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Abstract

Background: Cardiovascular diseases (CVDs) are leading cause of death and primary cause of
morbidity and mortality in diabetic population. Epicardial adipose tissue (EAT) covers the heart’s
surface and is a source of biomolecules regulating heart and blood vessel physiology. The
protective activation of the unfolded protein response (UPR) and autophagy allows the
cardiomyocyte reticular network to restore energy and/or nutrient homeostasis and to avoid cell
death. However, an excessive or prolonged UPR activation can trigger cell death. UPR activation is
an early event of diabetic cardiomyopathies and deregulated autophagy is associated with CVDs.
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Results: An upregulation of UPR markers (glucose-regulated protein 78KDa, glucose-regulated
protein 94KDa, inositol-requiring enzyme la, protein kinase RNA-like ER kinase and CCAAT/-
enhancer-binding protein homologous protein (CHOP) gene) in EAT compared to subcutaneous
adipose tissue (SAT), was observed as well as the UPR-related apoptosis marker caspase-4/
procaspase-4 ratio but not in CHOP protein levels. Additionally, levels of ubiquitin and
ubiquitinated proteins were decreased in EAT. Moreover, upregulation of autophagy markers (5'
adenosine monophosphate-activated protein kinase, mechanistic target of rapamycin, Beclin 1,
microtubule-associated protein light chain 3-11, lysosome-associated membrane protein 2, and
PTEN-induced putative kinase 1) was observed, as well as an increase in the apoptotic Bim but not
the ratio between Bim and the anti-apoptotic Bcl-2 in EAT. Diabetic patients show alterations in
UPR activation markers but not in autophagy or apoptosis markers.

Conclusion: UPR and autophagy are increased in EAT compared to SAT, opening doors to the
identification of early biomarkers for cardiomyopathies and novel therapeutic targets.
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Introduction

The global epidemic of cardiovascular disease (CVD) remains the leading cause of death
across the world [1]. In Western countries, the most common aetiological factors of heart
failure (HF) are Coronary Artery Disease and hypertension, but can also be cardiomyopathy,
valvular heart disease, pericardial disease as well as other factors [2, 3]. CVD is the primary
cause of morbidity and mortality among the diabetic population [4]. Both experimental and
clinical evidence suggest that diabetic subjects are predisposed to a distinct cardiomyopathy,
named diabetic cardiomyopathy, independent of concomitant macro- and microvascular
disorders [4]. Diabetic cardiomyopathy is a heart muscle-specific disease that increases the
risk of HF and mortality in diabetic patients independent of vascular pathology [5].
Overweight and obesity are associated with a cluster of cardiometabolic risk factors, such as
high blood pressure, hyperlipidemia and insulin resistance, all of which can significantly
increase the risk of both type 2 diabetes and CVD [6].

Epicardial adipose tissue (EAT) is an adipose tissue storage that covers up to 80% of the
heart’s surface, and represents about 20% of the heart’s total weight [7]. This fat depot is a
major source of bioactive molecules, including compartmentalized production of cytokines
and hormones, acting therefore as a localized active metabolic organ [8]. Moreover, it
regulates heart and blood vessel physiology, via paracrine and vasocrine mechanisms [9].
The content of adipokines, pro- and anti-inflammatory cytokines are different in epicardial
and subcutaneous adipocytes. For instance, epicardial adipocytes of coronary heart disease
patients have more leptin, TNF-a, and IL-1 and less adiponectin, I1L-10, and FGF-B than
subcutaneous adipocytes [10]. EAT can also act as an important energy reservoir for
cardiomyocytes, which greatly depend on fatty acid oxidation as their primary energy source
[11]. Therefore, EAT is considered to be a real visceral adipose tissue depot [9]. Although
this cardiac fat depot is needed for cardiomyocyte function, it has been suggested that its
increased thickness greatly enhances the risk for CVD and the metabolic syndrome (MS)
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[12], and therefore it has been recognized as a new pharmacological target for primary and
secondary prevention strategies.

Adequate protein turnover is essential for cardiac homeostasis [13]. Different protein quality
control mechanisms are involved in the maintenance of protein homeostasis, including
molecular chaperones and the autophagy pathway [14]. In addition, endoplasmic reticulum
(ER) stress has been linked to both physiological and pathological states in the
cardiovascular system; such as myocardial infarction, oxygen starvation (hypoxia), fuel
starvation, ischemia, pressure overload, dilated cardiomyopathy, hypertrophy, and HF [15,
16]. The ER stress coping response (e.g., the Unfolded Protein Response, UPR) is composed
of discrete pathways that are controlled by a collection of common regulatory components
that may function as a single entity involved in reacting to ER stress [15] (Figure 1). These
corrective strategies allow the cardiomyocyte reticular network to restore energy and/or
nutrient homeostasis and to avoid cell death [15]. Flowever, it can eventually trigger cell
death if ER stress is excessive or prolonged [17]. Previous studies have demonstrated the
important role of ER stress in diabetes-induced cardiac cell death [17]. In fact, a unique role
has been speculated for ER stress in the pathogenesis of diabetes mellitus (DM) and its
complications [18]. Recent studies have shown that ER stress is an early event associated
with diabetic cardiomyopathies, and may be triggered by hyperglycemia, free fatty acids
(FFAs) and inflammation [18].

Furthermore, autophagy plays a vital role in cardiac physiology and homeostasis [19, 20]
(figure 1). However, dysregulated autophagy is associated with a variety of CVD [21], many
of which culminate in HF [19]. Increases in autophagy have been observed in various CVD,
such as atherosclerosis, cardiac ischemia/reperfusion, cardiomyopathy, HF and hypertension
[22], but it is still unclear whether enhanced autophagy is an adaptive or maladaptive
response to stress [20, 23]. Studies indicate that autophagy contributes to cardiac ischemia,
hypertension and diabetes by interaction with ER and mitochondria [22]. Moreover, it has
been suggested that ER stress may induce autophagy in the diabetic heart [24-27].

ER stress has been observed in human adipose tissue (AT) in numerous studies, indicating
that ER stress may play a crucial role in AT disorders, including diabetes and obesity
[28-32], inflammation and apoptosis [33-35]. Similarly, expression of autophagy genes is
upregulated, and autophagy is likely activated, in AT of obese patients, which is linked with
adipose tissue dysfunction [36]. Moreover, previous studies have reported a reciprocal
functional interaction among autophagy and ER stress in adipose tissue and adipocytes,
supporting an adaptive role between autophagic dysfunction and ER stress in human adipose
tissue-related diseases [37]. However, these cellular quality control mechanisms have never
been studied in EAT from HF patients, with and without diagnosed DM.

Considering that EAT is a potential cardiovascular risk factor, drastically influencing the
constitution of the muscular wall of the heart and its vessels, we sought to evaluate ER stress
and autophagy in EAT. We hypothesize that the quality control mechanisms, such as ER
stress and autophagy are upregulated in EAT compared to SAT since EAT is a highly
bioactive tissue in continuous metabolic and direct cross talk with the cardiomyocyte. By
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unravelling these cellular and molecular mechanisms, we expect to further contribute to the
characterization of this cardiac fat depot, thus moving the field forward.

