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Abstract

Background/Objectives: Epicardial adipose tissue (EAT) is metabolically active and is in
dynamic crosstalk with the surrounding cardiomyocytes, modulating their function and
metabolism. Oxidative stress is a key contributor to cell death and cardiac remodeling, is
a hallmark of diabetes (DM) and cardiovascular disease, such as coronary artery disease
(CAD). However, little is known about these processes in EAT from patients undergo-
ing cardiac surgery. This study investigates changes in mitochondrial dynamics, reactive
oxygen species (ROS) production, and antioxidant defense levels in EAT compared to
subcutaneous adipose tissue (SAT) in patients undergoing cardiac surgery, with a focus
on the impact of DM and CAD. Methods: Adipose tissue biopsies were collected from
128 patients undergoing surgical cardiac intervention. Mitochondrial dynamics and ox-
idative stress markers were analyzed. Results: EAT exhibited increased expression of
mitochondrial fusion markers [mitofusin 1 (p < 0.001), mitofusin 2 (p = 0.038), and optic
atrophy 1 (p < 0.001)], as well as fission markers [fission 1 (p < 0.001) and dynamin-related
protein 1 (p < 0.001)] relative to SAT. Additionally, ROS levels (dihydroethidium, p = 0.004)
were elevated, while lipid peroxidation (malondialdehyde, p < 0.001) was reduced in EAT
compared to SAT. Reduced glutathione (GSH) levels (p < 0.001) and the redox buffer ratio
between reduced and oxidized glutathione (GSH/GSSG, p < 0.001) were significantly
increased in EAT. Interestingly, glutathione peroxidase activity (p < 0.001) and the antiox-
idant defense markers catalase (p < 0.001) and superoxide dismutase 2 (p = 0.001) were
significantly reduced in EAT compared to SAT. Conclusions: The findings provide a unique
molecular insight into the mitochondrial dynamics and oxidative stress profiles of EAT,
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highlighting potential avenues for a novel diagnostic method and therapeutic strategies for
cardiac disease.

Keywords: epicardial adipose tissue; subcutaneous adipose tissue; mitochondrial dynamics;
oxidative stress; antioxidant defense; diabetes mellitus; coronary artery disease

1. Introduction

Cardiovascular diseases (CVDs) are the most incapacitating and fatal diseases world-
wide. Among them, coronary artery disease (CAD) is the most prevalent and detrimental
condition [1]. In addition, almost two-thirds of patients with CVD have abnormal glucose
homeostasis [2] and the prevalence of CAD in subjects with DM is about 12% [3].

Epicardial adipose tissue (EAT) is a specialized and active fat depot located around
the coronary arteries, the visceral pericardium, and myocardium [4]. Compared with
other fat deposits, it presents rapid metabolism, with high thermogenic capacity, and a
unique transcriptome and secretome [5-9]. Moreover, EAT can impact the local cardiac
structure and function due to its characteristic energetics and close cellular crosstalk with
neighboring endothelial cells and cardiomyocytes [10].

Mitochondria biogenesis, maintenance, and turnover are modulated by finely tuned
regulatory networks [11]. Moreover, mitochondria malfunction has been implicated in the
development of aging [12], inherited genetic diseases [13], type 2 diabetes mellitus (DM) [14]
and CVD [15,16]. However, while altered mitochondrial dynamics have been extensively
described in cardiomyocytes of the failing heart [16-18], they are poorly studied in EAT.
Thus, in the present study, we evaluated the following: (1) whether the mitochondrial
fusion/fission mechanisms along with oxidative stress markers, that include reactive
oxygen species (ROS) and lipid peroxidation, as well as antioxidant defenses, mediated
by glutathione (GSH), catalase, and superoxide dismutase (SOD) were altered in EAT
compared to SAT; (2) the potential impact of DM and CAD on the described mitochondrial
mechanisms comparing the two adipose tissues, and finally (3) how DM and CAD may
influence mitochondrial dynamics in EAT, in patients undergoing cardiac surgery.

2. Materials and Methods
2.1. Adipose Tissue Donors

Study participants (n = 128; 99 males and 29 females) with a well-defined set of
preoperative variables such as age, hypertension, dyslipidemia, smoking habits, body
mass index, and family history of heart disease, were recruited in collaboration with the
Cardiothoracic Surgery Unit at the University Hospital of Coimbra, in accordance with
our previous studies [8,9,19]. Paired SAT and EAT biopsies were obtained from the same
patients during elective coronary artery bypass grafting (CABG), valve repair or valve
replacement, or patients undergoing both surgeries. Patients with CAD subjected, at least,
to a CABG were considered as the CAD group, while patients subjected to only a valvular
surgery were considered as the NCAD group. Tissue samples were consistently collected
after pericardial opening and heart exposure, but before the initiation of a cardiopulmonary
bypass or surgical manipulation and were obtained from the proximal right coronary
artery (EAT) and the sternum region (SAT), as described previously [8,9]. The study was
performed after receiving consent from participants and approved by the Ethical Committee
of the Coimbra University Hospital Centre (HUC-35-11 and OBS.SF.24-2021). The studies
were carried out according to the Declaration of Helsinki.
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2.2. Adipose Tissue Gene Expression

Total RNA extracted from EAT and SAT biopsies was isolated using the RNeasy
MiniKit (Germantown, MD, USA), and the concentration was determined by OD
260 measured using a NanoDrop 1000 spectrophotometer (ThermoScientific, Waltham,
MA, USA). cDNA was synthesized from 1 pug of RNA using the Applied Biosystems High-
Capacity cDNA Reverse Transcriptase kit (Forest City, CA, USA). Briefly, 2 uL of 10x RT
Buffer, 0.8 pL of 25x dANTP Mix, 2 pL of 10x RT random primers, 1 puL of MultiScribe
Reverse Transcriptase, and 4.2 pL of nuclease free H20 were added to 10 pL of RNA (1 pg)
sample. Quantitative real-time PCR reaction was then performed in a Bio-Rad iCycler
iQ5 (Hercules, CA, USA). For each reaction, 10 pL volume were used containing 2.5 pL
cDNA, 5 uL 2x with SYBRGreen Supermix (Quanta Biosciences, Gaithersburg, MA, USA),
1 uL of each primer (250 nM), and 0.5 puL of H,O PCR grade. PCR primers were designed
using Beacon Designer software and synthesized by IDT-Integrated DNA Technologies, Inc.
(BVBA, Leuven, Belgium), and described in Table 1. Relative quantification was determined
by the 274t method and normalized to the B-actin, according to our previous studies [89].

Table 1. Primer sequences.

Name Sequence (5'-3') Ta (°C)

B-actin Forward: AACTACCTTCAACTCCATC 60
Reverse: TGATCTTGATCTTCATTGTG

CAT Forward: AACTTCACTGAGGTCCAC 60
Reverse: ATCGCATTCTTAGGCTTCT

DRP1 Forward: AAGAAGAGTGTAACTGATT 50
Reverse: AGAAGAGACTGATACTGA

FIS1 Forward: CAATGATGACATCCGTAA 50
Reverse: AGGTAGAAGACGTAATCC

MENT1 Forward: ATAATGGCAGAACCTGTT 55
Reverse: GGATTCTTATATGTTGCTTCA

MEN2 Forward: CAGAAGAGAACTCAGAATC 50
Reverse: CTTGACTGTGACGATAGA

OPA1 Forward: TGTATTCTGAAGTTCTTGATGT 55
Reverse: ATCTCCAACCACAACAAC

PCCIA Forward: GAGGAATATCAGCACGAGAGG 60
Reverse: ACTTCAAAACGGTCCCTCAG

SOD1 Forward: ATGGCCCAATAAACATTC 60
Reverse: CTATACAAATCTTCCAAGTGA
CAT, Catalase; DRP1, Dynamin-1-like protein; FIS1, Fission 1, MFN1, Mitofusin 1; MFN2, Mitofusin 2; OPA1, Optic
atrophy 1; PGC1A, Peroxisome proliferator-activated receptor-gamma coactivator 1 alpha; SOD1, Superoxide
dismutase; Ta, annealing temperature.

