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Summary 
 

The mitochondria are the main source of ATP and oxygen free radicals. A chronic 

cardiac or respiratory pathology is accompanied by an alteration of the mitochondrial tissue 

respiration, linked to the severity of the disease. This diagnosis requires an invasive biopsy, 

but mitochondrial analysis on circulating Peripheral Blood Mononuclear Cells (PBMCs) could 

be an alternative, due to the reflection of organ damage on PBMCs. In heart failure, this 

analysis is little explored and there is no data after heart transplantation. The objectives of 

this work were therefore to review the current knowledge in this field and to analyse the 

mitochondrial function of PBMCs from heart transplant patients. I wrote two reviews of the 

literature. Briefly, the decrease in PBMC oxidative capacity is related to the severity of 

cardiovascular injury, and associated with an increase in ROS production, thus confirming the 

possibility of using mitochondrial markers on PBMCs to study cardiac injury. In pulmonary 

pathologies, the mitochondrial function of PBMCs varies according to the pathology 

observed. 

 In an original prospective study carried out in heart transplant patients, circulating 

superoxide anion is increased compared to the control group, accompanied by an alteration 

of mitochondrial respiration linked to complex II, and a stimulation of complex IV. It appears 

that the alteration of complex II correlates with parameters, which may correspond to 

systemic inflammation or even to a minimal impairment of the diastolic function of 

transplanted hearts. Stimulation of complex IV, on the other hand, could be a compensatory 

mechanism for maintaining adequate energy production in heart transplant patients. The 

general inflammatory context objectified by an increased production of ROS and by increased 

neutrophil/lymphocyte ratios could participate in these results. Two patients were in 

rejection at the time of the study and had an increase in complex IV activity. It will be 

interesting, in the future, to confirm this result by a study targeting patients with cellular or 

humoral rejection. 

 My work has thus shown, for the first time, an alteration in the mitochondrial function 

of PBMCs in heart transplant patients compared with matched healthy subjects. 
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Résumé  
 

La mitochondrie est la source principale d’ATP, et de radicaux libres de l’oxygène 

(RLO). Une pathologie chronique cardiaque ou respiratoire s’accompagne d’une altération de 

la respiration mitochondriale tissulaire, liée à la gravité de la maladie. Ce diagnostic nécessite 

une biopsie, geste invasif, mais une analyse mitochondriale sur des cellules circulantes 

mononuclées (PBMC) pourrait être une alternative, grâce au reflet de l’atteinte d’organes sur 

les PBMC. Dans l’insuffisance cardiaque, cette analyse est peu explorée, et ne l’est pas pour 

la transplantation cardiaque. Ce travail avait donc pour objectifs de faire le point sur les 

connaissances actuelles dans ce domaine et d’analyser la fonction mitochondriale des PBMC 

de patients transplantés cardiaques. J’ai écrit deux revues de la littérature. Brièvement, la 

diminution de la capacité oxydative des PBMC est en lien avec la gravité de l’atteinte 

cardiovasculaire, et associée à une augmentation de la production de RLO, confirmant ainsi 

la possibilité d’utiliser des marqueurs mitochondriaux sur des PBMCs pour étudier l’atteinte 

cardiaque. Lors de pathologies pulmonaires. la fonction mitochondriale des PBMC varie en 

fonction de la pathologie observée.  

Au cours d’un travail prospectif original réalisé chez des patients transplantés 

cardiaques, l’anion superoxyde circulant est augmenté par rapport au groupe contrôle, 

accompagné d’une altération de la respiration mitochondriale liée au complexe II, et d’une 

stimulation du complexe IV. Il s’avère que l’altération du complexe II est corrélée avec des 

paramètres pouvant correspondre à une inflammation systémique voire à une atteinte minime 

de la fonction diastolique des cœurs transplantés. La stimulation du complexe IV au contraire 

pourrait être un mécanisme compensateur permettant de maintenir une production énergétique 

adéquate chez les patients transplantés cardiaques. Le contexte général inflammatoire objectivé 

par une production augmentée de RLO et par des ratios neutrophiles/lymphocytes augmentés 

pourraient participer à ces résultats. Deux patients étaient en rejet lors de l’étude et avaient une 

augmentation de l’activité du complexe IV. Il sera intéressant, par la suite, de confirmer ce 

résultat par une étude ciblant les patients avec un rejet cellulaire ou humoral.  

 

Mon travail a donc montré, pour la première fois, une altération de la fonction mitochondriale 

des PBMCs chez les patients transplantés cardiaques par rapport à des sujets sains appariés. 



 6 

 
 

Table of Contents  
 

TABLES OF ILLUSTRATION  ............................................................................................. 8 

FIGURES OF ILLUSTRATION……………………………………………………………9 

ABBREVIATIONS  ............................................................................................................... 11 

PUPLICATIONS RELATED TO THE THESIS  .............................................................. 12 

GENERAL INTRODUCTION AND OBJECTIVES  ........................................................ 13 

CHAPTER I: MITOCHONDRIA AND REACTIVE OXYGEN SPICES (ROS) ........... 16 
1. MITOCHONDRIA ........................................................................................................ 17 

1.1. STRUCTURE .............................................................................................................. 17 
1.2. FUNCTION ................................................................................................................ 20 

1.2.1. Electron Transport Chain .................................................................................... 20 
1.2.2. The Oxidative Phosphorylation ........................................................................... 21 

1.3. MITOCHONDRIAL DNA ........................................................................................... 24 
1.4. MITOCHONDRIAL RESPIRATION METHODS ........................................................... 25 

1.4.1. Non- and minimally invasive technologies: ......................................................... 25 
1.4.2. Invasive Techniques ............................................................................................. 27 

2. OXIDATIVE STRESS ................................................................................................... 32 
2.1. TYPES OF ROS ......................................................................................................... 32 
2.2. PRODUCERS (SOURCES) .......................................................................................... 33 

2.2.1. Complex I ............................................................................................................. 33 
2.2.2. Complex II ............................................................................................................ 34 
2.2.3. Complex III .......................................................................................................... 34 

2.3. ANTIOXIDANT DEFENCES ........................................................................................ 35 
2.3.1. Non-enzymatic systems: ....................................................................................... 35 
2.3.2. Enzymatic systems ................................................................................................ 35 

2.4. CELL DAMAGES ....................................................................................................... 35 
2.5. REACTIVE OXYGEN SPECIES PRODUCTION METHODS ........................................... 36 

3. PBMCS AND MITOCHONDRIAL RESPIRATION ................................................ 37 
3.1. WHAT ARE PBMCS? ................................................................................................ 37 
3.2. METHODES D’ EXTRACTION DES CELLULES MONONUCLEAIRES DU SANG 
PERIPHERIQUE (PBMC): ..................................................................................................... 38 

CHAPTER II : HEART TRANSPLANTATION ............................................................... 40 

1. DEFINITION AND EPIDEMIOLOGY ...................................................................... 41 
2. PATIENTS’ SELECTION ............................................................................................ 48 

2.1 INDICATIONS AND CONTRAINDICATIONS: ................................................................. 48 

3. SURGICAL TECHNIQUES USED FOR HEART TRANSPLANTATION: .......... 49 

4. COMPLICATIONS AFTER HEART TRANSPLANTATION: ............................... 51 



 7 

4.1. PRIMARY GRAFT DYSFUNCTION (PGD): ............................................................... 51 
4.1.1. Potential Aetiology of PGD: .................................................................................. 52 

4.2. REJECTION: ............................................................................................................. 53 
4.2.1. Rejection score: ................................................................................................... 54 
4.2.2. Biological Markers (Biomarkers) for Heart Transplant Rejection: .................... 56 

4.3. INFECTION ............................................................................................................... 61 
4.4. CARDIAC ALLOGRAFT VASCULOPATHY (CAV) .................................................... 61 
4.5. MALIGNANCY .......................................................................................................... 61 
4.6. IMMUNOSUPPRESSION RELATED SIDE EFFECT ....................................................... 62 

5. USUAL FOLLOW-UP AFTER CARDIAC TRANSPLANTATION ....................... 62 
5.1. ENDOMYOCARDIAL BIOPSY (EMB): ....................................................................... 62 
5.2. GENERAL MEDICAL/CLINICAL MANAGEMENT: ...................................................... 63 
5.3. BIOLOGICAL SURVEILLANCE: ................................................................................. 63 
5.4. ECHOCARDIOGRAPHY: ............................................................................................ 63 

5.4.1. Echocardiographic of cardiac allograft .............................................................. 64 
5.5. CORONAROGRAPHY (OR CORONARY ANGIOGRAPHY ) ........................................... 67 

6. IMMUNOSUPPRESSIVE THERAPY AFTER HEART TRANSPLANT .............. 67 
6.1. IMMUNOSUPPRESSIVE THERAPIES .......................................................................... 68 
6.2 PBMCS AND IMMUNOSUPPRESSIVE THERAPY ....................................................... 68 

CHAPTER III : RESULTS ................................................................................................... 71 

1. RESULT I : REVIEW OF PBMCS AND CARDIOVASCULAR DISEASE .......... 72 
2. RESULT II: REVIEW OF PBMCS AND LUNG DISEASE: ................................... 98 
3. RESULTS III: PBMCS MITOCHONDRIAL RESPIRATION AND HEART 
TRANSPLANT :ORIGINAL DATA  (REVISED VERSION ) ...................................... 120 
DISCUSSION  ...................................................................................................................... 142 
I. CARDIAC MITOCHONDRIAL FUNCTION AFTER HEART 
TRANSPLANTATION ....................................................................................................... 143 
II. PBMCS AND MITOCHONDRIAL RESPIRATION. ............................................. 143 

EXPECTED CHARACTERISTICS OF BIOMARKERS ................................................................ 143 
PERIPHERAL BLOOD MONONUCLEAR CELLS (PBMCS) AS BIOMARKERS ..................... 144 
KEY STUDIES THAT SUPPORT THE USE OF PBMCS MITOCHONDRIAL RESPIRATION AS A 
BIOMARKER ....................................................................................................................... 145 

III. PBMCS, MITOCHONDRIAL RESPIRATION, INFLAMMATION AND 
OXYDATIVE STRESS AFTER HEART TRANSPLANTATION. ............................... 148 

PBMCS MITOCHONDRIAL RESPIRATORY CHAIN RESPIRATION AND HEART 
TRANSPLANTATION. ........................................................................................................... 148 
DECREASED PBMCS MITOCHONDRIAL RESPIRATORY CHAIN COMPLEX II RESPIRATION 
AFTER HEART TRANSPLANTATION. ................................................................................... 149 
INCREASED PBMCS MITOCHONDRIAL RESPIRATORY CHAIN COMPLEX IV RESPIRATION 
AFTER HEART TRANSPLANTATION. ................................................................................... 151 

CONCLUSION AND PERSPECTIVE .............................................................................. 155 
BIBLIOGRAPHY ................................................................................................................ 157 

 
 



 8 

 

Tables of Illustration  
 
Table 1. Summary of all complexes with its function ............................................................. 24 

Table 2. Lists of the Standard Criteria for Cardiac Transplantation ........................................ 48 

Table 3. Old Grading Classification of ISHLT ........................................................................ 54 

Table 4. ISHLT Acute Cellular Rejection (ACR) Grading  .................................................... 55 

Table 5. Acute Humoral /Antibody Rejection Grading (AMR) .............................................. 55 

Table 6.ISHLT of Cardiac Allograft Vasculopathy (CAV) for the assessment of Coronary 

angiography .............................................................................................................................. 56 

 



 9 

Figures of Illustration  
 

 

Figure 1.mitochondrial structures.  ......................................................................................... 19 

Figure 2.Simplified scheme of basic component of electron Transport chain (Oxidative 

phosphorylation), sites of superoxide anion generation , and proton translocation.  .............. 21 

Figure 3.The bioenergetics measurement with minimally invasive methods. ........................ 26 

Figure 4. Seahorse Instrument ................................................................................................ 28 

Figure 5.Oroboros Instrument ................................................................................................ 29 

Figure 6. An example of mitochondrial respiration of HTx patients compared to control. .... 31 

Figure 7.Representation of blood deposite on the Ficoll and the appearance of the tube after 

centrifugation .......................................................................................................................... 37 

Figure 8.Methodology Applied in this Study ......................................................................... 39 

Figure 9. Total number of transplants during the beginning of Covid pandemic in France; and 

USA. ....................................................................................................................................... 41 

Figure 10. Total (Absolute number) of heart transplants globally before and during Covid 

Pandemic, ............................................................................................................................... 42 

Figure 11. Total (Absolute number) of heart transplant in USA before and during Covid 

Pandemic ................................................................................................................................ 43 

Figure 12. Total (Absolute number) of Heart transplants in Europe before and during Covid 

Pandemic. ............................................................................................................................... 44 

Figure 13.Total (Absolute number) of heart transplant in France before and during Covid 

Pandemic. ............................................................................................................................... 45 

Figure 14.Survival of heart transplant recipient stratified by sex in USA .............................. 46 

Figure 15. Six-month  Survival rate of heart transplant recipinict infectd by COVID-19 in 

USA . ...................................................................................................................................... 46 

Figure 16. Six-month survival rate after heart transplant in France ....................................... 47 

Figure 17. Long term survival of adult heart transplantation in Europe ................................. 47 

Figure 18. Illustration of Bicaval Heart Transplantation technique. ....................................... 50 

Figure 19.Classification of Primary Graft Dysfunction .......................................................... 52 

Figure 20. PBMCs as a Source of Biomarker ......................................................................... 57 



 10 

Figure 21.Overview of the non-invasive methods for the surveillance of acute cardiac 

allograft  rejectio .................................................................................................................... 60 

Figure 22.Echocardiography with Apical 4-champer view after heart transplantation  .......... 65 

Figure 23.Application of PBMCs in Toxicity ........................................................................ 69 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 11 

 

Abbreviations  
 
ACR Acute cellular rejection 
AMR antibody-mediated rejection 
ARB angiotensin-receptor blockers   

 
BB Beta-blockers 
CAV Cardiac Allograft Vasculopathy 
CMV Cytomegalovirus 
CVA Cerebrovascular accident   
EMBs Endomyocardial biopsies 

 
ETC Electron transport chain   
ETS Electron Transport System 
EPR Electronic paramagnetic resonance  
GDTM guideline-directed medical therapy 
GEP Gene expression profiling 
GFR Glomerular filtration rate 
HF Heart failure 
HTx Heart transplant 
HUS Hôpitaux Universitaires de Strasbourg 
ISHLT International Society for Heart and Lung transplantation 

 
IVC Inferior vena cava 
LVAD Left Ventricular Assist Device 
MIM Mitochondria Inner Membrane 
MRC Mitochondrial Respiratory chain 
Oxidative 
Phosphorylation 

OXPHOS 

PBMCs Peripheral Blood mononuclear cells 
PGD Primary Graft Dysfunction 
(rt-PCR) Real time polymerase chain reaction  

 
SDH Succinate Dehydrogenase 
SVC Superior vena cava 
SV-CHD Single Ventricle Congenital Heart Disease   

 
 
 
 
  



 12 

Publications Related to the Thesis  
 
 

1. Peripheral Blood Mononuclear Cells and Platelets Mitochondrial Dysfunction, 
Oxidative Stress, and Circulating mtDNA in Cardiovascular Diseases. 
Alfatni A, Riou M, Charles AL, Meyer A, Barnig C, Andres E, Lejay A, Talha S, Geny 
B. J Clin Med. 2020 Jan 22;9(2):311. Doi: 10.3390/jcm9020311. 

 
2.  New Insights into the Implication of Mitochondrial Dysfunction in Tissue, Peripheral 

Blood Mononuclear Cells, and Platelets during Lung Diseases. 
Riou M, Alfatni A, Charles AL, Andrès E, Pistea C, Charloux A, Geny B. J Clin Med. 
2020 Apr 26;9(5):1253. Doi: 10.3390/jcm9051253.PMID: 32357474  Review. 

 
3.  Peripheral Blood Mononuclear Cells (PBMCs) Mitochondrial Respiration and 

superoxide anioin after Heart Transplantation (HTx).  
Alfatni Abrar, Charles Anne Laure, Sauer François, Riou Marianne , Goupilleau 
Fabienne ,Talha Samy, Meyer Alain, Andres Emmanuel,  Kindo Michel, Mazzucotelli 
Jean-Philippe, Epailly Eric, Geny Bernard. En révision. 

 
 

Oral Communications  
 
Poster Session   
 

1) Mitochondrial Respiration in Peripheral Blood Mononuclear Cells in Heart 
Transplanted Patients. Alfatni Abrar, Charles Anne laure, Epailly Eric, Goupilleau F, 
Georg I Sauer F, Geny Bernard, CRBS days Strasbourg, 9-10 juin 2022. 

 
 
Congress SFC Presentation  
 

 
2) Peripheral Blood Mononuclear Cells (PBMCs) Mitochondrial Respiration after Heart 

Transplantation(HTx). Alfatni Abrar, Charles Anne laure, Sauer François, Talha 
Samy, Meyer Alain, Kindo Michel, Mazzucotelli Jean-Philippe, Epailly Eric, Geny 
Bernard. 
Journées Francophones de l’Insuffisance Cardiaque, des Cardiomyopathies, de 
l’Assistance et de la Transplantation cardiaque (JFIC-CAT), Strasbourg, 22-23 
Septembre 2022. 

 
 

 
 
 
 
 
 
 
 



 13 

 
 
 
 
 
 
 
 
 
 

 
 

General Introduction 
 and Objectives 

 
 
 
 
 
 
 
 

  



 14 

 
Cardiovascular diseases and especially heart failure are the main cause of mortality 

worldwide with prevalence gradually increasing as life expectancy increases. Therefore, heart 

transplantation remains the treatment of choice and the most applicable ways to revoke 

terminal organ failures allowing major increases in life quality and duration. Despite its 

effectiveness, the transplant is however vulnerable to a significant morbidity and any 

therapeutic enhancement would be welcome. 

Studies shows that the pathophysiology of cardiovascular disease include mitochondrial 

dysfunction resulting in insufficient cellular energy production and enhanced reactive oxygen 

spices release[1]. Interestingly, PBMCs are likely to participate in this systemic disease. Recent 

research in sepsis suggests that bioenergetic profile of circulating PBMCs may represent 

mitochondrial activity in organs and is associated with illness severity, immunological 

changes, and prognosis [2]. Generally, PBMCs rely on mitochondrial respiration to match the 

metabolic need and it is easily accessible. A tiny volume of blood is drawn to get access to 

peripheral blood mononuclear cells (PBMCs), which allow mitochondrial function 

investigation. Lymphocytes, monocytes, and dendritic cells make up PBMCs, which are 

primarily involved in immunity and inflammation [2]. 

 

Also, dysfunction of the core production of the ATP (which is the oxidative 

phosphorylation OXPHOS) system has a crucial consequence in the progression of a disease 

particularly in the heart that has high-energy demands. To date there is  no data concerning 

PBMCs mitochondrial respiration in heart-transplanted patients (Htx) funding our approach . 

 

 

Problematic, objectives, and Hypothesis of the study: 

My preliminary research, based on literature reviews, demonstrated a link between 

cardiovascular disease and PBMC mitochondrial dysfunction associated with increased ROS 

formation, but the data are relatively limited. 

 

  For the first time, our study will investigate if there is a change in mitochondrial 

function at the level of peripheral blood mononuclear cells in heart transplant patients and, 

mechanisms behind such eventual changes. We hypothesized that subclinical cardiac diastolic 

dysfunction and/or rejection, modulated by the immunosuppressives therapies might be 

involved in mitochondrial modulation.   
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The objectives: 

 

1. This study aim to determine mitochondrial function in immune cells of peripheral 

blood, as well as the formation of reactive oxygen species in the venous blood of 

heart transplant patients.  

 

2. The secondary objective is to investigate potential relationship between PBMC 

mitochondrial respiration and clinical, biological, echocardiography, and 

coronarography characteristics of Htx obtained during usual follow up after heart 

transplantation.  

 
 

Hypothesis:  

“An alteration in the mitochondrial respiration of circulating blood cells, associated with an 

increase in reactive oxygen species production, depends mainly on patient’s cardiac and/or 

systemic characteristics”. 

 

This study will therefore provide a novel insight on mitochondrial respiration on 

PBMCs (OXPHOS in eukaryotic cells) and a better pathophysiological knowledge of 

mitochondrial function in heart transplantation population.  

 

In the manuscript, we will first present some reminders (Chapter 1 and 2) that are mine 

but also the teamwork, and then, will focus on results arising from both my reviews and original 

research work. 
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Chapter I 
Mitochondria and ROS 
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1. Mitochondria 
 
Mitochondria organelle rich in biochemical components. Its major role is the 

production of energy. The mitochondria are membranous cytoplasmic organelles defined as a 

double membrane structure that has it is own DNA distinct from nuclear DNA and has  several 

copies of mtDNA [3]. It is originated in eukaryotic organism, characterized by varying in its 

functions and features according to the cell type and metabolism.  

 

mtDNA encodes 13 proteins involved in one of the most important functions of 

mitochondria: mitochondrial respiration for energy production, also called oxidative 

phosphorylation or respiratory chain [4]. The other proteins involved in this function (about 

850) are encoded in the nucleus and transported to the mitochondria.  

 

The mitochondria thus have a role of energy producer. These organelles are the 

(powerhouse of the cells ) which means they are the primary source of metabolic energy inside 

the cells and anchorage the oxidative phosphorylation system that produce the majority of the 

ATP essential for cellular process [5,6]. In addition to producing cellular energy, mitochondria 

are engaged in a variety of other functions, including signaling, cellular differentiation and 

activation, intracellular calcium regulation, programmed cell death, cell cycle and cell growth 

regulation[2,7]. 

 
 
In addition, these organelles constitute one of the main sites of free radical production 

which seems to play a key role in several intracellular signaling pathways. 

 

 

1.1. Structure 
 
Mitochondria is composed of 4 components which made up of 2 membranes  

(Figure 1): 

1) Outer mitochondrial membrane: 

It divides the intermembranous region from the extracellular part. It is a rigid 

membrane. The outer membrane facilitates the flow of metabolites, cations, and information 

between mitochondria and cytosol[8]. 
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2) Intermembrane space: 

It is the space between the 2 membranes, and it has a major role in energy production 

and cell death[9].Recently, it was discovered that the intermembranous space plays a critical 

role in the coordination of mitochondrial activities with other cellular processes. The exchange 

of proteins, lipids, or metal ions between the matrix and the cytosol, the regulated initiation of 

apoptotic cascades, signaling pathways that regulate respiration and metabolic functions, the 

prevention of reactive oxygen species produced by the respiratory chain, and the control of 

mitochondrial morphogenesis are all examples of these activities [10]. 

 

 

3) Inner mitochondrial membrane: 

Has multiple folds (cristae) to increase the surface area.  The inner mitochondrial 

membrane is thus the primary location of ATP creation (oxidative phosphorylation), and its 

shape reflects this crucial role[6]. First, by folding into cristae, its surface area is significantly 

enlarged. Furthermore, the inner mitochondrial membrane includes an abnormally high 

percentage (more than 70%) of proteins involved in oxidative phosphorylation and the transfer 

of metabolites (e.g., pyruvate and fatty acids) between the cytosol and mitochondria. Rather, 

the inner membrane is impermeable to most ions and small molecules, which is necessary for 

the proton gradient that causes oxidative phosphorylation to be maintained[6]. 

 

These proteins carriers are: 

 

- Respiratory chain complexes (CR) complexes. There are five of them, one of which 

is ATP synthase. Responsible for proton gradient maintenance and ATP production 

-ANT (adenine nucleotide translocase) transports ATP from the matrix to the 

intermembranous space. It can exchange ADP with the matrix for ATP with the 

intermembranous space depending on its conformation. 

- Uncoupling Proteins UCP 

Allow protons to leak through the mitochondrial inner membrane into the matrix. This 

causes a slight uncoupling, which results in a loss of energy in the form of heat. 

This uncoupling could reduce ROS production by increasing ubiquinone oxidation (a 

component of CR). As a result, UCP protect against oxidative stress[11]. 
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4) The organelle’s interior (or matrix): 

 

Internal compartment of the mitochondria. The mitochondrial genetic system, as well 

as the enzymes responsible for the central reactions of oxidative metabolism, are housed in the 

matrix. There is also mitochondrial DNA encoding proteins that make up some of the subunits 

of complexes I, III, IV, V of the CR, mitochondrial ribosomes, tRNAs, and enzymes necessary 

for DNA expression[6]. 

 

 
Figure 1.mitochondrial structures. Created with Biorender .com 
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1.2. Function 

 

1.2.1. Electron Transport Chain 
 

Mitochondrial respiration is an energy-generating mechanism , it takes place in ETC 

(Electron transport chain) in which five protein complexes(I-V) contained in the mitochondrial 

inner membrane (MIM) and electron transfer carriers ubiquinone and cytochrome c work 

together to make ATP [12]. Four of them play a role in the mechanism of oxidative 

phosphorylation (OXPHOS) and compose the Mitochondrial respiratory chain (MRC)[13,14]. 

These complexes are Complex I = NADH dehydrogenase, complex II = succinate 

dehydrogenase, complex III = ubiquinol: cytochrome c oxidoreductase, complex IV = 

cytochrome c oxidase (COX), and complex V = ATP synthase (Figure 2).  

Electrons passing through ETC create energy, and these electrons eventually convert molecular 

oxygen to water[15]. 