2. Experimental procedures

2.1. Adipose tissue donors

The study included 95 subjects with HF; 56 were nondiabetic (NDM; 44 male patients), and
39 had DM (28 male patients). Demographic, clinical and biochemical characteristics are
shown in Table 1. HOMA-IR was calculated as fasting insulin (mU/L) x fasting glucose
(mM)/22.5; HOMA-B was calculated as (20 x fasting insulin (mU/L))/(fasting glucose (mM)
- 3.5); and QUICKI was calculated as 1/Log(fasting insulin (mU/L) + Log(fasting glucose
(mg/dL)). Paired subcutaneous adipose tissue (SAT) and EAT biopsies were obtained from
the same patients during elective coronary artery bypass grafting [coronary artery disease
(CAD)], valvular replacement, or valvuloplasty [non-coronary artery disease (NCAD)]
surgery. EAT was extracted from the heart's proximal right artery and SAT from the sternum
region [38]. Written consent was obtained from patients before enrolling in the study. The
study was approved by the Ethics Committee of the Coimbra University Hospital Centre
(CHUC). Studies were carried out in accordance with the Declaration of Helsinki.

2.2. Blood tests

Fasting blood glucose levels were measured before surgery began (post-anaesthesia) with an
Accu-Chek Performa glucometer (Roche Diagnostics, Indianapolis, IN). Fasting whole
blood, plasma and serum were collected before surgery began (post-anaesthesia) and stored
at —80°C for metabolic assays. C-peptide and ultrasensitive insulin ELISA Kits were
obtained from Mercodia (Uppsala, Sweden).

2.3. Chemicals

RNeasy MiniKits were from Qiagen Sciences (Germantown, MD). High Capacity cDNA
Reverse Transcriptase kits were from Applied Biosystems (Forest City, CA). PCR primers
(Table 2) were designed using the Beacon Designer software and synthesized by IDT-
Integrated DNA Technologies (BVBA, Leuven, Belgium). SYBR Green Supermix was from
Quanta Biosciences (Gaithersburg, MD). The prestained Precision Plus Protein All Blue
Standard was purchased from Bio-Rad (Hercules, CA, USA). All other reagents were from
Sigma (St. Louis, MO).

2.4. Adipose tissue gene expression

SAT and EAT gene expression was analyzed as previously described [38]. Briefly, RNA
from SAT and EAT was isolated using the RNeasy MiniKit, and the concentration was
determined by OD260 measurement using a NanoDrop 1000 spectrophotometer (Thermo
Scientific, Waltham, MA, USA). cDNA was synthesized using the Applied Biosystems High
Capacity cDNA Reverse Transcriptase kit. Reverse transcription-polymerase chain reaction
was then performed in a Bio-Rad iCycler iQ5 (Hercules, CA, USA) using p-actin as the
housekeeping gene for normalization since as in previous studies [38]. Subsequently, the
expression of each gene was normalized to control (SAT NDM) and calculated as a relative
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fold change (272ACt method). The presence of specific gene products was confirmed with
the melting curve analysis and electrophoresis to confirm product size.

2.5. Adipose tissue protein expression

SAT and EAT biopsies were homogenized in lysing buffer for total protein extraction, as
previously described [39]. Total protein extracts were then subjected to SDS-PAGE,
transferred to polyvinylidene difluoride (PVDF) membranes (Millipore Chemicon, MA,
USA) and immunoblotted with primary antibodies: anti-Glucose-Regulated Protein
(GRP)78/HSPAS and anti-lysosome-associated membrane protein 2 (Lamp2) were from
Thermo Fisher Scientific (Waltham, MA, USA), anti-gp96/HSP90B1/GRP94, anti-Beclinl,
anti-microtubule-associated protein light chain 3 (LC3), anti-p62 and anti-PTEN-induced
putative kinase 1 (PINK1) were from Novus Biologicals (Littleton, CO, USA), anti-Actin
(1-19), anti-5' adenosine monophosphate-activated protein kinase (AMPK)a1 and P-
AMPKa (Thr 172) were from Santa Cruz Biotecnology (Dallas, TX, USA), anti-caspase-4
and anti-ubiquitin were from Cell Signaling Technology, Inc. (Danvers, MA, USA) and anti-
mechanistic target of rapamycin (mTOR) was form Millipore Chemicon. Secondary
antibodies (Santa Cruz Biotecnology) for GRP78, GRP94, Beclin 1, LC3, Lamp2 and p62
were linked to alkaline phosphatase and complexes were detected using Enhanced
chemiFluorescence (ECF) reagent (Amersham Pharmacia Biotech, Buckinghamshire, UK).
Secondary antibodies (Thermo Fisher Scientific) for caspase-4, ubiquitin, AMPal, P-
AMPKa (Thr 172), mTOR and PINK1 were linked to horseradish peroxidase (HRP) and
complexes were detected using Enhanced chemiLuminescence (ECL, Thermo Fisher
Scientific). Relative protein expression was normalized to f-actin expression using p-actin
antibody (Sigma), that was selected based on our previous results demonstrating that it does
not change under these conditions Subsequently, the values were also normalized to control
(SAT NDM).

2.6. Histochemical analysis

The immunohistochemical study was performed on EAT and SAT samples.
Immunohistochemical staining was performed with Bond Polymer Refine Detection™
(DS9800; Leica Biosystems, Newcastle Ltd, United Kingdom) according to manufacturer’s
instructions on BOND-MAX™ (Leica Biosystems, Newcastle Ltd, United Kingdom).
Primary antibodies against Beclin 1 and LC3 at a dilution of 1:400 for 60 minutes were
applied to the sections and incubated at room temperature. In parallel, known positive and
negative controls were used. The intensity of the staining was graded semi-quantitatively on
a four-point scale (0; 1+, 2+, 3+). The percentage of immunostained cells was also
registered. A final score was obtained multiplying the intensity by the percentage of cells
with immunohistochemical expression and the cut off considered was 10% positive cells.
Protein immunostaining was observed on a microscope Nikon H600L with Digital Camera
DXM 1200F (Nikon, Germany). Analysis of stained adipose tissue sections was performed
by an experienced pathologist.

2.7. Statistical analyses

Statistical tests were performed using the SPSS software (version 24), with a significance
level of 0.05. Outliers, shown as black circles in box-and-whisker plots in all of the figures,
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lie more than one and a half times the interquartile range (IQR), that is, below Q1 - 1.5 *
IQR or above Q3 + 1.5 * IQR.

To check whether the data followed a normal distribution the Kolmogorov-Smirnov test was
used. When the data followed a normal distribution, we used the Levene's test to check if the
variance was homogeneous. For table 1, when the data followed a normal distribution the
unpaired t-test was used. When the data did not follow normal distribution, the Mann-
Whitney non-parametric test was used. To assess the role of tissue type or disease status on
quantitative variables, non-parametric multivariate ANOVA tests were performed. The
results are reported using the X test, with the correspondent degrees of freedom.

3. Results

3.1. Characterization of AT donors

From the 95 patients enrolled in this study, 56 were non-diabetic (NDM) and 39 were
diabetic (DM) patients. 22 of the NDM had NCAD, and most presented level 11 in the New
York Heart Association (NYHA) functional classification of HF, level Il in the Canadian
Cardiovascular Society (CCS) functional classification of angina, left ventricle ejection
fraction (LVEF) = 50%, and left ventricle shortening fraction (LVSF) = 27%, as observed in
Table 1. The remaining 34 NDM subjects had CAD, and most had level | and Il in the
NYHA functional classification, level Il in the CCS functional classification of angina,
LVEF = 50%, and LVSF = 27%. Among the NDM CAD patients, most of them presented
three-vessel CAD, as indicated in Table 1. Of the 39 DM patients, 13 had NCAD, and
presented mostly level 11 in the NYHA functional classification, level 1l in the CCS
functional classification of angina, LVEF = 50%, and LVSF = 27%. The remaining 26 NDM
patients had CAD and presented mostly level 11 in the NYHA functional classification, level
Il in the CCS functional classification of angina, LVEF = 50%, and LVSF = 27%, as
described in Table 1. Among the DM CAD patients, most of them presented three-vessel
CAD. Moreover, DM subjects exhibited a significantly higher body mass index (BMI) and
fasting blood glucose (Table 1) compared with NDM subjects. In addition, Table 1 also
describes the various medications taken by the study cohort.