2.3. Adipose Tissue Protein Expression

EAT and SAT biopsies were homogenized in radioimmunoprecipitation assay (RIPA)
buffer (50 mMTris—-HCI buffer pH 7.5, 150 mM NaCl, 1% Triton X-100, 0.5% sodium de-
oxycholate, 0.1% sodium dodecyl sulfate, 5 mM ethylene glycol tetraacetic acid, protease
inhibitor cocktail, phosphatase inhibitor cocktail, and 1 mM dithiothreitol). Protein concen-
trations were determined by the bicinchoninic acid (BCA) method (Pierce® BCA Protein
Assay Kit, Thermo Scientific, Rockford, IL, USA). Total protein extracts were denatured at
95 °C for 5 min in 6 x sample buffer [0.35 M Tris—-HCl, pH 6.8, 30% glycerol, 10% sodium do-
decyl sulfate, 0.6 M dithiothreitol, 0.03% bromophenol blue]. Equal protein amounts (30 pg)
were separated on 7.5% or 10% SDS-PAGE gels, followed by transfer to PVDF membranes
(Millipore Chemicon, MA, USA). After blocking, membranes were incubated overnight at
4 °C with primary antibodies against peroxisome proliferator-activated receptor gamma
co-activator-1 alpha (PGC1-«, 1:500 dilution, Santa Cruz Biotechnology Dallas, TX, USA)
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-actin (I-19, 1:3000 dilution, Santa Cruz Biotechnology, Dallas, TX, USA), catalase (1:5000
dilution, Merck KGaA, Darmstadt, Germany) and SOD2 (1:1000 dilution, Millipore Chemi-
con, Temecula, CA, USA). After incubation, the membranes were washed and incubated
for 1 h at room temperature with anti-rabbit (1:10,000) secondary antibodies (ThermoFisher
Scientific, Waltham, MA, USA) against all the primary antibodies, except for actin, were
conjugated to horseradish peroxidase, and immune complexes were detected using en-
hanced Chemiluminescence reagent (ThermoFisher Scientific, Waltham, MA, USA). The
anti-rabbit (1:5000) secondary antibodies Secondary antibody (Santa Cruz Biotechnology,
Dallas, TX, USA) for actin was conjugated to alkaline phosphatase and immune complexes
were detected using Enhanced Chemifluorescence reagent (Amersham Pharmacia Biotech,
Buckinghamshire, UK). Bands were visualized using the enhanced chemifluorescence (ECF)
substrate kit (Amersham, GE HealthCare, Buckinghamshire, UK) on the ChemidocTM
Touch system (Bio-Rad Laboratories, Hercules, CA, USA) and quantified using Image Lab
version 5.2.1 build 11 (Bio-Rad Laboratories, Hercules, CA, USA). 3-Actin was used as a
loading control.

2.4. Oxidative Stress Quantification

Oxidative stress levels and antioxidant capacity in EAT and SAT biopsies were assessed
either in tissue cross-sections or following homogenization in RIPA buffer (50 mM Tris—HClI,
pH 7.5; 150 mM NaCl; 1% Triton X-100; 0.5% sodium deoxycholate; 0.1% SDS; 5 mM EGTA;
1 mM DTT).

2.4.1. Reactive Oxygen Species Evaluation

The dihydroethidium (DHE) assay was performed to detect and measure the pro-
duction of ROS in EAT and SAT biopsies previously immersed in the Optimal Cutting
Temperature compound (OCT, VWR, Porto, Portugal) and immediately frozen at —80 °C.
Cross-sections of 30 um thickness were thawed and incubated with 1 uM DHE (Sigma-
Aldrich, Saint Louis, MO, USA) dissolved in PBS (pH 7.4), at 37 °C for 30 min, in the dark.
Afterwards, slides were washed twice with PBS, fixed with 4% paraformaldehyde in PBS
for 5 min and stained with DAPI (1:1000, Sigma-Aldrich, Saint Louis, MO, USA) for 5 min.
Slides were mounted (Entellan®, Merck KGaA, Darmstadt, Germany) and covered with a
coverslip and immediately observed using a confocal microscope (Carl Zeiss LSM 710, Jena,
Germany). The DHE fluorescence corresponds to the ability of reactive oxygen species,
particularly superoxide, to oxidize DHE, leading to the production of ethidium bromide,
that intercalates with DNA in the nucleus, emitting nuclear red fluorescence. The DHE
fluorescence was quantified using Fiji software (Fiji is just Image]2 version 2.9.0/1.53t).
Image ] software (National Institute Health, Bethesda, MD, USA) and it was normalized to
the number of cells in the corresponding image. Then, the average was calculated using
normalized DHE fluorescence obtained on the 10 highest resolution fields (200x).

2.4.2. Lipid Peroxidation

Lipid peroxidation in EAT and SAT homogenates was assessed by fluorometric deter-
mination (excitation at 515 nm and emission at 553 nm; FP-2020/2025, Jasco, Tokyo, Japan)
of malondialdehyde (MDA) combined with high-performance liquid chromatography
(HPLC, Gilson, Lewis Center, OH, USA), using the ClinRep complete kit (RECIPE, Munich,
228 Germany). Evaluation of the chromatograms was performed via peak areas that are
proportional to the MDA concentration, obtained from EAT and SAT homogenates and
expressed in micromoles of MDA per gram of protein (umol/g protein).
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2.4.3. Reduction and Oxidation of Glutathione

Reduced (GSH) and oxidized glutathione (GSSG) levels in EAT and SAT homogenates
were evaluated by HPLC (Gilson, Lewis Center, OH, USA) with fluorimetric detection
(excitation at 385 nm and emission at 515 nm; FP-2020/2025, Jasco, Tokyo, Japan), using
the Immunodiagnostik kit (Immunodiagnostik AG, Bensheim, Germany), as previously
described [20]. GSH and GSSG were separated according to retention time and quantified
by chromatographic peak area. Results were expressed as micromoles of either GSH or
GSSG per gram of protein (umol/g protein).

2.4.4. Glutathione Peroxidase Activation

The activity of glutathione peroxidase (GPx) in EAT and SAT homogenates was
evaluated by spectrophotometry using tert-butylperoxide (Sigma-Aldrich, Saint Louis, MO,
USA) as a substrate [21], monitoring oxidized glutathione levels through the quantification
of NADPH (Sigma) oxidation at 340 nm and at 37 °C, in a thermostated spectrophotometer
(UVIKON 933 UV /Visible, Kontron Instruments, Milan, Italy). Results were expressed in
international units of enzyme per gram of protein (U/g).

2.4.5. Glutathione Reductase Activation

Glutathione reductase (GRed) activity in EAT and SAT homogenates was evaluated
by spectrophotometry at 340 nm, [22] using GSSG (Sigma -Aldrich, Saint Louis, MO,
USA) as a substrate and monitoring its reduction to GSH through the quantification of
NADPH (Sigma-Aldrich, Saint Louis, MO, USA) oxidation at 37 °C in a thermostated
spectrophotometer (UVIKON 933 UV /Visible, Kontron Instruments, Milan, Italy). GRed
activity was expressed in international units of enzyme per gram of protein (U/g).

2.5. Statistical Analysis

Normality was assessed using the Shapiro-Wilk test, and variance homogeneity with
Levene’s test. For non-normally distributed data, the Wilcoxon signed-rank test was applied
for paired comparisons, and the Mann—-Whitney U test for unpaired data. When technical
limitations prevented pairing, the Mann-Whitney test was used instead. Categorical
variables were analyzed using the x? test. Results are presented as mean =+ standard
error of the mean (SEM) or median (interquartile range, Q1-Q3), as appropriate. All
statistical analyses were performed in SPSS (version 28), with a significance threshold of
p < 0.05. Graphs were generated using GraphPad Prism (version 8, GraphPad Inc., La Jolla,
CA, USA).