 

All these complexes are made up of multiple protein subunits. Indeed, Complex II is 

encoded by nuclear DNA. The other complexes are encoded in both nuclear and mitochondrial 

DNA[16]. 
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Figure 2.Simplified scheme of basic component of electron Transport chain (Oxidative 

phosphorylation), sites of superoxide anion generation (red arrows), and proton translocation 

(Blue arrows). The respiratory chain complexes I, III and IV transfer protons over the inner 

mitochondrial membrane, driven by redox reactions. Thus, they launch a proton gradient which 

is then used by the ATP synthase for the phosphorylation of ADP. Via NADH (Complex I) 

and succinate (complex II), electrons enter in the respiratory chain. Quinone (CoQ) and 

cytochrome c(cytc) shuttle the electrons between the complexes. The final electron acceptor is 

oxygen. Created with Biorender.com 

 

1.2.2. The Oxidative Phosphorylation 
 

According to the chemiosmotic theory by Peter Mitchell in 1961, by translocating 

protons from the matrix into the intermembrane space, the free energy of oxidation is released 

as an electrochemical potential across the inner membrane at complexes I, III, and IV to drive 

mitochondrial ATP production [13,17,18]. The high-energy electrons from NADH and 

FADH2 are transported to molecular oxygen via a succession of carriers in the membrane. The 

energy generated by these electron transfer processes is transformed to potential energy, which 

is then stored in a proton gradient across the membrane and utilized to drive ATP 

production[6]. 
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OXPHOS appears to function as a cellular checkpoint. Normal cellular functions are 

represented by appropriate OXPHOS performance, while changed, non-adequate OXPHOS 

performance is a danger signal for the host cell[19].  

 

1.2.2.a. Complex I : 
 

Complex I, also called NADH-ubiquinone oxidoreductasewhich consists of about 40 

polypeptide chains, is considered the largest complex among other complexes in the electron 

transport chain. It is an L-shaped structure located across the inner mitochondrial membrane 

and the matrix [20]. 

Furthermore, this structure’s three-dimensional form is present at a very poor resolution 

and consists of multiple subunits (about 45 subunits) whose functions have not been clear yet, 

which contributes to the conclusion of the complexity of complex I. The main function of this 

part is to convert NADH to NAD+ by the transference of a pair of electrons onto  

complex I[21].   

 

1.2.2.b. Complex II : 
 

Complex II is called Succinate Dehydrogenase (SDH), it receives electrons from 

succinate (an intermediate in the citric acid (Krebs) cycle) and serves as a second entry point 

to the ETC ,and it composed of four subunits making it the smallest complex in the OXPHOS 

system .  

When succinate is oxidized to fumarate (as a part of Krebs cycle), 2 electrons are 

accepted by FAD within complex II. FAD passes them to Fe-S clusters and then to coenzyme 

Q. However, it is the sole complex that does not pump protons across the inner mitochondrial 

membrane and has all its subunits encoded by nuclear DNA, therefore less ATP is produced 

with this pathway. 

 

 

1.2.2.c.  Complex III : 
 

Complex III is called ubiquinol-cytochrome c oxidoreductase 

Cytochrome c reductase is the third protein complex of the electron transport chain. Has 11 

subunits including 2 cytochromes b, cytochrome c1, and an iron/sulfur center. 
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Complex III receives 2 electrons from complex I and II and shunts these electrons across the 

intermembrane space to cytochrome c which transfer electrons to complex IV[22].  This 

operation permits to transfer 4 protons from matrix to the intermembrane space.  

 

1.2.2.d. Complex IV : 
 

Complex IV is called Cytochrome C oxidase (COX). Complex IV belongs to the super-

family of heme-copper oxidases. This enzyme has 13 subunits , three of them (COX1, COX2, 

COX3) are controlled by mitochondrial DNA , and ten are controlled by nuclear DNA [23].  

It is the last electron acceptor responsible for converting O2 to H2O [12,24].  

O2 + 4H+ + 4 e- è 2 H2O 

Indeed, the electrons given up by cytochrome c enter the protein complex to be 

transferred to the active site where the binding of oxygen and its reduction to water takes place 

[25].This protein complex of respiratory chain function considered as the major regulatory 

location for oxidative phosphorylation (Mitochondrial respiration )”OXPHOS” since this is the 

location where over 90% of oxygen is consumed [13,26],80% used for ATP production and 

20% used for proton leakage. Proton leakage is the passive return of protons into the matrix 

without passing through complex IV. Thus decrease the efficiency of oxidative 

phosphorylation. 

 

1.2.2.e.  Complex V: 
 

 
The fifth complex , ATPsynthase, uses the electrochemical gradient force generated 

across the inner mitochondrial membrane for the phosphorylation of adenosin-diphosphate 

(ADP) to adenosin-triphosphate (ATP)[27]. 

Composed of 2 sub-complexes: 

- F0 inserted in the internal membrane of the mitochondria  

• F0 carries protons from the intermembrane space to the matrix. 

• Has 5 subunits. 

 

- F1 is in the matrix. 

• F1 converts ADP into ATP or the reverse through the proton gradient.  

• Has 5 subunits. 
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Table 1. Summary of all complexes with its function 

Complex  Function  

Complex I  

(NADH-ubiquinone 
oxidoreductase) 

• Oxidize NADH (The key role of CI is to transfer 2 electrons 

from matrix NADH to ubiquinone in intermembrane space to 

induce pumping of 4 protons ) 

• Generate superoxide anion 

• play an important role in causing apoptosis in programmed cell 

death [27] 

 
Complex II 

(Succinate dehydrogenase) 
• Oxidize FADH2  

• Generate superoxide anion  

 
Complex III 

(Cytochrome c reductase) 
• Receives electron from complex I and II 

• transferer electrons across the intermembrane space to 

cytochrome c. which carries the electrons to complex IV  

Generate superoxide anion  
Complex IV 

(Cytochrome c oxidase) 
• Receives 4 electrons from complex III  

8 protons removed from the matrix (4 used to form 2 water molecules, 
and the other 4 pumped into the IMS) 

Complex V 

(ATP synthetase) 
• Utilize the proton gradient formed across the inner mitochondrial 

membrane to generateATP.For every 4 H+ ions, 1 ATP is 
formed [27]. 

 
 
 

1.3. Mitochondrial DNA 
 

Mitochondria has its own genome. A small part of the mitochondrial proteins is encoded 

in this genome, the rest is encoded in the nuclear genome. 

Thus there are regulatory factors encoded in the nuclear genome allowing the expression of 

either nuclear or mitochondrial genes. 
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Human mitochondrial DNA is a tiny double-stranded circular molecule of about 16 

kilobases [28]. Mitochondria have a variable number of copies of mtDNA. A mutation can be 

present on all copies or on only a part of them. Encodes 13 mitochondrial respiratory chain 

proteins, 22 transfer RNAs and 2 ribosomal RNAs[29]. 

 

 

 

1.4. Mitochondrial Respiration Methods 
 

Generally, significant increases in energy demand or a decrease in energy supply, 

frequently result in cellular dysfunction and death. Because mitochondria are the primary 

source of energy in the cell, their dysfunction is frequently pathogenic. As a result, quantitative 

measurements of cellular and mitochondrial energy utilization and production are critical for 

understanding disease development and progression [30]. 

 

According to Nolfi-Donegan et al, oxidative phosphorylation can be studied by non-invasive 

and invasive techniques (Figure 3) [11]: 

 

1.4.1. Non- and minimally invasive technologies: 

Near-infrared spectroscopy (NIRS) , magnetic resonance spectroscopy (MRS),  

and positron emission tomography (PET) . 

 

1.4.1.a. Near-infrared spectroscopy  

At different wavelengths, a near-infrared light is absorbed by the oxygenated and 

deoxygenated heme groups of hemoglobin and myoglobin. Then, tissue oxygen consumption 

is calculated, and permits to have an idea of the mitochondrial respiration. While NIRS is 

relatively inexpensive.One significant disadvantage of this method is that non-invasive near 

infrared light cannot reach solid organs such as the heart and therefore is best used for 

exercising large muscles closer to the skin [11]. 
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1.4.1.b. Magnetic resonance spectroscopy 

Is a non-invasive, ionizing-radiation-free method for measuring the presence of 

metabolites in the heart and other solid organs by measuring the resonance of MR-visible 

isotopes[11]. 

1.4.1.c. PET imaging  

To measure the accumulation or consumption of metabolic intermediates, injected 

positron-emitting radionuclide tracers are detected. 

While PET and MRS provide a thorough assessment of energetics, both techniques 

necessitate expensive equipment and extensive training for data acquisition and analysis. 

Furthermore, PET faces the additional challenge of radiopharmaceutical production and patient 

radiation exposure. Furthermore, these technologies are highly specialized and unsuitable for 

high-throughput clinical applications, limiting their widespread application[11].  

 

 

Figure 3.The bioenergetics measurement with minimally invasive methods[11]. 
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1.4.2. Invasive Techniques 

 

 They requires a sample such as biopsy or blood . Electron transport complex activity 

can be densitometrically evaluated in frozen tissue using histochemistry [26]. But, the gold 

standard for the direct assessment of mitochondrial ETC function in humans is the 

measurement of mitochondrial function by the Oroboros O2k system which provide a better 

sensitivity and precision using polarographic measurement of oxygen consumption by isolated 

mitochondria or cells with a clark type electrode [31,32].  

 
A number of laboratories have recently advanced the concept of taking respirometric 

measurements in circulating blood cells, such as platelets and peripheral blood mononuclear 

cells, to assess systemic bioenergetic function. Blood cells have fully functional mitochondria, 

are abundant, self-renewing, and require little invasiveness to obtain [11]. There are two ways 

to measure the mitochondrial respiration under this technique (Figures 4,5): 

 
1.4.2.a. Extracellular flux analyser using (Seahorse XF): 

The key features of using Seahorse Extracellular Flux Analyzer (EFA) is to measure cellular 

bioenergetics function in intact and permeabilized cells because it produces efficient, 

comprehensive, and highly reproducible results. The basic principle is to measure the 

extracellular acidification rate (ECAR; an indicator of glycolysis) and the oxygen consumption 

rate (OCR; an indicator of oxidative phosphorylation (OXPHOS) from relatively small 

numbers of cells in real-time and without radioactivity [33,34]. The Seahorse XF is an assay 

platform that uses 24 or 96 microplates. The microplate-based assay has the advantage of being 

able to analyze multiple samples in a single plate with high resolution, providing sensitive high-

throughput capability using fluorescent sensor [35]. 

In this high throughput multi-well format, the Seahorse extracellular flux (XF) analyzer 

can measure oxygen consumption in an intact monolayer of cells. The Seahorse analyzer 

measures extracellular pH while also estimating glycolytic rate. Despite significant differences 

between the two systems, such as the larger sample size required for the Oroboros and the 

requirement for a monolayer for the Seahorse versus a sample in suspension for the Oroboros, 

both systems can be used with a series of pharmacologic mitochondrial modulators to provide 

an ETC function profile [11]. 
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Figure 4. Seahorse Instrument[36] 

 

 

 

 

1.4.2.b. High resolution respirometry using (Oxygraph-2k; 

Oroboros Instruments).  

 

A high-resolution oxygraph is a device that measures cellular oxygen consumption in 

biological samples (intact and permeabilized cells, tissues or isolated mitochondria) with very 

high resolution and sensitivity in a closed-chamber system [31,32]. The high-resolution 

oxygraph system has two separate 2-mL chambers and measures oxygen concentration 

(µmol/L) and calculates oxygen consumption within each chamber using polarographic oxygen 

sensors. The rate of oxygen consumption is determined using software and represented as 

pmol/sec/cell count [31,35]. The basic principle of the system is to measure the concentration 

and consumption of oxygen by injecting substrates directly to isolated mitochondria or cells 

that are suspended in solution within the chamber. 
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While the respirometric techniques explained previously can be applied to any cell type, 

skeletal muscle biopsies or cells cultured from skin grafts have traditionally been used as a 

source of viable tissue/mitochondria in human studies.  This project successfully applied 

Oroboros to circulating cells to demonstrate the feasibility of this methodology. These studies 

show that alterations in blood cell bioenergetics in a variety of natural biological conditions or 

pathologies correlate with physical or clinical parameters of these conditions, and that 

bioenergetics of circulating cells reflect bioenergetics in solid tissues such as the heart as it has 

been proven before in the other studies [11]. 

 

 
 

 
Figure 5.Oroboros Instrument 

 

 

J’ai utilisé l’oroboros dans mon projet. 

L’analyse de la fonction mitochondriale se fait dans des chambres d’oxygraphie avec 

une température controlée à 37°C, grâce à un effet peltier et sous agitation continue. 

L’appareil est un oxymètre à haute résolution (Oroboros Instruments, Innsbruck, Autriche) 
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présentant des électrodes de Clark dans chaque cuve d’analyse. Un logiciel spécifique 

(Oroborosdatlab) permet la mesure de la concentration d’oxygène au cours du temps et 

l’analyse de la vitesse de consommation d’oxygène dans chacune des chambres, reflétant 

ainsi l’activité de la chaîne respiratoire. 

Les électrodes de Clark sont d’abord calibrées. Un protocole de « titration de substrats, 

découpleurs, et inhibiteurs » (SUIT) est utilisé pour activer les différents complexes de la 

chaîne respiratoire. 

5 × 106 PBMC ont été introduits dans la chambre de l'Oxygraph-2k contenant 2,1 mL d'une 

solution tampon de Miro5+ Créatine. 

La concentration en oxygène a été exprimée en μmol. L- ¹ et la consommation d'oxygène par 

les mitochondries en pmol O2.s- ¹.10⁶ cellules (Figure 6). 

 

La consommation de dioxygène a été analysée à l'aide du logiciel DatLab 8.4.3 (Oxygraph-2k; 

Oroboros Instruments, Innsbruck, Autriche). Un étalonnage en présence d'oxygène (air 

ambiant) était nécessaire avant chaque mesure.  

 

Les membranes cellulaires ont été perméabilisées avec de la saponine (125 µg/mL), et le 

complexe I a été activé avec du glutamate (5 mM), et du malate (2 mM). Cette étape est 

destinée à soutenir le flux d'électrons à travers le complexe I (CI) du système de transport 

d'électrons (STE). 

Ensuite, différents substrats et inhibiteurs ont été introduits dans la chambre de l'oxygraphe 

pour étudier les différents complexes de la chaîne respiratoire mitochondriale. Les différents 

réactifs ont été ajoutés dans l'ordre suivant : 
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Oxygen concentration and electron respiratory chain activity  

 

 

 

 

 
Figure 6. This curve illustrating an example of mitochondrial respiration of HTx patients 
compared to control.Cell: (represent CI leak, or basal respiration)Cell membrane is 
permeabilized with Saponin, complex I is activated using Glutamate & Malate, then PBMCS 
are introduced. In this stage, oxygen consumption of complex I at the leakage state is 
obtained which correspond to mitochondrial respiration compensating for proton leakage 
without activation of ATP synthase. 

 

 

- L'ADP (2 mM) a induit l'activation de l'ATP synthase (OXPHOS par CI). A cette étape, on 

parle de phosphorylation oxydative soutenue par les complexes I, III, IV, et V. 

- le succinate (25 mM) a été ensuite introduit pour étudier l'OXPHOS par CI&II. Cet état 

permet de voir l’activité de tous les complexes I, II, III, IV, et V. 

- La roténone (0,5 μM), qui inhibe le complexe I, permet d'analyser l'OXPHOSCII, c’est-à-dire 

l’activité des complexes II, III, IV et V. 

- L'ascorbate/ TMPD (0,5 mM/0,5 mM) ont enfin été ajoutés pour activer le complexe IV= 

Cytochrome C oxydase. 

Le résultat a été exprimé en pmol/s/106 cellules. 
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2. Oxidative stress 

Oxidative stress refers to elevated intracellular levels of reactive oxygen species (ROS) 

that cause destruction to lipids, proteins and DNA. Oxidative stress has been associated to a 

numerous of pathologies. However, elevated ROS are also signaling molecules [37]. 

 
Reactive oxygen species (ROS) are well-known for their ability to function both destructively 

and constructively[38]. Indeed, ROS are involved in a variety of cellular redox-regulating 

actions that help to maintain cellular homeostasis. However, it has been observed that excessive 

production creates oxidative stress, which is a harmful process that is involved in cell structure 

destruction and causes a variety of diseases [38]. 

 
2.1. Types of ROS 

 
Reactive oxygen species defined as highly reactive unstable molecules that can 

undertake a number of reduction events, potentially causing injury and harm the normal cells 

[38].A free radical is any molecular species that can exist independently and has an unpaired 

electron. The presence of an unpaired electron results in certain properties that most radicals 

share. Many radicals are extremely reactive and unstable. They can either donate electrons 

from other molecules, and thus act as oxidants and often it starts a cascade of ROS production 

or otherwise accept electrons , in this case they are reductants [39]. 

The Oxygen O2 can capture 1 or 2 electrons to give O2-.and then H2O2 , thus at the origin of 

ROS. In the ROS family there are: superoxide anion (O2-.),  hydroxyl radical (HO.), and 

hydrogen peroxide (H2O2) but which is not radical [40]. 

 

Superoxide anion (O2-.)  produced by the reduction of O2 which captures an electron. 

Its dismutation leads to the formation of oxygen and H2O2. 

H2O2 is not a free radical because it has no unpaired electrons, but it is extremely toxic. Being 

uncharged it easily passes the membranes and can move far in the body. 

Then according to the Fenton reaction: 

H2O2 + Fe2+è OH. + OH- + Fe3+ 
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2.2. Producers (Sources) 
 

Several sources in our body including autooxidation of small molecules, enzymes such 

as xanthine oxidase, and NADPH oxidase, peroxisomes and finally mitochondria. 

 

ROS can be generated by exogenous or endogenous sources [41,42]. Pollution, alcohol, diet, 

ultraviolet light, tobacco smoke, heavy metals, industrial solvents, pesticides, and radiation 

are all examples of exogenous factors.[43,44]. Endogenous pro-oxidant compounds, are 

derived from cellular systems of organisms with high oxygen consumption, such as plasma 

membranes, cytosols, peroxisomes, and mitochondria [45] 

 
Peroxisomes are also involved in the formation of O2-., HO., NO. and especially H2O2, 

whose production is partly regulated by β-oxidation of fatty acids [46]. Furthermore, cytosolic 

enzyme systems, such as the NADPH oxidase (NOX) family, produce RONS through the 

NADPH-dependent one-electron reduction of oxygen to superoxide [47–50] .The Xanthine 

Oxidase (XO) enzyme is also an important source of RONS [51]. 

 

Most of the intracellular ROS are derived from mitochondria. Under physiological 

settings, 0.2-2 % of the electrons in the ETC do not follow the regular transfer order and instead 

leak out and combine with oxygen to form superoxide or hydrogen peroxide. Each site of 

mitochondrial ROS generation is differentially sensitive to factors such as substrate supply, 

 rate of ATP production and Δp depending on how these conditions affect the reduction of 

particular site of ROS production. 

 

2.2.1. Complex I 
 

Two sites of O2•− generation have been identified at Complex I: 

 

1) The FMN cofactor which accepts electrons from NADH and 

 2) the Q binding site at which two electrons are transferred the terminal Fe–S to Q.  

Forward electron transport involves electrons from NADH completely reducing the 

flavin mononucleotide center (FMN), which then reacts with oxygen to produce 

O2•−.Conditions that promote NADH accumulation, such as low ATP demand resulting in 
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decreased respiration or ETC damage, result in a greater reduction of the FMN and increased 

O2•−production at this site [11]. 

Among others, the Complex I inhibitor rotenone, which binds to the Q binding site, promotes 

O2•−production by increasing electron accumulation and decreasing FMN site reduction. 

According to popular belief, complex I (NADH-ubiquinone oxidoreductase) is the 

primary source of ROS in mitochondria. However, complex I ROS production is conditional; 

as a result, complex I becomes a major ROS source under pathological conditions rather than 

a dominant source under resting and healthy conditions[40]. 

 

2.2.2. Complex II 
 

While Complex II is not generally regarded as a major source of ROS in comparison to 

Complexes I and III, several reports describe the production of O2•−by the complex II. While 

the exact site of ROS  is still being debated, Brand and colleagues have shown that the flavin 

site, where FAD binds the active site of the enzyme, is responsible for the production of ROS 

[11]. Also, growing evidence has determined that complex II mutations lead to oxidative stress, 

genomic instability and tumorigenesis [52]. 

 

2.2.3. Complex III 
 

It is well known that complex III generate superoxide anion into either the matrix or 

intermembrane space [22].In complex III, Antimycin is the only effective ROS inducer among 

the bc1 complex inhibitors (antimycin A, myxothiazol, and stigmatellin).  

Notably, as with ROS production in complex I, conformational changes detected in the bcl1 

 complex after antimycin A binding may be a prerequisite for dramatic molecular 

rearrangements in the complex, resulting in significant ROS production.[40] 
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2.3. Antioxidant Defences 
 

Every cell undergoes chemical reactions, including molecule oxidation and reduction. 

These reactions can result in the generation of free radicals. Organic substrates such as lipids, 

proteins, and DNA are attacked by free radicals. Free radicals cause damage to these molecules 

through oxidation, disrupting their normal function and potentially contributing to a variety of 

diseases. The anti-oxidation system, as a means of defence in our body, which includes both 

enzymatic and non-enzymatic antioxidants, protects against Ros production and  oxidative 

stress. If this system is defected,  tissue damage will  increases [53]. 

 

2.3.1. Non-enzymatic systems: 

Non-enzymatic antioxidants system deal with disturbing free radical chain reactions[54]. Few 

examples of non-enzymatic antioxidants include transition elements, vitamins C and E, and  

reduced glutathione [55]. 

 

 
2.3.2. Enzymatic systems[56] 

Enzymatic antioxidants is the first line of defence against ROS. work by reducing and 

eliminating free radicals. In a multistep process involving cofactors such as copper, zinc, 

manganese, and iron, antioxidant enzymes convert dangerous oxidative products to 

hydrogen peroxide (H2O2) and then to water [54] 

Glutathione peroxidase, catalase, and superoxide dismutase are the most effective enzymatic 

antioxidants [55] 

 

 

 
2.4. Cell damages 

 

Damage induced by ROS including Lipid peroxidation, protein oxidation, and DNA 

mutations. 

These damages can lead to the death of the cell, by apoptosis[57]. 

 

a) Lipid peroxidation 
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Lipid peroxidation is a process generated naturally in small amounts in the body, mainly by 

the effect of several reactive oxygen species. These reactive oxygen species attack the fatty 

acid membrane very easly[58]. The effect and  consequence of lipid peroxidation is 

modification of the membrane fluidity  and permeability[59]. 

 

b) Protein oxidation 

Protein oxidation is structural modification of a protein caused by either direct reactions 

with reactive oxygen species (ROS) or indirect reactions with secondary oxidative stress by-

products leading to a loss of function[60]  

 

c) DNA mutations 

Cellular damage of DNA occurs at high level of ROS which leads to different disease 

pathology. More specifically , mitochondrial DNA due to the origin of the production of ROS 

especially mitochondrial [61]. 

 

 

2.5. Reactive Oxygen species production Methods 
 

Currently, no standard methodologies exist to directly measure mitochondrial ROS 

production in humans.  

  

 

La mesure de l’anion superoxyde dans le sang veineux total a été réalisée par résonance 

paramagnétique électronique (RPE), E-scan, Bruker-Biospin, Rheinstetten, Allemagne) à 37 

°C [62]. En bref, 1 mL de sang veineux a été conservé sur la glace afin de réaliser l'analyse 1 

heure après le prélèvement. 25 µL de sang ont été mélangés avec la sonde de spin CMH (1-

hydroxy-3-méthoxycarbonyl-2,2,5,5-tétraméthylpyrrolidine HCl, 200 µM). Le mélange a 

ensuite été introduit dans un tube capillaire RPE en verre (Noxygen Science Transfer & 

Diagnostics, Elzach, Allemagne), puis placé dans la cavité du spectromètre e-scan (Bruker, 

Rheinstetten, Allemagne) pour l'acquisition des données. La détection de la production de ERO 

a été réalisée avec les paramètres RPE suivants: champ central g = 3477,452 ; largeur de 

balayage 60 G ; puissance micro-ondes 21,85 mW ; amplitude de modulation 2,4 G ; constante 

de temps 40,96 ms ; temps de conversion 10,24 ms ; nombre de points de courbe de retard 6. 
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Le signal RPE est proportionnel au nombre d'électrons non appariés. Le résultat a été exprimé 

en µmol/min. 

 

 

 

 

3. PBMCS and mitochondrial respiration 
 

3.1. What are PBMCs? 
 

Human peripheral blood mononuclear cells (PBMCs) are defined as any blood cell with 

a round nucleus (e.g., lymphocytes, monocytes, natural killer cells (NK cells), or dendritic 

cells) isolated from peripheral blood. Density gradient centrifugation separates the cell fraction 

corresponding to red blood cells and granulocytes (neutrophils, basophils, and eosinophils) 

from whole blood. A gradient medium with a density of 1.077 g/ml separates whole blood into 

two fractions: PBMCs, which remain in the low density  (upper fraction), and red blood cells 

and PMNs, which have a higher density and are found in the lower fraction(Figure 7)[63]. 