The fasting c-peptide, insulin and glucose levels were measured in the blood of anesthetised
patients. The anaesthesia used was propofol, thiopental, pancuronium bromide, remifentanil,
fentanil, midazolam, sevoflurane and morphine. Since some of these drugs may alter insulin
secretion and insulin sensitivity [40-48], the HOMA-IR, HOMA- and QUICKI ratios in
this condition do not represent the normal ratios of these patients. While, it is possible to
observe a non-significant increase in HOMA-IR, a significant increase in the HOMA-B
index was observed in diabetic patients compared to non-diabetic patients (Table 1).

3.2. Gene and protein expression of ER stress-related genes in SAT and EAT from HF

patients

Relative gene and protein expression levels were determined for GRP78 and GRP94 in SAT
and EAT from diabetic and non-diabetic HF patients. GRP78 is a major ER protein
chaperone critical for protein quality control in the ER [49]. GRP94 is a key downstream
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chaperone that mediates the ER unfolded protein response (UPR), crucial for maintaining
protein homeostasis [50-52]. Both GRP78 and GRP94 gene (p=0.001 and p<0.001,
respectively) and protein levels (p<0.001 and p<0.010, respectively) were significantly
increased in EAT compared to SAT (medians: EAT GRP78 mRNA=2.468 versus SAT
GRP78 mRNA=1.005, EAT GRP78 protein=3.284 versus SAT GRP78 protein=0.805, EAT
GRP94 mRNA=1.473 versus SAT GRP94 mRNA=0.992, EAT GRP94 protein=2.088 versus
SAT GRP94 protein=1.101), but were not significantly different between diabetics and non-
diabetic subjects (medians: DM GRP78 mRNA=1.802 versus NDM GRP78 mRNA=1.685,
DM GRP78 protein=2.323 versus NDM GRP78 protein=1.561, DM GRP94 mRNA=1.256
versus NDM GRP94 mRNA=1.073, DM GRP94 protein=1.594 versus NDM GRP94
protein=1.135, Figure 2A-M). Relative gene expression levels of inositol-requiring enzyme
la (IREla) and protein kinase RNA-like endoplasmic reticulum kinase (PERK) were also
determined in SAT and EAT form diabetic and non-diabetic HF patients. IRE1a and PERK
are ER membrane proteins that are activated during ER stress [53]. IRE1la and PERK gene
levels were significantly increased (p<0.001) in EAT compared to SAT (mMRNA medians:
EAT IRE1a=2.165 versus SAT IRE1a=0.960 and EAT PERK=1.883 versus SAT
PERK=0.958) and in diabetics compared to non-diabetics (NRNA medians: DM
IRE1a=2.165 versus NDM IRE1a=1.318, DM PERK=1.745 versus NDM PERK=1.206,
Figure 2N-S).

Furthermore, an excessive or prolonged ER stress induces the transcription of the apoptotic
CCAAT/-enhancer-binding protein homologous protein (CHOP, the same as growth arrest
and DNA damage 153, GADD153) gene and the activation of the ER membrane caspase-4
[53, 54]. CHOP mRNA expression levels were significantly increased (p<0.001) in EAT
(median=2.618) compared to SAT (median=0.951) but not in diabetic (median=1.911)
compared to non-diabetic (medians=1.375) patients (Figure 3A-C). The protein levels of
procaspase-4 and caspase-4 were not significantly altered between tissues (medians: EAT
procaspase-4=0.749 versus SAT procaspase-4=1.000, EAT caspase-4=1.201 versus SAT
caspase-4=1.000) or diabetics versus non-diabetic subjects (medians: DM
procaspase-4=0.930 versus NDM procaspase-4=0.992, DM caspase-4=0.950 versus NDM
caspase-4=1.052), nor the ratio between caspase-4 and procaspase-4 in DM (median=1.072)
compared to NDM (median=1.113) patients. Although, the ratio caspase-4/procaspase-4 was
significantly increased (p<0.010) in EAT (median=1.560) compared to SAT (median=1.000)
from the same subjects (Figure 3D-M).

When, analysing the group of genes, GRP78, GRP94, IREla, PERK and CHOP, there were
significant differences when evaluating the disease status (X2=32.227 and p=0.040), as well
as between the tissue types compared (X2=32.227 and p<0.001). Regarding the protein
group evaluated as a whole, GRP78 and GRP94 did not show significant differences in the
disease status (X2=2.565 and p=0.277). However, there were significant differences between
the tissue types compared (X?=4.801 and p<0.001). The group caspase-4/procaspase-4,
caspase-4 and procaspase-4 showed no significant differences in both the disease status
(X2=7.439 and p=0.059) and the tissue types (X?=3.87 and p=0.276).
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3.3. Ubiquitination in SAT and EAT from HF patients

The unfolded or misfolded proteins that are not corrected in the ER can be translocated to
the cytosol and ubiquitinated for subsequent degradation in the proteasome or by autophagy
[55]. The levels of ubiquitin and ubiquitinated proteins in SAT and EAT were measured. The
levels of ubiquitin and ubiquitinated proteins were significantly decreased (p<0.010 and
p<0.05, respectively) in EAT compared to SAT (medians: EAT ubiquitin=0.395 versus SAT
ubiquitin=1.000; EAT ubiquitinated proteins=0.392 versus SAT ubiquitinated
proteins=1.000), but were not altered in diabetic compared to non-diabetic patients
(medians: DM ubiquitin=0.502 versus NDM ubiquitin=0.598; DM ubiquitinated
proteins=0.546 versus NDM ubiquitinated proteins=0.994, Figure 4).

In the group analysis of ubiquitin and ubiquitinated proteins, there are no significant
differences in both the disease status (X2=3.483 and p=0.175) and the tissue types compared
(X2=1.677 and p=0.432).