3. Results
3.1. Characteristics of the Study Population

A group of 128 male (n = 99) and female (n = 29) patients were recruited and stratified
according to the presence or absence of DM. Thus, 68 patients without DM (NDM group)
and 60 patients with DM (DM group) were included. Hypertension (p = 0.012) was present
in 82% of patients with DM, that also presented higher BMI (p = 0.030), as shown in
Table 2. Moreover, besides DM-related medication (insulin and/or oral antidiabetics), the
statin intake (p = 0.008) was the only medication that differed between the two groups,
as seen in Table 2. No differences were observed regarding sex, age, or the incidence
of cardiovascular risk factors, when comparing both groups. Importantly, patients were
also stratified according to cardiac pathology, either NCAD (n = 67) or CAD (n = 61).
A significantly number of male patients (p = 0.001) had CAD (n = 55, 90%) compared
to the NCAD group (n = 44, 66%). Moreover, key CVD contributing risk factors, such
as hypertension (p = 0.015, 74% versus 63%), dyslipidemia (p < 0.001, 87% versus 60%)
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and family history of heart disease (p < 0.001, 74% versus 63%) were more prevalent
int the patients with CAD compared to the NCAD groups. Furthermore, the parentage
of patients with CAD group with smoking habits is significantly increased compared to
the NCAD group, (p = 0.025, 44% versus 25%). However no further differences were
observed when comparing according to the different subgroups, as presented in Table 2.
The administration of antiplatelet medication (p < 0.001, 50% versus 22%), 3 blocker
(p = 0.015, 70% versus 47%), calcium channel blockers (p = 0.014, 23% versus 8%), statins,
(p <0.001, 85% versus 57%) and vasodilators (p = 0.004, 31% versus 10%) was increased in
the CAD group compared to the NCAD group, as seen in Table 2.

Table 2. Demographic and clinical characteristics of the study population (n = 128).

NDM DM p-Value ® NCAD CAD p-Value ®

N 68 60 67 61
Male (M) 55 (81%) 44 (73%) 0.31 44 (66%) 55 (90%) 0.001
Age (years) 67.0 (60.0-76.0) 71.5 (65.0-76.8) 0.052 71.0 (63.0-77.0) 68.0 (62.0-74.0) 0.17
Cardiovascular risk factors
Diabetes Mellitus 31 (46%) 29 (49%) 0.88
Hypertension 43 (63%) 49 (82%) 0.021 42 (63%) 45 (74%) 0.015
Dyslipidemia 47 (69%) 46 (77%) 0.34 40 (60%) 53 (87%) <0.001
Smoking

Nonsmoker 45 (66%) 39 (65%) 0.89 50 (75%) 34 (56%) 0.025

Ex-smoker 21 (35%) 16 (27%) 0.60 16 (24%) 22 (34%) 0.08

Recent smoker history 0 (0%) 2 (3%) 0.13 0 (0%) 2 (3%) 0.14

Active smoker 2 (3%) 3 (5%) 0.54 2 (3%) 3 (2%) 0.71
BMI 26.52 + 0.35 27.31 £+ 0.29 0.030 27.0 (25.0-29.0) 28.0 (26.0-29.0) 0.23
Family history of heart disease 8 (12%) 7 (12%) 0.97 1(2%) 14 (23%) <0.001
Medication
Antiplatelet 35 (51%) 37 (62%) 0.25 22 (33%) 50 (82%) <0.001
Antiarrhythmic 6 (9%) 10 (17%) 0.18 14 (21%) 4 (7% 0.052
Anticoagulant 10 (15%) 11 (18%) 0.55 13 (14%) 8 (13%) 0.39
Insulin 0 (0%) 11 (18%) <0.001 4 (6%) 7 (11%) 0.27
Oral antidiabetic

Biguanide 0 (0%) 20 (33%) <0.001 15 (21%) 5 (8%) 0.027

DPP4 inhibitor 0 (0%) 9 (15%) <0.001 6 (9%) 3 (5%) 0.37

DPP4 inhibitor + Biguanide 0 (0%) 14 (23%) <0.001 6 (9%) 8 (13%) 0.45

Sulfonylurea 0 (0%) 15 (25%) <0.001 7 (10%) 8 (13%) 0.64
Diuretic 34 (50%) 30 (50%) >0.99 37 (55%) 27 (44%) 0.22
ACEI 22 (32%) 25 (22%) 0.28 24 (36%) 23 (38%) 0.83
ARB 16 (24%) 13 (22%) 0.84 15 (22%) 14 (23%) 0.98
{3 blocker 45 (66%) 30 (50%) 0.10 32 (47%) 43 (70%) 0.015
Calcium channel blocker 9 (13%) 10 (17%) 0.57 5 (8%) 14 (23%) 0.014
Electrolyte—KCl 8 (12%) 8 (13%) 0.79 10 (15%) 6 (10%) 0.39
Statins 41 (60%) 49 (82%) 0.008 38 (57%) 52 (85%) <0.001
Vasodilator 13 (19%) 13 (22%) 0.72 7 (10%) 19 (31%) 0.004

Quantitative measurements are presented as means 4= SEM. For categorical variables, a X2 test was applied. For
normally distributed data, a parametric t-test was performed, whereas a nonparametric Mann-Whitney test
was applied for non-normally distributed data. Significant p-values (p < 0.05) are highlighted in bold. ACEI,
angiotensin-converting enzyme inhibitor; ARBs, angiotensin II receptor blockers; BMI, body mass index; CAD,
coronary artery disease group; DM, diabetes mellitus group; DPP-4, dipeptidyl peptidase-4; KCl, potassium
chloride; NCAD, non-coronary artery disease group; NDM, non-diabetes mellitus group; * NDM versus DM;
b NCAD versus CAD.

Demographics and clinical characteristics according to cardiac pathology (NCAD and
CAD) were described according to the presence or absence of DM, described in Table S1.
Briefly, from the 67 patients in the NCAD, 31 patients (47%) had DM, and in the CAD
group, 29 patients had DM.

3.2. Mitochondrial Fusion and Fission Are Increased in Epicardial Adipose Tissue

Gene and protein expression in EAT was compared to SAT from all patients. Thus, gene
expression of mitochondrial fusion proteins [mitofusin 1 (MFN1, p < 0.001), mitofusin 2
(MFN2, p = 0.038)], and optic atrophy 1 (OPA1, p < 0.001)] was significantly increased in
EAT, as seen in Figure 1A-C, respectively, and Table S2. Similarly, gene expression of the
mitochondrial fission proteins, dynamin-related protein 1 (DRP1, p < 0.001), and fission
protein 1 (FIS1, p < 0.001), was also elevated in the EAT, as seen in Figure 1D, E, respectively,
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and Table S2. Interestingly, while there were no differences in peroxisome proliferator-
activated receptor gamma co-activator-1 alpha (PPARGC1A) gene expression, as seen in
Figure 1F, and Table S2, a significant reduction in PCG1-« protein levels (p = 0.015) was
observed in EAT, as shown in Figure 1G,H and Table S2.
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Figure 1. Mitochondrial fusion and fission mechanisms are significantly enhanced in epicardial
adipose. The mRNA expression levels of MFN1 (A), MFN2 (B), OPA1 (C), DRP1 (D), FIS1 (E),
and PPARGCIA (F), along with PGC-1x protein levels (G,H) were analyzed. Gene expression
was quantified by RT-qPCR, and protein expression by Western blot, with normalization to the
housekeeping gene or protein 3-actin, respectively. The number of patients included in each assay is
indicated. A p < 0.05 was considered statistically different, * p < 0.05; *** p < 0.001. EAT, epicardial
adipose tissue; DRP1, dynamin-related protein 1; FISI, fission 1 MEN1, mitofusin 1; MFN2, mitofusin
2; OPAL1, optic atrophy 1; PGC-1«, peroxisome proliferator-activated receptor gamma co-activator-1
alpha for gene and protein, respectively; SAT subcutaneous adipose tissue.

