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Introduction

To study the quantitative characteristics of cardiomyocyte mitochondrial ultrastructure using electron
microscopy data of patients with chronic heart failure (CHF) and to analyze the association of these
characteristics with CHF clinical parameters and severity.

The study analyzed a total of 180 micrographs of right atrial appendage cardiomyocytes from
30 patients with CHF and reduced or mid-range left ventricular ejection fraction (LVEF).
Standard laboratory and instrumental tests, including echocardiography, a 6-minute walk test
(6MWT), and a cardiorespiratory exercise test, were performed in all patients. Biopsy samples
were collected during coronary artery bypass grafting. Electron microscopy was performed with
a JEM-1400 transmission electron microscope. The total interfibrillar mitochondrial area (Smtx)
was calculated at a magnification of X5,000. Also, the ratio of the outer membrane length of an
individual mitochondrion to the length of its inner membrane at a magnification of x15,000 was
calculated.0.

The Smtx positively correlated with the exercise tolerance (r=0.593; p=0.033), peak oxygen con-
sumption during exercise (r=0.395; p=0.012), and the distance covered in the 6MWT (r=0.483;
p=0.002). A negative correlation was found between Smtx and the concentration of N-terminal frag-
ment of pro-brain natriuretic peptide (NT-proBNP) (r= -0.472; p=0.017). The ratio of the outer
mitochondrial membrane length to the inner membrane length inversely correlated with LVEF
(r=-0.593; p=0.033).

The total area of cardiomyocyte interfibrillar mitochondria correlated with exercise tolerance, peak
oxygen consumption, and NT-proBNP concentration, while the mitochondrial membrane length
ratio correlated with left ventricular ejection fraction. This suggests an association between quanti-
tative parameters of mitochondrial ultrastructure and clinical manifestations of CHF.

Chronic heart failure; chronic heart failure with reduced and mid-range left ventricular ejection frac-
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Mitochondria, the primary “energy plants” of

Chronic heart failure (CHF) remains a serious the cell, synthesize adenosine triphosphate (ATP)
problem in modern cardiology, characterized by ahigh  through oxidative phosphorylation. In CHF, when

prevalence, poor prognosis, and significant socioeco-
nomic burden [1]. Despite advancements in pharma-

energy balance is disrupted, mitochondrial dysfunc-
tion can lead to impaired myocardial contractility, in-

cological therapy and introduction of new treatment creased oxidative stress, disturbed calcium regulation,
methods, the mechanisms driving the development and activation of cardiomyocyte apoptosis [3].

and progression of CHF remain elusive. Recently, re-
search has increasingly focused on mitochondrial dys-
function as a key factor in CHF pathogenesis, given

Studying mitochondria in CHF is a relevant and ex-
panding field, reflected by the steady growth of publi-

cations in major citation databases. However, most ex-

the crucial role of mitochondria in cardiomyocyte en- isting studies rely on in vitro or in vivo animal models,
ergy metabolism and function [2]. while morphological studies into the ultrastructure of
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Central illustration. Association of cardiomyocyte mitochondrial ultrastructure with clinical severity of chronic heart failure

@@®0® 30 patients
fro\’l with HFrEF and HFmrEF
of ischemic etiology

86.7% male, "‘ 180 micrographs
age 68 [58; 71] years, ¢ “ at magnification 5,000x and 15,000x,
LVEF 37 [28; 45.5]% e=== processed with Image] software
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e Complaints and anamnesis

e Physical examination

e 6-min walk test (6MWT)

* Echocardiography

* Bicycle spiro-ergometry (BSEM)

® NT-proBNP

® Transmission electron microscopy

Outer-to-inner mitochondrial
membrane length ratio

Total area of interfibrillar mitochondria

Correlations analysis
of mitochondrial ultrastructure metrics and clinical data
v v v v I
6MWT NT-proBNP ET during BSEM Peak VO, during BSEM LVEF
r=0.483 r=-0.472 r=0.593 r=0.395 r=-0.593
p=0.002 p=0.017 p=0.033 p=0.012 p=0.033

CHEFrEF and CHFrEF, chronic heart failure with reduced and mid-range left ventricular ejection fraction; LVEF, left ventricular ejection frac-
tion; NT-proBNP, N-terminal pro-brain natriuretic peptide; peak VO,, peak oxygen consumption during exercise; 6MWT, 6-minute walk test;
BSEM, bicycle spiro-ergometry; ET, exercise tolerance; r, Spearman’s correlation coefficient; p, statistical significance value.

mitochondria in human cardiomyocytes are extreme-
ly scarce, primarily due to inherent challenges of ob-
taining clinical biopsy material.