 

 
Figure 7.Representation of blood deposite on the Ficoll and the appearance of the tube after 

centrifugation.1) Plasma, 2) Cell ring: PBMCs (2/3 Lymphocyte, 1/3 monocytes and some 

circulating dendritic cells), 3) Ficoll,   4) Globular cap: red blood cells (RBCs) composed of 

granulocyte (neutrophils, eosinophils, and basophils). Created with BioRender.com 
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 These cells are therefore increasingly used as biomarkers. They are easy to extract and 

reflect the pathology at the systemic level. Their use in heart transplant patients remains to be 

done. 

 

3.2.  Méthods de Extraction des cellules mononucléaires du sang 
périphérique (PBMC): 

 

L'extraction des cellules a été réalisées extemporanément. La méthodologie d'extraction des 

PBMCs est similaire dans toutes les procédures réalisées au laboratoire. 

Cette technique a été importée du laboratoire d’allergologie (HUS, Strasbourg). 

Trente mL de sang a été utilisé pour extraire les cellules mononucléaires du sang périphérique 

(PBMC). Brièvement, le sang a été placé sur un gradient de densité ficoll (Eurobio, 

Lymphocytes separation medium, Courtabeauf France, France) et centrifugé (980g, 25 min, 18 

°C, sans frein) pour obtenir une séparation des différents éléments du sang. En bas, on retrouve 

les globules rouges, au milieu les PBMC sous forme d'un anneau trouble, et enfin au-dessus le 

plasma. 

Ce dernier est récupéré et congelé à -80°C pour de futures analyses. 

 L'anneau cellulaire contenant les PBMCs (lymphocytes et monocytes) est ensuite lavé avec 

une solution saline de DPBS (Dulbecco's Phosphate Buffer Saline 0067M, Hyclone, Utah, 

USA), et centrifugé à 569g, 10 minutes, 18°C. Le culot cellulaire est ensuite traité à la 

versalyse, si une présence de globule rouge est notée. Ce produit contient une amine cyclique 

qui, au contact d’une enzyme présente dans les hématies (anhydrase carbonique), va se 

transformer en un composé hautement lytique pour ces cellules. (Beckman coulter, Villepinte, 

France) [64]. 

A la suite de ce traitement un nouveau lavage au DPBS est réalisé suivi d’une centrifugation 

(569g, 10 minutes, 18°C).  

Le culot de cellules est alors repris dans du DPBS et les cellules sont comptées par cytométrie 

de flux (Muse Cell Analyser, Merck Millipore, Darmstadt, Allemagne). 

 

 

 

 

The whole methodology used in this project is summarized in this (Figure 8): 
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Figure 8.Methodology Applied in this Study 
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Chapter II 

Heart Transplantation 
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1. Definition and Epidemiology  
 

Heart transplantation, defined as the surgical replacement of a diseased heart by a 

healthy one, it is a treatment of choice for end-stage heart failure (HF). The first human to 

human heart transplantation was performed fifty five years ago by Christiaan Barnard, on the 

3rd of December, 1967 [65,66].  

Nowadays, HF impact nearly 5.7 million adults in the united states and almost half of 

those individuals die within five years of diagnosis [67].  Thus, heart transplant is considered 

as a gold standard treatment for severe refractory heart failure [68–70]. However, the number 

of heart transplant performed around the world is very limited [71]. Even more, since the 

beginning of Corona pandemic COVID-19, there is a considerable decline in the number of 

heart transplant and more generally on organ transplant in Europe and USA [72,73] (Figures 

9,10,11,12,13) . 

While patient is on waiting list for a donor’s heart, once can survive on inotropes 

(medications that improve the force of the cardiac contractions) or mechanical support (LVAD) 

[70].  

 

(A)                                                                           (B) 

 
Figure 9. Total number of transplants during the beginning of Covid pandemic, with separate 
trend lines for Kidney, liver, heart, and lung in A)France; and B) USA[72]. 
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Figure 10. Total (Absolute number) of heart transplants globally before and during Covid 
Pandemic, N (number of countries included).). In 2018(N=59 countries) Total number of 
heart transplant =8.450, rate per million population (percentage) =1.11%. In 2019 (N=57 
countries) Total number of heart transplants =8.857, rate per million population =1.15%. In 
2020 (N=58 countries) Total number of transplants= 8,103, rate per million population 
=1.05%. In 2021 (N=54 countries) Total number of transplants =9.064, rate per million 
population =1.16%. Data obtained from (Global Observatory on Donation and 
Transplantation GODT (transplant-observatory.org/data-charts-and-tables/chart).  
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Figure 11. Total (Absolute number) of heart transplant in USA before and during Covid 
Pandemic, N (number of countries included ).). In 2018(N=12 countries) Total number of 
heart transplant =4.273, rate per million population (percentage)= 4.23 %. In 2019 (N=12 
countries) Total number of heart transplants =4.506, rate per million population = 4.42%. In 
2020 (N=11 countries) Total number of transplants= 4.419, rate per million population = 
4.34 %. In 2021 (N=12 countries) Total number of transplants =4.599, rate per million 
population =4.48%. Data obtained from (Global Observatory on Donation and 
Transplantation GODTtransplant-observatory.org/data-charts-and-tables/chart). 
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Figure 12. Total (Absolute number) of Heart transplants in Europe before and during Covid 
Pandemic. N (number of countries included).). In 2018(N=32 countries) Total number of 
heart transplant =2.827, rate per million population (percentage) =3.05 %. In 2019 (N=32 
countries) Total number of heart transplants =2.862, rate per million population = 3.09 %. 
In 2020 (N=34 countries) Total number of transplants= 2.515, rate per million population = 
2.7 %. In 2021 (N=31countries) Total number of transplants =2.350, rate per million 
population =2.52%. Data obtained from (Global Observatory on Donation and 
Transplantation GODT transplant-observatory.org/data-charts-and-tables/chart). 
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Figure 13.Total (Absolute number) of heart transplant in France before and during Covid 
Pandemic. N (number of countries included).). In 2018(N=1 county) Total number of heart 
transplant =459, rate per million population (percentage) =7.04 %. In 2019 (N=1 country) 
Total number of heart transplants =434, rate per million population = 6.63 %. In 2020 (N=1 
country) Total number of transplants= 378, rate per million population = 5.79 %. In 2021 
(N=1country) Total number of transplants =415, rate per million population =6.35%. Data 
obtained from (Global Observatory on Donation and Transplantation GODT.transplant-
observatory.org/data-charts-and-tables/chart). 

 

 

As a postoperative problems, heart transplantation surgeries generated poor outcomes 

until the introduction of cyclosporine as an immunosuppressant medication in 1980 [68]. 

Indeed, the heart tend to be a tolerance resistance organ, meaning that it has a high rejection 

rate, and a recipient heart transplant should be under immunosuppressant drugs in order to 

achieve a long term survival [74,75]. However, regardless of this improvement in management, 

Khachatoorian et al ,2021 mentioned that “The 5-year post transplant survival rate is about 

72.5%, with the median long term survival of 13 years among those surviving the first year 

post-transplantation”  [67] (Figures 14,15,16,17 ).  
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Figure 14.Survival of heart transplant recipient stratified by sex in USA[76] 

 

 
 
 
 
 
 
 
 

 
Figure 15. Six-month  Survival rate of heart transplant recipinict infectd by COVID-19 in 

USA [77]. 
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Figure 16. Six-month survival rate after heart transplant in France[78] 

 

 

 
 

Figure 17. Long term survival of adult heart transplantation in Europe[79]   
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More recent data on the life expectancy after heart transplantation (2021, figures not shown) 
-One year survival rate in Europe 80% 
-One year survival rate in USA 90 % [80]. 
 
 

2. Patients’ Selection  
 

In fact, not all heart transplant patients can undergo the operation; there are some criteria 

that must be met in order to receive heart transplantation  [81]. 

 

 

 

2.1 Indications and Contraindications: 
 

    At present, during Covid-19 epidemic era, the indications for adult heart 

transplantation has been updated according to the Registry of the International Society 

for Heart and Lung transplantation [82]. ISHLT implement an imperative strategy to 

allow continuing transplant activities for life-saving demand. However, in general, the 

most common indications and relative contraindications for recipient selection are listed 

below (Table 2). 

 

Table 2. Lists of the Standard Criteria for Cardiac Transplantation 

Indications [70,83] Contraindications [3,15] 

*Advanced Cardiogenic shock requiring 

highest dose inotropic treatment  

*Advanced Cardiogenic shock requiring 

percutaneous mechanical circulatory 

support  

* Maximal oxygen uptake (VO2 max) < 10 

ml /kg/min. 

*Refractory pulmonary edema insusceptible 

to diuretics and demanding positive 

pulmonary pressure and ventilation. 

*Cirrhosis 

*Irreversible pulmonary parenchymal 

disease 

*Recent pulmonary embolism  

 *Advanced pulmonary artery hypertension 

(PASP>60mmHg) 

*Severe irreversible multisystem disease  

*Severe kidney disease 

(GFR<30ml/min/1.73m²) 
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*End-stage ventricular arrhythmia or angina 

despite maximum medical and surgical 

treatment.  

* End stage heart patients on guideline-

directed medical therapy (GDTM) such as 

beta-blockers (BB) and angiotensin-receptor 

blockers (ARB) with poor quality of life and 

who still have limiting symptoms on strain. 

*Deteriorating renal function ascribed to the 

cardio renal syndrome.   

*Hypotension or renal failure avoiding the 

use of GDTM. 

* Gradual deterioration of right ventricular 

function or increasing pulmonary artery 

pressure resulting from left heart failure.  

*Other not corrected symptoms such as 

anaemia, low sodium level in the blood, 

weight loss, liver dysfunction ascribed to 

heart failure.  

 

*Acute or chronic infection (should be 

treated before transplantation) 

*Recent cerebrovascular accident (CVA)  

*Symptomatic peripheral vascular disease. 

*Diabetes with organ impairment. 

*Active malignancy (Oncologist decision 

for transplantation).  

*Severe obesity (BMI>35 kg/m²)  

*Wight loss (cachexia) 

*Psychosocial aspects involving active 

smoker or drug use, lack of social support, 

mental disorders and psychiatric conditions. 

   

 

3. Surgical Techniques used for Heart Transplantation: 
 

There are two types of heart transplant procedures, the most common of which is 

orthotopic heart transplant. This is considered as the most utilized procedure and performed by 

the elimination of the recipient’s heart and insertion of the donor’s heart in the chest area of 

the recipient [70]. This type of procedures can be  achieved in three different ways ; biatrial , 

bicaval, and total techniques [84]. Biatrial is the first developed technique of orthotopic also 

called the standard surgical technique [84]. This involved a biatrial anastomosis, meaning that 

the donor’s left and right atrial cuffs are attached to the remnant left and right atria of the 

recipient respectively [85]. The main advantage of performing this procedure was to reduce the 

allograft ischemic time [86]. 
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On the other hand, bicaval, is the more recently and widely using technique since it 

mends the heart anatomy, physiology and postoperative outcome [84].This technique was 

elucidated in detail by Toscano et al, showing all steps of the procedure step by step in a 

videotape [86]. Basically, it sustains the donor right atrium intact and perform left atrial 

anastomosis, two arterial anastomosis (aorta and pulmonary artery), two caval anastomosis 

(IVC and SVC) (Figure 18)  [86]. The major advantages of this are minimizing the incidence 

of late atrial dilation, tricuspid regurgitation, onset of supraventricular arrythmias, and 

temporary pacemaker [86]. 

 

 
Figure 18. Illustration of Bicaval Heart Transplantation technique. Ao: Aorta, PA: 
Pulmonary Artery, SVA: Superior vena cava, IVC: Inferior vena cava. Adapted from[86,87] 
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Lastly, is the total orthotopic technique, where the complete excision of the recipient 

left and right atria take place [84]. 

The less common type of heart transplantation is the heterotopic transplant which is 

rarely used nowadays. It maintains the recipient’s heart in its position and connect the graft to 

the native heart in a parallel manner. The main indication of this surgical procedure involved 

an advanced pulmonary hypertension and a donor-recipient size mismatch [88,89]. The 

fundamental advantage of heterotopic technique was to permit the recipient’s heart to support 

the donor’s heart when severe rejection and/or donor right ventricular failure are comprised 

[83].  

 

 

4. Complications after Heart Transplantation:  
 

Generally, complications following transplantation are divided into early and delayed 

complications [70]. Early complication occurs soon within hours or days after transplantation. 

These include: 

 

4.1. Primary Graft Dysfunction (PGD): 

 

Primary graft failure is described as the primary cause of early mortality [90]. 

It is defined as cardiac allograft impairment occurring within 24 hours of 

transplantation which is not ascribed to another health issues such as hyper acute 

rejection, pulmonary hypertension or any other surgical problem [70,90]. PGD is 

classified into two different types with a greatest probability of death associated 

with severe PGD (Figure 19 ) [90]:  
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Figure 19.Classification of Primary Graft Dysfunction[90] 

 
4.1.1. Potential Aetiology of PGD: 

 
PGD occurs when identifiable cause of allograft malfunction is established such as 

hyper acute rejection, graft malfunction due to pulmonary hypertension, or recognized 

intraoperative complication. Regarding the echocardiography, criteria consider a left 

ventricular ejection fraction of 40% to be diagnostic for PGD (in the absence of secondary 

causes). High filling pressures, i.e. a right atrial pressure (RAP) > 15 mmHg and pulmonary 

capillary wedge pressure (PCWP) > 20 mmHg, suggest PGD if they occur in the setting of a 

low cardiac index (CI) (2.0 L/min/m2) lasting at least 1 hour [91]. There are some risk factors 

predisposing to PGD which are donor-related, recipient-related, and procedural-related factors. 

Thus, when explaining the pathophysiology of PGD, it is critical to consider the precise time 

points at which the heart is injured, such as brainstem death, cold ischaemia, warm ischaemia, 

and ischaemia-reperfusion damage[92]. Acute ischaemia-reperfusion damage with myocardial 

shock has been proposed as the primary cause of PGD. In addition , The donor’s brain death is 

PGD

left or Biventricular 
Dysfunction 
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linked to a set of events that result in reduced cardiac contractility which ultimately leads to 

PGD [93]. 

 

4.2. Rejection:  
 

Rejection happens when there is interface between the patient’s immune system and the 

donor’s organ (allograft), which stimulate the immune response against the foreign antigen in 

the body [70,94].  Rejection can appears immediately intraoperatively and/or many years after 

transplantation [94]. Thus the timing of occurrence helps in determining prognosis and 

diagnosis and aid on classification  [94,95].  

 

According to the immune response,  cardiac rejection can be divided into hyperacute, acute, 

and chronic rejection [95]. Hyperacute happens directly within minutes or hours after 

transplantation but it is in very rare incidence [95]. On the other hand, acute and chronic 

rejections are frequent following heart transplantation [95]. 

Acute rejection is classified into: a) acute cellular rejection (ACR) , and b) antibody-mediated 

rejection (AMR), that is humoral rejection  [67,70,94]. These two types usually occur during 

the first postoperative months While chronic rejection is recognized as cardiac allograft 

vasculopathy (CAV) [95]. Acute cellular rejection (ACR), which is usually asymptomatic, 

remains a risk for patients following heart transplantation (Htx), particularly in the first year . 

When rejection is mild or severe, immunosuppressive therapy is frequently intensified, and this 

is referred to as treatment needing ACR (TRACR) [96]. 

 

And according to severity, it is classified into three types: a) mild rejection with no allograft 

impairment b) moderate rejection, and  c) sever rejection accompanying with hemodynamic 

changes [70].  

 

It has been noted that acute cellular rejection as an early complication can lead to chronic 

allograft vasculopathy as a delayed complication usually in a couple of years after operation  

[70]. Acute rejection can be detected and diagnosed by tissue endomyocardial biopsy (EMBs) 

which is considered a gold standard [97,98]. However, there are some limitation on EMBs as 

these studies are not affordable to anyone, considered as a highly invasive test, and further they 

are capable of sampling error [67]. Also it has been noted some risks with this kind of 
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procedure; including arrythmias, tricuspid regurgitation, cardiac tamponade, ventricular septal 

perforation, and right ventricular free wall peroration [99]. 

 

In addition, ACR manifests as a mononuclear inflammatory response invading cardiac 

tissue, with lymphocytic cells predominating [94]. 

 

In the domain of imaging modality,  tissue doppler ultrasonography with the analysis of the 

posterior wall can also identify rejection as a non-invasive method [100].   

 

4.2.1. Rejection score: 

 

The classification of the presence of acute cellular rejection was graded according to 

the international Society of Heart and Lung Transplantation (ISHLT) classification proposed 

in 1990 (Table 3) [94,101].   

 

Table 3. Old Grading Classification of ISHLT 

Rejection grade ISHLT Classification  

1A Focal, mild acute rejection  

1B Diffuse, mild acute rejection  

2 Focal, moderate acute rejection  

3A Multifocal , moderate rejection 

3B diffuse, borderline severe acute rejection 

 

4 severe acute rejection 

 

 

Then, in 2005, another updated classification was proposed as follows:  

Acute Allograft Rejection grades: 
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Table 4.ISHLT Acute Cellular Rejection (ACR) Grading [94]:  

ISHLT Grades Classification  

0 No rejection  

1R Mild , Interstitial and/or perivascular infiltrate with up to one 
focus of myocyte damage. (grade 1A, 1B and 2 in 1990 
system) 
 

2R Moderate , Two or more foci of infiltrates with associated 
myocyte damage.  (grade 3A in 1990 system). 
 

3R Severe , Diffuse infiltrate with multifocal myocyte damage, 
with or without edema, haemorrhage, or vasculitis. (grade 3B 
and 4 in 1990 system). 
 
 

 

 

 

Table 5. Acute Humoral /Antibody Rejection Grading (AMR)[94]:  

Grades classification 

0 Negative histologic and immunopathologic findings 
 

1 Presence of positive histologic and immunopathologic 
findings 
 

2 Presence of positive histologic and immunopathologic 
findings 
 

3  Presence of severe histologic plus immunopathologic 
findings 
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Table 6. ISHLT of Cardiac Allograft Vasculopathy (CAV) for the assessment of Coronary 
angiography[102] 

ISHLT -CAV Grades Classification  
ISHLT-CAV0 implies that there is no visible angiographic lesion 
ISHLT-CAV1 Mild, denotes angiographic left main <50%, or primary 

vessel with a maximum lesion of <70%, or any branch 
stenosis <70% (including diffuse constriction) without 
allograft malfunction 
 

ISHLT-CAV2 Moderate, shows angiographic left main stenosis <50%, 
a single primary artery ≥ 70%, or isolated branch 
stenosis ≥ 70% in branches of 2 systems, without 
allograft malfunction 
 

ISHLT-CAV3 Severe, implies angiographic left main stenosis ≥ 50%, 
or two or more primary arteries with ≥ 70% stenosis, or 
isolated branch stenosis ≥ 70% in all 3 systems, or 
ISHLT-CAV1 or ISHLT-CAV2 with allograft 
dysfunction  
 
 

 
 
 

4.2.2.  Biological Markers (Biomarkers) for Heart Transplant Rejection: 

 

Biomarkers are defined as a biological molecule found in the blood stream ,body fluids, 

or tissues which works as hallmarks or indicators of normal or pathological medical conditions 

that can be measured objectively [103,104]. 

 

From the biological and physiological aspect, the evolution of science and technology creates 

a giant advancement in research. The focus is to discover non-invasive biomarkers targeting 

heart-transplanted patients for investigating allograft rejection. Liquid biopsy is the current 

trend clinical application that is applicable in this field [98]. 

 

 In genomics studies, donor-derived cell-free DNA (dd-cfDNA) levels has been used 

to predict the rejection even before it appears in EMBs [67]. Moreover, in transcriptomics 

studies, PBMCs is considered as a new intact source of diagnostic and prognostic biomarkers 

in several diseases [103].  Numerous studies used PBMCs as a biomarker to detect the 

alteration of mRNAs/microRNAs in different disorders [103]. Regarding heart disease, for 
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instance, gene expression profiling (GEP) (Allomap™ test ) of circulating PBMCs have been 

used to diagnose transplant rejection [67]. This is a non-invasive blood test in transplantation 

medicine  focused on quantifying mRNA in PBMCs using real time polymerase chain reaction 

(rt-PCR) and categorizing different genes that are able to rule out acute rejection in heart 

transplant [67].  

 

mRNA from PBMCS could allow the detection of acute cellular rejection at an earlier 

stage using Allomap [99,105]. This kind of test along with echocardiography has been 

incorporated for detecting moderate /severe ACR in stable heart transplanted patient [67]. 

Other applications of PBMCS as biomarkers used for a diagnostic and prognostic purpose are 

presented in (Figure 20) [103]. 

 

 

 

 

 

 
Figure 20. PBMCs as a Source of Biomarker 
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In addition, when the rejection of allograft takes place, microRNAs are released into 

blood circulation and  considered as biomarker for monitoring graft rejection [67]. Also, it has 

been illustrated that after heart transplantation, there are some dynamic changes in the level of 

cardiomyocyte -enriched microRNA, which increase can predict early graft damage [67].  

 

Besides, in the study of metabolomic biomarkers, some were found to be raised during 

heart transplant rejection; these include Neopterin and B2, and thromboxane A2 metabolomic 

[67]. Lately, one of the spectrometry analysis identified four metabolite biomarkers that have 

increased sensitivity and specificity levels for early acute rejection in rats model [67]. These 

involves D-tagatose, choline, C16 sphinganine, and D-glutamine [67]. Also, there is another 

metabolite biomarker that has been found to be diminished during heart transplant rejection; 

this biomarker is the sarcoplasmic reticulum Ca2+ -ATPase [67]. 

 

 

In the clinical setting, counting PBMCs is used frequently as a significant indicator for 

diagnosing disease [106]. It has been noted that the number of circulating monocytes could be 

changed with excessive stress and persistent exercise which may indicate severe infection in 

most cases [106]. Recently, growing studies illustrated that PBMCs count is associated with 

cardiovascular disease, cerebrovascular accident, and cancer prognosis. For example, it has 

been found that low PMBCs count is inversely correlated with aortic valve stenosis, meaning 

that with increased severity of stenosis, PBMCS count is degraded [106].  
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Specifically, studies shows the existence of inverse relationship between inflammatory 

marker Lymphocyte to monocyte ratio (LMR) and severity of calcific aortic stenosis [107]. In 

a recent study on Chinese population by Chen et al ,2022 confirmed that Lymphocyte to 

monocyte ratio (LMR) was significantly reduced in patients with severe post stenotic-aortic 

dilatation [108] . 

However, the Neutrophil/Lymphocyte Ratio (NLR) has been proposed also as a systemic 

marker of inflammation. There is a statistically significant correlation between increased NLR 

and severity of calcific aortic stenosis in patients with normal systolic function[109]. Similarly, 

Platelet-to-lymphocyte ratio (PLR) is consistent with the finding of NLR, is that increased PLR 

correlates with the severity of calcific AS[110]. 

 

 

Along with these biomarkers, there are some biochemical and inflammatory markers 

that contribute in the evaluation of allograft rejection for the diagnostic and prognostic purpose 

[67]. For example, B-type natriuretic peptide, cardiac troponin and circulating inflammatory 

biomarkers (C-reactive protein) plasma levels can be used for the diagnosis of rejection 

[97,111]. Studying these biomarkers for prognosis and diagnosis is also interesting [67]. For 

instance, some studies stated that, in heart transplanted patient, increased BNP level is strongly 

correlated with rejection and increased risk of complication [67]. Also, higher level of troponin 

and CRP is associated with allograft dysfunction [67]. On the other hand, several researchers 

found that allograft rejection makes no changes in BNP, troponin and CRP after one year 

transplantation [67]. Thus, these markers are not specific. 

 

 There is a comparative study performed to analyze the values of six biomarkers for the 

detection of rejection [97]. Theses biomarkers include C-reactive protein (CRP), interleukin-6 

(IL-6), tumor necrosis factor-alpha (TNF-a), sialic acid, fibrinogen protein (Fgp) and function 

(Fgf) [97]. Only CRP showed a significant difference and could be considered as the most 

useful parameters for diagnosing rejection after heart transplant [97]. 

 

Additionally, Zhuo et al. addressed in detail and performed an overview of all the markers of 

immune function in heart transplant and the methods of assessing cardiac allograft rejection 

(Figure 21) [99]. 
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Figure 21.Overview of the non-invasive methods for the surveillance of acute cardiac 

allograft  rejection[99] 
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4.3. Infection  

 

Patients who are under immunosuppression drugs are more vulnerable to infections 

[70], which  increase the risk of morbidity and mortality during the first year post-

transplantation[70,112]. Growing studies have reported the incidence of viral infections with 

percentage of 9-45% with the most commonly one being the cytomegalovirus (CMV) and 

bacterial infection with a percentage of 20-30% [112]  

 

 

Whereas late complications takes place after months or years of transplant [70], these includes: 

 

4.4. Cardiac Allograft Vasculopathy (CAV) 
 

CAV is a distinctive form of coronary atherosclerosis disease affecting heart transplant 

patients characterized by intimal thickening of coronary vessels [113]. It is a leading cause of 

graft dysfunction and death following heart transplantation [114]. The prevalence of CAV is 

about 30% within the first 5 years and 50% at 10 years after heart transplantation [95]. CAV is 

triggered by both immune and non-immune factors, but the exact pathogenic mechanism is not 

clarified. 