Detailed expression profiles between all proteins after stratification for DM and CAD
are described in Table S3. Briefly, gene expression was consistently increased in EAT
compared to the respective SAT for MFN1 (NDM: p = 0.011; DM: p < 0.001; NCAD:
p < 0.001, and CAD: p = 0.017) and DRP1 (NDM: p < 0.011; DM: p < 0.001; NCAD:
p <0.001, and CAD: p < 0.017). Furthermore, EAT showed an increased expression of
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A

EAT SAT EAT SAT
N - - - -
” - - - -

OPA1 EAT in the NDM (p = 0.017), DM (p = 0.013), and NCAD group (p = 0.002), while
FIS1 was upregulated in the NDM (p = 0.012), DM (p = 0.040), and NCAD group (p < 0.001).
Moreover, MFN2 expression was significantly increased in EAT, but only within the NCAD
group (p < 0.011), while PCG1-« protein levels were significantly reduced exclusively in
EAT of the DM group (p = 0.016), Table S3.

No further differences were observed in mitochondrial markers within EAT based on
the presence of DM (EAT NDM versus EAT DM) or CAD (EAT NCAD versus EAT CAD),
as presented in Table S3.

3.3. Oxidative Stress Is Increased in Epicardial Adipose Tissue Under Cardiac Disease

Assessment of ROS markers and redox mechanisms is first described in EAT and SAT
across all the participants, without stratifying for DM or CAD. DHE fluorescence analysis
revealed a significant increase in ROS levels in EAT compared to SAT (DHE, p = 0.004), as
shown in Figure 2A B and Table S4. In contrast, lipid peroxidation levels were significantly
decreased in EAT than in SAT (MDA, p < 0.001), as seen in Figure 2C and Table S4.

NDM DM
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Figure 2. Oxidative stress is elevated in epicardial adipose tissue. DHE oxidation (A,B) was assessed
by microscopy, and the integrated density per field area was quantified and normalized to the
number of cells within the same field area. MDA levels were measured by high-performance liquid
chromatography (HPLC) (C). The number of patients included in each assay is indicated. A p < 0.05
was considered statistically different, ** p < 0.01; *** p < 0.001. DAPI, 4’ 6-diamidino-2-phenylindole;
DHE, dihydroethidium; EAT, epicardial adipose tissue; MDA, malondialdehyde; SAT, subcutaneous
adipose tissue.
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Next, we investigated the impact of DM and CAD on the observed differences in ROS
and MDA between EAT and SAT. An increase in the DHE fluorescence was detected in
EAT from both the NDM (p = 0.045) and CAD (p = 0.010) groups and shown in Table S5.
Meanwhile, MDA levels were consistently decreased in EAT compared to the respective
SAT across all groups, except for CAD: NDM (p = 0.048), DM (p = 0.004), and NCAD
(p = 0.005), as shown in Table S5.

No differences in ROS or MDA levels were observed in EAT when comparing the
presence of DM (EAT NDM versus EAT DM) or CAD (EAT NCAD versus EAT CAD), as
shown in Table S5.

3.4. Antioxidant Defenses Are Compromised in Epicardial Adipose Tissue of Patients Elected for
Cardiac Surgery

We evaluated the antioxidant defense system in EAT compared to SAT in all the sub-
jects undergoing cardiac surgery, without first stratifying for DM or CAD. The glutathione
(GSH), a key ROS scavenger, exists in either its reduced (GSH) form, which neutralizes
ROS, or in its oxidized (GSSG) form. No differences were observed in GSSG levels between
EAT and SAT, as seen in Figure 3A and Table S6. However, GSH levels were significantly
elevated (p < 0.001) in EAT, as shown in Figure 3B and Table 56, leading to a substantial
increase in the intracellular redox buffer ratio GSH/GSSG (p < 0.001), in EAT relative to
SAT, as seen in Figure 3C and Table S6. Additionally, GPx activity (p < 0.001) was signifi-
cantly reduced in EAT compared to SAT, as shown in Figure 2D and Table S6. Despite an
increase of 43% in GRed activity in EAT, this difference did not reach statistical significance,
as seen in Figure 2E and Table S6. Furthermore, both SOD1 gene expression (p = 0.026),
as seen in Figure 3F and Table 56, and mitochondrial SOD2 protein level (p = 0.001), as
presented in Figure 3H,I and Table S6, were reduced in EAT. While CAT gene expression
levels remained unchanged between EAT and SAT, as shown in Figure 3G and Table S6,
CAT protein levels were significantly reduced (p < 0.001) in EAT, as seen in Figure 3H,J
and Table Sé6.

When evaluating the impact of DM and CAD, GSH levels and the corresponding
intracellular redox buffer ratio (GSH/GSSG) were significantly increased in EAT, in the
NDM (p = 0.004), DM (p = 0.008), NCAD (p < 0.001), and CAD p < 0.001), as seen in Table
S7. Interestingly, while GPx activity was reduced in EAT from all groups, this difference
reached statical significance in the NDM (p = 0.037), DM (p = 0.039), and NCAD (p = 0.005),
as seen in Table S7. In addition, CAT protein levels were significantly decreased in EAT
for patients with DM (p < 0.001), and CAD (p < 0.001), when compared to their respective
SAT, as shown in Table S7. Moreover, while no significant differences in ROS scavengers
were observed in EAT when evaluating the presence of DM, CAD was associated with a
significant reduction in both SOD2 (p = 0.035) and CAT (p = 0.001) protein levels in EAT
from patients with CAD compared with those in the NCAD group, as seen in Table S7.
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Figure 3. Antioxidant defenses are compromised in epicardial adipose tissue. Oxidized glutathione
(GSSG, A) and reduced glutathione (GSH, B) levels were quantified and expressed as umol/g
protein, with the GSH/GSSG ratio calculated accordingly (C). Glutathione peroxidase (GPx, D) and
glutathione reductase (GRed, E) activities were determined spectrophotometrically and expressed as
U/g protein. SOD1 (F) and CAT (G) mRNA expression levels were analyzed by RT-qPCR, while SOD2
(H,I) and CAT (H,J) protein levels were quantified by Western blot. Gene and protein expression levels
were normalized to the housekeeping gene or protein 3-actin, respectively. The number of patients
included in each assay is indicated. A p < 0.05 was considered statistically different, * p < 0.05;
**p <0.001. CAT, catalase; EAT, epicardial adipose tissue; GPx, glutathione peroxidase; GRed,
glutathione reductase; GSH, reduced glutathione; GSSG, oxidized glutathione; SAT, subcutaneous
adipose tissue; SOD, superoxide dismutase.
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4. Discussion

Among the various forms of CVD, CAD is one of the most prevalent, accounting
for a significant proportion of the CVD-related deaths [1]. Additionally, CVD is also
the primary cause of death among diabetic patients [23]. Adipose tissue remodeling,
insulin resistance, and inflammation are important hallmarks not only for DM, but also for
CAD development [24,25]. Despite being one of the least studied human visceral adipose
tissues, EAT holds a unique and critical role in cardiac health. EAT serves local essential
functions, including nutritional, energetic, and thermogenic regulation, while maintaining
crosstalk with neighboring cardiac cells [5-9]. In previous studies we have demonstrated
that EAT exhibits impaired glucose uptake and lipid metabolism [9], as well as increased
unfolded protein response (UPR) and autophagy, when compared to SAT [8], from patients
undergoing cardiac surgery. Therefore, this study aims to go deeper and reveal important
key differences in mitochondrial fusion and fission proteins markers, as well as oxidative
stress mechanisms within EAT compared to SAT. Additionally, it evaluated the potential
impact of DM and CAD on these processes.

Overall, mitochondrial dynamics and antioxidant defenses were significantly altered
in EAT compared to SAT. Interestingly, when patients were subsequently stratified into
groups based on DM or CAD, these initial tissue-specific alterations largely persisted across
the group types (NDM, DM; NCAD, or CAD). The key findings suggest that mitochondrial
dynamics and antioxidant defense alterations are primarily tissue-dependent rather than
disease specific. In patients with advanced cardiac disease, such as CAD and regardless of
DM status, some degree of insulin resistance is commonly observed, mirroring certain DM-
related outcomes [8,26,27]. Notably, a previous study with a similar cohort has shown no
significant differences in the homeostasis model assessment-insulin resistance (HOMA-IR)
index, between patients with and without DM undergoing cardiac surgery [8]. Additionally,
over half of the patients with DM took antidiabetic medication, which, together with their
prescribed cardiac treatment, may have masked potential differences, when comparing
disease status [8,26,27].