CHEF triggers systemic neurohumoral activation under
conditions of impaired organ perfusion, affecting all cel-
lular tissues. Consequently, morphological examination
can be performed on biopsy specimens from any acces-
sible cardiac section with minimal risk of perioperative
complications. Current literature indicates that myocar-
dial changes in the right atrial appendage reflect global
processes of cardiomyocyte remodeling and correlate
with the prognosis of patients with ischemic CHF [4].

Ultrastructural changes in mitochondria, such as
fragmentation, cristae destruction, and disrupted net-
work organization, are key markers of mitochondrial
dysfunction [S]. An imbalance in mitochondrial dy-
namics, the equilibrium between fusion and division,
alters mitochondrial shape and size and compromis-
es their function [6].

Beyond the invasive requirement of biopsy sam-
pling, a major limitation in evaluating cardiomyocyte
mitochondrial ultrastructure via electron microscopy
is the lack of standardized, generally accepted quanti-
tative morphological assessment methods. Such stan-
dardization is essential for robust statistical analysis.

14

Most research into mitochondrial dysfunction
in CHF has focused on biochemical and molecular
markers. However, the assessment of mitochondri-
al ultrastructural alterations, which reflect profound
structural and functional disorganization, remains
relatively underexplored. Specifically, there is a lack
of evidence regarding the correlation between mito-
chondrial ultrastructure and the clinical profiles of
patients with CHF across the left ventricular ejec-
tion fraction (LVEF) spectrum, including CHF with
reduced (HFrEF) and mid-range (HFmrEF) ejection
fractions. Furthermore, the relationship between these
structural parameters and clinical markers of CHF se-
verity, such as NYHA functional class, N-terminal pro-
brain natriuretic peptide (NT-proBNP) levels, 6-min-
ute walk test (6MWT) distance, exercise tolerance
(ET) metrics, and peak oxygen consumption during
bicycle spiro-ergometry (BSEM), requires further in-
vestigation.

Accordingly, the present study aimed to quantify
the characteristics of cardiomyocyte mitochondrial ul-
trastructure of cardiomyocytes in patients with CHF
using electron microscopy, as well as to analyze their
relationship with clinical parameters and the severi-
ty of heart failure.
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Material and methods

A cohort study was conducted involving pa-
tients with CHF with reduced (HFrEF) and mid-
range (HFmrEF) LVEF and ischemic heart disease
(IHD) scheduled for coronary artery bypass grafting
(CABG). The study analyzed 180 micrographs of right
atrial appendage cardiomyocytes obtained from biop-
sies of 30 patients with HFrEF and HFmrEF.

Inclusion criteria: CHF with LVEF <50% [7], ob-
structive multivessel coronary atherosclerosis as an
indication for CABG [8]; signed informed consent
for participation in the study and collection of bio-
material.

Exclusion criteria: refusal of revascularization or
participation in the study, requirement for concurrent
cardiac surgical procedures other than CABG, active
malignancy, presence of implanted devices, estimated
glomerular filtration rate <30 mL/min/1.73 m? infil-
trative heart diseases, autoimmune diseases, acute in-
fectious and exacerbations of chronic somatic diseases,
severe chronic obstructive pulmonary disease, bron-
chial asthma, diabetes mellitus, anemia.

The study protocol complies with the principles
of the Declaration of Helsinki and was approved by
the local ethics committee (Protocol No. 241, dated
March 9, 2023). All patients signed a voluntary in-
formed consent form prior to any study procedures.
The study protocol is registered at ClinicalTrials.gov:
NCTO05770349.

All patients received a standard laboratory and in-
strumental evaluation, including echocardiography
(performed by a single specialist using a Philips HD
1S system), the 6MWT, and a cardiopulmonary ex-
ercise test [9] on a Schiller ergospirometry system
(Switzerland) to measure exercise tolerance and peak
oxygen consumption.