3.4. Gene and protein expression of autophagy-related genes in SAT and EAT from HF

patients

AMPK is an energy sensor and is involved in many pathways in order to regulate cellular
metabolism to maintain energy homeostasis. mTOR, in the mTOR complex 1 (mTORC1),
inhibits autophagy and AMPK induces autophagy through the inactivation of mMTORC1 and
direct activation of uncoordinated family member-51-like kinase 1 (ULK1) [56, 57].
Relative gene and protein expression levels for AMPKa and mTOR were analysed.
Moreover, the activated form of AMPKa, P-AMPKa (Thr 172), was also analysed and the
ratio between P-AMPK and AMPK was calculated. AMPKa and mTOR mRNA levels were
significantly increased (p<0.001 and p<0.010, respectively) in EAT compared to SAT
(medians: EAT AMPK mRNA=1.491 versus SAT AMPK mRNA=0.997 and EAT mTOR
MRNA=1.273 versus SAT mTOR mRNA=0.956), while there were no significant
differences between non-diabetic and diabetic subjects (medians: DM AMPK mRNA=1.362
versus NDM AMPK mRNA=1.143, DM mTOR mRNA=1.266 versus NDM mTOR
mMRNA=1.053, Figure 5A-C and M-O). AMPKa and mTOR protein levels were not
significantly altered between tissue type (medians: EAT AMPK protein=0.937 versus SAT
AMPK protein=0.886, EAT mTOR protein =0.737 versus SAT mTOR protein =0.882) or
between diabetic and non-diabetic subjects (medians: DM AMPK protein=0.901 versus
NDM AMPK protein=0.927, DM mTOR protein=1.284 versus NDM mTOR protein=0.585,
Figure 5G-1 and P-S). However, the P-AMPKa protein levels was significantly increased
(p<0.001) in EAT compared to SAT but not in diabetic compared to non-diabetic patients
(medians: EAT P-AMPK =2.150 versus SAT P-AMPK= 0.986; DM P-AMPK =1.313 versus
NDM P-AMPK=1.480). Moreover, the ratio P-AMPK/AMPK that shows the levels of
phosphorylation of the existing total AMPK was also increased (p=0.006) in EAT compared
to SAT and not in diabetic compared to non-diabetic patients (medians: EAT P-AMPK/
AMPK =1.332 versus SAT P-AMPK/AMPK =0.765; DM P-AMPK/AMPK =0.984 versus
NDM P-AMPK/AMPK =0.996 Figure 5D-F, J-L and S). The group analysis of AMPK/
actin, P-AMPK/actin and P-AMPK/AMPK was significantly altered in tissue types
compared (X2=19.04 p<0.001) but not in the disease status (X2=0.77 p=0.857).
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Moreover, relative gene expression levels for Beclin 1 (BECNI) and relative protein
expression levels for Beclinl and microtubule associated protein 1 light chain 3 (LC3) were
determined in SAT and EAT. Beclinl plays a critical role in the regulation of both autophagy
and cell death [58], whereas LC3 protein conversion (LC3-1 to LC3-I1) has been used to
monitor autophagy since the amount of LC3-11 clearly correlates with the number of
autophagosomes [59]. BECNI mRNA and protein levels were significantly increased
(p<0.001 and p<0.010, respectively) in EAT compared to SAT from the same subjects
(medians: EAT BECN1 mRNA=1.495 versus SAT BECN1 mRNA=0.921 and EAT BECN1
protein=1.573 versus SAT BECN1 protein=0.902), while there were no significant
differences between diabetic and non-diabetic subjects (medians: DM BECN1
MRNA=1.149 versus NDM BECN1 mRNA=1.113 and DM BECN1 protein=0.986 versus
NDM BECNL1 protein=1.126, Figure 6A-F and M). Since the active form of the LC3 protein
is the lipidated form (LC3-11), we only evaluated the protein expression of this protein. LC3-
I and LC3-11 protein levels were significantly increased (p<0.010 and p<0.001, respectively)
in EAT compared to SAT (medians: EAT LC3-1=1.526 versus SAT LC3-1=0.474 and EAT
LC3-11=2.243 versus SAT LC3-11=0.000), while there were no significant differences
between diabetic and non-diabetic subjects (medians: DM LC3-1=0.304 versus NDM LC3-
[=1.215 and DM LC3-11=0.296 versus NDM LC3-11=0.000, Figure 6G-M). The group
analysis of LC3-1 and LC3-11 confirmed that there were no significant differences in the
disease status (X2=4.012 and p=0.135), there were however, significant differences between
the tissue types compared (X?=12.087 and p=0.002). In order to further validate the data
obtained by Western blotting, we evaluated Beclinl and LC3 proteins by immunostaining in
SAT and EAT histological sections from HF patients. We detect only positive staining for
both proteins in EAT, but not in SAT (Figure 6N).

Moreover, p62 binds ubiquitinated proteins to the autophagosomes in formation for further
degradation [55]. Lamp2 is a lysosome membrane protein involved in chaperone-mediated
autophagy [60]. PINK1 accumulates in damaged mitochondria and is used as a mitophagy
marker [55]. The mRNA and protein levels of p62 were not significantly altered in EAT or
SAT (medians: EAT p62 mRNA=1.157 versus SAT p62 mMRNA=1.045; EAT p62
protein=0.473 versus SAT p62 protein=1.142), or in diabetic compared to non-diabetic
patients (medians: DM p62 mRNA=1.095 versus NDM p62 mRNA=1.080; DM p62
protein=0.876 versus NDM p62 protein=0.856; Figure 7A-F and S). In addition, although
Lamp2 mRNA significantly increased (p<0.001) in EAT compared to SAT (medians: EAT
Lamp2 mRNA=1.327 versus SAT Lamp2 mRNA=0.970), Lamp2 protein levels decreased
(p<0.05, medians: EAT Lamp2 protein=0.123 versus SAT Lamp2 protein=0.452). In
diabetic patients compared to non-diabetic patients Lamp2 mRNA and protein levels were
not significantly altered (medians: DM Lamp2 mRNA=1.147 versus NDM Lamp2
MRNA=1.169; DM Lamp2 protein=0.157 versus NDM Lamp2 protein=0.420; Figure 7G-L
and S). Furthermore, mRNA levels of PINK1 were significantly increased (p<0.001) in EAT
compared to SAT (medians: EAT PINK1 mRNA=1.534 versus SAT PINK1 mRNA=0.900),
but not PINKZ1 protein levels between tissues (medians: EAT PINK1 protein=0.827 versus
SAT PINK1 protein=1.007) or mRNA and protein levels in diabetic compared to non-
diabetic patients (DM PINK1 mRNA=1.248 versus NDM PINK1 mRNA=1.203; DM
PINK1 protein=0.934 versus NDM PINKZ1 protein=0.887, Figure 7M-R and T).
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3.5. Gene expression of apoptosis-related genes in SAT and EAT from HF patients

Since the deregulation of proteostasis can lead to an increase of apoptosis, the mRNA levels
of the anti-apoptotic B-cell lymphoma 2 (Bcl-2) and of the apoptotic B-cell lymphoma 2-
like protein 11 (Bim) were evaluated. Bim mRNA expression was significantly increased
(p<0.001) in EAT compared to SAT (medians: EAT Bim=1.942 versus SAT Bim=1.052), but
not in diabetic compared to non-diabetic patients (medians: DM Bim=1.418 versus NDM
Bim=1.298, Figure 8D-F). On the other hand, Bcl-2 mRNA expression was not significantly
altered between tissue type or disease status (medians: EAT Bcl-2=1.088 versus SAT
Bcl-2=0.919; DM Bcl-2=0.959 versus NDM Bcl-2=1.04; Figure 8G-I). Although there are
many factors that induce or prevent apoptosis, the ratio between the pro-apoptotic Bim, and
anti-apoptotic Bcl-2 levels can be related with the degree of apoptosis in a specific tissue.
The ratio Bim/Bcl-2 was not significantly altered in EAT compared to SAT (medians: EAT
Bim/Bcl-2=1.570 versus SAT Bim/Bcl-2=1.187), or in diabetic compared to non-diabetic
patients (medians: DM Bim/Bcl-2=1.633 versus NDM Bim/Bcl-2=1.349, Figure 8A-C). In
regard to the grouped analysis of Bim/Bcl-2, Bim and Bcl-2 there are no statistical
differences in the disease status (X?=2.73 and p=0.435). However, when analysing the
different tissue types, the statistical tests revealed significant differences between EAT and
SAT (X2=11.635 and p=0.009).

4. Discussion

This study demonstrates for the first time that both the UPR and the autophagy pathways are
significantly increased in EAT compared to SAT.