Mitochondria fission and fusion cycles, referred to as ‘mitochondrial dynamics’, main-
tain mitochondrial shape, distribution, and size [28]. These mechanisms are responsible for
tissue homeostasis by enhancing energy production, cell survival, and cell proliferation [29].
Mpyocardium mitochondria may alter its morphology through fusion and fission events to
respond to the changing energy demand of heart cells [30]. Interestingly, the expression of
either fusion and fission mitochondrial dynamics genes was increased in EAT compared
to SAT. The higher expression of both fusion and fission markers has been related with
better mitochondria viability, stability, and function [11,29-32]. Moreover, the expression
of DRP1 in EAT was twice that of SAT. DRP1 facilitates mitochondrial quality control by
mitophagy [11,30].

The transcriptional coactivator PGC-1x controls important aspects of mitochondrial
biogenesis through the up-regulation of nuclear- and mitochondrial-encoded gene expres-
sion [33]. It positively regulates glucose transporter protein 4 (GLUT4) expression and
favors increased glucose uptake [33]. In fact, in a similar cohort, both glucose uptake and
GLUT4 mRNA levels were impaired in the EAT [9]. A study conducted by Sacks and col-
leagues described that gene expression of brown adipose tissue (BAT) markers, including
PARGCI1A, were significantly elevated in the EAT of adult patients with cardiac disease,
when compared to SAT [6]. However, we observed a significant decrease in PGC-1x protein
content in EAT, with no changes in gene expression.

Intracellular ROS represents an important mediator of mitochondrial stress signaling
to promote cellular adaptations [34]. A previous study has identified a direct correla-
tion between ROS production in EAT, from patients with CAD, and the prevalence of
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impaired insulin action, glycemia management, and inflammation [35]. In fact, ROS over-
production may increase atherosclerosis, myocardial infarction, heart failure, and atrial
fibrillation [36-38], as well as other important aspects evidenced in chronic diseases, like
DM, obesity, and aging [39].

In the present study, ROS production in EAT was evaluated directly through superox-
ide quantification by DHE oxidation, and the presence of lipid peroxidation products by
MDA quantification. An increase in DHE in EAT was observed when compared to SAT.
Interestingly, this was mainly supported by increased ROS in EAT from patients without
DM and CAD, when compared to SAT, since DHE measurements remained similar in
tissues from patients with DM and in the NCAD group, likely driven by the medication
DM patients are taking. In patients with obesity and types 2 DM, MDA accumulation has
been observed in isolated mitochondria, when compared to controls (without obesity or
diabetes) [40]. However, in the present study, EAT presented lower MDA levels when com-
pared with SAT. Importantly, EAT has been described as a buffer to prevent cardiomyocyte
lipotoxicity [41].

The antioxidant defense system neutralizes the adverse effects of ROS in the mito-
chondria and in the cytoplasm [42]. Reduction in antioxidant enzyme activities such as
glutathione, SOD, and catalase has been observed in adipose tissue isolated mitochon-
dria from individuals with obesity and DM [40,42]. Similarly, reduced GPx activity was
observed in EAT when compared with SAT, indicating the accumulation of GSH and
ROS. Glutathione is in fact one of the most powerful antioxidants in the cardiovascular
system [43].

Moreover, catalase is the most abundant peroxisomal antioxidant enzyme [44]. On the
other hand, there are several SOD forms, acting at different locations. In humans, SOD1
plays an important role in the mitochondrial membranal space and in the cytoplasm, while
SOD2 is in the mitochondria matrix, and SOD3 is in the extracellular fluid [44]. To note
that, since SOD1 transcripts and both SOD2 and catalase were decreased in EAT when
compared to SAT, the observed ROS over-production could perhaps be ascribed not only to
the impaired respiratory chain function, but also to the reduced oxidative defense system,
as previously described [45].

Moreover, catalase and SOD2 were the only antioxidant defense markers significantly
reduced in the EAT of patients with CAD compared with those in the NCAD group. Notably,
previous studies have described that moderate cardiac overexpression of SOD2 and/or
catalase may lead to a decrease in intracellular ROS, thus ameliorating mitochondrial
function and other ultrastructural defects, in turn minimizing myocardial degeneration,
and leading to a significant improvement in cardiac function [46].

Moreover, previous reports identified that DRP1 and ROS have a reciprocal relation-
ship, in which ROS improves DRP1 activation, and vice versa [47]. Although the underlying
mechanisms remain elusive, increases in DRP1 and mitochondrial fragmentation are in-
terlinked with ROS production [29]. This mutual increase in DRP1 and ROS could be
key players, generating mitochondrial dysfunction and, in turn contributing to insulin
resistance development, as observed in EAT [9].

This study has several limitations that deserve consideration. First, we lacked access
to truly healthy control subjects for adipose tissue biopsies, as EAT can only be ethically
collected during cardiac surgeries. Therefore, tissues from patients in the NDM or NCAD
groups were used as internal references, but their underlying cardiac indications likely
reflect subclinical pathologies, limiting the interpretation of baseline metabolic profiles.
Second, most patients were not medication-naive. Common therapies, such as antidiabetic
and cardiovascular drugs, may influence adipose tissue metabolism [48-50].
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While these treatments enhance the translation relevance of our findings, they may
obscure disease-specific metabolic differences. Similar tissues might be collected post-
mortem from relatively healthy patients, but factors such as time of death and delay
in tissue harvesting can compromise sample quality. Third, although we evaluated the
independent effects of DM and CAD, we were unable to perform a fully factorial four-group
analysis (NDM NCAD, NDM CAD, DM NCAD, and DM CAD) due to biopsy material
constraints and group size imbalances. To address this, we consistently prioritized intra-
patient comparisons using paired EAT and SAT samples whenever technically possible,
thereby minimizing inter-subject variability. Finally, we applied non-parametric tests,
Wilcoxon signed-rank tests for intra-individual (paired samples) comparisons and Mann—
Whitney U tests for inter-group comparisons (DM or CAD status), which are well suited
for a small sample size and non-normally distributed data. While alternative approaches,
such as Kruskal-Wallis with post hoc correction or multi-variable regression models, could
provide complementary insights in larger, more balanced cohorts, our selected approach
was appropriate and statistically robust for the structure and scope of this study.

5. Conclusions

This study provides novel mechanistic insights into the mitochondrial and redox
profile of EAT, revealing a distinct tissue that is metabolically dynamic and with a different
phenotype compared to SAT. The upregulation of both mitochondrial fusion and fission
markers in EAT suggests active mitochondrial remodeling, likely reflecting an adaptative
response to persistent cellular stress. Notably, although EAT exhibited elevated ROS
levels and reduced antioxidant enzyme expression, it showed lower lipid peroxidation,
along with an increased mitochondrial respiration and stable mitochondrial-to-nuclear
DNA (mtDNAmDNA) ratio compared to SAT. These fundings suggest that EAT maintains
functional resilience through coordinated stress-adaptive mechanisms.

Importantly, this work builds upon our previous efforts to characterize EAT biology,
contributing to a broader understating of its metabolic and functional specificity [8,9]. Due
to the limited amount of tissue available from each EAT biopsy, it was not feasible to
perform all planned analyses on a single sample. To address this limitation, we increased
the number of participants and allocated the available samples into separate experimental
groups, each focused on specific metabolic pathways. This study resembles a targeted
approach to investigate key proteins involved in mitochondrial dynamics and oxidative
stress, providing mechanistic insights with high sensitivity and reproducibility, particularly
valuable given the limited biopsy material. The future application of broader, unbiased
methods such as proteomic analyses could further enrich the understanding of EAT biology
by uncovering additional pathways and molecular alterations beyond the scope of the
present study.

