Fig. 1).

Correlation between Autophagy Biomarkers with

Metabolic Parameters and CVR Factors

Spearman rank correlation coefficients between
ATGS5 and Beclin 1 plasma levels, and metabolic pa-
rameters or CVR markers were calculated. In the
whole study population, a significant positive corre-
lation of ATGS5 levels with total cholesterol (r = 0.134,
p = 0.04) and low-density lipoprotein cholesterol (r =
0.157, p = 0.02) was found. In AMI cases, a significant
positive correlation between Beclin 1 (r = 0.35, p =
0.0004) and ATGS5 (r = 0.21, p = 0.03) levels and
triglycerides was found. Interestingly, Beclin 1 is also
significantly correlated with the LVEF (r = 0.24, p =
0.01), thus supporting the involvement of autophagy
in myocardial injury.

Association of ATG5 and Beclin 1 with AMI

The results presented in Table 2 show the crude
estimates and unadjusted/adjusted associations of the
autophagy markers with AMI. The unadjusted logistic
regression analysis revealed that low levels of ATG5
(p =0.022) and Beclin 1 (p = 0.0032) were significantly
associated with AMI. After adjustment for potential
confounders including the common CVR factors,
gender, age, obesity, dyslipidemia, hypertension, he-
redity, smoking, and the medical treatments, the
multivariate analysis showed that the association with
AMI remained statistically significant for ATG5 (p =
0.031).
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Table 1. Baseline characteristics of the study population

AMI patients Control subjects p value
(n = 100) (n =99)
Gender, %
Male 82 58 <0.001
Female 18 41
Age, years 57.46 (8.84) 60.25 (7.61) 0.035
CVR factors
BMI, kg/m? 26.22 (4.13) 28.56 (4.78) <0.001
Obesity, n (%) 15 (15.15) 36 (37.50) <0.001
Dyslipidemia, n (%) 7 (57.58) 78 (81.25) <0.001
Diabetes, n (%) 19 (19.19) 24 (25.00) 03
Hypertension, n (%) 2 (42.42) 87 (90.62) <0.001
Current smoking, n (%) 41 (41.41) 6 (16.67) <0.001
Heredity, n (%) 29 (29.29) 35 (36.46) 0.3
LVEF, % 51.90 (8.30) 60.09 (8.94) <0.001
AMI category, %
STEMI? 60
NSTEMIP 40
PCI revascularization®”, % 90
PCI revascularization success, % 83
Culprit artery, %
Left anterior descending coronary artery 36
Right coronary artery 36
Left circumflex coronary artery 25
Unidentified culprit lesion 3
Involved vessels, %
1-vessel disease 55
2-vessel disease 28
3-vessel disease 17
Blood glucose, mg/dL 116.82 (41.49) 112.28 (58.72) 0.031
Triglycerides, mg/dL 146.63 (87.13) 137.67 (71.65) 0.6
Total cholesterol, mg/dL 195.03 (45.35) 198.45 (44.86) 04
LDL cholesterol, mg/dL¢ 119.56 (38.64) 117.86 (40.23) 0.8
HDL cholesterol, mg/dL¢ 47.77 (11.70) 52.77 (15.72) 0.054
Apo B, mg/dL 98.28 (26.48) 100.86 (22.26) 04
Medical treatment at admission, n (%)
B-blocker agents 17 (17.17) 26 (27.08) 0.1
ACE inhibitorsf 15 (15.15) 24 (25) 0.086
Statins 24 (24.24) 49 (51.04) <0.001
Calcium channel blockers 11 (11.11) 36 (37.5) <0.001
Antiplatelet agents 17 (17.17) 26 (27.08) 0.1
Antidiabetic treatment 10 (10.1) 21 (21.88) 0.025
Diuretic treatment 2 (2.02) 35 (36.46) <0.001

Data are shown as mean with standard deviation or %. 2STEMI, ST-segment elevation MI; PNSTEMI, non-ST-segment elevation Mi;