Right atrial appendage biopsies were obtained dur-
ing CABG. Ultrastructural analysis was performed
using a JEM-1400 transmission electron microscope
(TEM) (Core Facilities Center ‘Subdiffraction Mi-
croscopy’ at the Department of Electron Microscopy
of the Belozersky Institute of Physico-Chemical Biol-
ogy, Lomonosov Moscow State University). For each
patient, 3 to 5 longitudinally oriented sections were

Figure 1. Sample calculation of the total area of interfibrillar mitochondria. Electron micrograph, magnification x5,000

3 TT—
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Electron micrograph of a right atrial appendage cardiomyocyte. The interfibrillar mitochondria and interfibrillar spaces are demarcated to calcu-
late cumulative interfibrillar mitochondrial surface area.
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Figure 2. Sample calculation of the outer-to-inner mitochondrial membrane length ratio. Electron micrograph, magnification x15,000

Electron micrograph of a right atrial appendage cardiomyocyte with demarcated membranes of 3 mitochondria for calculation of the outer-to-

inner mitochondrial membrane length ratio.

examined at magnifications of x5,000 and x15,000,
yielding a total of 180 micrographs for analysis.

The total area of interfibrillar mitochondria (S,,,)
was calculated as the ratio of the total area of mito-
chondria located between the cardiomyocyte contrac-
tile fibers to the total interfibrillar space area at x5,000
magnification. Measurements were performed on three
micrographs per patient to calculate the arithmetic
mean, with values expressed as percentages [10] (Fig-
ure 1). Furthermore, the ratio of the outer membrane
length to the inner membrane length of individual
mitochondria was analyzed at x15,000 magnification.
This analysis involved measuring three individual mito-
chondria across three separate micrographs per patient
to derive the arithmetic mean value [11] (Figure 2). All
image processing and morphometric measurements
were performed using Image] software.

Statistical analysis was performed using IBM SPSS
Statistics version 21. Continuous variables are ex-
pressed as median and interquartile range (Me [Ql;
Q3]), while categorical variables are reported as ab-
solute frequencies and percentages (n, %). Pearson’s

16

chi-square test or Fisher’s exact test (two-tailed) were
used to compare categorical data. Correlations were
evaluated using Spearman’s rank correlation coeffi-
cient. Statistical significance was defined as p<0.0S.

This study was supported by the Russian Science
Foundation grant No. 23-75-00009.

Results

The study enrolled 30 patients with HFrEF or
HFmrEF secondary to IHD scheduled for elec-
tive CABG. The median age was 68 (58; 71) years.
The study cohort was predominantly male (86.7%;
n=26), with the majority of patients classified as
NYHA functional class II-III. The median LVEF
was 37 [28; 45.5]%, and the median preoperative
NT-proBNP level was 171.15 [73.6-326.6] pg/mL.
Comprehensive clinical characteristics are summa-
rized in Table 1.

Quantitative ultrastructural analysis of mitochon-
dria yielded the following median values: interfibrillar
mitochondrial area of 40.5 [34; 51.2]% and an outer-
to-inner membrane length ratio of 0.29 [0.23; 0.36].
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Table 1. Clinical and anamnestic characteristics and key
laboratory and instrumental findings in patients with CHF
and multivessel obstructive coronary atherosclerosis.

Table 2. Correlations between mitochondrial ultrastructure
metrics and CHEF clinical picture and severity

NT- ET Peak
Parameters Abs. number % Metrics 6MWT l Pr(l)ﬁNfP during dVQz LVEF
Males 26 86.7 evelDeiore BSEM (N8
surgery BSEM
Females 4 13.3
: — - Total area of
History of myocardial infarction 26 86.7 interfibrillar 0483 0472 0593 0395 0.173
Obesity 16 53.3 mitochondria, r
History of acute cerebrovascular ) 6.7 p 0.002 0.017 0.033 0.012 0.418
accident ' Outer-to-inner
Femoral artery atherosclerosis 29 96.7 mgmbrang le?gth ~0.192 -0.429 0.514 0.028 -0.593
Carotid artery atherosclerosis 11 36.7 raFlo 1N asingle
mitochondrion, r
Arrhythmias (total) 14 46.7
Atrial fbrillation T L P 0.510 0.397 0.068 0.931 0.033
Ha : = LVEF, left ventricular ejection fraction; NT-proBNP, N-terminal
Premature ventricular complexes, 4 13.3 pro-brain natriuretic peptide; peak VO2, peak oxygen consumption
Lown-Wolf grade IV-V during exercise; 6MWT, 6-minute walk test; BSEM, bicycle spiro-
CHEF functional class 3 10 ergometry; ET, exercise tolerance; r, Spearman’s correlation coeffi-
iI 14 467 cient; p, statistical significance value.
12 40.0
111 1 33
v i negatively correlated with NT-proBNP concentra-
Current smoking 12 40 tions. Furthermore, the ratio of the outer mitochon-
6MWT distance, m (Me [Q1; Q3]) [2539200] _ drial membrane length to the inner membrane length
: : ’ was inversely correlated with LVEF.
Laboratory and instrumental findings . No statistically significant correlation was identi-
P ti X . .
Variable Median 55 ereentiie g tied between the mitochondrial ultrastructure param-
eters and CHF NYHA functional class.
NT-proBNP
concentrations 171.15 73.6 326.6
before surgery, pg/mL Discussion
LVEF, % 37 28 45.5 The role of structural and functional alterations in
LAVI, mL/m? 44 34 54 cardiomyocyte mitochondria during the development
E/A 0.79 0.67 1.25 and progression of heart failure is currently a subject
E/¢ 10.9 8.9 15.44 of intensive research. However, there is scarce data in
PASP, mm Hg 32 27.5 42 the available literature regarding the ultrastructural
SV, mL 65 58 75 changes of mitochondria in patients with HFrEF and
LVMI, g/m? 116 1z 145 HFmrEF. Specifically, the relationship between these
PeEI;IY?z during BSEM, ¢ o 6.8 11.5 mitochondrial changes and clinical markers of CHF se-
m min . .
& verity, such as NYHA functional class, NT-proBNP lev-
ET during BSEM, W 60 S50 90