Methodologically, this study is the first to ingrate the analysis of mitochondrial dy-
namics and oxidative stress in EAT while also stratifying findings by relevant clinical
comorbidities (DM and CAD). Overall, our findings suggest that EAT exists in a highly
stressed state yet engages in a compensatory mechanism that preserves the local function
despite metabolic and oxidative challenges. These insights underscore the significance
of EAT as an active player in cardiometabolic disease and highlight the importance of
tissue-specific molecular profiling in understanding its complex role.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /metabo15070481/s1, Table S1: Anthropometric and Clinical
characteristics of the study population according to cardiac disease (1 = 128); Table S2: Mitochondrial
biogenesis gene expression in EAT and SAT from patients subjected to cardiac surgery; Table S3:
The influence of DM and CAD in the Mitochondrial biogenesis gene expression in EAT and SAT
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from patients subjected to cardiac surgery; Table S4: Reactive oxygen species accumulation in EAT
and SAT from patients subjected to cardiac surgery; Table S5: The influence of DM and CAD in
the EAT and SAT reactive oxygen species accumulation from patients subjected to cardiac surgery;
Table S6: Expression levels and activity of the antioxidant defense mechanisms in EAT and SAT from
patients subjected to cardiac surgery; Table S7: The influence of DM and CAD in the expression
levels and activity of the antioxidant defense mechanisms in EAT and SAT from patients subjected to
cardiac surgery.
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ACEI Angiotensin-converting enzyme inhibitor
ARB Angiotensin II receptor blocker

BMI Body mass index

BAT Brown adipose tissue

CAT Catalase

CABG  Coronary artery bypass grafting

CAD Coronary artery disease

CVD Cardiovascular disease
DHE Dihydriethidine
DM Diabetic

DPP-4  Dipeptidyl peptidase-4
DRP1 Dynamin-1-like protein
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EAT Epicardial adipose tissue

FIS1 Fission protein 1

GLUT4 Glucose transporter proteins 4
GPx Glutathione peroxidase

GRed Glutathione reductase

GSSG Oxidized glutathione

GSH Reduced glutathione

MDA Malondialdehyde

MNF1  Mitofusin 1

MNF2  Mitofusin 2

OCT Optimal cutting temperature
OPA1 Optic atrophy 1

PGCla  Peroxisome proliferator-activated receptor-gamma coactivator 1 alpha
ROS Reactive oxygen species

SAT Subcutaneous adipose tissue
SOD Superoxide dismutase

Ta Annealing temperature

UPR Unfold protein response

References

1.  Balakumar, P; Maung-U, K.; Jagadeesh, G. Prevalence and prevention of cardiovascular disease and diabetes mellitus. Pharmacol.
Res. 2016, 113, 600-609. [CrossRef] [PubMed]

2. Jia, G.; Whaley-Connell, A.; Sowers, J.R. Diabetic cardiomyopathy: A hyperglycaemia- and insulin-resistance-induced heart
disease. Diabetologia 2018, 61, 21-28. [CrossRef] [PubMed]

3.  Ma, CX,; Ma, X.N.; Guan, C.H,; Li, Y.D.; Mauricio, D.; Fu, S.B. Cardiovascular disease in type 2 diabetes mellitus: Progress
toward personalized management. Cardiovasc. Diabetol. 2022, 21, 74. [CrossRef] [PubMed]

4. Marchington, J.M.; Mattacks, C.A.; Pond, C.M. Adipose tissue in the mammalian heart and pericardium; structure, fetal
development and biochemical properties. Comp. Biochem. Physiol. 1989, 94, 225-232.

5. Gaborit, B.; Sengenes, C.; Ancel, P,; Jacquier, A.; Dutour, A. Role of Epicardial Adipose Tissue in Health and Disease: A Matter of
Fat? Compr. Physiol. 2017, 7, 1051-1082. [CrossRef] [PubMed]

6.  Sacks, H.S,; Fain, ].N.; Bahouth, S.W.; Ojha, S.; Frontini, A.; Budge, H.; Cinti, S.; Symonds, M.E. Adult epicardial fat exhibits beige
features. J. Clin. Endocrinol. Metab. 2013, 98, 1448-1455. [CrossRef] [PubMed]

7. Chechi, K,; Blanchard, P.G.; Mathieu, P; Deshaies, Y.; Richard, D. Brown fat like gene expression in the epicardial fat depot
correlates with circulating HDL-cholesterol and triglycerides in patients with coronary artery disease. Int. J. Cardiol. 2013, 167,
2264-2270. [CrossRef] [PubMed]

8.  Burgeiro, A.; Fonseca, A.C.; Espinoza, D.; Carvalho, L.; Lourengo, N.; Antunes, M.; Carvalho, E. Proteostasis in epicardial versus
subcutaneous adipose tissue in heart failure subjects with and without diabetes. Biochim. Biophys. Acta. Mol. Basis Dis. 2018, 1864,
2183-2198. [CrossRef] [PubMed]

9.  Burgeiro, A.; Fuhrmann, A.; Cherian, S.; Espinoza, D.; Jarak, I.; Carvalho, R.A.; Loureiro, M.; Patricio, M.; Antunes, M.; Carvalho,
E. Glucose uptake and lipid metabolism are impaired in epicardial adipose tissue from heart failure patients with or without
diabetes. Am. J. Physiol. Endocrinol. Metab. 2016, 310, E550-E564. [CrossRef] [PubMed]

10. Ansaldo, A.M.; Montecucco, F; Sahebkar, A.; Dallegri, F.; Carbone, F. Epicardial adipose tissue and cardiovascular diseases. Int. |.
Cardiol. 2019, 278, 254-260. [CrossRef] [PubMed]

11.  Ong, S.B.; Hausenloy, D.J. Mitochondrial morphology and cardiovascular disease. Cardiovasc. Res. 2010, 88, 16-29. [CrossRef]
[PubMed]

12.  Lesnefsky, E.J.; Chen, Q.; Hoppel, C.L. Mitochondrial Metabolism in Aging Heart. Circ. Res. 2016, 118, 1593-1611. [CrossRef]
[PubMed]

13.  Wallace, D.C. Mitochondrial genetic medicine. Nat. Genet. 2018, 50, 1642-1649. [CrossRef] [PubMed]

14.  Bombicino, S.S.; Iglesias, D.E.; Mikusic, I.A.R.; D’Annunzio, V.; Gelpi, R.J.; Boveris, A.; Valdez, L.B. Diabetes impairs heart
mitochondrial function without changes in resting cardiac performance. Int. J. Biochem. Cell Biol. 2016, 81, 335-345. [CrossRef]
[PubMed]

15.  Chen, Y.-R.; Zweier, J.L. Cardiac mitochondria and reactive oxygen species generation. Circ. Res. 2014, 114, 524-537. [CrossRef]

[PubMed]


https://doi.org/10.1016/j.phrs.2016.09.040
https://www.ncbi.nlm.nih.gov/pubmed/27697647
https://doi.org/10.1007/s00125-017-4390-4
https://www.ncbi.nlm.nih.gov/pubmed/28776083
https://doi.org/10.1186/s12933-022-01516-6
https://www.ncbi.nlm.nih.gov/pubmed/35568946
https://doi.org/10.1002/j.2040-4603.2017.tb00767.x
https://www.ncbi.nlm.nih.gov/pubmed/28640452
https://doi.org/10.1210/jc.2013-1265
https://www.ncbi.nlm.nih.gov/pubmed/23824424
https://doi.org/10.1016/j.ijcard.2012.06.008
https://www.ncbi.nlm.nih.gov/pubmed/22727960
https://doi.org/10.1016/j.bbadis.2018.03.025
https://www.ncbi.nlm.nih.gov/pubmed/29625179
https://doi.org/10.1152/ajpendo.00384.2015
https://www.ncbi.nlm.nih.gov/pubmed/26814014
https://doi.org/10.1016/j.ijcard.2018.09.089
https://www.ncbi.nlm.nih.gov/pubmed/30297191
https://doi.org/10.1093/cvr/cvq237
https://www.ncbi.nlm.nih.gov/pubmed/20631158
https://doi.org/10.1161/CIRCRESAHA.116.307505
https://www.ncbi.nlm.nih.gov/pubmed/27174952
https://doi.org/10.1038/s41588-018-0264-z
https://www.ncbi.nlm.nih.gov/pubmed/30374071
https://doi.org/10.1016/j.biocel.2016.09.018
https://www.ncbi.nlm.nih.gov/pubmed/27682517
https://doi.org/10.1161/CIRCRESAHA.114.300559
https://www.ncbi.nlm.nih.gov/pubmed/24481843