 

The possibility of PBMCs GEP has been evaluated also to identify patient at risk of CAV  

[67,114]. For the evaluation of severe CAV, Nuclear osteopontin protein has been found as a 

novel proinflammatory biomarker in several cardiac disease [67].  

 

4.5. Malignancy 

 

After 1-5 years post transplantation, the possibility of new episode of solid malignancy 

is about 10% of transplanted patient with a rate of occurrence of 39.1 % at 10 years [70,115]. 

The use of higher doses of immunosuppressive drugs appears as a primary cause of 

malignancies after cardiac transplantation [115]. 
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4.6. Immunosuppression Related side effect  
 

a. Human papillomavirus (HPV) related squamous cell cancer  

b. Ebstein-Barr virus-related post-transplantation lymphoproliferation (PTLD) 

c. renal disease 

d. diabetes  

e. hyperlibidemia 

f. metabolic derangement [70]. 

 

5. Usual Follow-up after Cardiac Transplantation 
 
 The most common diagnostic tools used to evaluate the severity of heart failure and 

distinguish patients are eligible for heart transplant are; a) the Heart Failure Survival Score and 

b) Seattle Heart Failure Model [83]. However, after heart transplantation early diagnosis is 

critical to look for functioning graft and avoid any complication that leads to graft failure 

(dysfunction), Thus, optimal and regular follow up is needed for longer survival and notable 

improvement in the quality of life [116].  These evaluations include: 

 

5.1. Endomyocardial biopsy (EMB): 

The effective gold standard of monitoring rejection during the first year is believed to be the 

invasive endomyocardial biopsy. Therefore, at periodic intervals post procedure, patients 

perform a follow up biopsy of the right ventricular myocardium via intravenous catheterization. 

The biopsy findings may indicate early rejection and necessitate extra medication; in certain 

situations, the biopsy may discover other cardiac disease such as infection[117]. However, the 

optimal duration of routine follow-up by endomyocardial biopsy (EMB) have been questioned 

in the present time of heart transplantation (HT), where the development in 

immunosuppression and donor selection criteria have led to decrease the incidence of acute 

allograft rejection. Surprisingly, a very recent study shows that EMB was determined to be a 

low-yield screening method for rejection after 6 months post HTx[118]. 
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5.2. General medical/clinical management: 
 

All heart transplant recipients must have a routine visit and follow up on a regular basis 

for basic health maintenance. Those patients require general medical monitoring 

including age-appropriate cancer screening for malignancies of the cervix, breast, colon, 

and prostate. Additionally, long-term problems, such as renal failure, hypertension, 

dyslipidemia, diabetes, osteoporosis, and gout. However, transplant recipients must be 

instructed to notify the transplant center of any new drug prescribed, since there may be 

unanticipated interactions that must be monitored [119] .  

 

5.3.  Biological surveillance: 
 

As discussed earlier, there are significant variety of circulating biomarkers that have been 

studied for noninvasive rejection diagnosis. The most relevant biomarkers in this discipline 

include B-type natriuretic peptide, troponin, and inflammatory markers[111]. Also, nowadays,  

evaluating the gene expression profile of peripheral blood is used as a genomic marker of acute 

rejection [98] . 

 

 

5.4.  Echocardiography:  
 

According to Badano et al., to evaluate cardiac chamber morphology and function during 

follow-up studies, a comprehensive echocardiographic study at 6 months after cardiac 

transplantation is recommended as a baseline, with careful quantitation of cardiac chamber 

size, RV systolic function, both systolic and diastolic parameters of LV function, and 

pulmonary artery pressure. Subsequent echocardiographic investigations should be examined 

in the context of the findings of the 6-month study. An echocardiographic study, that reveal no 

change from the baseline study, has a high negative predictive value for graft rejection [120].  

 
 

Following heart transplantation, acute rejection (AR) and cardiac allograft 

vasculopathy (CAV) must be diagnosed in a timely and regular manner. Because CAV can 

start and advance without symptoms, and because subclinical AR might favor CAV formation, 

there are some standard approaches such as regular endomyocardial biopsies (EMBs) and 
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coronary angiographies (CA) conducted at predetermined time intervals.  However, these 

invasive screening procedures are time-consuming and costly, as well as inconvenient and 

dangerous for patients. 

And sometimes  they cannot detect all subclinical AR or coronary stenoses before a clinical 

episode [121]. Thus, the establishing of another non-invasive strategy for early diagnosing and 

monitoring is required.  

 

Transthoracic echocardiography (TTE) is an essential imaging modality that has 

versatile use for the evaluation of heart transplant patients. This non-invasive free of risks, 

easily performed- as often as necessary allows for the investigation of cardiac structures and 

overall functions either postoperatively and during the follow up  [122,123]. Also, it aids in 

predicting outcomes and monitoring complications like identifying rejection and diagnosing 

graft dysfunction [123]. It  appeared as one of the most favourable tools to achieve those 

purposes, particularly after the additional introduction of Doppler tissue-imaging (DTI) and 

strain imaging for ventricular wall motion and myocardial deformation analysis [121]. 

 

More interestingly, with chronic rejection, it is been noted that echocardiography has a 

more crucial and significant role in recognizing CAV [123]. While with acute rejection, 

echocardiography is more valuable with confirmation by biopsy [123].  

  
 

5.4.1. Echocardiographic of cardiac allograft 
 

5.4.1.a. Assessment of Rejection-free Transplanted heart with normal 

coronary artery using echocardiography  

 

• In a normal situation, the dimensions of the left ventricle (LV) cavity are typically 

normal, but the right ventricular (RV) cavity size and wall thickness of both ventricles 

are frequently enlarged when compared to those of normal native hearts [121]. The 

increased incidence of RV size and shape changes is mostly due to greater pulmonary 

vascular resistance (PVR) in heart transplant recipients (especially early after 

HTx)[121]. 
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• Abnormal atrial geometry and function is present when using biatrial surgical 

techniques which creates large atrial cavity and echo-dense ridge at mid-atrial level 

(anastomosis between the residual recipient atrial tissue and the donor atria), best 

visible in the apical 4 chamber view (Figure 22). These morphological changes can 

produce abnormal LV filling patterns, tricuspid and mitral valve- ring distortion during 

ventricular systole, and also enable atrial thrombus development. 

 

Figure 22.Echocardiography with Apical 4-champer view after heart transplantation (Red 
arrow indicated the anastomosis between recipient and donor atria[123] 

 

• Tricuspid regurgitation and pericardial effusion are also another feature of transplanted 

heart. 

•  Abnormal septal motion detected by time–motion (M-mode) recordings, which can be 

misleading for recognition of ischemia-induced wall motion alteration.  

• LV segmental wall motion abnormalities (WMAs) revealed by two- dimensional (2D) 

echocardiography can be often detected in both early and long term cardiac transplanted 

patients without rejection or CAV.  

• Within the first year post transplantation, both LV relaxation dysfunction and restrictive 

physiology are visible; in advanced years ,  restrictive physiology becomes increasingly 

more obvious.  
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5.4.1.b. Assessment of primary graft dysfunction using 

Echocardiography  

 

Primary graft dysfunction (PGD) is the leading cause of death in HTRs in the first 30 

days.  PGD usually occurs within 24 hours of transplantation and manifests as cardiogenic 

shock, such as a systolic blood pressure of less than  90 mmHg for more than an hour and/or a 

cardiac index of less than 2 L/min/m2 despite adequate right ventricular filling pressures[123].  

To make the diagnosis of PGD, all other possibilities must be ruled out, including sepsis and 

cardiac failure. 

In this case, tamponade, bleeding, immunological processes (hyperacute rejection), or chronic 

severe pulmonary hypertension that is unresponsive to pharmacological treatment. Are 

possible.  

In the clinical setting, echocardiography plays an important role in documenting the presence 

of systolic dysfunction (with a left ventricular ejection fraction of 45%), loss of contractile 

reserve, and other cardiac abnormalities [123]. 

 
 

5.4.1.c.    Assessment of Acute graft Rejection using Echocardiography  

 

Previous studies have found increases in LV wall thickness with ACR potentially due to 

myocardial inflammation and edema, although other authors have demonstrated limited 

accuracy of this measurement [96]. 

The isovolumic relaxation time (IVRT) and the mitral pressure half time are noninvasive 

measures of left ventricular diastolic function[124]. Both are used in the follow-up of Htx 

which are their own controls. A decrease by at least 20 % of their values suggest occurrence of 

rejection. In 1995, a study by Díez et al. indicate that acute heart rejection decreases the 

isovolumetric relaxation time in both the left and right ventricles. However, the isovolumetric 

relaxation time of the right ventricle appears to be a more useful parameter than the 

isovolumetric relaxation time of the left ventricle, as it allows for the determination of whether 

an acute heart rejection is treatable or not[125]. 
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Tissue Doppler Imaging (TDI) measures the velocity of myocardial motion using Doppler 

principles [126]. The utility of tissue doppler in diagnosing ACR has been reported in many 

studies [96]. More than two decades ago, tissue Doppler echocardiography revealed that wall 

motion velocities recorded at the left ventricular (LV) posterior wall or the left lateral mitral 

annulus were significantly linked with the existence of ACR [96]. Ortiz M et al. (2020), 

confirmed after a broad review of all current evidence and with the recommendation suggested 

by European and Brazilian society the usefulness of echocardiography after cardiac 

transplantation. It suggested that  TDI seems to have a good accuracy to exclude ACR with 

good negative predictive value [96].  

 
 

5.5. Coronarography (or coronary angiography ) 
 

A most serious complications of heart transplantation is the development of an 

aggressive type of vasculopathy in the graft (cardiac allograft vasculopathy, CAV), which 

results in occlusive coronary artery disease, characterized by intimal hyperplasia 

coronarography  [127]. Coronarography is the standard method for the detection and evaluation 

of allograft arteriopathy [128]. 

Recently, karaçaglar et al. 2020, shed the light in a scoring system named Ginsini score 

which is widely and simply used to determine the severity of coronary artery disease by 

angiography. It to determine severity score for each coronary stenosis according to degree of 

luminal narrowing and location. This study concluded that heart transplant patients can be 

evaluated for CAV using Ginsini score as it provides a valid assessment in clinical 

practice[129]. 

 

 

6. Immunosuppressive Therapy after Heart Transplant 
 

Management post-transplantation is important, this will aim in maximizing the heart 

function and minimizing the risk of allograft rejection. For that reason, patients undergoing 

transplantation must have successful immunosuppressive therapy. However, there are still 

some patients who experienced some kind of adverse effects to drugs [130]. 
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6.1. Immunosuppressive Therapies  
 

Immunosuppressive drugs and therapies in HTx can be categorized into induction 

(temporary) and maintenance (lifelong) treatment  [95].  

i) Induction therapies include: 

• Rabbit antithymocyte globulin (rATG) – Thymoglobulin® (Genzyme) or ATG-

Fresenius ® (Fresenius) 

• Horse antithymocyte globulin (hATG)- ATGAM® (Pfizer) 

• IL-2(Interleukin-2) receptor antagonists – basiliximab (Simulect ®, Novartis) 

or daclizumab (Zenapax ®, Roche). 

• Anti-CD3 antibodies – Muromonab-CD3 (Orthoclone OKT3 ®, Janssen-Cilag) 

• Anti-CD52 antibodies -Alemtuzumab (Campath ® , Genzyme and Lemtrada ® 

, Sanofi ) [95]. 

 

ii) Maintenance immunosuppression after heart transplantation include: 

• CSs 

• Calcinurin inhibitors-CNI (CSA or TAC) 

• Antimetabolite (azathioprine or mycophenolate mofetil (MMF or Cellcept))  

• M-TOR inhibitors 

• Everolimus 

• Sirolimus [95] 

 

Importantly, underdose immunosuppression therapies could result in rejection, and 

overdose therapies may result in other medical complications such as chronic kidney disease, 

infections and malignancies [95]. 

 

 

 

6.2 PBMCs and Immunosuppressive Therapy  
 

Evaluation of immune system response and /or damage is an essential component in 

the investigation of toxicity of the drugs [131]. Since the PBMCs are a crucial component 

in immune system and are the major cells in the human body to fight infection, evaluation 

of these blood cells might give responses in term of immunity (Figure 23) [131]. 
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Figure 23.Application of PBMCs in Toxicity 

 
 

Despite the clinical utility of immunosuppressive drugs for heart  transplanted patients 

in the prevention of allograft rejection, these medication could have an effect on mitochondria 

[132]. There are some researches that have been done to examine the response of PBMCs to 

immunosuppressive drugs [130]. Regarding Calcinurin inhibitors, and monitoring tacrolimus 

specifically, it is been noted that determining its concentrations inside PBMCs could be a 

favorable way[133]. Quantification of TAC in PBMCs this is accomplished by using a liquid 

chromatography tandem mass spectrometry method [133]. 

 

In heart transplant patients, data regarding PBMCs concentrations of TAC are lacking 

but there are some data reported for renal and liver transplant patients  [133].   

 For example,  Mijiti et al. performed such study on cirrhosis patients undergoing liver 

transplantation and watch the effectiveness  of some immunosuppressive treatment on those 

patients [130]. Prednisolone, methylprednisolone, cyclosporine, and tacrolimus were evaluated 
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and in vitro blastogenesis of PBMCS and the drug concentration IC50s value were calculated 

[130].  The study found some variations in the results; one patient revealing high PBMCs 

sensitivity to tacrolimus and exhibiting no allograft rejection until 5 weeks post transplantation 

[130]. In contrast, another patient demonstrating relatively decreased PBMCs sensitivity to 

tacrolimus showing rejection 1 week after transplantation [130]. This research conclude that 

the PBMCs from liver transplanted patients are susceptive to immunosuppressive treatment of 

prednisolone and calcineurin inhibitors[130].  

 

Another example of calcineurin inhibitors drug investigation performed on lymphocyte 

was reported by Flack et al. on kidney transplant patients [133,134]. This study examined the 

effect of cyclosporine in intra-lymphocyte and whole blood [133]. It found that the 

concentration of cyclosporine decreases in intra-lymphocyte a few days before acute rejection 

occurrence, whereas continue in therapeutic ranges on the whole blood[133]. Thus, it 

concludes that the concentration of cyclosporine in intra-lymphocyte could be valuable for 

predicting acute rejection [133].  

 

Lemaitre et al. examined for the first time the concentration of TAC in PBMCs on heart 

transplant patients [133].  

  

A very recent study assessed the effect of the most common maintenance 

immunosuppressive treatment such as Calcinurin inhibitors, MMF, rapamycine on 

mitochondrial function of PBMCs specially on T-cell [132]. The study showed that only MMF 

showed decrease mitochondrial respiration and increased ROS production and produced 

significant level of apoptotic cells death that were correlated with increase in cytochrome c  

that were demonstrated by Western blot [132].  

 

 

 

 

 

 

 

 

 



 71 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter III 

Results 

  



 72 

 

1. Result I : Review of PBMCs and Cardiovascular Disease 
 

Le Résumé 

 

Les maladies cardiovasculaires (MCV) sont des troubles dévastateurs et la principale 

cause de mortalité dans le monde. La physiopathologie des maladies cardiovasculaires est 

complexe et multifactorielle et, ces dernières années, le dysfonctionnement mitochondrial et 

la production excessive d'espèces réactives de l'oxygène (ERO) ont suscité une attention 

croissante. En effet, les maladies cardiovasculaires peuvent être considérées comme une 

altération systémique, et il semble utile de comprendre l'implication éventuelle des cellules 

sanguines circulantes que sont les cellules mononucléaires du sang périphérique (PBMC) 

et/ou les plaquettes, et en particulier leur fonction mitochondriale, la production de ERO et la 

libération d'ADN mitochondrial (ADNmt) chez les patients souffrant de déficiences 

cardiaques. Il est intéressant de noter que les rapports démontrent de façon constante une 

réduction de la capacité oxydative de la chaîne respiratoire mitochondriale liée au degré de 

sévérité des MCV et à une production accrue de ERO par les PBMC. De plus, le niveau 

d'ADNmt circulant était généralement modifié chez ces patients. Ces données constituent des 

étapes cruciales dans la compréhension des maladies cardiaques et d'autres études sont 

nécessaires pour évaluer l'adjonction possible de la dysfonction mitochondriale des PBMC et 

des plaquettes, du stress oxydatif et de l'ADNmt circulant comme biomarqueurs du 

diagnostic et du pronostic des MCV. Cette nouvelle approche pourrait également permettre 

de nouveaux développements thérapeutiques intéressants. 
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Abstract:ȱ Cardiovascularȱ diseasesȱ (CVDs)ȱ areȱ devastatingȱ disordersȱ andȱ theȱ leadingȱ causeȱ ofȱ
mortalityȱ worldwide.ȱ Theȱ pathophysiologyȱ ofȱ cardiovascularȱ diseasesȱ isȱ complexȱ andȱ
multifactorialȱ and,ȱ inȱ theȱ pastȱ years,ȱ mitochondrialȱ dysfunctionȱ andȱ excessiveȱ productionȱ ofȱ
reactiveȱoxygenȱspeciesȱ(ROS)ȱhaveȱgainedȱgrowingȱattention.ȱIndeed,ȱCVDsȱcanȱbeȱconsideredȱasȱ
aȱ systemicȱ alteration,ȱ andȱ understandingȱ theȱ eventualȱ implicationȱ ofȱ circulatingȱ bloodȱ cellsȱ
peripheralȱbloodȱmononuclearȱcellsȱ(PBMCs)ȱandȱorȱplatelets,ȱandȱparticularlyȱtheirȱmitochondrialȱ
function,ȱROSȱ production,ȱ andȱmitochondrialȱDNAȱ (mtDNA)ȱ releasesȱ inȱpatientsȱwithȱ cardiacȱ
impairments,ȱ appearsȱ worthwhile.ȱ Interestingly,ȱ reportsȱ consistentlyȱ demonstrateȱ aȱ reducedȱ
mitochondrialȱrespiratoryȱchainȱoxidativeȱcapacityȱrelatedȱtoȱtheȱdegreeȱofȱCVDȱseverityȱandȱtoȱanȱ
increasedȱROSȱproductionȱbyȱPBMCs.ȱFurther,ȱcirculatingȱmtDNAȱlevelȱwasȱgenerallyȱmodifiedȱinȱ
suchȱpatients.ȱTheseȱdataȱareȱcriticalȱstepsȱ inȱtermȱofȱcardiacȱdiseaseȱcomprehensionȱandȱfurtherȱ
studiesȱareȱwarrantedȱ toȱ challengeȱ theȱpossibleȱadjunctȱofȱPBMCs’ȱandȱplatelets’ȱmitochondrialȱ
dysfunction,ȱ oxidativeȱ stress,ȱ andȱ circulatingȱ mtDNAȱ asȱ biomarkersȱ ofȱ CVDȱ diagnosisȱ andȱ
prognosis.ȱThisȱnewȱapproachȱmightȱalsoȱallowȱfurtherȱinterestingȱtherapeuticȱdevelopments.ȱ

Keywords:ȱcardiovascularȱdiseases;ȱmitochondrialȱdysfunction;ȱcirculatingȱcells;ȱPBMCS;ȱplatelets;ȱ
oxidativeȱstress;ȱreactiveȱoxygenȱspeciesȱ(ROS);ȱmitochondrialȱDNAȱ(mtDNA);ȱbiomarkers;ȱheratȱ
failureȱ
ȱ

1.ȱIntroductionȱ

Cardiovascularȱdiseasesȱ (CVDs)ȱrankȱasȱoneȱofȱ theȱ firstȱdiseasesȱ leadingȱ toȱdeathȱworldwideȱ
[1,2].ȱTheȱ2019ȱreportȱofȱtheȱAmericanȱHeartȱAssociationȱshowsȱthatȱbetweenȱ2013ȱandȱ2016,ȱCVDs,ȱ
includingȱ hypertension,ȱ heartȱ failureȱ (HF),ȱ coronaryȱ heartȱ disease,ȱ andȱ stroke,ȱwereȱ presentȱ inȱ
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aboutȱ48%ȱofȱpatientsȱolderȱthanȱ20ȱyearsȱinȱtheȱUnitedȱStatesȱ[3–5].ȱSignificantȱprogressȱhasȱbeenȱ
madeȱ concerningȱ CVDȱ diagnosisȱ andȱ therapies,ȱ particularlyȱ consideringȱ neuroȬhormonalȱ
modulation,ȱsuchȱasȱnatriureticȱpeptideȱ(NP)Ȭguidedȱtherapyȱ[2,6–9],ȱbutȱitȱseemsȱthatȱaȱplateauȱhasȱ
begunȱtoȱbeȱreached,ȱsuggestingȱnewȱapproaches.ȱInȱthisȱview,ȱsinceȱCVDsȱareȱgenerallyȱsystemicȱ
diseases,ȱ anȱ attemptȱ basedȱ onȱ circulatingȱ cellsȱ mightȱ beȱ proposedȱ toȱ betterȱ understandȱ CVDȱ
pathophysiologyȱ andȱ toȱ discoverȱ newȱ biomarkers.ȱ Indeed,ȱ growingȱ evidenceȱ suggestsȱ thatȱ theȱ
assessmentȱofȱmitochondrialȱrespiratoryȱfunctionȱofȱcirculatingȱperipheralȱbloodȱmononuclearȱcellsȱ
(PBMCs)ȱ andȱplateletsȱmightȱbeȱ viewedȱ asȱ aȱmarkerȱ toȱdetectȱ theȱmitochondrialȱdysfunctionȱ inȱ
differentȱtissues,ȱincludingȱtheȱheartȱ[10–14].ȱ

Theȱmyocardiumȱpossessesȱoneȱofȱtheȱhighestȱnumberȱofȱmitochondriaȱinȱtheȱbody,ȱallowingȱ
heartȱ pumpingȱ activityȱ throughȱ ATPȱ production.ȱMitochondriaȱ areȱ knownȱ contributorsȱ toȱ theȱ
pathogenesisȱandȱoutcomeȱofȱseveralȱcardiovascularȱdiseases.ȱIndeed,ȱregardlessȱofȱcardiacȱdiseaseȱ
etiology,ȱmostȱ evidenceȱ demonstratesȱ thatȱmitochondrialȱ dysfunctionȱ isȱwidelyȱ observedȱ inȱ theȱ
pathologicalȱheart.ȱ

Mitochondrialȱ dysfunctionȱ mightȱ beȱ inferredȱ fromȱ tissues’ȱ orȱ cells’ȱ oxygenȱ consumptionȱ
(reflectingȱmitochondrialȱoxidativeȱcapacity)ȱandȱtheȱmitochondrialȱmembraneȱpotentialȱ(reflectingȱ
theȱ abilityȱ ofȱ theȱ electronȱ transportȱ systemȱ toȱ maintainȱ theȱ gradientȱ ofȱ protonȱ drivingȱ ATPȱ
production).ȱ Thus,ȱ theȱ failureȱ ofȱ mitochondriaȱ toȱ produceȱ ATPȱ resultsȱ inȱ anȱ energyȱ deficit,ȱ
impairingȱcells,ȱandȱfinally,ȱorganȱfunctionȱ[14–19].ȱ

Mitochondriaȱhaveȱalsoȱbeenȱidentifiedȱasȱsignificantȱsourcesȱofȱreactiveȱoxygenȱspeciesȱ(ROS)ȱ
[20].ȱ Researchȱ revealsȱ thatȱ oxidativeȱ stress,ȱ dueȱ toȱ increasedȱ ROSȱ and/orȱ reducedȱ antioxidantȱ
capacity,ȱplaysȱ aȱ considerableȱ roleȱ inȱ theȱdevelopmentȱofȱHFȱ andȱdeterminesȱpatientȱprognosis.ȱ
Increasedȱ ROSȱ accumulationȱ andȱ inflammationȱ playȱ aȱ keyȱ roleȱ inȱ theȱ cardiacȱ andȱ vascularȱ
functionalȱ andȱ structuralȱ damageȱ underlyingȱ allȱ majorȱ causesȱ ofȱ CVDsȱ [21].ȱ However,ȱ theȱ
fundamentalȱmechanismȱofȱROSȱproductionȱinȱHFȱdeservesȱtoȱbeȱfurtherȱinvestigatedȱ[22].ȱThus,ȱitȱ
wouldȱbeȱinterestingȱtoȱfurtherȱmonitorȱROSȱlevelsȱandȱmitochondrialȱfunctionȱinȱcirculatingȱcellsȱ
inȱorderȱtoȱimproveȱbothȱdiagnosisȱandȱfollowȬupȱofȱpatientsȱwithȱCVDs.ȱ

Indeed,ȱifȱtissueȱbiopsiesȱareȱrelevantȱtoȱtheȱinvestigationȱofȱpathologicalȱchangesȱandȱstudyȱofȱ
mitochondrialȱfunctionȱinȱdiseasedȱorgans,ȱtheyȱareȱinvasiveȱandȱnotȱalwaysȱfeasible.ȱAlternatively,ȱ
peripheralȱ bloodȱ mononuclearȱ cellsȱ (PBMCs)ȱ and/orȱ plateletsȱ representȱ anȱ easilyȱ availableȱ
populationȱ ofȱ cellsȱ allowingȱ mitochondrialȱ functionȱ studies.ȱ Analysisȱ ofȱ theȱ energeticȱ profileȱ
(mitochondrialȱfunction)ȱofȱcirculatingȱbloodȱcellsȱinȱexperimentalȱanimalsȱandȱhumansȱappearsȱasȱ
aȱnewȱresearchȱfieldȱwithȱpotentialȱapplicationsȱinȱtheȱdevelopmentȱofȱdiseaseȱbiomarkersȱinȱseveralȱ
settings,ȱincludingȱrespiratoryȱandȱCVDsȱ[10–14,19,23,24].ȱ