CHEF, chronic heart failure; NT-proBNP, N-terminal pro-brain na-
triuretic peptide; LVEF, left ventricular ejection fraction; 6MWT,
6-minute walk test; LAVI, left atrial volume index; E / A, ratio of ear-
ly and late diastolic filling velocities; E / €} ratio of mitral inflow ve-
locity to mitral annular relaxation velocity; PASP, pulmonary artery
systolic pressure; SV, stroke volume; LVMI, left ventricular mass in-
dex; BSEM, bicycle spiro-ergometry; peak VO2, peak oxygen con-

sumption during exercise; ET, exercise tolerance.

Correlation analysis was performed between clin-
ical indices of CHF severity and quantitative metrics
of mitochondrial ultrastructure (Table 2).

Spearman’s correlation analysis revealed a posi-
tive correlation between S, and exercise tolerance,
peak oxygen consumption (measured during BSEM),
and the distance covered in the 6MWT. Additionally,
the total area of intermyofibrillar mitochondria was

ISSN 0022-9040. Kardiologiia. 2025;65(12). DOI: 10.18087/cardio.2025.12.n3062

els, O(MWT distance, exercise tolerance, and peak oxygen
consumption during BSEM, remains largely unexplored.

A hypothesis was proposed that the total area of
interfibrillar mitochondria [10] defined as the ratio
of the total area of all interfibrillar mitochondria to
the total interfibrillar space area, is associated with
the clinical features of CHF. It is suggested that S,
may be an important morphological parameter re-
flecting the density of mitochondrial distribution
between cardiomyocyte myofibrils. This hypothesis
is supported by significant positive correlations be-
tween S, and exercise tolerance, assessed by BSEM
and the 6MWTT, as well as peak oxygen consumption

mtx

during exercise. Consequently, a higher S, corre-
lates with superior exercise tolerance in CHF patients.
The identified correlation is supported by Russian and
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international studies emphasizing the role of inter-
mitochondrial junctions, formed at the points of mi-
tochondrial contact, in the formation of structural-
functional clusters that enhance overall mitochondrial
efficiency [12].

The study identified an inverse correlation between
the outer-to-inner mitochondrial membrane length
ratio and LVEF. This finding supports the hypothesis
that mitochondrial ultrastructure is critical for main-
taining cardiac contractile function in CHF. This rela-
tionship stems from the fact that the ratio serves as an
indicator of cristae integrity. These inner membrane
structures house the respiratory chain proteins essen-
tial for oxidative phosphorylation and the synthesis
of ATD, the primary energy source for cardiomyocyte
contraction [13]. Our findings align with previous
research indicating that reduced cristae density and
their ultrastructural remodeling are hallmarks of mi-
tochondrial dysfunction, leading to diminished ATP
output and elevated reactive oxygen species produc-
tion, which ultimately damages cardiomyocytes and
impairs their contractility [14].