Metabolites 2025, 15, 481 16 of 17

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Sabbah, H.N. Targeting mitochondrial dysfunction in the treatment of heart failure. Expert Rev. Cardiovasc. Ther. 2016, 14,
1305-1313. [CrossRef] [PubMed]

Lkhagva, B.; Kao, Y.H.; Lee, T.I; Lee, TW.; Cheng, W.L.; Chen, Y.J. Activation of Class I histone deacetylases contributes to
mitochondrial dysfunction in cardiomyocytes with altered complex activities. Epigenetics 2018, 13, 376-385. [CrossRef] [PubMed]
Gupta, A.; Houston, B. A comprehensive review of the bioenergetics of fatty acid and glucose metabolism in the healthy and
failing heart in nondiabetic condition. Heart Fail. Rev. 2017, 22, 825-842. [CrossRef] [PubMed]

Antunes, PE.; de Oliveira, J.F.; Antunes, M.]. Risk-prediction for postoperative major morbidity in coronary surgery. Eur. J.
Cardiothorac Surg. 2009, 35, 760-767. [CrossRef] [PubMed]

Pastore, A.; Federici, G.; Bertini, E.; Piemonte, F. Analysis of glutathione: Implication in redox and detoxification. Clin. Chim. Acta
2003, 333, 19-39. [CrossRef] [PubMed]

Paglia, D.E.; Valentine, W.N. Studies on the quantitative and qualitative characterization of erythrocyte glutathione peroxidase. J.
Lab. Clin. Med. 1967, 70, 158-169. [PubMed]

Goldberg, D.; Spooner, R. 1983 Assay of glutathione reductase. In Methods of Enzymatic Analysis, 3rd ed.; Bergmeyer, H.U., Ed.;
Verlog Cheme: Deerfiled Beach, FL, USA, 1986; Volume 3, pp. 256-258.

Leon, B.M.; Maddox, T.M. Diabetes and cardiovascular disease: Epidemiology, biological mechanisms, treatment recommenda-
tions and future research. World, J. Diabetes 2015, 6, 1246-1258. [CrossRef] [PubMed]

Carvalho, E.; Jansson, P.A.; Nagaev, I.; Wenthzel, A.M.; Smith, U. Insulin resistance with low cellular IRS-1 expression is also
associated with low GLUT4 expression and impaired insulin-stimulated glucose transport. FASEB ]. Off. Publ. Fed. Am. Soc. Exp.
Biol. 2001, 15, 1101-1103.

Carvalho, E.; Eliasson, B.; Wesslau, C.; Smith, U. Impaired phosphorylation and insulin-stimulated translocation to the plasma
membrane of protein kinase B/ Akt in adipocytes from type II diabetic subjects. Diabetologia 2000, 43, 1107-1115. [CrossRef]
[PubMed]

Jiménez-Amilburu, V.; Jong-Raadsen, S.; Bakkers, J.; Spaink, H.P.; Marin-Juez, R. GLUT12 deficiency during early development
results in heart failure and a diabetic phenotype in zebrafish. . Endocrinol. 2015, 224, 1-15. [CrossRef] [PubMed]

Liu, F; Song, R.; Feng, Y.; Guo, J.; Chen, Y.; Zhang, Y.; Chen, T.; Wang, Y.; Huang, Y.; Li, C.Y;; et al. Upregulation of MG53 induces
diabetic cardiomyopathy through transcriptional activation of peroxisome proliferation-activated receptor «. Circulation 2015,
131, 795-804. [CrossRef] [PubMed]

Tilokani, L.; Nagashima, S.; Paupe, V.; Prudent, J. Mitochondrial dynamics: Overview of molecular mechanisms. Essays Biochem.
2018, 62, 341-360. [CrossRef] [PubMed]

Saotome, M.; Ikoma, T.; Hasan, P.; Maekawa, Y. Cardiac insulin resistance in heart failure: The role of mitochondrial dynamics.
Int. J. Mol. Sci. 2019, 20, 3552. [CrossRef] [PubMed]

Otera, H.; Wang, C.; Cleland, M.M.; Setoguchi, K.; Yokota, S.; Youle, R.J.; Mihara, K. Mff is an essential factor for mitochondrial
recruitment of Drp1 during mitochondrial fission in mammalian cells. J. Cell Biol. 2010, 191, 1141-1158. [CrossRef] [PubMed]
Youle, R.J.; van der Bliek, A.M. Mitochondrial fission, fusion, and stress. Science 2012, 337, 1062-1065. [CrossRef] [PubMed]
Javadov, S.; Rajapurohitam, V,; Kili¢, A.; Hunter, J.C.; Zeidan, A.; Said Faruq, N.; Escobales, N.; Karmazyn, M. Expression of
mitochondrial fusion-fission proteins during post-infarction remodeling: The effect of NHE-1 inhibition. Basic Res. Cardiol. 2011,
106, 99-109. [CrossRef] [PubMed]

Islam, H.; Edgett, B.A.; Gurd, B.]. Coordination of mitochondrial biogenesis by PGC-1¢ in human skeletal muscle: A re-evaluation.
Metabolism 2018, 79, 42-51. [CrossRef] [PubMed]

Ost, M.; Keipert, S.; Klaus, S. Targeted mitochondrial uncoupling beyond UCP1-The fine line between death and metabolic health.
Biochimie 2017, 134, 77-85. [CrossRef] [PubMed]

Naryzhnaya, N.V.; Koshelskaya, O.A.; Kologrivova, L.V.; Suslova, T.E.; Kharitonova, O.A.; Andreev, S.L.; Gorbunov, A.S,;
Kurbatov, B.K.; Boshchenko, A.A. Production of Reactive Oxygen Species by Epicardial Adipocytes Is Associated with an
Increase in Postprandial Glycemia, Postprandial Insulin, and a Decrease in Serum Adiponectin in Patients with Severe Coronary
Atherosclerosis. Biomedicines 2022, 10, 2054. [CrossRef] [PubMed]

Knowlton, A.A.; Chen, L.; Malik, Z.A. Heart failure and mitochondrial dysfunction: The role of mitochondrial fission/fusion
abnormalities and new therapeutic strategies. | Cardiovasc. Pharmacol. 2014, 63, 196-206. [CrossRef] [PubMed]

Pei, H.; Yang, Y.; Zhao, H.; Li, X;; Yang, D.; Li, D.; Yang, Y. The Role of Mitochondrial Functional Proteins in ROS Production in
Ischemic Heart Diseases. Oxid. Med. Cell. Longev. 2016, 2016, 5470457. [CrossRef] [PubMed]

Emelyanova, L.; Ashary, Z.; Cosic, M.; Negmadjanov, U.; Ross, G.; Rizvi, E; Olet, S.; Kress, D.; Sra, J.; Tajik, A.].; et al. Selective
downregulation of mitochondrial electron transport chain activity and increased oxidative stress in human atrial fibrillation. Am.
J. Physiol. Heart Circ. Physiol. 2016, 311, H54-H63. [CrossRef] [PubMed]