Thisȱ reviewȱ presentsȱ dataȱ exploringȱ theȱ PBMCs’ȱ andȱ platelets’ȱ mitochondrialȱ function,ȱ
togetherȱwithȱtheirȱROSȱproductionȱandȱmitochondrialȱDNAȱreleaseȱinȱorderȱtoȱassessȱwhetherȱsuchȱ
keyȱ parametersȱ areȱ modifiedȱ andȱ mightȱ beȱ consideredȱ asȱ biologicalȱ markersȱ ofȱ CVDsȱ withȱ
diagnosis,ȱprognosis,ȱandȱevenȱprognosisȱinterests.ȱ

2.ȱIsȱMitochondrialȱFunctionȱAccessibleȱinȱallȱCirculatingȱCellsȱinȱtheȱBlood?ȱ

2.1.ȱClassificationȱofȱCirculatingȱCellsȱ

Thereȱareȱmanyȱcirculatingȱcellsȱ inȱ theȱblood,ȱ rangingȱ fromȱdifferentȱpopulationȱsubtypesȱofȱ
whiteȱcellsȱinvolvedȱinȱimmunityȱandȱinflammation,ȱtoȱplateletsȱmodulatingȱbloodȱaggregationȱandȱ
toȱredȱcellsȱmainlyȱtransportingȱO2.ȱSeveralȱtechniquesȱmightȱbeȱusedȱtoȱseparateȱbloodȱcellsȱinȱtheȱ
blood,ȱbutȱgradientȱ centrifugationȱ isȱgenerallyȱperformedȱ (Figureȱ 1).ȱTheoretically,ȱ theȱoxidativeȱ
capacityȱ ofȱ allȱ circulatingȱ cells—throughȱ mitochondrialȱ respiratoryȱ chainȱ complexesȱ activitiesȱ
assessment—mightȱbeȱexplored,ȱbutȱ thereȱ isȱaȱnoticeableȱexception.ȱUnlikeȱ inȱbirds,ȱ forȱ instance,ȱ
humanȱredȱbloodȱcellsȱdoȱnotȱpresentȱwithȱmitochondriaȱ[25].ȱ
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ȱ
Figureȱ1.ȱDensityȱgradientȱcentrifugationȱofȱwholeȱbloodȱallowsȱperipheralȱbloodȱmononuclearȱcellsȱ
(PBMCs)ȱ isolationȱ andȱ thenȱmitochondrialȱ respiratoryȱ chain,ȱ reactiveȱ oxygenȱ species,ȱ andȱDNAȱ
analysis.ȱ

TheȱPBMCȱ fractionȱ consistsȱ ofȱ lymphocytesȱ (T,ȱ B,ȱ andȱ naturalȱ killerȱ cells),ȱmonocytes,ȱ andȱ
dendriticȱcells.ȱCirculatingȱlymphocytesȱrepresentȱaȱmixedȱpopulationȱofȱcellsȱandȱensureȱcellularȱorȱ
humoralȱimmunity.ȱManyȱtypesȱofȱlymphocytesȱcanȱbeȱdistinguished:ȱBȱcellsȱproduceȱantibodies,ȱTȱ
cellsȱ supportȱ cellularȱ immunity,ȱ andȱ naturalȱ killerȱ cellsȱ haveȱ theirȱ ownȱ cytolyticȱ activity.ȱ Theȱ
productionȱ ofȱ monoclonalȱ antibodiesȱ specificȱ forȱ anȱ expressedȱ antigenȱ canȱ beȱ conductedȱ forȱ
immunophenotypicȱlymphocyteȱclassification:ȱClusterȱofȱdifferentiationȱ(CD)ȱwasȱcreatedȱtoȱgroupȱ
antibodiesȱthatȱrecognizeȱtheȱsameȱantigens.ȱHowever,ȱtoȱdate,ȱnoȱclearȱdataȱareȱavailableȱonȱtheseȱ
specificȱcells’ȱsubtypesȱconcerningȱ theirȱmitochondrialȱ respiration.ȱMonocytes,ȱwithȱaȱuniȬlobularȱ
nucleus,ȱhaveȱanȱimportantȱroleȱinȱphagocytosisȱandȱtheȱinnateȱimmuneȱsystem.ȱ

Plateletsȱ areȱunȬnucleatedȱ cellsȱproducedȱbyȱ cytoplasmȱ fragmentationȱofȱmegakaryocytesȱ inȱ
theȱboneȱmarrow,ȱcirculatingȱinȱtheȱperipheralȱbloodȱforȱ7ȱtoȱ10ȱdays.ȱTheyȱplayȱaȱsignificantȱroleȱinȱ
homeostasisȱandȱareȱessentialȱforȱthrombusȱformationȱduringȱtheȱhemostaticȱprocessȱandȱareȱlargelyȱ
involvedȱ inȱ thrombosis,ȱ myocardialȱ infarction,ȱ stroke,ȱ andȱ phlebitis.ȱ Plateletsȱ thusȱ playȱ anȱ
importantȱ roleȱ inȱCVDs,ȱ bothȱ inȱ theȱ pathogenesisȱ ofȱ atherosclerosisȱ andȱ inȱ theȱ developmentȱ ofȱ
thromboticȱeventsȱwhenȱpresentingȱwithȱqualitativeȱand/orȱquantitativeȱimpairmentsȱ[11,13,26,27].ȱ
Circulatingȱplateletsȱpossessȱnumerousȱmitochondria,ȱcanȱbeȱobtainedȱeasilyȱevenȱfromȱcriticallyȱillȱ
patients,ȱandȱtheirȱisolationȱisȱperformedȱroutinelyȱwithȱsuccessȱ[28].ȱ

2.2.ȱIsolationȱandȱMitochondrialȱRespiratoryȱChainȱActivities’ȱDeterminationȱinȱPBMCsȱandȱPlateletsȱ
(Figureȱ1)ȱ

Mitochondriaȱareȱtheȱmainȱsourceȱofȱcellularȱenergy,ȱcouplingȱtheȱoxidationȱofȱfattyȱacidsȱandȱ
pyruvateȱtoȱtheȱproductionȱofȱhighȱamountsȱofȱATPȱthroughȱtheȱmitochondrialȱelectronȱtransportȱ
chainȱ(ETC)ȱ[29].ȱBriefly,ȱfreeȱelectronsȱareȱtransferredȱfromȱcomplexȱIȱtoȱcomplexesȱII,ȱIII,ȱandȱIVȱofȱ
theȱETC,ȱtherebyȱallowingȱcomplexesȱI,ȱIII,ȱandȱIVȱtoȱextrudeȱprotonsȱfromȱtheȱmatrix.ȱTheȱreturnȱofȱ
H+ȱionsȱfromȱtheȱmitochondrialȱmembraneȱinterspaceȱtowardsȱtheȱmatrixȱallowsȱtheȱcomplexȱVȱtoȱ
phosphorylateȱADPȱintoȱATP.ȱ

Theȱ functionȱ ofȱ eachȱ complexȱ isȱ investigatedȱ byȱ usingȱ aȱ spectrophotometerȱ andȱ canȱ beȱ
performedȱ inȱ cellularȱorȱ tissueȱ samples.ȱBesidesȱ theȱdeterminationȱofȱoxygenȱ consumption,ȱATPȱ
synthesisȱ andȱ theȱmitochondrialȱmembraneȱ potentialȱ canȱ alsoȱ beȱ investigatedȱ [30].ȱ Specifically,ȱ
HsiaoȱandȱHoppelȱpresentedȱanȱoptimalȱcomprehensiveȱmethodȱforȱanalyzingȱtheȱETCȱactivityȱ inȱ
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PBMCsȱ [31].ȱThereȱareȱ twoȱgeneralȱ techniquesȱ thatȱhaveȱbeenȱusedȱ inȱvitroȱ forȱ theȱassessmentȱofȱ
mitochondrialȱfunctionȱandȱdetectionȱofȱdelicateȱchangesȱinȱtheȱrespirationȱrateȱofȱmitochondriaȱinȱ
PBMCsȱandȱplateletsȱisolatedȱfromȱperipheralȱbloodȱbyȱmeasuringȱoxygenȱconsumptionȱ[12,13,32].ȱ
Theȱ firstȱ methodȱ isȱ theȱ extracellularȱ fluxȱ analyzer.ȱ Thisȱ techniqueȱ providesȱ efficient,ȱ
comprehensive,ȱ andȱ highlyȱ reproducibleȱ resultsȱ andȱ isȱ commonlyȱ usedȱ toȱ measureȱ cellularȱ
bioenergeticsȱ functionȱ inȱ intactȱ andȱ permeabilizedȱ cellsȱ [33].ȱ Aȱ distinctȱ traitȱ ofȱ thisȱ protocolȱ
comparedȱ toȱothersȱ isȱ thatȱ itȱdoesȱnotȱentailȱmitochondrialȱ isolationȱandȱcanȱbeȱoperatedȱusingȱaȱ
minimalȱnumberȱofȱcellsȱ[33].ȱTheȱsecondȱmethodȱisȱhighȬresolutionȱrespirometryȱ(OroborosȱO2K),ȱ
whichȱ permitsȱ activeȱ investigationȱ ofȱmetabolicȱ pathwaysȱ [12]ȱ andȱ requiresȱ theȱ availabilityȱ ofȱ
sufficientȱnumbersȱofȱcellsȱ[10].ȱ

Althoughȱcirculatingȱplateletsȱcountȱforȱsmallȱnumbersȱofȱfunctionalȱmitochondria,ȱtheyȱhaveȱ
highȱenergyȱconsumptionȱlevelsȱandȱhaveȱbeenȱusedȱwidelyȱtoȱstudyȱtheȱmitochondrialȱfunctionȱinȱ
humanȱ diseaseȱ dueȱ toȱ theirȱ accessibilityȱ [34].ȱ Thisȱ isȱ confirmedȱ byȱ aȱ reviewȱ byȱ Kramerȱ etȱ al.ȱ
presentingȱtheȱmaximalȱmitochondrialȱoxygenȱconsumptionȱdevotedȱtoȱtheȱbioenergeticȱfunctionȱinȱ
circulatingȱ platelets,ȱmonocytes,ȱ andȱ lymphocytes.ȱ Interestingly,ȱ thereȱ isȱ aȱ distinctȱmetabolismȱ
programȱ betweenȱ circulatingȱ plateletsȱ andȱ leukocytesȱ thatȱ couldȱ actȱ asȱ differentȱ sensorsȱ ofȱ theȱ
metabolicȱandȱinflammatoryȱstressȱinȱmanyȱdiseasesȱ[13].ȱ

3.ȱMitochondrialȱRespiratoryȱChainȱComplexȱActivitiesȱofȱPBMCsȱandȱPlateletsȱinȱPatientsȱwithȱ
CardiovascularȱDiseasesȱ

3.1.ȱPBMCsȱMitochondrialȱRespiratoryȱChainȱActivityȱinȱCardiovascularȱDiseasesȱ

Interestingly,ȱwhenȱevaluatingȱmitochondrialȱrespiratoryȱchainȱcomplexes’ȱactivityȱinȱPBMCsȱ
inȱ heartȱ failureȱ patients,ȱ Liȱ etȱ al.ȱ demonstratedȱ thatȱ mitochondrialȱ oxygenȱ consumption,ȱ
particularlyȱ inȱcomplexȱ Iȱandȱ II,ȱwasȱsignificantlyȱsmallerȱasȱcomparedȱ toȱ theȱcontrolȱgroupȱ [29].ȱ
SuchȱdepressedȱPBMCȱmitochondrialȱfunctionȱwasȱobservedȱinȱpatientsȱwithȱearlyȬstageȱcongestiveȱ
heartȱ failureȱ (CHF,ȱ asymptomaticȱ patients)ȱ [29].ȱ Possibleȱ explanationsȱ ofȱ thisȱ reductionȱ inȱ theȱ
electronȱ transportȱchainȱactivityȱ inȱPBMCsȱareȱ increasedȱmitochondrialȱmitophagyȱandȱdecreasedȱ
biogenesisȱperȱmononuclearȱcellȱ[29].ȱMoreover,ȱtheȱmitochondrialȱrespirationȱwasȱinverselyȱrelatedȱ
withȱ inflammatoryȱ factors,ȱ suchȱ asȱ highȱ sensitivityȱ CȬreactiveȱ protein,ȱ IL6,ȱ andȱ TNFȬ΅.ȱ Thus,ȱ
impairedȱ mitochondrialȱ respiratoryȱ functionsȱ ofȱ PBMCsȱ characterizeȱ heartȱ failureȱ patients.ȱ
Accordingly,ȱaȱsignificantȱreductionȱofȱNDUFC2ȱexpression,ȱaȱsubunitȱofȱmitochondrialȱcomplexȱI,ȱ
hasȱ beenȱ detectedȱ inȱ peripheralȱ circulatingȱmononuclearȱ cellsȱ inȱ patientsȱ withȱ acuteȱ coronaryȱ
syndromeȱ[35]ȱ

Moreȱ generally,ȱ thereȱ areȱ severalȱ factorsȱ thatȱmightȱ disruptȱ theȱ functionȱ ofȱ theȱ circulatingȱ
leukocyteȱmitochondrialȱ respiratoryȱ chainȱ inȱCHF.ȱ Increasedȱ intracellularȱoxidantsȱ couldȱ induceȱ
mitochondrialȱ permeabilityȱ transitionȱ andȱ inhibitȱ respiratoryȱ coupling,ȱ whichȱ reflectsȱ
mitochondrialȱ respiratoryȱ chainȱ disruptionȱ [36,37].ȱ Kongȱ etȱ al.ȱ observedȱ aȱ reductionȱ inȱ theȱ
leukocyte,ȱlymphocyte,ȱandȱmonocyteȱmitochondrialȱtransmembraneȱpotentialȱ(MTP)ȱinȱcongestiveȱ
heartȱpatients,ȱ inȱassociationȱwithȱapoptosisȱandȱ increasedȱ inflammationȱandȱROSȱformationȱ[37].ȱ
Thisȱ decreaseȱwasȱmoreȱ notableȱ inȱ theȱ edematousȱ CHFȱ groupȱwhenȱ consideringȱ lymphocytes.ȱ
Additionally,ȱ increasedȱROSȱ ledȱ toȱmitochondrialȱdepolarizationȱ [37].ȱFurther,ȱ theȱpercentageȱofȱ
apoptoticȱcellsȱwasȱgreaterȱinȱPMNȱthanȱPBMCsȱ(42.9%ȱvs.ȱ20%,ȱrespectively).ȱ

Songȱetȱal.ȱfoundȱlowerȱMTPȱandȱhigherȱROSȱlevelsȱinȱlymphocytesȱofȱCHFȱpatientsȱatȱlowȱriskȱ
associatedȱwithȱincreasedȱserumȱNTȬProBNP,ȱaȱdiagnosisȱandȱprognosisȱbiomarkerȱinȱheartȱfailureȱ
[36].ȱ Furthermore,ȱ Colucciaȱ etȱ al.,ȱ analyzingȱ theȱ mitochondrialȱ membraneȱ potentialȱ byȱ
cytofluorometricȱ TMRMȱ andȱ JCȬ1ȱ staining,ȱ foundȱ significantȱ mitochondrialȱ depolarizationȱ inȱ
PBMCsȱamongȱHFȱpatientsȱafterȱ theȱadministrationȱofȱ inflammatoryȱstimulusȱ lipopolysaccharideȱ
(LPS)ȱ [38].ȱTheȱultrastructuralȱ changesȱ inȱmitochondriaȱPBMCsȱ showedȱ aȱdecreaseȱ inȱ theȱ indexȱ
associatedȱwithȱ theȱ lossȱ ofȱ innerȱmitochondrialȱmembraneȱ (IMM)ȱ andȱwithȱ anȱ increaseȱ inȱ theȱ
percentageȱofȱtheȱapoptoticȱcellsȱandȱmitophagyȱinȱHFȬPBMCȱindividuals,ȱbothȱatȱbaselineȱandȱafterȱ
LPSȱstimulation.ȱTheȱimpairmentȱofȱtheȱinnerȱmitochondrialȱmembraneȱinȱPBMCsȱmightȱreflectȱtheȱ
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impairmentȱofȱtheȱelectronȱtransportȱchainȱmitochondrialȱuncouplingȱ[38]ȱ(Tableȱ1).ȱThus,ȱPBMCs’ȱ
mitochondrialȱ respirationȱ canȱ beȱ consideredȱ asȱ anȱ innovativeȱ modelȱ toȱ investigateȱ theȱ
pathophysiologyȱofȱCVDs.ȱ

3.2.ȱPlatelets’ȱMitochondrialȱRespiratoryȱChainȱActivityȱinȱCardiovascularȱDiseasesȱ

Circulatingȱ plateletsȱ containȱ smallȱ numberȱ ofȱ functionalȱ mitochondriaȱ (averagingȱ fourȱ
mitochondria/platelet),ȱbutȱtheyȱareȱveryȱmetabolicallyȱactiveȱwithȱaȱhighȱrateȱofȱATPȱturnoverȱ[39].ȱ
Plateletsȱhaveȱhigherȱoxygenȱconsumptionȱratesȱcomparedȱtoȱleucocytes,ȱsinceȱhigherȱlevelsȱofȱATPȱ
areȱrequiredȱforȱtheȱnormalȱfunctioningȱofȱionȱchannelsȱthatȱmaintainȱtheȱintracellularȱionicȱbalance,ȱ
essentialȱ forȱ preventingȱ plateletȱ activationȱ inȱ basalȱ conditionsȱ [13].ȱ Inȱ platelets,ȱ mitochondrialȱ
complexȱIIIȱandȱIVȱareȱveryȱlow,ȱunderlyingȱtheȱsevereȱimpactȱofȱmitochondrialȱdamageȱonȱplateletȱ
function.ȱElectronȱ transportȱ chainȱactivityȱ inȱplateletsȱ isȱalteredȱ inȱmanyȱdiseasesȱ [34].ȱHowever,ȱ
thereȱareȱfewȱdataȱinȱCVDs.ȱ

Inȱ restingȱ platelets,ȱ mitochondrialȱ respirationȱ accountsȱ forȱ threeȬquartersȱ ofȱ theȱ energyȱ
production,ȱwithȱglycolysisȱprovidingȱ theȱremainingȱ [40].ȱTheȱmetabolicȱpoolȱofȱATPȱandȱADPȱ isȱ
locatedȱ inȱ theȱ cytoplasmȱwhereasȱ nonȱmetabolicȱ ATPȱ andȱ ADPȱ areȱ segregatedȱ intoȱ denseȱ (Έ)ȱ
granulesȱ(storageȱpool);ȱtheyȱareȱsecretedȱduringȱcellularȱstimulationȱandȱareȱessentialȱforȱtheȱlateȱ
phaseȱofȱaggregationȱ[41].ȱAnotherȱimportantȱplateletȱtraitȱisȱtheȱfactȱthatȱmitochondrialȱcomplexȱIIIȱ
andȱ IVȱproteinsȱ areȱ few,ȱ leadingȱ toȱ increasedȱ sensitivityȱ towardȱmitochondrialȱdysfunctionȱ [13].ȱ
Manyȱ studiesȱhaveȱdemonstratedȱ anȱ interestȱ inȱmonitoringȱplateletȱmitochondrialȱ respirationȱ inȱ
diabetes,ȱ Alzheimer’s,ȱ orȱ Parkinson’sȱ diseaseȱ [11].ȱ Followingȱ plateletȱ activation,ȱ mitochondrialȱ
respirationȱandȱglycolysisȱenhanceȱextraȱmetabolicȱATPȱproduction,ȱthusȱsustainingȱshapeȱchange,ȱ
aggregation,ȱandȱsecretionȱ[11,39,42].ȱSuchȱincreasedȱenergyȱconsumptionȱisȱaȱmainȱdeterminantȱofȱ
plateletȱfunction.ȱ

Inȱ cardiogenicȱ shockȱ (whenȱ theȱ triggerȱ isȱ hypoperfusion),ȱ thereȱ isȱ inhibitionȱ ofȱ plateletȱ
mitochondrialȱ respiratoryȱ chainȱ enzymesȱ similarȱ toȱ thatȱ observedȱ inȱ sepsis.ȱAccordingȱ toȱ someȱ
authors,ȱsalicylicȱacidȱorȱitsȱderivativesȱmayȱinterfereȱwithȱplateletȱmitochondrialȱfunction,ȱmainlyȱ
actingȱasȱuncouplingȱagents.ȱHowever,ȱthisȱissueȱstillȱdeservesȱfurtherȱstudiesȱ[42–44].ȱPetrusȱetȱal.ȱ
shedȱ lightȱ onȱ theȱ associationȱ betweenȱ hyperpolarizationȱ ofȱ theȱmitochondrialȱmembrane,ȱ ROSȱ
formation,ȱandȱplateletȱsecretion,ȱand,ȱ forȱ instance,ȱdiabeticȱpatientsȱhadȱaȱ lowerȱplateletȱoxygenȱ
consumptionȱ rateȱ associatedȱ withȱ increasedȱ ROSȱ generationȱ [11,12].ȱ Furthermore,ȱ circulatingȱ
plateletȱmitochondriaȱareȱnotȱrestrictedȱtoȱtheȱgenerationȱofȱATP,ȱbutȱalsoȱhaveȱanȱimportantȱroleȱinȱ
initiatingȱplateletȱactivationȱthroughȱmanyȱinterlinkedȱmitochondrialȱprocessesȱ[11,34].ȱImpairmentȱ
ofȱ theȱ electronȱ transportȱ chainȱ leadsȱ toȱ increasedȱ generationȱ ofȱ ROS,ȱ whichȱ triggersȱ plateletȱ
activationȱ and,ȱ potentially,ȱ toȱ aȱ reducedȱmitochondrialȱmembraneȱ potentialȱ andȱmitochondrialȱ
permeabilityȱtransitionȱporeȱopeningȱ(Figureȱ2)ȱ[11].ȱ

Onȱ theȱ otherȱ hand,ȱ Nguyenȱ etȱ al.ȱ recentlyȱ observedȱ thatȱ theȱ plateletsȱ ofȱ patientsȱ withȱ
pulmonaryȱ hypertensionȱ secondaryȱ toȱ leftȱ heartȱ diseasesȱ demonstratedȱ anȱ enhancedȱ maximalȱ
respiratoryȱ capacityȱ despiteȱ aȱ normalȱ basalȱ oxygenȱ consumptionȱ rateȱ [45].ȱ Increasedȱ fattyȱ acidȱ
oxidation,ȱ togetherȱwithȱ theȱmetabolicȱ syndrome,ȱ likelyȱ contributedȱ toȱ thisȱ result.ȱ Furtherȱ andȱ
interestingly,ȱplatelets’ȱbioenergeticsȱ correlatedȱwithȱ rightȱventricularȱdysfunctionȱbutȱnotȱ clearlyȱ
withȱhemodynamicȱ inȱ theseȱgroupȱ2ȱpulmonaryȱhypertensionȱ (PH)ȱpatients,ȱsuggestingȱ thatȱnonȬ
hemodynamicȱparametersȱmightȱplayȱaȱsignificantȱroleȱinȱsuchȱaȱsetting.ȱ
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ȱ
Figureȱ2.ȱMitochondrialȱalterationsȱinȱPBMCsȱorȱplateletsȱduringȱcardiovascularȱdiseases.ȱ

4.ȱMitochondrialȱROSȱProductionȱandȱAntioxidantȱDefenseȱofȱPBMCsȱandȱPlateletsȱinȱPatientsȱ
withȱCardiovascularȱDiseasesȱ

4.1.ȱMeasurementsȱofȱROSȱinȱCirculatingȱCellsȱ

ROSȱ includeȱ superoxide,ȱ H2O2,ȱ andȱ peroxynitrite,ȱ thoughtȱ toȱ beȱ theȱ mostȱ commonȱ andȱ
importantȱbiologicalȱoxidants.ȱInȱ theȱcardiovascularȱsystem,ȱdifferentȱsourcesȱofȱROSȱcoexist,ȱandȱ
NADPHȱ oxidase,ȱ xanthineȱ oxidase,ȱ andȱ uncoupledȱ eNOS,ȱ togetherȱ withȱ mitochondrialȱ ROS,ȱ
participateȱ inȱ endothelialȱdysfunctionȱ inȱ relationȱ toȱ inflammation,ȱ leadingȱ toȱ aȱworseȱprognosis.ȱ
ROSȱ productionȱ resultsȱ fromȱ enzymaticȱ reactionsȱ inȱ differentȱ cellȱ components,ȱ includingȱ
mitochondria,ȱ and,ȱ isȱ associatedȱ withȱ normalȱ basalȱ metabolicȱ energyȱ generation.ȱ Inȱ theȱ
mitochondria,ȱROSȱareȱphysiologicallyȱproducedȱmainlyȱacrossȱmitochondrialȱcomplexȱIȱandȱIIIȱofȱ
theȱETCȱ[22,49–53].ȱThus,ȱaȱnormalȱbalanceȱofȱROSȱisȱessentialȱforȱcellularȱfunctions;ȱhowever,ȱonceȱ
theȱlevelȱofȱROSȱsurpassesȱtheȱstandardȱconcentration,ȱcellularȱdamageȱwillȱresult,ȱleadingȱfinallyȱtoȱ
apoptosisȱandȱcellularȱdeathȱ[54,55].ȱTherefore,ȱanȱaccurateȱandȱpotentȱdetectionȱmethodȱofȱROSȱisȱ
crucialȱ forȱ cardiovascularȱ systemȱ studiesȱ [56],ȱ butȱROSȱmeasurementȱwithȱhighȱ accuracyȱ isȱ stillȱ
challengingȱbecauseȱofȱROS’ȱshortȱhalfȬlifeȱ[57].ȱGriendlingȱetȱal.ȱlistedȱallȱmeasurementȱapproachesȱ
ofȱROSȱ inȱdetailȱ [58].ȱInȱaȱbiologicalȱsystem,ȱ theȱgoldȱstandardȱ forȱmeasuringȱROSȱ inȱ theȱ formȱofȱ
freeȱ radicalsȱ isȱ thoughtȱ toȱbeȱEPRȱ (electronȱparamagneticȱ resonance),ȱalsoȱ recognizedȱasȱelectronȱ
spinȱ resonanceȱ [55,57,58].ȱ Otherȱ measuringȱ techniquesȱ ofȱ ROSȱ includeȱ chemicalȱ assaysȱ forȱ
superoxideȱ anionȱ radicalsȱ (O2ƺ),ȱ hydrogenȱ peroxideȱ (H2O2),ȱ orȱ peroxynitriteȱ (ONOOƺ)ȱ withȱ
fluorescenceȱanalysisȱ inȱ theȱpresenceȱofȱredoxȱsensitiveȱprobesȱorȱdirectȱchemiluminescentȱassaysȱ
[58].ȱ