The ER is an organelle involved in protein folding, calcium homeostasis, and lipid
biosynthesis [61]. Various factors that interfere with ER function lead to accumulation of
unfolded proteins, including oxidative stress, ischemia, disturbance of calcium homeostasis,
and overexpression of normal and/or incorrectly folded proteins. Under physiological
conditions, the N-termini of PERK, IRE1a and ATF6 transmembrane ER proteins are held
by the ER chaperone GRP78 [62]. When misfolded proteins accumulate, GRP78 releases
these transmembrane signalling proteins, allowing PERK and IRE1la oligomerization and
ATF6 translocation to the Golgi and consequently launching the UPR [62, 63]. The UPR is
the induction of signal transduction events to reduce the accumulation of unfolded proteins
by increasing ER resident chaperones, including GRP78 and GRP94 that promote correct
protein folding, inhibiting protein translation, and accelerating the degradation of unfolded/
misfolded proteins via a ubiquitin-proteasome system termed ER-associated degradation
(ERAD) [61, 64-66] However, when the ER stress is excessively prolonged it can lead to
apoptosis, for instance, increasing CHOP expression or activating the human ER membrane-
resident caspase-4 [53]. (Figure 1). Recently, UPR and/or ER-initiated apoptosis (increased
expression of GRP78, GRP94, CHOP, caspase-4, etc) have been implicated in the
pathophysiology of various human diseases, including CVD, such as cardiac hypertrophy,
HF, atherosclerosis, ischemic heart disease, dilated cardiomyopathy, ischemic
cardiomyopathy, left ventricular hypertrophy and diabetic heart disease [17, 61, 67-77].
Accordingly, CHOP-dependent cell death pathway may be involved in the transition from
cardiac hypertrophy to HF [17]. Therefore, therapeutic interventions that target molecules of
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the UPR component and reduce ER stress will be considered promising strategies to treat
CVD [78].

In agreement with the literature, we observed a significant increase in UPR markers in EAT,
including the GRP78 and GRP94 gene and proteins, indicating significant molecular
alterations in this pathway in EAT. Moreover, we observed a significant increase in /RE1a
and PERK gene levels in EAT and in diabetic patients. Obesity can trigger ER stress and
induce UPR activation [29]. In this study, although the average of diabetic patients was not
obese, their BMI was significantly increased compared to non-diabetic patients. So, the
significantly increase of IRE1a and PERK mRNA in diabetic patients with a p value near to
0.05 (0.046 and 0.047 respectively) and without alterations in other UPR activation markers
could in part be due to the increased BMI in this patients.

Furthermore, CHOP upregulation is a common point of convergence for all 3 arms of the
UPR and its gene is transcript when the ER stress is excessive or prolonged, clearly
illustrating the importance of this transcription factor [79], therefore CHOP gene expression
levels were evaluated. CHOP mRNA levels were more elevated in EAT than in SAT,
however no significant differences were observed in its correspondent pro-apoptotic protein
levels (data not shown). Additionally, the pro-apoptotic Bim and the anti-apoptotic Bcl-2 are
some of the downstream signalling pathways of CHOP leading to apoptosis. Bim gene
expression was significantly increased in EAT. However, the ratio Bim/Bcl-2 gene
expression was not significantly altered. On the other hand, IRE1a can stimulate apoptosis
effectors caspase-4 which promotes ER-mediated apoptosis upon an excessive or prolonged
ER stress [62, 80]. The ratio between caspase-4 and procaspase-4 was significantly
increased in EAT. Nevertheless, the group analysis of caspase-4, procaspase-4 and
caspase-4/procaspase-4 ratio showed no significantly alterations. So, we cannot say that ER
stress-mediated cell death is being activated in this tissue but we can conclude that EAT has
an increased tendency for apoptosis. Therefore, through an increase of several ER stress
markers, we have confirmed that the UPR was activated in EAT compared to SAT.

Furthermore, another key component of the ER stress response pathway is ERAD [64, 65,
81, 82]. Previous studies reported the involvement of both processes in the development of
ischemic heart diseases [83]. Furthermore, hyperubiquitination of proteins have been
previously observed in human dilated cardiomyopathy [84]. Besides the UPR, the ERAD is
induced in order to activate degradation of unfolded or misfolded proteins via the ubiquitin-
proteasome system [85, 86]. The accumulation of unfolded proteins induced by ER
dysfunction can surpass the capacity of the proteasome to degrade them, as previously
observed in a mouse model of ischemic heart disease [83]. To test this, we examined the
accumulation of ubiquitinated proteins in the EAT compared to SAT, from diabetic and non-
diabetic patients. However, the immunoreactivity for ubiquitin and ubiquitinated proteins
was significantly decreased in EAT and was not altered in diabetic patients. The group
analyses of ubiquitin and ubiquitinated proteins revealed no significant alterations in tissue
type or disease status. This could be due to the preserved function of the proteasome or to an
increase of autophagy activation, since ubiquitinated proteins can also be degraded by
autophagy [55]. However, we observed an increase in some of the UPR activation markers in
diabetic subjects, but we did not observe an increase in autophagy markers in diabetic

Biochim Biophys Acta Mol Basis Dis. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Burgeiro et al.

Page 12

compared to non-diabetic patients. Thus, it seems that in diabetic patients, the ERAD is
sufficient to degrade the unfolded/misfolded proteins originated from the slight increase in
ER stress.

A plethora of stress conditions, including oxidative stress, metabolic dysfunction and ER
stress, are observed to activate autophagy as a pro-survival pathway [87]. In addition,
Raptor, a regulatory-associated protein of mTOR, as well as other proteins form the complex
mTORC1, that inhibit autophagy, are hyper-activated under diabetes conditions [88]. mTOR
also plays a major role in promoting adipocyte formation and lipid synthesis in response to
feeding and insulin [88]. Moreover, AMPK is a well-known kinase that induces autophagy
through the inhibition of mTOR [89]. The activity of AMPK is decreased in adipose tissue
from obese and insulin resistance subjects [90]. Since AMPK regulates several important
metabolic pathways, some authors suggest that AMPK could be an important target to treat
obesity, insulin resistance, type 2 diabetes and CVD [56, 91]. Since mTOR protein
expression was not significantly altered, but the active form of AMPK (P-AMPK Thr 172)
was increased in EAT compared to SAT it may be possible that autophagy is activated in
EAT. To further investigate this question, other autophagy markers were analysed. Beclin 1
induces the formation of the autophagosome leading to the induction of macroautophagy
[92, 93]. However, Beclin 1 forms a complex with different types of proteins that can
activate or inactivate Beclin 1. Bcl-2, for instance, inactivates Beclin 1 and Bim activates it
[93, 94]. The IRE1 arm of UPR, increased in EAT compared to SAT, can lead to JNK
activation and increase phosphorylation of Bcl-2, which promotes its dissociation from
Beclin 1 [95, 96], resulting in autophagy induction [97, 98]. The PERK arm of UPR, also
increased in EAT compared to SAT, can also lead to the activation of autophagy [93]. We
observed a significant rise in Beclin 1 gene and protein levels in EAT compared to SAT.
Since the gene expression of Bim was increased in EAT, this could activate even more
Beclin 1. Moreover, during macroautophagy, the lipidation of LC3-I to form LC3-11 is
essential for the formation of autophagosomes [99]. The increase in LC3-11 reflects either
increased autophagosome formation due to increases in autophagic activity, or to reduced
turnover of autophagosomes [100]. We observed a significant increase of LC3-1 in EAT
which may indicate that EAT has more capacity for macroautophagy than SAT. Moreover,
the levels of LC3-11 in EAT were also significantly increased, and together with the increase
of Beclin 1 and P-AMPK, these results are suggestive of an increased autophagy in EAT
compared to SAT, in agreement with previous studies [101-103]. As mentioned before, EAT
exhibits increased ER stress and, as such, increase in misfolded or dysfunctional proteins.
However, we did not find an increase in immunoreactivity for ubiquitin in EAT but rather a
decrease. In addition, an increase in autophagy induction in this tissue was observed, which
leads us to believe that this increase in the autophagic process in EAT might have a
protective/survival role, since it promotes the degradation of dysfunctional proteins.
However, we do not know if this is the case in normal healthy EAT since we used EAT from
HF patients. Moreover, p62 binds ubiquitin and LC3 and it is involved in the recruitment of
ubiquitinated proteins during the formation of the autophagosome [99]. Since p62 is
degraded during macroautophagy, its levels may decrease when macroautophagy increases
[99]. Although there was a tendency of p62 protein to decrease in EAT, we observed no
significant changes in p62 gene or protein levels in agreement with previous studies that
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have also reported that p62 levels do not always correlate with macroautophagy activation
[104]. Furthermore, Lamp2 is an important lysosome membrane protein involved in
chaperone-mediated autophagy [99]. While the Lamp2 gene expression was significantly
increased in EAT, its protein levels were significanty decreased in EAT compared to SAT.
This could indicate an increased degradation of Lamp2, leading to a decreased chaperone-
mediated autophagy, or decreased lysosome levels that could lead to autophagosome
accumulation and the consequent LC3-11 increase that we have observed. However, the
amount of ubiquitinated proteins did not increased in EAT, on the contrary it decreased, even
in the presence of strong ER stress. This leads us to believe that macroautophagy is not
dysfunctional and the increase of LC3-11 protein levels in EAT is really due to an increase in
macroautophagy activity. In addition, PINK1 is involved in mitophagy [99] and its gene
expression increased in EAT showing that the degradation of mitochondria by autophagy
could be increased in EAT compared to SAT. However, the PINK1 protein levels were not
significantly altered.