Study limitations

The primary limitation of this study is the relative-
ly small sample size (n=30). However, the analysis of
180 cardiomyocyte micrographs provided a robust da-
taset for calculating mean values of the parameters un-
der investigation. Furthermore, ultrastructural stud-
ies of human cardiomyocytes are inherently limited

by their complex design and the requirement for in-
vasive myocardial biopsies. Consequently, our find-
ings are of high scientific significance.

Conclusion

The study demonstrated that the total area of in-
terfibrillar mitochondria in cardiomyocytes corre-
lates with exercise tolerance, peak oxygen consump-
tion, and NT-proBNP concentrations. Furthermore,
the mitochondrial membrane length ratio was asso-
ciated with left ventricular ejection fraction. These
tindings suggest a clear link between quantitative mi-
tochondrial ultrastructure parameters and the clinical
manifestations of chronic heart failure.

Acknowledgement

Transmission electron microscopy was performed
using the equipment provided by the Core
Facility Center ‘Subdiffraction Microscopy’

and the Lomonosov Moscow State University
Development Program (PNR 5.13).

Funding

The study was supported by the Russian Science
Foundation grant No. 23-75-00009, https://rscf.ru/
project/23-75-00009/

Conflict of interest: None.

The article as received on 13/10/2025

REFERENCES

1. McDonagh TA, Metra M, Adamo M, Gardner RS,
Baumbach A, Bshm M et al. 2021 ESC Guidelines for
the diagnosis and treatment of acute and chronic heart
failure. European Heart Journal. 2021;42(36):3599-726.
DOI: 10.1093/eurheartj/ehab368

2. Marin-Garcia J. Mitochondrial dysfunction in heart
failure. Journal of the American College of Cardiology.
2003;41(12):2299. DOI: 10.1016/50735-1097(03)00494-7

3. Gewirtz H, Dilsizian V. Myocardial Viability: Survival
Mechanisms and Molecular Imaging Targets in Acute and
Chronic Ischemia. Circulation Research. 2017;120(7):1197-
212.DOI: 10.1161/CIRCRESAHA.116.307898

4. Belyaeva S. A., Gutor S. S. Assessment of informative
value of myocardial biopsy based on autopsy data
from the same cardiac compartments in patients with
ischemic cardiomyopathy. Siberian Medical Journal
(Tomsk). 2017;32(1):92-5. [Russian: Beasesa C. A.,
T'yrop C. C. Onenka nHGOPMATUBHOCTH OHOIICHH MHOKapA2
II0 Ay TOTICHH TeX XK€ OTAEAOB CEPAIIA Y OOABHBIX HIIeMHIIeCKOM
KapAMOMMOTIATHEH. CI/IGI/IPCKI/Iﬂ MEAULIMHCKHMH XypPHaA
(r. Tomck). 2017;32(1):92-5]

S. Hinton A, Claypool SM, Neikirk K, Senoo N,
Wanjalla CN, Kirabo A et al. Mitochondrial Structure
and Function in Human Heart Failure. Circulation
Research. 2024;135(2):372-96. DOI: 10.1161/
CIRCRESAHA.124.323800

18

6. LiK, Wan B, Li S, Chen Z, Jia H, Song Y et al.
Mitochondrial dysfunction in cardiovascular disease:
Towards exercise regulation of mitochondrial function.
Frontiers in Physiology. 2023;14:1063556. DOI: 10.3389/
fphys.2023.1063556

7. Galyavich A. S., Tereshchenko S.N., Uskach T. M.,

Ageev F.T., Aronov D. M., Arutyunov G.P. et al. 2024
Clinical practice guidelines for Chronic heart failure. Russian
Journal of Cardiology. 2024;29(11):251-349. [Russian:
TaasBuy A. C., Tepemenxo C. H., Yckau T. M., Arees O. T.,
Aponos A. M., ApyTionos I. I. u op. Xporuueckas cepaeysas
HepocTaTouHOCTh. KamHMueckue pexomenpanuu 2024.
Poccuiickuit KapAMOAOTHYECKHIl XypHaA. 2024;29(11):251-
349]. DOI: 10.15829/1560-4071-2024-6162