Anotherȱ frequentȱ methodȱ usedȱ inȱ clinicalȱ settingȱ toȱ measureȱ ROSȱ isȱ theȱ measureȱ ofȱ
byproducts,ȱ suchȱ asȱ lipidȱ peroxidationȱ throughȱ malondialdehydeȱ (MDA),ȱ 4ȬHydroxyȬTransȬ2Ȭ
Nonenalȱ (HNE),ȱ andȱ isoprostanesȱ F2ȬIsoPsȱ determinationȱ [57,58].ȱ Additionally,ȱ oxidativeȱ
modificationȱofȱproteinȱ andȱnucleicȱ acidȱ isȱ aȱ classicȱ approachȱ inȱ cardiovascularȱ cellsȱ [57,58].ȱForȱ
example,ȱELISAȱ(enzymeȬlinkedȱ immunosorbentȱassay)ȱhasȱbeenȱrecognizedȱasȱtheȱmostȱcommonȱ
measuringȱtechniqueȱusedȱ[57].ȱOnȱtheȱotherȱhand,ȱflowȱcytometryȱisȱtheȱmostȱpowerfulȱtechniqueȱ
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forȱsingleȱcellȱanalysisȱofȱtheȱimmuneȱsystem,ȱinȱparticularȱforȱleukocytesȱandȱplateletsȱ[55].ȱManyȱ
fluorescentȱprobesȱareȱusedȱforȱROSȱdetectionȱinȱbloodȱcellsȱviaȱflowȱcytometryȱ[55].ȱForȱillustration,ȱ
DCFHȬDA,ȱ DAFȬ2ȱ DA/DAFȬFMȱ DA,ȱ DHR123,ȱ andȱ DHEȱ areȱ allȱ intercellularȱ probesȱ andȱ areȱ
detectedȱ asȱ greenȱ fluorescenceȱ exceptȱ DHE,ȱ whichȱ isȱ detectedȱ asȱ redȱ fluorescenceȱ forȱ bothȱ
leukocytesȱandȱplatelets.ȱHowever,ȱthereȱareȱmultipleȱartifactsȱrelatedȱtoȱtheȱDCFHȬDAȱprobeȱandȱ
itsȱuseȱremainsȱdiscussedȱ[59].ȱThus,ȱalthoughȱprogressȱisȱstillȱtoȱbeȱperformedȱforȱoxidativeȱstressȱ
evaluation,ȱPBMCsȱcanȱbeȱincubatedȱwithȱchemiluminescent,ȱbioluminescent,ȱorȱfluorescentȱredoxȱ
activeȱ probesȱ toȱ detectȱ cytoplasmicȱ orȱ mitochondrialȱ ROS.ȱ Particularly,ȱ mitochondrialȱ ROSȱ
evaluationȱ isȱpossibleȱwithȱspecificȱprobesȱ thatȱcanȱpassȱ throughȱtheȱmitochondrialȱmembraneȱbyȱ
theȱadditionȱofȱaȱ triphenylphosphoniumȱgroupȱ toȱ aȱ fluorescentȱprobe,ȱ likeȱmitosox,ȱwhichȱ isȱanȱ
analogueȱofȱDHE,ȱandȱforȱselectiveȱdetectionȱofȱH2O2ȱwithinȱtheȱmitochondria,ȱMitoPY1ȱcanȱbeȱusedȱ
withȱimagingȱtechniquesȱ[60].ȱ

Further,ȱ theȱ quantitationȱ ofȱ reactiveȱ speciesȱmetabolites,ȱ ROSȱ scavengers,ȱ andȱ antioxidantȱ
enzymesȱcanȱbeȱobtainedȱfromȱchromogenicȱandȱenzymaticȱassaysȱfromȱcultureȱsupernatants.ȱGeneȱ
expressionȱanalysisȱofȱPMBCsȱalsoȱallowsȱassessmentȱofȱantioxidantȱsystemsȱandȱofȱotherȱmoleculesȱ
modulatingȱ intracellularȱ oxidativeȱ stress,ȱ suchȱ asȱ theȱ OXPHOSȱ genes.ȱ Finally,ȱ quantitativeȱ
assessmentȱ ofȱ theȱ mitochondrialȱ structureȱ andȱ functionȱ provideȱ additionalȱ informationȱ whenȱ
oxidativeȱstressȱhasȱmitochondrialȱgenesis.ȱ

4.2.ȱMitochondrialȱROSȱinȱPBMCsȱinȱCVDsȱ

4.2.1.ȱMitochondrialȱROSȱinȱPBMCsȱinȱHeartȱFailureȱ

Oxidativeȱstressȱplaysȱaȱkeyȱroleȱ inȱ theȱdevelopmentȱandȱprogressionȱofȱCVDsȱandȱcouldȱbeȱ
usedȱ asȱ anȱ indirectȱ markerȱ toȱ predictȱ diseaseȱ severityȱ andȱ prognosisȱ [61–63].ȱ Inȱ thisȱ context,ȱ
mitochondrialȱ dysfunctionȱ appearsȱ toȱ haveȱ increasedȱ importanceȱ [17,64].ȱ Indeed,ȱ highȱ levelsȱ ofȱ
ROSȱandȱincreasedȱproductionȱofȱsuperoxideȱanionȱbyȱneutrophilsȱhaveȱbeenȱobservedȱinȱtheȱbloodȱ
ofȱHFȱpatients,ȱandȱwhiteȱbloodȱcellsȱandȱplateletsȱproducingȱROSȱcanȱamplifyȱoxidativeȱstressȱandȱ
organȱdamageȱinȱHFȱ[48,65].ȱAȱrecentȱstudyȱshowedȱthatȱcirculatingȱPBMCsȱpresentȱstructuralȱandȱ
functionalȱ derangementsȱ ofȱ mitochondriaȱ withȱ overproductionȱ ofȱ ROSȱ inȱ HFȱ [38].ȱ Besides,ȱ aȱ
significantȱreductionȱofȱrespirationȱwasȱassociatedȱwithȱaȱhigherȱmitochondrialȱROSȱproductionȱinȱ
PBMCsȱofȱpatientsȱwithȱmoderateȱ toȱsevereȱCHFȱcomparedȱ toȱmildȱCHFȱ [22].ȱFurthermore,ȱ thereȱ
wasȱaȱpositiveȱcorrelationȱbetweenȱmitochondrialȱROSȱformationȱandȱoxidativeȱDNAȱdamageȱandȱ
plasmaȱBNPȱlevels,ȱwhichȱareȱrelatedȱtoȱtheȱseverityȱofȱHF.ȱInȱCVDs,ȱlymphocytesȱandȱmonocytesȱ
playȱ aȱ keyȱ roleȱ inȱ atherogenesis,ȱmodulatingȱ theȱ inflammatoryȱ andȱ immuneȱ response.ȱ Indeed,ȱ
PBMCsȱwouldȱundergoȱchangesȱsimilarȱtoȱfailingȱcardiomyocytesȱinȱHFȱ[36].ȱBasedȱonȱtheseȱdata,ȱ
theȱuseȱofȱcirculatingȱleukocytesȱmayȱbecomeȱaȱrelevantȱbiomarkerȱinȱcardiovascularȱdiseasesȱandȱ
mightȱserveȱtoȱbetterȱunderstandȱitsȱpathogenesisȱ[66].ȱ

Theȱ mechanismsȱ byȱ whichȱ mitochondrialȱ ROSȱ inȱ PBMCsȱ areȱ increasedȱ inȱ CVDsȱ areȱ
multifactorial.ȱ Enhancementȱ ofȱ myocardialȱ ROSȱ mightȱ stimulateȱ ROSȱ generationȱ inȱ PBMCȱ
mitochondriaȱviaȱtheȱmechanismȱofȱROSȬinducedȱROSȱgenerationȱuponȱtheȱpassageȱofȱcirculatingȱ
PBMCsȱthroughȱtheȱheart.ȱIndeed,ȱtheȱproportionȱofȱmitochondrialȱROSȬloadedȱbloodȱcellsȱisȱhigherȱ
inȱtheȱcoronaryȱsinusȱthanȱ inȱtheȱperipheralȱveinsȱofȱCHFȱpatientsȱ[48].ȱAnotherȱhypothesisȱisȱtheȱ
roleȱ ofȱ inflammatoryȱ factorsȱ presentȱ inȱ HF,ȱ suchȱ asȱ circulatingȱ cytokines,ȱ thatȱ triggerȱ ROSȱ
generationȱ[29].ȱFurther,ȱinȱheartȱfailure,ȱtissueȱhypoxiaȱmayȱtriggerȱanȱincreaseȱinȱtheȱproductionȱofȱ
ROS,ȱwhichȱisȱaȱstrongȱstimulusȱofȱproȬinflammatoryȱcytokines,ȱsuchȱasȱIL6ȱandȱTNFȬ΅ȱ[67].ȱLiȱetȱal.ȱ
confirmedȱtheȱinvolvementȱofȱmitochondrialȱdysfunctionȱofȱPBMCsȱinȱtheȱpathophysiologyȱofȱheartȱ
failure;ȱ extremeȱ inflammationȱ andȱ decreasedȱ antioxidantȱ capacityȱwereȱ closelyȱ associatedȱwithȱ
heartȱdiseases,ȱespeciallyȱinȱearlyȱstageȱheartȱfailureȱpatientsȱ[29].ȱ

Otherȱ markersȱ ofȱ oxidativeȱ stressȱ haveȱ beenȱ described,ȱ suchȱ asȱ myeloperoxidaseȱ (MPO),ȱ
oxidizedȱlowȱdensityȱlipoproteinsȱ(oxLDL),ȱandȱF2Isoprostaneȱ[66].ȱElevatedȱlipidȱperoxidationȱhasȱ
beenȱ shownȱ toȱ beȱ associatedȱwithȱ theȱ severityȱ ofȱHF,ȱ suchȱ asȱmalondialdehydeȱ (MDA)ȱ andȱ 4Ȭ
HydroxyȬ2Ȭnonenalȱ(HNE)ȱ[68].ȱInȱaddition,ȱtwoȱstudiesȱshowedȱaȱpositiveȱcorrelationȱbetweenȱtheȱ
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totalȱ plasmaȱ peroxideȱ levelsȱ (reflectingȱ oxidativeȱ stressȱ index)ȱ inȱ leukocytesȱ withȱ serumȱ NTȬ
proBNPȱ [8,36].ȱMondalȱetȱal.ȱdemonstratedȱ thatȱHFȱpatientsȱwithȱ implantedȱ leftȱventricularȱassistȱ
devicesȱexhibitȱexcessiveȱproductionȱofȱROSȱasȱwellȱasȱDNAȱdamageȱinȱcirculatingȱleukocytesȱ[47].ȱ
Similarly,ȱGarciaȱAnastaciaȱ etȱ al.ȱ observedȱ increasedȱ ROSȱ levelȱ andȱ deterioratedȱmitochondrialȱ
respiratoryȱ capacityȱ inȱ circulationȱ PBMCsȱ inȱ pediatricȱ HFȱ patientsȱ whoȱ underwentȱ cardiacȱ
transplantȱ[46].ȱȱ

4.2.2.ȱMitochondrialȱROSȱinȱArterialȱHypertension,ȱCoronaryȱArteryȱDisease,ȱandȱStrokeȱ

Yasunariȱetȱal.ȱmeasuredȱtheȱoxidativeȱstressȱofȱcirculatingȱleukocytesȱinȱbothȱhypertensiveȱandȱ
diabeticȱ patientsȱ andȱ concludedȱ thatȱ theȱ levelȱ ofȱ oxidativeȱ stressȱwasȱ significantlyȱ increasedȱ inȱ
arterialȱ hypertensionȱ [69].ȱ Thisȱ studyȱ usedȱ peripheralȱ leukocytesȱ asȱ aȱ biomarkerȱ toȱ detectȱ
hypertensionȬrelatedȱ vascularȱ damageȱ [51].ȱ Inȱ fact,ȱ theȱ roleȱ ofȱmeasuringȱ ROSȱ inȱ leukocytesȱ inȱ
hypertensiveȱpatientsȱmightȱhelpȱmonitorȱtheȱeffectȱofȱtreatmentsȱ[51].ȱ

InȱPBMCs,ȱ theȱ evaluationȱofȱoxidativeȱ stressȱ andȱmitochondrialȱ functionȱ inȱ coronaryȱ arteryȱ
diseaseȱ hasȱ beenȱ attemptedȱ viaȱ assessmentȱ ofȱ theȱ geneȱ expressionȱ profileȱ ofȱ complexȱ Iȱ subunitȱ
(NDUFc2).ȱRaffaȱetȱal.ȱfoundȱaȱsignificantȱreductionȱofȱcomplexȱIȱsubunitȱwithȱ increasedȱlevelsȱofȱ
ROSȱandȱdecreasedȱATPȱlevelsȱ[35].ȱ

OnlyȱaȱfewȱworksȱinȱtheȱliteratureȱhaveȱdemonstratedȱtheȱroleȱofȱROSȱinȱcirculatingȱcellsȱinȱtheȱ
developmentȱ ofȱ strokeȱ [51].ȱ Aizawaȱ etȱ al.ȱ showedȱ thatȱ inȱ strokeȱ patients,ȱ theȱ ROSȱ levelsȱ ofȱ
peripheralȱmononuclearȱcellsȱ(circulatingȱneutrophils)ȱareȱincreasedȱcomparedȱtoȱcontrolsȱ[70].ȱ

4.3.ȱMitochondrialȱROSȱinȱCirculatingȱPlateletsȱinȱCVDsȱ

Itȱ isȱnowȱclearȱ thatȱmitochondriaȱmodulateȱ theȱproȬthromboticȱ functionȱofȱplateletsȱ throughȱ
energyȱ generation,ȱ redoxȱ signaling,ȱ andȱ apoptosisȱ initiationȱ [71–73].ȱ Thus,ȱ studiesȱ haveȱ relatedȱ
increasedȱplateletȱactivationȱwithȱmitochondrialȱhyperpolarizationȱandȱROSȱproduction.ȱYamagishiȱ
etȱal.ȱdemonstratedȱthatȱhyperglycemiaȱinducesȱhyperpolarizationȱinȱnormalȱplatelets,ȱresultingȱinȱ
theȱ productionȱ ofȱmitochondrialȱ ROSȱ andȱ subsequentȱ activationȱ [74].ȱ Furthermore,ȱAvilaȱ etȱ al.ȱ
observedȱ inȱ diabeticȱ patientsȱ thatȱ plateletsȱ hadȱ decreasedȱ ratesȱ ofȱ oxygenȱ consumptionȱ andȱ
hallmarkȱsignsȱofȱ increasedȱROSȱproductionȱ [75].ȱPreservingȱplateletȱmitochondrialȱ functionȱmayȱ
thereforeȱallowȱaȱdecreaseȱofȱtheȱriskȱofȱthromboticȱeventsȱinȱdiabeticȱpatientsȱ[76].ȱ

5.ȱCirculatingȱMitochondrialȱDNAȱ(mtDNA)ȱOriginatingȱfromȱPBMCsȱandȱPlateletsȱinȱPatientsȱ
withȱCardiovascularȱDiseasesȱ(Tableȱ2)ȱ

5.1.ȱCirculatingȱMitochondrialȱDNAȱ(mtDNA)ȱOriginatingȱfromȱPBMCsȱinȱPatientsȱwithȱCardiovascularȱ
Diseasesȱ

AdequateȱnumbersȱofȱmtDNAȱ (freeȬcellȱmtDNA)ȱorȱ (circulatingȱmtDNA)ȱ areȱ importantȱ forȱ
mitochondrialȱasȱwellȱasȱcellularȱfunction.ȱmtDNAȱareȱreleasedȱbyȱcellsȱundergoingȱstressȱorȱhavingȱ
pathologicalȱ eventsȱ [77].ȱ MtDNAȱ encodesȱ 2ȱ ribosomalȱ RNAs,ȱ 22ȱ transferȱ RNAs,ȱ andȱ 13ȱ
polypeptidesȱ ofȱ theȱ respiratoryȱ chainȱ [78].ȱMitochondriaȱ containȱ severalȱ copiesȱ ofȱmtDNA.ȱ Theȱ
numberȱ ofȱmtDNAȱ copiesȱ inȱ cellsȱ correlatesȱwithȱ theȱ sizeȱ andȱ numberȱ ofȱmitochondria,ȱwhichȱ
changeȱ underȱ differentȱ energyȱ demandsȱ andȱ oxidativeȱ stressȱ andȱ underȱ differentȱ pathologicalȱ
conditions.ȱTheȱmtDNAȱcopyȱnumberȱorȱcontentȱ reflectsȱ theȱmitochondrialȱ functionȱ throughȱ theȱ
mitochondrialȱ enzymeȱ activityȱ andȱ ATPȱ productionȱ [79].ȱ Quantificationȱ ofȱ theȱ mtDNAȱ copyȱ
numberȱ ofȱ PBMCsȱ usingȱ realȬtimeȱ polymeraseȱ chainȱ reactionȱ (PCR)ȱ wasȱ foundȱ toȱ produceȱ
consistentȱandȱreproducibleȱresultsȱ[80].ȱ

Unlikeȱ nuclearȱDNA,ȱmtDNAȱ isȱ vulnerableȱ toȱROSȱdamageȱ becauseȱ ofȱ theȱ lackȱ ofȱ histoneȱ
protectionȱ andȱ effectiveȱ DNAȱ repairȱmechanisms.ȱWhenȱmtDNAȱ damageȱ occurs,ȱ itȱ resultsȱ inȱ
mitochondrialȱdysfunction,ȱ inflammation,ȱandȱcellȱsenescenceȱparticipatingȱ inȱ theȱpathogenesisȱofȱ
CVDsȱandȱatherosclerosis.ȱTheȱmtDNAȱ copyȱnumberȱmightȱ reflectȱ theȱ levelȱofȱmtDNAȱdamage,ȱ
potentiallyȱ beingȱ aȱ biomarkerȱ ofȱ mitochondrialȱ functionȱ andȱ aȱ predictorȱ ofȱ CVDs’ȱ riskȱ andȱ
prognosisȱ[77,79,81].ȱ
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Studiesȱ haveȱ testedȱmtDNAȱ forȱ theȱ evaluationȱ ofȱCVDsȱ [81,82].ȱHighȱ levelsȱ ofȱ circulatingȱ
mtDNAȱ behaveȱ asȱ aȱ dangerȬassociatedȱ molecularȱ patternȱ moleculeȱ (DAMP),ȱ enhancingȱ
inflammationȱandȱorganȱdamageȱ[83].ȱInȱaddition,ȱtheȱeffectiveȱreleaseȱofȱmtDNAȱrequiresȱantigenȬ
presentingȱ cells,ȱ suchȱasȱmononuclearȱandȱ lymphocytesȱ cells,ȱ toȱbeȱ involvedȱ [84].ȱBliksøenȱ etȱal.ȱ
observedȱ aȱ correlationȱ betweenȱ increasedȱ mtDNAȱ contentȱ andȱ theȱ incidenceȱ ofȱ myocardialȱ
infarction,ȱsuggestingȱmtDNAȱasȱaȱdiagnosticȱbiomarkerȱforȱacuteȱmyocardialȱinfarctionȱ(AMI)ȱ[83].ȱ
Likewise,ȱ previousȱ evidenceȱ emphasizedȱ thatȱ mtDNAȱ damageȱ mightȱ promoteȱ atherosclerosisȱ
throughȱ mitochondrialȱ impairmentȱ [85].ȱ Asȱ anȱ illustration,ȱ Fettermanȱ etȱ al.ȱ studiedȱ mtDNAȱ
damageȱinȱPBMCsȱinȱpatientsȱpresentingȱwithȱdiabetesȱmellitus,ȱclinicalȱatherosclerosis,ȱandȱCVDsȱ
throughȱ theȱ isolationȱ ofȱ lymphocytesȱ andȱ monocytes.ȱ Theyȱ foundȱ thatȱ mitochondrialȱ DNAȱ
impairmentȱwasȱ directlyȱ relatedȱ toȱ oxidativeȱ phosphorylationȱ impairment,ȱwhichȱ endsȱ upȱwithȱ
oxidativeȱstressȱandȱorganȱdysfunctionȱ[86].ȱHowever,ȱinȱthisȱstudy,ȱtheȱauthorȱfoundȱnoȱchangesȱinȱ
theȱmtDNAȱcopyȱnumberȱbetweenȱ theȱ threeȱgroups.ȱSudakovȱetȱal.,ȱ indicatedȱanȱ increaseȱ inȱ theȱ
circulatingȱmtDNAȱcontentȱinȱtheȱbloodȱofȱpatientsȱwithȱacuteȱcoronaryȱsyndrome,ȱwhichȱcouldȱbeȱ
aȱbiomarkerȱforȱtheȱprobabilityȱofȱdeathȱfromȱmyocardialȱinfarctionȱ[87].ȱ

StudiesȱsupportȱtheȱnotionȱthatȱaȱlowerȱlevelȱofȱmtDNAȱcontentȱindicatesȱaȱhighȱriskȱforȱCVDȱ
andȱsuddenȱcardiacȱdeathȱ[81]ȱbutȱothersȱsuggestedȱthatȱincreasedȱcirculatingȱmtDNAȱcontentȱwasȱ
linkedȱwithȱ reducedȱLVȱdiametersȱandȱvolumesȱandȱ thusȱenhancedȱcardiacȱ functionȱ [77].ȱByȱ theȱ
way,ȱ atȱ least,ȱperipheralȱbloodȱmtDNAȱmightȱbeȱ aȱpredictorȱofȱheartȱ characteristics.ȱChenȱ etȱ al.ȱ
performedȱ aȱ studyȱ toȱ revealȱ theȱ associationȱ betweenȱ theȱ peripheralȱ mtDNAȱ copyȱ numberȱ inȱ
leukocytesȱ andȱ riskȱ ofȱ CHD.ȱ Aȱ correlationȱ betweenȱ theȱ circulatingȱ mtDNAȱ contentȱ andȱ theȱ
formationȱofȱatheroscleroticȱplaqueȱsuggestedȱaȱconnectionȱamongȱlowȱmtDNAȱandȱaȱhighȱriskȱofȱ
coronaryȱheartȱdiseaseȱ [88].ȱHuangȱetȱal.ȱconductedȱstudiesȱ inȱheartȱ failureȱandȱacuteȱmyocardialȱ
infarctionȱpatientsȱwithȱconsistentȱresults.ȱBothȱpatientsȱ typeȱshowedȱ lowerȱmtDNAȱcontentȱ thanȱ
theȱ controlȱgroupȱ [89,90].ȱDiscrepanciesȱ inȱ theseȱ resultsȱmightȱbeȱ relatedȱ toȱ theȱdiseaseȱ severity,ȱ
aging,ȱorȱotherȱriskȱfactorsȱfactorȱthatȱmayȱmodifyȱdirectlyȱorȱindirectlyȱtheȱoutcome.ȱAlso,ȱtheȱsiteȱ
ofȱmtDNAȱextractionȱmightȱbeȱ important.ȱ Indeed,ȱ inȱoneȱ study,ȱ theȱmtDNAȱwasȱextractedȱ fromȱ
plateletȬpoorȱplasmaȱwhileȱotherȱstudiesȱhaveȱinvestigatedȱmitochondriaȱfromȱleukocytes.ȱ

Takenȱ together,ȱalthoughȱ stillȱneedingȱ furtherȱanalysis,ȱdecreasedȱ circulatingȱmtDNAȱmightȱ
potentiallyȱ beȱ assumedȱ toȱ beȱ aȱ riskȱ factorȱ forȱ heartȱ failureȱ andȱ usedȱ asȱ aȱ biomarkerȱ forȱ
cardiovascularȱdiseaseȱprognosis.ȱ