Autophagy is a normal and a common process observed in the heart and it is induced in
response to stress, such as ischemia and during HF [92]. However, accumulation of protein
aggregates and dysfunctional organelles is commonly observed in a variety of heart diseases,
including hemodynamic stress-induced cardiac hypertrophy, chronic myocardial infarction,
and dilated cardiomyopathy [105, 106], suggesting that activation of autophagy may not be
sufficient in these conditions to maintain cardiomyocytes alive. A recent report revealed that
enhancing autophagy ameliorates desmin-related and inherited cardiomyopathies that result
in severe HF due to protein aggregation, as well as myofibrillar disarray [107]. Thus,
autophagy plays an important role in protecting normal cardiac function by maintaining
optimal protein quality control, which that might be what is happening at the level of the
EAT depot under these conditions. Although activation of autophagy is generally protective
in the heart in many conditions, it can also induce cell death and cardiac dysfunction in a
specific context-dependent manner. For example, ischemia/reperfusion [108] and pressure
overload [109-113] upregulate autophagy and these could cause detrimental effects in the
heart.

Furthermore, the diabetic state enhances both ER stress and autophagy in cardiovascular
complications [114, 115]. However, we only observed diabetes-mediated increase in IREla
and PERK gene expression. On the other hand, same of the medications taken by patients
could decrease possible metabolic differences between diabetic and non-diabetic patients.
For instance, metformin and resveratrol are described to have anti-ER stress and anti-
apoptotic effects in adipose tissue or adipocytes exposed to high glucose [116].

As a whole, our results indicate that patients, with and without diagnosed diabetes, have
increased ER stress in EAT compared to SAT. Therefore, this increase in ER stress may lead
to an increase in autophagy which, in this specific case, may have a protective/survival
function, since we did not observe a significant increase in ubiquitinated proteins. Thus,
there is a balance between mechanisms that induce the death of epicardial adipocytes
through alterations in ER and processes that aim to repair the damage caused by the
dysfunction in this organelle. Thus, EAT is sensitive to cardiac pathology and develops
cellular signalling in response to the functional and/or structural changes in the heart.
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However, the balance between pro-apoptotic and survival mechanisms might be established
in this fat depot due to its micro environment in order to not aggravate cardiac pathology.

One of the limitations of this study, similarly to our previous report [38], is the lack of
healthy control subjects matched for age, sex, and BMI, which as prevented us from
comparing the results with the subjects studied. Although diabetic patients have a more
severe heart disease than non-diabetic patients, the presence of DM just slightly increased
ER stress, probably because diabetic patients take drugs to control DM, and that the possible
effects mediated by the presence of DM are, somewhat, overshadowed by their antidiabetic
medication. Thus, to evaluate the effects of DM per se, studies should be undertaken in a
population of diabetic subjects not taking antidiabetic drugs. Moreover, the amount of tissue
biopsy that can be collected is very small. Therefore, it is not possible to perform all the
experiments in the same tissue, and instead, we used tissues form different patients in
different experiments, but always used paired EAT and SAT biopsies from the same subject
in each experiment [38].

5. Conclusion

Although more studies are required to clarify the underlying molecular mechanisms
regulating epicardial adipose tissue ER stress and autophagy in HF patients and eventually in
healthy EAT, our results identify important new markers of the UPR and autophagy
pathways that are activated in EAT compared to SAT. Since we do not have EAT from
healthy subjects to compare these results with, our study may indicate that activation of the
ER stress and autophagy pathways in EAT might be associated with heart diseases, as it is
the case in this population, but it could also be that this is a specific metabolic phenotype of
this particular fat depot, which in turn may be of importance in identifying early biomarkers
for cardiomyopathies and possible therapeutic targets.
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AMPK 5' adenosine monophosphate-activated protein kinase
AT adipose tissue

BECN1 beclin 1

Bcl-2 B-cell lymphoma 2

Bim Bcl-2-like protein 11 (BCL2L11)
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CAD
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CHOP
CVvD
DM
ECF
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ER
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FFA
GADD153
GRP
HF
IREla
Lamp2
LC3
LVEF
LVSF
MS
mTOR
mTORC1
NCAD
NDM
NYHA
PERK
PINK1
PVDF

p62

coronary artery disease

Canadian Cardiovascular Society

CCAAT-enhancer-binding protein homologous protein

cardiovascular diseases

diabetes mellitus

enhanced chemiFluorescence
Enhanced chemiLuminescence
epicardial adipose tissue
endoplasmic reticulum
ER-associated degradation

free fatty acid

growth arrest and DNA damage 153
glucose-regulated protein

heart failure

inositol-requiring enzyme la
lysosome-associated membrane protein 2
microtubule-associated protein light chain 3
left ventricle ejection fraction

left ventricle shortening fraction
metabolic syndrome

mechanistic target of rapamycin
mMTOR complex 1

non-coronary artery disease
non-diabetic

New York Heart Association

protein kinase RNA-like endoplasmic reticulum kinase

PTEN-induced putative kinase 1
polyvinylidene difluoride

ubiquitin-binding protein p62
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SAT subcutaneous adipose tissue
ULK1 uncoordinated family member-51-like kinase 1
UPR unfolded protein response
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Highlights

. Epicardial adipose tissue has increased endoplasmic reticulum stress
compared to subcutaneous adipose tissue from the same patients

. Diabetic patients have slightly increase of endoplasmic reticulum stress in
adipose tissue compared to non-diabetic patients

. Epicardial adipose tissue has increased autophagy activation compared to
subcutaneous adipose tissue from the same patients
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Figure 1.