8. Neumann F-J, Sousa-Uva M, Ahlsson A, Alfonso F,

Banning AP, Benedetto U et al. 2018 ESC/EACTS
guidelines on myocardial revascularization. Russian Journal
of Cardiology. 2019;24(8):151-226. [Russian: Neumann
F-J., Sousa-Uva M., Ahlsson A., Alfonso F., Banning A. P.,
Benedettol U. u ap. Pexomenpanuu ESC/EACTS no
peBackyasipusanuu Muokapaa 2018. Paboyas rpymrma no
peBackyasipusanuu Muokapaa Espomnesickoro O6mecrsa
Kapauoaoros (ESC) u EBpomneiickoit Acconmanuu Kapauno-
Topakaabubx Xupypros (EACTS). Paspa6oransl ¢ yyactieMm
EBpomneiickoit Acconuaruu mo Ypeckoxasim CepaedHo-
cocypuctoiv Buemareasctsam (EAPCI). Poccuitckuit

ISSN 0022-9040. Kardiologiia. 2025;65(12). DOI: 10.18087/cardio.2025.12.n3062



§ ORIGINAL ARTICLES

10.

KapAMOAOTHYeCKHH sxypHaa. 2019;24(8):151-226]. DOLI: 10.
15829/1560-4071-2019-8-151-226

. Aleksandrova E. A., Pryakhin A. S., Andreev S.L.,

Mikheev S. L. Clinical ergospirometry in patients with
surgical treatment of ischemic cardiomyopathy. Siberian
Medical Journal (Tomsk). 2016;31(2):71-S. [Russian:
Aaexcanpposa E. A, TIpaxun A. C., Auppees C. A.,

Muzxees C. A. procnupoMeTpusi B KAMHUYECKOH ITPaKTHKe

y IAIMeHTOB IIPH XUPYPru4eCKOM A€UeHUH HIIeMUIeCKOM
kappuomuonatuy. CHOMPCKUI MeAUIIMHCKUI XyPHAA

(r. Tomcx). 2016;31(2):71-5]. DOI: 10.29001/2073-8552-20
16-31-2-71-75

Kuzheleva E. A., Garganeeva A. A, Tukish O.V,, Vitt K. N.,
Andreev S.L., Syromyatnikova E. E. et al. Total area of
interfibrillary mitochondria in cardiomyocytes of the right
atrial appendix as an indicator of the functional state of the
cardiovascular system in chronic heart failure. Bulletin of
Experimental Biology and Medicine. 2024;178(10):497-
502. [Russian: Kyxeaesa E. A., Tapraneesa A. A., Tykum O. B.,
BurT K. H., Arapees C. A., Corpomsaruaukosa E. E. u ap.
O6mas naomasb MexXPUOPUAASIPHBIX MUTOXOHAPHUH

B KAPAUOMHOLIUTAX YIIKA IIPAaBOIO IPEACEPAUS KaK ITOKA3aTeAb
$YHKIMOHAABHOTO COCTOSIHUS CePAEIHO-COCYAUCTOMN

CHCTEMBI IIPU XPOHHYECKOH CepAeYHOM HEAOCTATOYHOCTH.

ISSN 0022-9040. Kardiologiia. 2025;65(12). DOI: 10.18087/cardio.2025.12.n3062

11.

12.

13.

14.

BroareTeHb 9KCIIEPUMEHTAABHOM GHOAOTHH M MEAULIUHBL.
2024;178(10):497-502]. DOIL: 10.47056/0365-9615-2024-1
78-10-497-502

Hayashi D, Ohshima S, Isobe S, Cheng XW, Unno K,
Funahashi H et al. Increased *™Tc-Sestamibi Washout
Reflects Impaired Myocardial Contractile and Relaxation
Reserve During Dobutamine Stress Due to Mitochondrial
Dysfunction in Dilated Cardiomyopathy Patients. Journal of
the American College of Cardiology. 2013;61(19):2007-17.
DOI: 10.1016/j.jacc.2013.01.074

Bakeeva LE, Chentsov YuS, Skulachev VP. Intermitochondrial
contacts in myocardiocytes. Journal of Molecular

and Cellular Cardiology. 1983;15(7):413-20.

DOI: 10.1016/0022-2828(83)90261-4

Cogliati S, Frezza C, Soriano ME, Varanita T, Quintana-
Cabrera R, Corrado M et al. Mitochondrial Cristae Shape
Determines Respiratory Chain Supercomplexes Assembly
and Respiratory Efficiency. Cell. 2013;155(1):160-71.
DOI: 10.1016/j.cell.2013.08.032

Gallo G, Rubattu S, Volpe M. Mitochondrial Dysfunction

in Heart Failure: From Pathophysiological Mechanisms

to Therapeutic Opportunities. International Journal of
Molecular Sciences. 2024;25(5):2667. DOI: 10.3390/
ijms25052667

19