Similarly,ȱ inȱ ischemicȱstrokeȱpatients,ȱLienȱetȱal.ȱquantifiedȱtheȱmtDNAȱcontentȱ inȱperipheralȱ
leukocytesȱandȱfoundȱaȱsignificantȱreductionȱcomparedȱtoȱtheȱcontrolȱindividualsȱ[91].ȱFurthermore,ȱ
Zhangȱ etȱ al.,ȱ inȱpatientsȱ atȱ riskȱ forȱ atherosclerosis,ȱ observedȱ anȱ inverseȱ correlationȱ betweenȱ theȱ
mitochondrialȱcopyȱnumberȱandȱtheȱriskȱofȱsuddenȱcardiacȱdeathȱ[92].ȱ

ȱ
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5.2.ȱCirculatingȱMitochondrialȱDNAȱ(mtDNA)ȱOriginatingȱfromȱPlateletsȱinȱPatientsȱwithȱCardiovascularȱ
Diseasesȱ

Severalȱphysiologicalȱstimuliȱthatȱcauseȱplateletȱactivationȱatȱlowȱconcentrationsȱcouldȱinduceȱ
plateletȱapoptosisȱatȱhigherȱconcentrations.ȱThisȱ typeȱofȱdualȱsignalingȱ isȱpotentiallyȱ importantȱ inȱ
theȱ regulationȱ ofȱ coagulation.ȱ Increasedȱ plateletȱ apoptosisȱ hasȱ beenȱ reportedȱ inȱ aȱ numberȱ ofȱ
pathologies,ȱincludingȱtypeȱ2ȱdiabetesȱ[93].ȱActivatedȱplateletsȱcanȱreleaseȱfunctionalȱmitochondriaȱ
andȱmtDNA.ȱBeyondȱtheȱmeasurementȱofȱmitochondrialȱfunctionȱinȱpatientsȱwithȱdisease,ȱandȱdueȱ
toȱitsȱlackȱofȱaȱnucleus,ȱplateletsȱprovideȱaȱuniqueȱsourceȱofȱmtDNAȱ[71].ȱAnȱincreasingȱnumberȱofȱ
studiesȱ supportȱ theȱ ideaȱ thatȱ evaluationȱofȱ theȱbioenergeticȱ functionȱ inȱ circulatingȱplateletsȱmayȱ
representȱaȱperipheralȱsignatureȱofȱmitochondrialȱdysfunctionȱinȱmetabolicallyȱactiveȱtissuesȱ(brain,ȱ
heart,ȱliver,ȱskeletalȱmuscle).ȱIndeed,ȱowingȱtoȱtheirȱeasyȱaccessibility,ȱthereȱisȱinterestȱinȱtheȱuseȱofȱ
plateletsȱ toȱ studyȱ mitochondrialȱ (dys)ȱ functionȱ inȱ humanȱ diseaseȱ overȱ time.ȱ Accordingly,ȱ
impairmentȱ ofȱ mitochondrialȱ respirationȱ inȱ peripheralȱ plateletsȱ mightȱ haveȱ potentialȱ clinicalȱ
applicabilityȱ asȱ aȱ diagnosticȱ andȱ prognosticȱ toolȱ asȱwellȱ asȱ aȱ potentialȱ biomarkerȱ inȱ treatmentȱ
monitoring.ȱ Inȱ sepsis,ȱ anȱ alterationȱ inȱ theȱ bioenergeticsȱ ofȱ plateletȱ mitochondriaȱ wasȱ directlyȱ
correlatedȱwithȱtheȱclinicalȱoutcomeȱ[94].ȱ

InȱCVDs,ȱthereȱareȱfewȱstudiesȱonȱcirculatingȱplatelets’ȱmitochondrialȱdysfunction.ȱBaccarelliȱetȱ
al.ȱ suggestedȱ thatȱplateletȱmDNAȱmethylationȱmayȱ beȱ implicatedȱ inȱ theȱ etiologyȱ ofȱCVDsȱ [95].ȱ
Regardingȱtheȱfactȱthatȱcardiovascularȱdiseasesȱareȱstronglyȱinfluencedȱbyȱplateletȱfunctionȱthoughȱ
acuteȱ thromboticȱandȱatherogenicȱmechanisms,ȱweȱcanȱexpectȱ thatȱevaluationȱofȱ theȱbioenergeticȱ
functionȱ inȱ circulatingȱ plateletsȱ mayȱ representȱ aȱ potentialȱ biomarkerȱ ofȱ CVDȱ susceptibility,ȱ
prognosis,ȱorȱtreatment.ȱ

AnȱexperimentalȱevaluationȱofȱatherosclerosisȱbyȱYuȱandȱcoȬworkersȱdisplayedȱ thatȱmtDNAȱ
damageȱwasȱ recognizedȱ inȱcirculatingȱmonocytes,ȱasȱwellȱasȱdecreasedȱ complexȱ Iȱandȱ IV,ȱwhichȱ
wereȱassociatedȱwithȱmitochondrialȱdysfunctionȱ[96].ȱHowever,ȱthisȱstudyȱshowedȱanȱindependentȱ
relationȱbetweenȱatherosclerosisȱandȱreactiveȱoxygenȱspecies,ȱasȱitȱshowedȱthatȱthoseȱatȱhighȱriskȱofȱ
atherosclerosisȱhaveȱextensiveȱmtDNAȱdamageȱwithȱnoȱincreaseȱinȱROSȱlevelsȱ[96].ȱ

6.ȱConclusionsȱ

Inȱsummary,ȱthisȱreviewȱoutlinesȱtheȱimportanceȱofȱmitochondrialȱfunctionȱinȱcirculatingȱbloodȱ
cellsȱandȱparticularly,ȱitsȱrelationshipȱwithȱCVDs.ȱImpairedȱmitochondrialȱrespiratoryȱchainȱactivityȱ
andȱATPȱ generation,ȱ changesȱ inȱmitochondrialȱDNAȱ content,ȱ andȱ increasedȱ ROSȱ formationȱ inȱ
PBMCsȱandȱ likelyȱ inȱplateletsȱareȱoftenȱassociatedȱwithȱ severalȱ typesȱofȱ cardiovascularȱdiseases.ȱ
Currently,ȱ anȱ evaluationȱ ofȱ theȱmitochondrialȱ functionȱ ofȱ circulatingȱ cellsȱ inȱ humanȱ bloodȱ forȱ
cardiovascularȱdiseaseȱmightȱbeȱconsideredȱasȱaȱnewȱnoninvasiveȱapproachȱ thatȱdeservesȱ furtherȱ
studiesȱtoȱimproveȱitsȱdiagnosisȱandȱprognosisȱinterest.ȱAlso,ȱmitochondrialȱfunctionȱandȱROSȱandȱ
mtDNAȱ involvementȱ inȱCVDȱphysiopathologyȱ supportȱ thatȱ aȱbetterȱknowledgeȱofȱ theseȱ aspectsȱ
mightȱopenȱnewȱtherapeuticȱperspectives.ȱ
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2. Result II: Review of PBMCs and Lung Disease: 
 

 
Since lung alteration is often associated with heart failure and subsequently with heart 

transplantation, we also studied published data in the context of lung diseases. While 

mitochondrial respiration of PBMCs appears to be decreased in chronic obstructive 

bronchopneumonitis, it is increased in asthma, particularly exacerbated asthma, and in 

pulmonary arterial hypertension, which can also be observed in connection with heart 

transplantation. An increase in circulating oxidative stress is observed during these pathologies. 

These findings in the literature prompted us to concentrate on mitochondrial respiration and 

oxidative stress in heart transplant patients. 
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Le Résumé: 
 
 

Les maladies pulmonaires telles que la bronchopneumopathie chronique obstructive, 

l'asthme, l'hypertension artérielle pulmonaire ou la fibrose pulmonaire idiopathique sont des 

causes majeures de morbidité et de mortalité. Complexe, leur physiopathologie est 

multifactorielle et comprend un dysfonctionnement des mitochondries pulmonaires et une 

libération accrue d'espèces réactives de l'oxygène (ERO), ce qui mérite une attention accrue. 

En outre, et c'est important, les cellules sanguines circulantes (cellules mononucléaires du 

sang périphérique - (PBMC) et plaquettes) participent probablement à ces maladies 

systémiques. Cette revue présente les données publiées à ce jour et montre que la capacité 

d'oxydation mitochondriale des cellules sanguines circulantes est probablement réduite dans 

la bronchopneumopathie chronique obstructive (BPCO), mais augmentée dans l'asthme et 

l'hypertension artérielle pulmonaire dans un contexte de stress oxydatif accru. Outre ces 

modifications bioénergétiques des PBMC ou des plaquettes, des modifications de l'ADN 

mitochondrial (ADNmt) ont également été observées chez les patients. Ces nouvelles 

connaissances ouvrent des perspectives intéressantes pour déterminer leur rôle en tant que 

biomarqueurs ou guide potentiel pour une nouvelle approche thérapeutique dans les maladies 

pulmonaires. 
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Abstract: Lung diseases such as chronic obstructive pulmonary disease, asthma, pulmonary arterial
hypertension, or idiopathic pulmonary fibrosis are major causes of morbidity and mortality. Complex,
their physiopathology is multifactorial and includes lung mitochondrial dysfunction and enhanced
reactive oxygen species (ROS) release, which deserves increased attention. Further, and importantly,
circulating blood cells (peripheral blood mononuclear cells-(PBMCs) and platelets) likely participate
in these systemic diseases. This review presents the data published so far and shows that circulating
blood cells mitochondrial oxidative capacity are likely to be reduced in chronic obstructive pulmonary
disease (COPD), but enhanced in asthma and pulmonary arterial hypertension in a context of increased
oxidative stress. Besides such PBMCs or platelets bioenergetics modifications, mitochondrial DNA
(mtDNA) changes have also been observed in patients. These new insights open exciting challenges to
determine their role as biomarkers or potential guide to a new therapeutic approach in lung diseases.

Keywords: lung diseases; mitochondria; blood; PBMCs; platelets; oxidative stress; COPD; asthma;
pulmonary arterial hypertension; pulmonary fibrosis

1. Introduction

Lung diseases, especially chronic obstructive pulmonary disease (COPD), asthma, pulmonary
arterial hypertension (PAH), and/or idiopathic pulmonary fibrosis (IPF) are main causes of mortality,
resulting in significant health and economic burdens worldwide. Indeed, the prevalence of COPD is
increasing with 64 million persons concerned in the world, and according to the latest WHO estimates,
it will rise as the third leading cause of death by 2030 [1]. Asthma is the most common chronic
disease among children, a↵ecting around 235 million persons [2]. PAH or IPF are less common but are
characterized by poor prognosis [3,4]. Based on this evidence, it appears important to gain new insight
into lung diseases pathophysiology and to analyze potential biomarkers to better reveal lung function,
diagnose, and predict the prognosis of these diseases. As observed during cardiovascular diseases,
mitochondrial dysfunctions deserve to be further studied, both at the local and at the circulating
levels [5]. Indeed, mitochondrial abnormalities are involved in lung diseases but direct evidence of
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mitochondrial dysfunction in human studies is limited, because of the di�culty to biopsy tissues in
these frail patients.

Peripheral blood mononuclear cells (PBMCs) or platelets are accessible through a small amount of
blood withdrawal and allow mitochondrial function analysis. PBMCs are composed by lymphocytes,
monocytes, and dendritic cells, which mainly participate in immunity and inflammation. Platelets
are known to modulate hemostasis and are also involved in pulmonary alterations. Isolation of
circulating leukocytes is an easy way to represent cardiovascular stress [6–8]. Recent studies in
sepsis have suggested that bioenergetics profiling of circulating PBMCs might reflect mitochondrial
function in other tissues and are linked with disease grade, immune alterations, and prognosis [9–12].
At rest, PBMCs rely mainly on mitochondrial respiration to match the metabolic demand and show
a significant spare respiratory capacity [13]. Compared to biopsy, blood withdrawal is easy, but isolating
purified platelets is a time-consuming task and analyzing mitochondria from these platelets needs
to be done in a timely and skillful manner [14]. Circulating platelets are rich in mitochondria and
could be used to assess bioenergetics and systemic metabolism in pathologies such as diabetes, sepsis,
and cardiovascular or sickle cell diseases [15–17]. Reactive oxygen species (ROS) is an important factor
in platelet functioning [18], as observed in COPD and adult respiratory distress syndrome [19,20].

The mean bioenergetics profiles in human circulating platelets, monocytes, lymphocytes,
and neutrophils were reported in real-time measurements of the mitochondrial oxygen consumption
rate (OCR) using the extracellular flux analyzer (Seahorse Bioscience) [21]. In a healthy subject,
monocytes are one of the most energetic cell types with high levels of both glycolysis and oxidative
phosphorylation. Lymphocytes and platelets are more oxidative and less glycolytic at the basal state;
neutrophils show little mitochondrial oxidative capacities [21]. The reserve capacity, di↵erence between
basal and maximal mitochondrial respiration, is potentially used by cells in the setting situations
needing higher mitochondrial involvement and is about 20% in platelets, whereas it is highest in
monocytes or lymphocytes.

Interestingly, despite red blood cells being present with no mitochondria in human, a recent
report showed a presence of structurally cell-free competent mitochondria in blood circulation [22].
Circulating peripheral blood cells and plasma characteristics and bioenergetics are presented in
Figure 1.
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Figure 1. Characteristics of circulating blood cells and plasma: number, lifetime, and mitochondrial
oxidative capacity. OCR: mitochondrial oxygen consumption rate.

The study of mitochondrial function in PBMCs and circulating platelets seems to be useful and
complementary [13,21]. At present, the link between PBMCs or platelets mitochondrial function and
lung diseases is poorly known and the objective of this review is to present the data published so far
and to discuss the potential interest of studying circulating blood cells mitochondrial function and
ROS production during COPD, asthma, PAH, and IPF.



 102 
 

J. Clin. Med. 2020, 9, 1253 3 of 20

2. Physiological Mitochondrial Function

Derived from ancient aerobic bacteria, mitochondria are double membrane structures with its own
maternally DNA and transcription machinery. Mitochondria are involved in the heme biosynthesis,
intracellular calcium regulation, ATP-production, and fatty acid synthesis. Mitochondria are the main
source of energy in the cells and oxygen consumption by the mitochondrial respiratory chain (electron
transport system—ETS) drives adenosine triphosphate (ATP) synthesis. Defects of mitochondria result
in an energy deficiency that can impair cells, and lately the entire organism function. The mitochondrial
respiratory system is located in the inner mitochondrial membrane and is formed by five complexes (I-IV
and complex V–ATP synthase). Each complex can be analyzed with a spectrophotometer and, besides
oxygen consumption, ATP synthesis and mitochondrial membrane potential can be determined [23,24].
Importantly, mitochondrial also generate ROS (i.e., anion superoxide arising from complexes I and III
and dismutated to hydrogen peroxide by superoxide dismutase in hydrogen peroxide, which is able
to leave the mitochondria), considered as signaling molecules at normal levels but able to generate
proteins, lipids, and nucleic acids damages at higher levels [25].

Mitochondria contain DNA (mtDNA) and their own transcriptional mechanisms. MtDNA is
very sensitive to oxidative stress and genotoxic agents because of its proximity to the mitochondrial
respiratory chain, the major site of ROS production. If mtDNA is damaged, an increasing number of
mtDNA copies appears as compensation and is believed as an indicator of mitochondrial function and
oxidative stress [26]. After injury, mtDNA fragments accumulate in autolysosomes and are partially
degraded by DNAse II.

3. Mitochondrial Dysfunction in Lung Diseases

Many of the lung diseases are thought to be related to aging, and accumulation of dysfunctional
mitochondria is considered a marker for the pathological conditions but is also the key factor that
drives disease progression. Thus, mitochondrial dysfunction may contribute to the pathogenesis
of many human diseases including lung diseases such as COPD, asthma, PAH, and IPF [27,28],
often associated with increased ROS and impaired bioenergetics and/or mitochondrial biogenesis,
mitophagy, and dynamic, which are critical to maintain cell homeostasis and may result in cellular
apoptosis and senescence [29]. Lungs are exposed to the high-oxygen environment and present huge
contact areas with the blood to allow hematosis, making them sensitive to oxidative stress and damages.
For example, tobacco smoking, a major risk factor for lung diseases, is linked to oxidative stress and
induces mitochondrial dysfunction [30]. Mitochondrial ROS can favor pro-inflammatory cytokines
secretion and modulate calcium regulation of epithelium and airway muscle cells or extracellular
matrix production [31]. Lung parenchymal and immune cells communicate in response to infections,
cigarette smoke, and air pollution etc., in order to repair tissues or defend against pathogen, but data
on circulating blood cells are sparse.

In addition, some studies have suggested that mtDNA fragments could be implicated in lung
diseases pathophysiology, acting as a damage-associated molecular pattern (DAMP) to initiate
immunological response [32].

3.1. Chronic Obstructive Pulmonary Disease (COPD)

3.1.1. Mitochondrial Dysfunction and Oxidative Stress in COPD

COPD is a major cause of respiratory failure with a prevalence of 10% in adults over 40 years [1].
The estimates show that it will be the third cause of mortality in 2030. The pathogenesis of
COPD is not completely understood. Chronic inflammation is a central feature, leading to airway
remodeling, irreversible bronchial obstruction, and destruction of lung parenchyma (emphysema).
Acute exacerbations, whatever their origin, increase oxidative stress and induce systemic inflammation
both in lung resident and circulating cells of individual patients [33]. Oxidant–antioxidant imbalance
is one of the involved mechanisms, but how mitochondrial mediated-inflammation contributes to the
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disease progression remains to be determined. Airway epithelium is very sensitive to oxidative stress
because of a low expression of anti-oxidative enzymes which are sparsely inducible, mainly after tobacco
exposure [34]. In COPD, oxidative stress is enhanced particularly after exacerbation. At the systemic
level, plasmatic ROS are enhanced in smokers, whether or not with COPD, and oxidative capacity is
lower in plasma of smokers. Wiegman et al. showed an association between mitochondrial dysfunction
and excessive mtROS levels in airway smooth muscle cells from COPD patients, which contributes to
enhanced inflammation and cell proliferation [31].

In COPD, mtROS are released from activated inflammatory cells or structural cells such as
epithelial, endothelial, or smooth muscle cells [35]. In this way, oxidative stress is an adaptive response.
It is a mechanism leading to initiate immune response to neutralize infectious agents and to maintain the
cellular homeostasis [36]. In excess, ROS damages DNA, lipids, and proteins, resulting in lung cellular
death, activation of metalloproteases, inactivation of antiproteases, and degradation of extracellular
matrix which result in loss of alveolar units [37]. ROS participate also in cell proliferation and collagen
synthesis in smooth muscle.

Moreover, ROS activate redox sensitive transcription factors such as nuclear factor-kappa B
(NFB), resulting in release of pro-inflammatory mediators such as IL 1-like cytokines [36,38]. Levels
of IL-1� are increased in lungs of patients with COPD after smoking, suggesting the involvement of
inflammasome [38–40].

3.1.2. Mitochondrial Function, Oxidative Stress, and mtDNA in PBMCs or Platelets in COPD

PBMCs have been shown to release more ROS, which may contribute to COPD patient’s
prognosis [41]. A recent study observed a high level of mitochondrial dysfunction and derived
ROS in PBMCs obtained from unstable COPD patients after combustion-generated ultrafine particles
exposure [42]. Indeed, exposure to nano-organic carbon particles and soot ultrafine particles (found in
environmental pollution) induced the release of pro-inflammatory IL-18 and IL-33 from exacerbated
COPD-derived PBMCs, with oxidative stress. Further, a recent work observed that PBMCs in COPD
have reduced ability to use glucose, pyruvate, or fatty acids at baseline, which is not observed in
PBMCs from healthy smokers which have only impaired glycolysis [43]. Similar results have been
observed in sepsis [44].

Because COPD is frequently associated with cardiovascular diseases, activation of blood platelets
through inflammation seems to have an important role in the pathophysiology of COPD [19].
After respiratory exacerbation, thrombocytosis is associated with significantly short and long term
mortality, supporting an important role of platelets [45]. Antiplatelet therapy may have a protective
role in patients after exacerbation of COPD. A study has shown that, during COPD, hypercoagulation
(measured through platelet distribution width) is associated with reduced survival [46]. In a guinea
pig model, Bialas et al. showed increased proton and electron leaks and decreased mitochondrial
respiratory chain capacity in platelets from chronic smoke-exposed animals [47]. Proton and electron
leaks in platelets appeared related to ROS production and interactions between oxidative stress and
platelets could represent potential therapeutic targets. Indeed, administration of N-acetylcysteine
improved the quality of life of stable COPD patients [48].

MtDNA levels can be modulated by oxidative stress in COPD, as observed in the exhaled breath
or urine [49,50]. In leukocytes, mtDNA easily undergo mutations, insertions, or deletions in response
to oxidative stress during COPD. Liu et al. showed a decreased peripheral leukocyte mtDNA copy
number in COPD patients, suggesting a less mtDNA protection or biosynthesis in these patients [51].
Mitochondrial dysfunction could result in abnormal function of leukocytes in COPD. In this study,
the mtDNA copy number was similar in healthy smokers and non-smokers subjects. On the contrary,
a study showed an increase of mtDNA/nuclear DNA ratio in the blood from patients with ACOS
(asthma-COPD overlap syndrome). Interestingly, there was a correlation between mtDNA and the
number of smoked cigarettes [52]. The increase of mtDNA content could compensate the mitochondrial
respiratory function decline due to oxidative damage or mutation in this pathology.



 104 

 

 
  

J. Clin. Med. 2020, 9, 1253 5 of 20

In addition, Kim et al. demonstrated that peripheral leukocyte mtDNA copy numbers positively
correlated with leukocytes telomeres length in elderly women, suggesting that telomere may relate to
mitochondrial function [53]. Indeed, COPD patients have short leukocyte telomeres, associated with
an increased risk of total and cancer mortality [54,55].

In summary, mitochondrial dysfunctions in PBMCs of COPD patients result likely in abnormal
functionality, and mitochondrial pathophysiology represents an emerging research with potential
promising therapeutic avenues (Table 1, Figure 2, modified from [56]).
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Figure 2. Peripheral blood mononuclear cells and platelets mitochondrial implication in lung diseases.
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3.2. Asthma

3.2.1. Mitochondrial Function and Oxidative Stress in Asthma

Asthma is a frequent disease that a↵ects around 235 million persons [2], showing airflow
obstruction, bronchial hyper-reactivity, and inflammation [57]. It is multifactorial, favored by
individual/genetic and general/environmental parameters. The progression of bronchial epithelium
damage is related to increased inflammation, favored by cytokines release. Mitochondrial dysfunction
and enhanced oxidative stress participate in the pathophysiology of asthma through increased mucus
secretion and impaired bronchial smooth muscles, as observed both in experimental and clinical
studies [58–64]. Accordingly, a decreased antioxidative capacity inferred from reduced superoxide
dismutase, gluthation peroxidase, or catalase activity was related to the gravity of asthma [34,61–63].
Interestingly, the role of ROS is not unequivocal depending on the cells involved. Thus, if it is generally
accepted that ROS arising from epithelial and smooth muscle cells participate in lung injury and
aggravate inflammation [64], ROS might be protective when present in the blood.

3.2.2. Enhanced Mitochondrial Function and ROS Production in PBMCs or Platelets in Asthma

Currently, during asthma, there are some data on the mitochondrial implication of peripheral
blood circulating cells. In school-aged children with atopic asthma, antigen-specific IgE receptor
expression was revealed on PBMCs [65]. In addition, future exacerbations were associated with the
number of basophils during childhood acute wheeze/asthma [66]. Recently, Ederle et al. showed,
in severe exacerbated asthmatic patients, an enhanced PBMCs mitochondrial respiration and increased
ROS production compared to healthy volunteers [67]. Interestingly, the plasma of asthmatic patients
stimulated similarly the PBMC’s of control subjects, suggesting a mechanism of protection as proposed
during septic shock [68]. On the contrary, PBMCs impaired mitochondrial function was observed early
(6 hours) in patients with local allergic rhinitis after an acute nasal allergen challenge [69]. Likewise,
PBMCs oxidative capacity was often reduced in cardiovascular diseases [7]. In the study of Ederle et
al., obesity might have played a role. Indeed, PBMCs mitochondrial respiration tend to be enhanced
in asthmatic patients presenting with a BMI �30 kg/m2 [67] and di↵erential bioenergetics in airway
epithelial cells and platelets between lean and obese asthmatics was observed [70,71]. Of note, steroids
mediate eosinophils apoptosis via a mitochondrial pathway, and such a link needs to be further studied
since systemic steroid treatment longer than 24 hours did not influence the ROS production [72].