Proteostasis regulation. Accumulation of unfolded proteins in the ER lumen activates ER
membrane-associated ATF6a, IRE1a, and PERK. Consequently, transcription factors p55
(cleaved ATF6a.), sXBP-1, and ATF4 translocate to the nucleus and induce the transcription
of several genes involved in: i) organelle biosynthesis; ii) processing of unfolded proteins,
such as ER chaperones; iii) degradation of unfolded proteins through proteasome and
autophagy; iv) antioxidant response. The phosphorylation of elF2a by PERK also inhibits
general protein translation to decrease the amount of proteins that follow the secretory
pathway. This process is known as the Unfolded Protein Response (UPR). An excessive
UPR can induce apoptosis through activation of caspase-4 and increased expression of
CHOP protein. Moreover, proteins that are not repaired in the ER or degraded by the
proteasome or dysfunctional organelles can be degraded by autophagy. In this process a
double membrane is formed around proteins that need to be degraded forming an
autophagosome that fuses with lysosomes to degrade its content.
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Figure 2.

ER stress-related gene and protein expression in SAT and EAT from HF patients with or
without DM. GRP78 gene (A-C) and protein (D-F and M) expression, GRP94 gene (G-I)
and protein (J-L and M) expression, IRE1a gene expression (N-P), and PERK gene
expression (Q-S) were analysed by qRT-PCR and Western blot, respectively. The number of
patients is indicated in parentheses in the x axis (A, D, G, J, N and Q). Gene and protein
expression was calculated relative to SAT NDM after normalization to the reference gene or
protein B-actin. To assess the role of tissue type or disease status, nonparametric multivariate
ANOVA tests were performed. A p value inferior to 0.05 was considered statistically
different.
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ER stress-related apoptotic gene and protein expression in SAT and EAT from HF patients
with or without DM. GADD153 (the same as CHOP) gene expression (A-C) and caspase-4
(D and H-J) and procaspase-4 (D and K-M) protein expression were analysed by qRT-PCR
and Western blot, respectively. The ratio between caspase-4 and procaspase-4 protein levels
was also calculated (E-G). The number of patients is indicated in parentheses in the x axis
(A, E, H and K). Gene and protein expression was calculated relative to SAT NDM after
normalization to the reference gene or protein p-actin. To assess the role of tissue type or
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disease status, nonparametric multivariate ANOVA tests were performed. A p value inferior
to 0.05 was considered statistically different.
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Figure 4.
Protein ubiquitination in SAT and EAT from HF patients with or without DM. Ubiquitinated

(A-D) and ubiquitin (D and E-G) protein levels were quantified by Western blot. The SAT
and EAT samples in the represented blot (A) are from the same subjects in the same order.
The number of patients is indicated in parentheses in the x axis (B and E). Protein
expression was calculated relative to SAT NDM after normalization to the reference protein
[B-actin. To assess the role of tissue type or disease status, nonparametric multivariate
ANOVA tests were performed. A p value inferior to 0.05 was considered statistically
different.
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Figure 5.
AMPK and mTOR gene and protein expression and P-AMPK levels in SAT and EAT from

HF patients with or without DM. AMPK gene (A-C) and protein (G-I and S) expression, P-
AMPK (Thr 172) levels (D-F and S) and mTOR gene (M-O) and protein (P-S) expression
were analysed by gRT-PCR and Western blot, respectively. Moreover, the ratio P-AMPK/
AMPK was also calculated (J-L). The number of patients is indicated in parentheses in the x
axis (A, D, G, J, M and P). Gene and protein expression was calculated relative to SAT
NDM after normalization to the reference gene or protein B-actin. To assess the role of tissue
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type or disease status, nonparametric multivariate ANOVA tests were performed. A p value
inferior to 0.05 was considered statistically different.
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Figure 6.

Beclin 1 and LC3 gene and protein expression in SAT and EAT from HF patients with or
without DM. Beclin 1 gene (A-C) and protein (D-F and M) expression and LC3-1 (G-1 and
M) and LC3-11 (J-L and M) protein levels were analysed by gRT-PCR and Western blot,
respectively. The number of patients is indicated in parentheses in the x axis (A, D, G and J).
Gene and protein expression was calculated relative to SAT NDM after normalization to the
reference gene or protein B-actin. To assess the role of tissue type or disease status,
nonparametric multivariate ANOVA tests were performed. A p value inferior to 0.05 was
considered statistically different. Representative histochemical images of Beclinl and LC3
(N) antibodies staining in SAT and EAT. Magnification, x400. Scale bar, 50 um.
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PINK1 mRNA expression
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p62, Lamp2 and PINK1 gene and protein expression in SAT and EAT from HF patients with
or without DM. p62 gene (A-C) and protein (D-F and S) expression, Lamp2 gene (G-I) and
protein (J-L and S) expression and PINK1 gene (M-O) and protein (P-R and T) expression
and were analysed by qRT-PCR and Western blot, respectively. The number of patients is
indicated in parentheses in the x axis (A, D, G, J, M and P). Gene and protein expression
was calculated relative to SAT NDM after normalization to the reference gene or protein -
actin. To assess the role of tissue type or disease status, nonparametric multivariate ANOVA
tests were performed. A p value inferior to 0.05 was considered statistically different.
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Figure 8.
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Apoptosis related gene expression in SAT and EAT from HF patients with or without DM.
Bim (D-F) and Bcl-2 (G-1) gene expression was measured by gRT-PCR. The ratio between
Bim and Bcl-2 gene expression was also calculated (A-C). The number of patients is
indicated in parentheses in the x axis (A, D and G). Gene expression was calculated relative
to SAT NDM after normalization to the reference gene B-actin. To assess the role of tissue
type or disease status, nonparametric multivariate ANOVA tests were performed. A p value
inferior to 0.05 was considered statistically different.
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Table 1.

Demographic, clinical and biochemical characteristics of the study population

Nowdibetc DILE  pg
N 56 (58.95%) 39 (41.05%)
Male, % 78.6 718 0.4500
Age, y (mean + SEM) 66.20+1.52  68.03+1.31 0.3920
BMI, Kg/m? (mean + SEM) 2595+0.42  27.41+0.37 0.032°
Risk factors, %
Hypertension 69.6 84.6 0.0940
Dyslipidemia 67.9 74.4 0.4940
Blood pressure, mm/Hg (mean + SEM)
Systolic 130.5 + 2.56 132.6 £ 3.36 0.4480
Diastolic 71.63+1.80 72.33+2.16 0.9320
Medications, %
Antiplatelet 75.00 76.92 0.8296
Antiarrhythmic 16.07 15.38 0.9280
Anticoagulant 19.64 20.51 0.9169
Antidiabetic
Insulin e 2051 -
Metformin. e 20.51
Alpha-glucosidase inhibitor - 513 -
DPP4 inhibitor e 000 0 -
DPP4 inhibitor + Biguanide - 3333 -
Sulfonylurea e 769 0 e
Sulfonylurea + Biguanide ~ --——- 3333 -
Antihypertension/anti-angina pectoris
ACEI 58.93 58.97 0.9964
Angiotensin receptor blocker 5.36 12.82 0.1900
B blocker 57.14 71.79 0.1453
Calcium channel blocker 26.79 15.38 0.1877
Organic nitrate 21.43 23.08 0.8489
Others 8.93 2.56 0.2097
Diuretic 67.86 76.92 0.3352
Electrolyte — KCI 32.14 35.90 0.7033
Statins 60.71 74.36 0.1800
Non-CAD Patients
N 22(39.29%) 13 (33.33%)
Male, % 68.2 53.8 0.3964
Age, y (mean + SEM) 67.82+221 71.08+172  0.3120
BMI, Kg/m? (mean + SEM) 25.55+0.82  28.00+0.55 0.045*