°PCl, percutaneous coronary intervention. *In 10% of cases, either the patient was beyond the time limit for PCl or the lesion

identified did not warrant PCl (lesion <50% stenosis);

angiotensin-converting enzyme.

dLDL, low-density lipoprotein; ®HDL, high-density lipoprotein; fACE,
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Fig. 1. Plasma levels of ATG5 and Beclin 1 proteins in the study population measured by enzyme-linked
immunosorbent assay. The scatter plots represent the values (log-transformed data) with standard deviation of

control subjects (control) and AMI patients (AMI).

Table 2. Logistic regression analysis for ATG5 and Beclin 1 association with AMI

Non-adjusted logistic regression (AMI case vs. control)

Adjusted logistic regression (AMI case vs. control)

Pr > Khi-2  point 95% Wald Pr > Khi-2  point 95% Wald
estimate estimate
confidence confidence
limits limits
ATG5
Q2 versus Q1 0.24 1.650 0.718 3.791 Q2 versus Q1 0.74 1.202 0.403 3.584
Q3 versus Q1 0.14 0.550 0.250 1.211 Q3 versus Q1 0.39 0.621 0.206 1.872
Q4 versus Q1 0.022 0.386 0.171 0.872 Q4 versus Q1 0.031 0.267 0.08 0.885
Beclin 1
Q2 versus Q1 0.484 1.339 0.592 3.029 Q2 versus Q1 0.25 1.925 0.640 5.803
Q3 versus Q1 0.226 0.610 0.274 1.357 Q3 versus Q1 0.054 0.325 0.104 1.019
Q4 versus Q1 0.0032 0.287 0.125 0.658 Q4 versus Q1 0.078 0.345 0.105 1.128

Q1 = 0.62; Q2 = 0.677; Q3 = 0.735. Q1 = 0.841; Q2 = 1.023; Q3 = 1.283. Adjusted for gender, age, smoking, hypertension,
dyslipidemia, diabetes, obesity, heredity, and medical treatments.

Analysis of ROC Curves and AMI Risk Prediction for

ATGS5 and Beclin 1

We then assessed whether ATG5 and Beclin 1 may
serve as useful biomarkers for AMI risk prediction.
ROC curve analyses were performed, and data in
Figure 2 show the performance (AUC) of ATG5 (AUC
0.614, 95% confidence interval [CI] [0.534-0.694]) and
Beclin 1 (AUC 0.618, 95% CI [0.539-0.696]). Inter-
estingly, the combination of ATG5 and Beclin 1 re-
sulted in a much higher AUC value of 0.656 (95%
CI [0.579-0.732]) increasing the predictive power
for AMI.

Association of Circulating Autophagy
Biomarkers with AMI

Discussion

The discovery of reliable and sensitive biomarkers in
acute coronary events remains a critical clinical need to
improve diagnosis, prognosis, and selection of ap-
propriate treatment. In the present study, we investi-
gated for the first time the circulating levels of two main
autophagy regulators ATG5 and Beclin 1 in a pop-
ulation of AMI patients compared to high-risk control
subjects. Our results showed a significantly decreased
level of both proteins in AMI patients, which could be
explained by a reduced autophagy flux and/or blockade
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1 - Specificity
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Fig. 2. ROC curve analysis of ATG5 (a), Beclin 1 (b), and ATG5 + Beclin 1 (c). AUC, area under the curve

(95% CI).