Oyewole, A.O.; Birch-Machin, M.A. Mitochondria-targeted antioxidants. FASEB J. 2015, 29, 4766—-4771. [CrossRef] [PubMed]


https://doi.org/10.1080/14779072.2016.1249466
https://www.ncbi.nlm.nih.gov/pubmed/27758146
https://doi.org/10.1080/15592294.2018.1460032
https://www.ncbi.nlm.nih.gov/pubmed/29613828
https://doi.org/10.1007/s10741-017-9623-6
https://www.ncbi.nlm.nih.gov/pubmed/28536966
https://doi.org/10.1016/j.ejcts.2008.10.046
https://www.ncbi.nlm.nih.gov/pubmed/19243970
https://doi.org/10.1016/S0009-8981(03)00200-6
https://www.ncbi.nlm.nih.gov/pubmed/12809732
https://www.ncbi.nlm.nih.gov/pubmed/6066618
https://doi.org/10.4239/wjd.v6.i13.1246
https://www.ncbi.nlm.nih.gov/pubmed/26468341
https://doi.org/10.1007/s001250051501
https://www.ncbi.nlm.nih.gov/pubmed/11043856
https://doi.org/10.1530/JOE-14-0539
https://www.ncbi.nlm.nih.gov/pubmed/25326603
https://doi.org/10.1161/CIRCULATIONAHA.114.012285
https://www.ncbi.nlm.nih.gov/pubmed/25637627
https://doi.org/10.1042/ebc20170104
https://www.ncbi.nlm.nih.gov/pubmed/30030364
https://doi.org/10.3390/ijms20143552
https://www.ncbi.nlm.nih.gov/pubmed/31330848
https://doi.org/10.1083/jcb.201007152
https://www.ncbi.nlm.nih.gov/pubmed/21149567
https://doi.org/10.1126/science.1219855
https://www.ncbi.nlm.nih.gov/pubmed/22936770
https://doi.org/10.1007/s00395-010-0122-3
https://www.ncbi.nlm.nih.gov/pubmed/20886221
https://doi.org/10.1016/j.metabol.2017.11.001
https://www.ncbi.nlm.nih.gov/pubmed/29126696
https://doi.org/10.1016/j.biochi.2016.11.013
https://www.ncbi.nlm.nih.gov/pubmed/27916644
https://doi.org/10.3390/biomedicines10082054
https://www.ncbi.nlm.nih.gov/pubmed/36009601
https://doi.org/10.1097/01.fjc.0000432861.55968.a6
https://www.ncbi.nlm.nih.gov/pubmed/23884159
https://doi.org/10.1155/2016/5470457
https://www.ncbi.nlm.nih.gov/pubmed/27119006
https://doi.org/10.1152/ajpheart.00699.2015
https://www.ncbi.nlm.nih.gov/pubmed/27199126
https://doi.org/10.1096/fj.15-275404
https://www.ncbi.nlm.nih.gov/pubmed/26253366

Metabolites 2025, 15, 481 17 of 17

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Chattopadhyay, M.; Khemka, V.K.; Chatterjee, G.; Ganguly, A.; Mukhopadhyay, S.; Chakrabarti, S. Enhanced ROS production and
oxidative damage in subcutaneous white adipose tissue mitochondria in obese and type 2 diabetes subjects. Mol. Cell. Biochem.
2015, 399, 95-103. [CrossRef] [PubMed]

Patel, V.B.; Shah, S.; Verma, S.; Oudit, G.Y. Epicardial adipose tissue as a metabolic transducer: Role in heart failure and coronary
artery disease. Heart Fail. Rev. 2017, 22, 889-902. [CrossRef] [PubMed]

Fernandez-Séanchez, A.; Madrigal-Santillan, E.; Bautista, M.; Esquivel-Soto, J.; Morales-Gonzélez, A Esquivel-Chirino, C,;
Durante-Montiel, I.; Sinchez-Rivera, G.; Valadez-Vega, C.; Morales-Gonzilez, ].A. Inflammation, oxidative stress, and obesity. Int.
J. Mol. Sci. 2011, 12, 3117-3132. [CrossRef] [PubMed]

Tan, M,; Yin, Y.; Ma, X.; Zhang, J.; Pan, W.; Tan, M.; Zhao, Y; Yang, T, Jiang, T.; Li, H. Glutathione system enhancement for cardiac
protection: Pharmacological options against oxidative stress and ferroptosis. Cell Death Dis. 2023, 14, 131. [CrossRef] [PubMed]
Walton, P.A.; Brees, C.; Lismont, C.; Apanasets, O.; Fransen, M. The peroxisomal import receptor PEX5 functions as a stress
sensor, retaining catalase in the cytosol in times of oxidative stress. Biochim. Biophys. Acta. Mol. Cell Res. 2017, 1864, 1833-1843.
[CrossRef] [PubMed]

Salgado-Somoza, A.; Teijeira-Fernandez, E.; Luis Fernandez, A.; Ramon Gonzélez-Juanatey, ].; Eiras, S. Proteomic analysis of
epicardial and subcutaneous adipose tissue reveals differences in proteins involved in oxidative stress. Am. J. Physiol.-Heart Circ.
Physiol. 2010, 299, H202-H209. [CrossRef] [PubMed]

Rapti, K.; Diokmetzidou, A.; Kloukina, I.; Milner, D.J.; Varela, A.; Davos, C.H.; Capetanaki, Y. Opposite effects of catalase and
MnSOD ectopic expression on stress induced defects and mortality in the desmin deficient cardiomyopathy model. Free. Radic.
Biol. Med. 2017, 110, 206-218. [CrossRef] [PubMed]

Watanabe, T.; Saotome, M.; Nobuhara, M.; Sakamoto, A.; Urushida, T.; Katoh, H.; Satoh, H.; Funaki, M.; Hayashi, H. Roles of
mitochondrial fragmentation and reactive oxygen species in mitochondrial dysfunction and myocardial insulin resistance. Exp.
Cell Res. 2014, 323, 314-325. [CrossRef] [PubMed]

Szekeres, Z.; Nagy, A.; Jahner, K.; Szabados, E. Impact of Selected Glucagon-like Peptide-1 Receptor Agonists on Serum Lipids,
Adipose Tissue, and Muscle Metabolism—A Narrative Review. Int. J. Mol. Sci. 2024, 25, 8214. [CrossRef] [PubMed]

Lauritsen, K.M.; Voigt, ] H.; Pedersen, S.B.; Hansen, T.K.; Meller, N.; Jessen, N.; Gormsen, L.C.; Sondergaard, E. Effects of SGLT2
inhibition on lipid transport in adipose tissue in type 2 diabetes. Endocr. Connect. 2022, 11, €210558. [CrossRef] [PubMed]
Wang, Q.; Zhang, M.; Torres, G.; Wu, S.; Ouyang, C.; Xie, Z.; Zou, M.H. Metformin suppresses diabetes-accelerated atherosclerosis
via the inhibition of Drpl-mediated mitochondrial fission. Diabetes 2017, 66, 193-205. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s11010-014-2236-7
https://www.ncbi.nlm.nih.gov/pubmed/25312902
https://doi.org/10.1007/s10741-017-9644-1
https://www.ncbi.nlm.nih.gov/pubmed/28762019
https://doi.org/10.3390/ijms12053117
https://www.ncbi.nlm.nih.gov/pubmed/21686173
https://doi.org/10.1038/s41419-023-05645-y
https://www.ncbi.nlm.nih.gov/pubmed/36792890
https://doi.org/10.1016/j.bbamcr.2017.07.013
https://www.ncbi.nlm.nih.gov/pubmed/28760655
https://doi.org/10.1152/ajpheart.00120.2010
https://www.ncbi.nlm.nih.gov/pubmed/20435850
https://doi.org/10.1016/j.freeradbiomed.2017.06.010
https://www.ncbi.nlm.nih.gov/pubmed/28629836
https://doi.org/10.1016/j.yexcr.2014.02.027
https://www.ncbi.nlm.nih.gov/pubmed/24631294
https://doi.org/10.3390/ijms25158214
https://www.ncbi.nlm.nih.gov/pubmed/39125786
https://doi.org/10.1530/EC-21-0558
https://www.ncbi.nlm.nih.gov/pubmed/35234661
https://doi.org/10.2337/db16-0915
https://www.ncbi.nlm.nih.gov/pubmed/27737949

	Introduction 
	Materials and Methods 
	Adipose Tissue Donors 
	Adipose Tissue Gene Expression 
	Adipose Tissue Protein Expression 
	Oxidative Stress Quantification 
	Reactive Oxygen Species Evaluation 
	Lipid Peroxidation 
	Reduction and Oxidation of Glutathione 
	Glutathione Peroxidase Activation 
	Glutathione Reductase Activation 

	Statistical Analysis 

	Results 
	Characteristics of the Study Population 
	Mitochondrial Fusion and Fission Are Increased in Epicardial Adipose Tissue 
	Oxidative Stress Is Increased in Epicardial Adipose Tissue Under Cardiac Disease 
	Antioxidant Defenses Are Compromised in Epicardial Adipose Tissue of Patients Elected for Cardiac Surgery 

	Discussion 
	Conclusions 
	References