NHYA Functional Classification of Heart Failure, %
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Nomdibetc Dbele e

I;1-11 14.29; 9.52 7.69;0 0.5933; 0.26

11; 1-111 38.10; 19.05 61.54; 7.69 0.14;0.39

1t Hni-1v 4.76; 14.29 23.08;0 0.095; 0.1638

v 0 0 N/A
CCS Functional Classification of Angina, %

I;1-11 19.05; 14.29 23.08; 15.38 0.72; 0.59

115 H-111 42.86; 4.76 53.85; 0 0.33; 0.43

i -1V 9.52;9.52 7.69;0 0.89; 0.26

v 0 0 N/A
Operation type, %

Valvular replacement 72.73 84.62 0.4200

Valvuloplasty 18.18 23.08 0.7200
LVEF, % (= 50%) 86.36 69.23 0.2200
LVSF, % (= 27%) 90.91 84.62 0.5700
Heart rate, bpm (mean + SEM) 84.10 + 4.41 76.62 + 4.85 0.3440
CAD Patients
N 34 (60.71%) 26 (66.66%)
Male, % 85.3 80.8 0.6000
Age, y (mean + SEM) 65.15+2.06  66.50 +1.70 0.6300
BMI, Kg/m? (mean + SEM) 26.21+045  27.12+0.47 0.2550
NHYA Functional Classification of Heart Failure, %

I;1-11 30.30; 12.12 15.38; 7.69 0.20; 0.6

11; 1-111 33.33;18.18  50;7.69 0.16; 0.26

1t ni-1v 6.06; 0 19.23;0 0.22; N/A

v 0 0 N/A
CCS Functional Classification of Angina, %

1;1-N 36.36; 6.06 7.69; 15.38 0.017%0.22

I1; 1-111 45.45; 3.03 53.85; 7.69 0.46; 0.40

1t ni-1v 9.09; 0 15.38; 0 0.43; N/A

v 0 0 N/A
Operation type, %

1 vessel disease 17.65 23.08 0.6000

2 vessels disease 23.53 15.38 0.4300

3 vessels disease 47.06 50.00 0.8200

4 vessels disease 0 0 N/A

Aneurysm 11.76 11.54 0.9700
LVEF, % (= 50%) 73.53 61.54 0.3225
LVSF, % (= 27%) 73.53 61.54 0.3225
Heart rate, bpm (mean + SEM) 79.33+4.53 79.62 +4.75 0.9390
Metabolic biochemical parameters

Fasting glucose (mg/dL) 99.68+2.13  131.82+6.90 0,000
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Non-diabetic  Diabetic

patients patients pvalue

Fasting insulin (mU/L) 4.65+0.42 9.96 +2.95 0.758

Fasting c-peptide (ng/mL) 1.44+0.10 1.57+0.15 0.787
HOMA-IR, units 1.19+0.12 3.25+1.03 0.068
HOMA-B, units 5007454 Svol* 0.017*
QUICKI, units 0.39+0.01 0.37 £0.01 0.068
Kidney biochemical parameters, mg/dL

Urea 20.87 +£0.95 2351+181 0.485

Creatinine 0.93+0.02 0.97 £0.05 0.749
Liver biochemical parameters, U/L

GOT 24.87+1.29 2331+1.14 0.461

GPT 2470 £ 2.43 2482 +1.76 0.244

GGT 32.52 + 3.66 49.82 +11.15 0.575

ALP 70.48 +2.75 73.28 £4.04 0.637

LDH 196.40 +6.49  185.00 = 6.00 0.133
Non-CAD Patients

INR, units 1.31+£0.08 1.27 £0.09 0.727

CK, U/L 91.95+11.23 130.20+27.35 0.272
CAD Patients

INR, units 1.12£0.02 1.18+0.04 0.313

CK, U/L 98.13+17.18 82.68 +10.07 0.515

Quantitative measurements are presented as mean + SEM, and qualitative parameters are presented as percentage. For normally distributed data, a
parametric t-test was performed, whereas for non-normally distributed data the Mann-Whitney nonparametric test was used. For categorical

variables the X2 test was used. A p value inferior to 0.05 was considered statistically different.

*
P<0.05 and

Aok

*
P<0.001.

ACEI, Angiotensin-converting-enzyme inhibitor; ALP, alkaline phosphatase; BMI, body mass index, CAD, coronary artery disease; CCS,
Canadian Cardiovascular Society; CK, creatine kinase; GGT, y-glutamyl transferase; GOT, glutamic oxaloacetic transaminase; GPT, glutamic
pyruvic transaminase; HOMA-B, HOMA-B-cell function; HOMA-IR, homeostatic model assessment-insulin resistance index;INR, international
normalized ratio; LDH, lactate dehydrogenase; LVVEF, left ventricle ejection fraction; LVSF, left ventricle shortening fraction; N/A, not assigned;
NCAD, non-coronary artery disease; NHYA, New York Heart Association; QUICKI, quantitative insulin sensitivity check index.
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Table 2.
Primers used in gRT-PCR
Protein name Primer name Sequence
5' adenosine monophosphate-activated protein kinase (AMPK) h-AMPK Eg\r/‘grzgd -(E((:BL%EA)-\AC%%;‘?S éé—?gTC(;T ’,f\; GA
secin @0 e e ICSACAACTTS
o<l mptana (@52 vee o STISGIOACTOCCNTCCAS
Bel-2-like protein 11 (BCL2L11) or Bim h-Bim iy L
Glucose-regulated protein, 78kDa (GRP78) h-GRP78 :g\r/\grired ?éﬁggggggﬁ;gﬁiggégii
Glucose-regulated protein, 94kDa (GRP94) h-GRP94 Ig\r/‘gggd Lgé%i%\éfé/%%;\cﬁ%ﬁa
Growth arrest and DNA-damage-inducible gene 153 (GADD153) h-GADD153 Eg\r/‘grzgd 'IC':,;I-\—(? :‘g%ggé;.?é}r?g;ﬁé
Inositol-requiring enzyme la (IREla) h-IREla Ig\r/\g’ri;d 2??8;2%;2%&%?@22&#01—(3
Lysosome-associated membrane protein 2 (Lamp2) h-Lamp2 Ig\r/\évégd ?Xﬁ?;ﬁgﬁ.‘éﬁﬁgg;ﬁzﬁ
Mammalian target of rapamycin (nTOR) h-mTOR Ig\r/\s’é;d gg?g?g?g?gggﬁ}rggggé%
PTEN-induced putative kinase 1 (PINK1) h-PINK1 :g\r/\grired g’éggﬁégé\gﬁggﬂ:g}?ggg
Protein kinase RNA-like endoplasmic reticulum kinase (PERK) h-PERK Ig\r/\gggd $$é§;;$;gg.¢élg¥l$g A
forward GGCTCGTGCGAGTCGG
Sequestosome 1 (SQSTM1) or ubiquitin-binding protein p62 Egggmt% ;g\r/\?vr:ﬁ’ d gggggggg;gé%%%}%@rz%
reverse  TCCCCGTCCTCATCCTTTCT
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