of autophagosome clearance reporting on dysregulated
autophagy in cardiac diseases. First, myocardial is-
chemia stimulates autophagy in cardiomyocytes en-
abling them to handle with hypoxic conditions and to
improve cell survival [11, 14, 16]. On the other hand,
during the early phase of reperfusion autophagy is
further activated through upregulation of oxidative
stress, and then due to simultaneously increased level of
the autophagy inhibitor Rubicon, the autophagy flux is
inactivated below basal levels in a time-dependent
manner [17]. Therefore, on the basis of our results
we could hypothesize that the decreased level of cir-
culating ATG5 and Beclin 1 measured in AMI patients
might reflect the inactivation of autophagy flux during
the late phase of reperfusion. Further studies will be
necessary to determine whether differential expression
of ATG5 and Beclin 1 was a result of modulated in-
tracellular production and/or different release mech-
anisms. The logistic regression analysis revealed that
low levels of ATG5 and Beclin 1 were significantly
associated with AMI. After adjustment for potential
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confounders including CVR factors and the medical
treatments, the association with AMI remained sta-
tistically significant for ATG5. In addition, we iden-
tified significant positive correlations between ATG5
and Beclin 1 and lipid parameters including total
cholesterol, low-density lipoprotein cholesterol, and
triglycerides, which corroborated results showing in-
creased regulatory markers of autophagy including
Beclin 1, LC3B, and LAMP2 in heart tissues of hy-
percholesterolemic pigs [28] and high-fat feeding mice
[29]. These results are particularly relevant since de-
fective autophagy is associated with pro-atherogenic
inflammasome activation triggered by hypercholes-
terolemia and metabolic syndrome [30]. It would be
interesting in a further study to measure the association
of inflammatory biomarkers including high-sensitivity
C-reactive protein, interleukin-6, and interleukin-1f
with ATGS5 and Beclin 1.

The significant correlation found between Beclin 1 and
LVEEF, the principal determinant of heart failure in MI
patients [31], supports recent data showing the
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involvement of autophagy (e.g., increased expression of
Beclin 1 protein) in left ventricular reverse remodeling
following mechanical unloading [32]. Interestingly, the
ROC curve analysis revealed that ATG5 and Beclin 1
could be novel candidate markers for predicting AMI.
Furthermore, the combination of ATG5 and Beclin 1
managed to deliver an increased performance power with
the AUC of 0.656 for predicting AMI.

Besides the novelty of comparing the level of circu-
lating autophagy markers in AMI patients and control
subjects, an original feature of our study is the inclusion of
high-risk asymptomatic subjects (according to a SCORE
model) seen in a prevention center specialized in the
treatment of individuals with CVR factors. However, the
selection bias between the two populations was strictly
controlled by rigorous adjustment with CVR factors and
medical treatments in the multivariate analyses. Thus, the
association of autophagy regulators with the risk of AMI,
independently of CVR factors and medical treatments,
supports the significance of circulating autophagy pro-
teins as novel candidate biomarkers.

Some limitations in our study have to be taken into
account. First, although the sample size had sufficient
statistical power to detect significant differences for all
analyses, it would be useful to include a second, larger
validation cohort to investigate the additional value of
ATG5 and Beclin 1 when incorporated into a cardio-
vascular event risk prediction model. Second, it would have
been valuable to measure the baseline expression of ATG5
and Beclin 1 before the MI event; however, such infor-
mation required a longitudinal cohort study at high CVR
with at least 10-year follow-up. Third, the lack of gender
and age matching between AMI patients and control
subjects could be a limit of the study. However, we did not
find any difference in men and women, and there were no
significant correlations between age and the concentra-
tions of ATG5 and Beclin 1 in AMI patients and controls.

Conclusion

Our study displayed original data showing that cir-
culating autophagy proteins ATG5 and Beclin 1 could be
candidate biomarkers independently associated with
AMLI. In the perspective of our work, the discovery and
monitoring of a panel of circulating autophagy bio-
markers for translating into clinical practice represent a
great opportunity to understand how levels of autophagy
correlate with cardiac outcomes in individuals affected by

Association of Circulating Autophagy
Biomarkers with AMI

cardiovascular diseases. Moreover, considering the active
role of autophagy in myocardial I/R, our study encour-
ages further research into targeting autophagy for ther-
apeutic interventions.
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