Increasing evidence suggests an important participation of platelets and their secretions
(thromboxane, serotonin . . . ) in the pathophysiology of allergic diseases and a potential role as
key modulators of immunity. In patients with asthma, alterations in platelets secretion, expression of
surface molecules such as IgE receptors, aggregation, and adhesion were observed [73,74]. Platelets
activation in bronchoalveolar lavage was associated with airway hyperreactivity [75–77]. Platelets
contribute also to the secretion of cytokines and can activate eosinophils [78,79]. Xu et al. showed
increased Krebs cycle enzyme activity and less dependence on glycolysis in platelets of asthmatic
patients [80]. Taken together, these data suggest a capacity for greater oxygen consumption and more
e�cient energy production in platelets of asthmatic patients (Table 2).
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3.3. Pulmonary Hypertension

3.3.1. Mitochondrial Dysfunction, ROS, and mtDNA in Pulmonary Hypertension

Pulmonary hypertension (PH) is classified in five groups, depending on hemodynamic
characteristics [83,84]. Post-capillary PH (group 2) is secondary to left heart diseases [83]. In left
heart diseases, PBMCs undergo changes similar to failing cardiomyocytes and the degree of PBMCs
mitochondrial dysfunction and increased ROS can be related to the disease severity [6–8,85–87].
Classically, group 1 of PH, which includes idiopathic pulmonary arterial hypertension (PAH),
is characterized by pulmonary artery remodeling with intimal fibrosis, medial smooth cells hypertrophy,
and in situ thrombosis with plexiform lesions. This arterial remodeling is associated with elevated
pulmonary vascular resistance, potentially leading to right ventricular failure and death [88] and we
can expect a potential implication of mitochondrial impairment and ROS in PAH.

Particularly, they favor vessels constriction progression through wall thickening via growth
factor stimulation and endothelin-1-related smooth muscle proliferation [89–93]. Hypoxic response,
inflammation, apoptosis, and vasoconstriction in PAH might also use endothelial mitochondria
pathways. In animals and humans, endothelial and pulmonary arterial smooth muscle cells exhibit
metabolic switch from mitochondrial oxidative phosphorylation toward cytoplasmic glycolysis even in
the presence of oxygen, conferring apoptosis resistance and cellular hyper proliferation [94,95]. This is
accompanied by altered mitochondrial ETC activity [94]. These abnormalities concern also cardiac
tissue and cells as well as skeletal muscle of PH patients [96–101]. Further, altered BMPR2 expression,
gene implicated in PAH predisposition, was linked to pulmonary arterial endothelium mitochondrial
dysfunction [102] and ROS upregulate hypoxia-inducible transcription factors [103,104].

Oxidative stress further enhances vasoconstriction through endothelin-1 and thromboxane A2,
increased hypoxic cytosolic calcium concentration, and reduces vasodilatation through decreased
prostacyclin production [105–107]. Accordingly, anti-oxidative therapies are beneficial in experimental
PAH [108,109]. ROS are produced by inflammatory and vascular cells, and NADPH oxidases are
localized in macrophages or polynuclear as well in pulmonary arterial endothelial, smooth muscle
cells, and fibroblasts [110–112].

Moreover, studies suggested that mtDNA injury participates in PAH development.
The mitochondrial Sirtuin 3, involved in mtDNA repair, is decreased in PAH patients and
monocrotaline-induced PH in rats [113,114].

3.3.2. Mitochondrial Function in Platelets during Pulmonary Hypertension

In PAH, platelets participate in vascular thrombosis through di↵erent mechanisms [115,116].
Very interestingly, Nguyen et al. showed that circulating platelets from PAH patient’s exhibit impaired
bioenergetics characterized by increased glycolysis compared to healthy controls [81], Table 2. In these
patients, increased glycolysis was associated with a switch toward fatty acid oxidation, and increased
respiratory reserve capacity correlated with the hemodynamic severity assessed by right heart
catheterization. This suggests a relationship between platelet mitochondrial function and PAH severity.
In this study, PAH pulmonary vasodilators modulating endothelin, nitric oxide, and/or prostacyclin
activities did not a↵ect the mitochondrial bioenergetics observed in PAH platelets, but this deserves to
be confirmed in a greater subset of patients.

It might be useful to investigate a potential link between brain natriuretic peptide (BNP),
an established biomarker of PAH severity and prognosis, and platelet bioenergetics alteration which
could also reflect abnormalities of pulmonary vascular cells or cardiomyocytes and could be useful
to assess PAH gravity and progression. Further, since BNP has been shown to protect cardiac and
skeletal muscles mitochondria from ischemia-reperfusion damages [117,118], it might be interesting to
investigate whether BNP might also modulate circulating cells oxidative capacities.

Interestingly unlike in PAH (group 1), platelets from subjects with HF with preserved ejection
fraction (group 2 PH) did not show change in the glycolytic rate compared to normal subjects [82].
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However, similarly to PAH patients, they showed an enhanced maximal respiratory capacity. Besides
HF, older age and other comorbidities such as obesity, diabetes, or systemic hypertension might explain
in part the observed di↵erences in platelet biology.

3.4. Idiopathic Pulmonary Fibrosis and Interstitial Lung Diseases

Mitochondrial Dysfunction, Oxidative Stress, and Inflammation in Idiopathic Pulmonary Fibrosis

Interstitial lung diseases are characterized by progressive scarring of the lungs. Mechanisms
underlying the pathogenesis of these diseases remain incompletely understood and idiopathic
pulmonary fibrosis (IPF) is the most common fibrotic interstitial lung disease. Despite anti-fibrotic
treatments, IPF has a poor prognosis with a life expectancy of 3–5 years after the diagnosis, which is
generally made in patients older than 60 years [3]. A characteristic feature of IPF is the accumulation of
myofibroblasts arising from normal lung fibroblasts, largely involved in extracellular matrix remodeling,
in response to biochemical courses such as TGF-� (a pro-fibrotic cytokine) or environmental/genetic
factors [119].

Recent studies suggested a role of mitochondrial dysfunction in term of biogenesis, dynamic
(fusion or fission), and mitophagy in the physiopathology of IPF. There is evidence for mitochondrial
dysfunction leading to cellular senescence and apoptosis in alveolar epithelial cells (AECs), fibroblasts,
and immune cells, participating in the fibrotic process. Besides a potential role of age per se,
mitochondrial dysfunction being a recognized hallmark of aging, the alveolar epithelium is sensitive to
injury/apoptosis induced by cigarette smoke and other pollutants, which may a↵ect AECs mitochondrial
function. TGF-� also regulates the alterations of mitochondrial function [120–122].

There is an enhanced mtROS production in fibrotic lungs leading to type II AECs apoptosis,
but lung macrophages and fibroblasts are resistant to apoptosis. Mitochondria from fibrotic type II
AECs change their shape and become enlarged but mitophagy and biogenesis are reduced. In lung
macrophages, altered mitochondria are removed via mitophagy and undergo fission. In fibrotic
myofibroblasts, mitochondrial dysfunction has been termed “mitochondrial dysfunction-associated
senescence,” characterized by a distinctive senescence-associated secretory phenotype. Fibrotic
fibroblasts present with reduced mitophagy and mitochondrial biogenesis but with enhanced fission.
MtROS generated at complex III could be responsible for excessive TGF-� in IPF since they are involved
in TGF-� mediated gene expression [123].

Regarding these data, antioxidants could be beneficial in IPF. However, a randomized clinical trial
testing N-acetylcysteine failed to improve lung function, rate of death, or acute exacerbations ratio in
IPF patients, suggesting the role of other associated factors in IPF development [124]. Mitochondrial
targeted antioxidant could reduce TGF-� induced pro-fibrotic gene expression and NOX-4 expression,
which is necessary for TGF-� induced-myofibroblast di↵erentiation [123].

To date, no work has studied the mitochondrial function in PBMCs or platelets in IPF. A study
of circulating fibrocytes oxidative capacity, which are derived from monocytes lineage and thought
to be precursors of fibroblasts, could be interesting [125]. Because epidemiological studies showed
a link between IPF and cardiovascular diseases or venous thromboembolism, studying mitochondrial
function in platelets could also be helpful in these diseases; platelet hyperactivity in patients with IPF
being recently demonstrated [126,127].

4. Connections between Mitochondrial Dysfunction, ROS, and Inflammatory/Fibrotic Pathways
in Lung Diseases. Pathophysiological Hypothesis

Such connections are numerous and besides other pathways, mitochondrial membrane polarization
changes, altered mitophagy, and damage-associated molecular patterns (DAMPS)-related signaling
can be involved in alveolar or pulmonary vascular remodeling observed in lung diseases. For clarity,
these pathways are presented separately but they often share mutual mechanisms in COPD, PAH,
asthma, and/or IPF (Figure 3).
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Figure 3. Examples of proposed mechanisms involved in the connections between mitochondrial
dysfunction, reactive oxygen species (ROS), and inflammatory/fibrotic pathways in lung diseases.

In PAH, for instance, mitochondrial dysfunction and impaired ATP production promote glycolysis
and thus hyperpolarization of the inner mitochondrial membrane, preventing the release of proapoptotic
factors and leading to an “apoptosis-resistant” phenotype in pulmonary endothelial or smooth muscle
cells. This results in cell proliferation and vasoconstriction [128,129]. Additionally, inhibitors of
apoptosis are released from mitochondria when cells are under stress.

In COPD, loss of membrane polarization and elevated expression of the mitophagy regulator
protein PINK1 (phosphatase and tensin homolog-induced putative kinase 1), a serine/threonine kinase,
in epithelial cells in emphysematous regions of human lungs coincides with increased expression of
the protein RIPK3 (receptor-interacting protein kinase 3) which modulates the programmed necrosis
and many features characterizing this chronic lung disease [130]. Programmed necrosis (necroptosis)
is a cellular program regulated by RIPK1 (receptor-interacting protein kinase 1) and RIPK3, and MLKL
(mixed lineage kinase domain-like pseudokinase) in chronic lung diseases.

In asthma, conflicting results have been reported. Thus, decreased ATP production has been
reported either to reduce airway constriction which is an energy dependent mechanism, or to be
associated with airway smooth muscle thickening [131].

In IPF, the mitochondrial quality control system plays various roles depending on pulmonary
cell types. While type II alveolar epithelial cells, lung macrophages, and fibroblasts show increased
mtROS production in fibrotic lungs, their response di↵ers. Type II AECs undergo apoptosis but
lung macrophages and fibroblasts display apoptosis resistance. In response to increasing oxidative
stress, all three cell types undergo a metabolic reprogramming which leads to the development
and progression of lung fibrosis. Particularly, fibroblasts are transformed into a myofibroblast state,
the e↵ector cells of IPF [132–134].

Damage-associated molecular patterns (DAMPs), generated and released by cellular injury,
may trigger inflammation, apoptosis, and innate immune responses by activating pattern recognition
receptors. Mitochondria-associated DAMPs include mtDNA, which through auto-, paracrine and/or
systemic e↵ects activate the inflammasome pathway, resulting in increased cytokine release by immune
cells as well resident cells favoring this inflammation, cell proliferation, and apoptosis. Mitochondrial
DAMPs can be considered as proinflammatory inductors of the pulmonary remodeling observed in
lung diseases and have been correlated to mortality in diseases such as sepsis and IPF. Their precise
role in COPD, asthma, or PAH still deserves further studies [29,135].
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Of note, ROS do not only arise from mitochondria in lung tissue. The NADPH oxidase homolog
NOX4 is overexpressed in the lungs, primarily in myofibroblasts in fibroblastic foci and remodeled
blood vessels, but also in epithelial cells associated with aberrant bronchiolization. NOX4 induction
is largely mediated by production of the pro-fibrotic growth factor TGF-�. NOX 4 also induces
mitochondrial ROS production. The production of ROS promotes mitochondrial DNA damage by
reducing the mitochondrial expression of mitochondrial sirtuin 3 and OGG1 to mediate alveolar
epithelial cells apoptosis [136,137]. It is the same in PAH, NADPH oxidase homologs NOX 2 and NOX
4 are key producers of ROS in vasculature. Like in IPF, NOX 4 mediates TGF-�1 dependent pulmonary
vascular remodeling [138]. NOX 4 also mediates the e↵ect of platelet-derived growth factor (PDGF)
and HIF-1↵ which are critical to the pathogenesis of PAH.

Hypoxia, a frequent condition in lung diseases, induces the production of mitochondrial-derived
oxygen-free radicals and ROS by the mitochondrial ETC. Of the molecules involved in this process,
H2O2 can activate the transcription factor and lower oxygen-induced factor HIF-1↵, which is implicated
in pathophysiology of the lung diseases like PAH. Chen et al. showed that HIF-1↵ promoted pulmonary
arterial smooth muscle cell proliferation and inhibited hypoxia-induced apoptosis, possibly through
the regulation of mitochondrial dynamics [139].

Another mechanism which leads to mitochondrial dysfunction in PAH is the nitic oxide
(NO)-cyclase guanylate- cyclic GMP pathway. NO regulates cellular respiration and mitochondrial
biogenesis. In PAH, decreased NO level is associated with mitochondrial impairment with decreased
ATP levels and dysregulated endothelial angiogenesis [140].

5. Antioxidative Therapies

Despite a clear involvement of ROS in lung diseases physiopathology, and albeit antioxidants
appeared beneficial in experimental models, treatment with antioxidants has been largely unsuccessful
and is not part of standard care in humans. Indeed, although improving some functional parameters,
N-acetylcysteine or nutrients rich in antioxidants showed generally no beneficial e↵ect on the rate of
adverse events or death rates [124,141,142]. The failure of trials might have resulted from an incomplete
understanding of the role of mitochondrial ROS in lung diseases development. Indeed, mitochondrial
ROS are not always detrimental. They could play a protective role at lower levels and act di↵erently
according to the redox microenvironment, which varies spatially and temporally in di↵erent subcellular
compartments and in di↵erent cell types. Thus, only specific subsets of patients might benefit
from antioxidant therapies, an individual’s susceptibility potentially depending on variation in their
antioxidant genes.

6. Conclusions

Mitochondrial dysfunction associated with lung inflammation and oxidative stress contributes to
COPD, asthma, PAH, and idiopathic pulmonary fibrosis. To allow adequate function and maintenance
of intracellular homeostasis, mitochondria rely on quality control pathways (mitochondrial biogenesis,
fusion/fission, mitophagy . . . ), and their alteration disrupts organelle metabolism and biogenesis,
inflammation adequacy, and even innate immunity. The general concept that enhanced oxidative
metabolism drives toward an anti-inflammatory response and that shifting toward a glycolytic
metabolism favor an inflammatory response varies depending on the cells. Mitochondria are also
platforms for pattern recognition receptors signal transduction and mediators in e↵ector responses.
Thus, mitochondrial DAMPS can activate the NRLP3 inflammasome, resulting in proinflammatory
cytokine release. They act as the danger signal recognized by immune receptors [131,143,144].
Accordingly, for instance, TLR9 is involved in mtDNA induced in acute and chronic lung inflammation,
through the TLR9-p38 MAPK pathway and STING pathway, respectively [145]. All pulmonary cell
types are involved in the triad mitochondrial dysfunction–inflammation–enhanced ROS production.

Besides the role of mitochondrial dysfunction and oxidative stress at the tissue levels, studying
PBMCs or the platelet’s redox state takes roots on the fact that these cells play a key role in the
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inflammatory and immune mechanisms involved in lung diseases. Likely, an altered redox state of
dysfunctional circulating blood cells could enhance oxidative stress at the tissue level, potentially
worsening the progression of the disease. However, to date, it appears that despite a generally
increased ROS production, mitochondria respond quite di↵erently depending on the lung disease.
Thus, an impaired mitochondrial oxidative capacity is observed in the case of COPD, but PBMCs
and/or platelets mitochondrial respiration is enhanced in the setting of asthma or PH. Whether such
stimulated oxidative capacities might be protective, deserves to be determined.

Further studies are needed to reinforce the current evidence and to identify the potential of
circulating PBMCs or platelets as biomarkers, which might allow a better understanding of the
mechanisms involved in lung diseases, a better follow-up of patients, and possibly might help to
identify novel original therapies.
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3. Results III: PBMCs Mitochondrial Respiration and Heart 

Transplant : Original Data  (Revised Version) 
Introduction: La fonction mitochondriale des cellules mononucléaires circulantes du sang 

périphérique (PBMCs) est une nouvelle approche intéressante des maladies cardiaques. 

Ainsi, la respiration mitochondriale des PBMCs diminue en relation avec la sévérité de 

l'insuffisance cardiaque. Cependant, aucune donnée n'est disponible chez les patients 

transplantés cardiaques (Htx). 

Population et méthodes : nous avons déterminé la respiration mitochondriale des PBMCs 

par respirométrie haute résolution (Oroboros Instruments) et la production d'anions 

superoxydes par résonance paramagnétique électronique (Bruker-Biospin) chez 20 sujets 

sains et 20 Htx appariés et avons étudié les caractéristiques cliniques, biologiques, 

échocardiographiques, coronarographiques et biopsiques. 

Résultats : La respiration mitochondriale du complexe II de la chaîne respiratoire des 

PBMCs était diminuée chez les Htx (4,69 ± 0,84 vs 7,69 ± 1,00 pmol/s/million de cellules 

chez les contrôles et les patients Htx, respectivement ; p=0,007) et la respiration du complexe 

IV était augmentée (24,58 ± 2,57 vs 15,68 ± 1,67 pmol/s/million de cellules ; p=0,0035). La 

production d'anions superoxydes était également accrue chez les Htx (1,47 ± 0,10 vs 1,15 ± 

0,10 µmol/min ; p=0,041).  Le rapport leucocytes/lymphocytes était augmenté chez Htx, dont 

le complexe II était corrélé au nombre de leucocytes (r=0,51, p =0,02) et à l'imagerie Doppler 

tissulaire (r= -0,62, p=0,005). Le complexe IV était augmenté chez les deux patients 

présentant un rejet aigu et corrélé négativement avec le temps de relation isovolumétrique de 

Htx (r= -0,45, p=0,045).  

Discussion : bien que présentant une fonction systolique normale, le Htx a démontré une 

respiration mitochondriale anormale des PBMC. Contrairement aux thérapies 

immunosuppressives, un dysfonctionnement diastolique subclinique pourrait être impliqué 

dans ces changements. De plus, la lymphopénie pourrait réduire la respiration du complexe II 

et le rejet aigu augmenter celle du complexe IV. 

Conclusion : La respiration mitochondriale des PBMC semble modifiée dans le Htx, 

potentiellement liée à un changement cellulaire, une légère dysfonction diastolique et/ou un 

rejet aigu.  
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I. Cardiac Mitochondrial Function after Heart 

Transplantation 
 

Researches implemented in mitochondrial function in human after transplantation are 

rare [135]. Cardiac mitochondrial respiration following heart transplant showed deteriorated 

oxidative capacity, with enhanced number of CD3 + lymphocytes in heart tissue [135]. 

In addition, Scheiber et al. performed a recent study on the effect of mild acute rejection 

(ACR) on mitochondrial function [136]. This study found that there is an association between 

mild ACR and mitochondrial respiration dysfunction[136]. Also, it has been shown that 

instabilities of mitochondrial bioenergetics of the heart plays a role in allograft rejection [135]. 

A study undertaken by Lichscheidt et al. evaluated the association between cardiac allograft 

vasculopathy (CAV) and mitochondrial function and conclude that mitochondrial respiration 

is reduced in patients with CAV [137]. All these studies performed endomyocardial biopsy to 

evaluate the mitochondrial function of the transplanted heart. 

To date, analysis of mitochondrial function in PBMCs in human’s adult following Htx 

does not exist. Therefore, our study sought to determine if alterations in mitochondrial 

respiration in PBMCs might be present and associated or not with heart transplant 

characteristics.  

II. PBMCS and mitochondrial respiration.  
 

Expected Characteristics of Biomarkers: 
 

Biomarkers are defined as a biological molecule found in the blood stream, body fluids, 

or tissues which works as hallmarks or indicators of normal or pathological medical conditions 

that can be measured objectively, accurately and reproducibly [104,138,139]. Also, the 

association of biomarkers with biological characteristics and phenotypes in terms of prognosis, 

severity, and clinical aspects is one of the most important uses of biomarkers [140]. 
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They are classified into: 

 

a) diagnostic biomarkers, used to identify the presence of the disease or to recognize 

subjects with a disease subtype; 

b) predictive biomarkers, used to detect which therapy a patient or a group of patients will 

respond to;  

c) prognostic biomarkers, used to predict disease development 

 

It is crucial to investigate for biomarkers that can help understanding the mechanism of 

disease, distinguishing the goal of treatment and evaluating success or failure of therapies 

[140].  

 

 

Peripheral Blood Mononuclear Cells (PBMCs) as Biomarkers: 
 

Peripheral blood mononuclear cells (PBMCs) represent a promising approach in 

research. They appeared as a functional and potential source of biomarkers as they are easy to 

collect, and because of the likelihood of detecting lower expressed proteins as well as they are 

a reliable model for patients’ stratification [140]. 

 

Between the biological specimens used in the field of biomarker discovery, blood-

derived samples have received special attention. Blood collection is straightforward and 

affordable, thus, it is making it an excellent source of biomarkers. Moreover, blood can be 

easily fractionated into several components, including plasma (or serum), buffy coat, which 

contain white blood cells (WBCs) and platelets, and red blood cells (RBCs). Plasma, serum 

and peripheral blood mononuclear cells (PBMCs), obtained from buffy coat, are the most often 

utilized blood fractions in biomarker discovery research [141]. 

Furthermore, PBMCs have two additional advantages: they are able to be cultured indefinitely 

and allows researcher to do stimulation tests such as a study of inflammatory response [140]. 

 

 

Many studies have shown that PBMCs, mimic and reflect the conditions of the 

surrounding tissue and an indicator of overall mitochondrial health, making them an excellent 

non-invasive are suitable source of biomarkers [139,142–144]. PBMCs can also be a source of 
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miRNA, mRNA, circRNA, and methylation markers [139]. The studies that have been proved 

PBMCs as a biomarker include Alzheimer’s disease (AD) [145], amyotrophic lateral sclerosis 

(ALS) [140], obesity and weight loss studies [146], inflammatory disease [147,148], cancer 

[149–153] , cardiovascular disease [154–158], idiopathic pulmonary fibrosis [159]. 

 

 

Key studies that support the use of PBMCs mitochondrial respiration 
as a biomarker: 

 

a) Cardiovascular disease: 

 

On the recent review on PBMCs in cardiovascular disease, it has been shown that PBMCs 

could be used as a biomarker in cardiovascular disease [160]. 

In evaluating mitochondrial respiration of PBMCs on heart failure population, three studies 

have been recognized to support the use of PBMCs as a viable marker that linked to systemic 

inflammation , oxidative stress and/or severity of the disease  [161–164]. 

 

Interestingly, only two studies on small group of pediatrics with single ventricle 

congenital heart disease (SV-CHD) patients prior to the transplantation accomplished by 

Garcia Anastacia et al. and Zegelbone et al ., noticed increased ROS level and decreased 

mitochondrial respiration in PBMCs [154,155,160]. Another study on pediatric patients with 

the same kind of disease undertaken Fontan palliation procedure, but mitochondrial function 

showed elevated respiration in PBMCs which correlated with heart failure in post-Fontan 

SV-CHD  [165]. The small number of patients (less than five patients) may explain such 

discrepancies, urging for larger scale studies. 

 

Nevertheless, these results signify that PBMCS could be used to stratify the risk of heart 

failure in single ventricle congenital heart disease [165]. 

 

b) Respiratory (lung) disease: 

 

In a study of severe asthmatic patients, there was an increase in PBMCs mitochondrial 

respiration and the authors suggested this increase to participate in patients defence 

mechanism. However, further studies to be considered in order to determine if PBMCs could 
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be used as a biomarker in asthma [64]. Another recent study shows that mitochondrial 

respiration in PBMCs negatively correlate with the disease severity in pulmonary arterial 

hypertension (PAH ) [166], however, the study also suggested further investigations on 

mitochondrial biogenesis of PBMCs in PAH patients.  

 

 

c) Muscle Disease   

 

Recent research in skeletal muscle investigated whether PBMC mitochondrial respiration 

might be applied as a biomarker of skeletal muscle mitochondrial respiration in young healthy 

men. The study concluded that in young healthy individuals, PBMCs seems to be not 

appropriate biomarker for muscle mitochondrial function. However, it suggested that PBMCs 

mitochondrial respiration might be beneficial as a biomarker to investigate PBMC 

mitochondrial function of muscle in pathological populations [167]. 

Additionally, Rose at al. conducted a comparative study of mitochondrial respiration of 

PBMCs and skeletal muscle fibres in female population. This study supports that the 

bioenergetic phenotype of PBMCs cannot summarize muscle mitochondrial function but may 

give an idea on the overall metabolic health. However, it need to be validated in a larger 

population [168]. 

 

 

 

d) Neurodegenerative disorders 

  

Similarly, Schirinzi et al (2022), found that PBMC mitochondria in Parkinson’s disease 

patients had an unusual pattern of respiration, with increased maximal and spare respiratory 

capacities. Respiratory changes are most likely a result of the increased energetic demand 

caused by the disease’s clinical-pathological progression and the resulting compensatory 

adaptations. Such changes vary according to disease stage and neuropathological substrate; 

they are more prevalent in patients with biochemical markers of weakness. This study 

recognize PBMCs as a marker of central neuropathology as it allows for a better understanding 

of mitochondrial function in Parkinson’s disease[169].  
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In addition, recent examination in spinal cord injury provides proof that less invasive 

clinical techniques for assessing  mitochondrial respiratory capacity measured with PBMCs 

may be nearly equivalent to the gold standard method that uses skeletal muscle fibers 

for people with Spinal cord injury [170]. Thus, it confirms that PBMCs could be used as a 

surrogate biomarker for mitochondrial health in those patients.  

 

In depressive patients, a study found that the mitochondrial respiratory activity in 

PBMCs was negatively correlated with the progression of depression and could define different 

descriptions of the depressive phenotype[171].   
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III.  PBMCS, Mitochondrial Respiration, Inflammation 

and Oxydative stress after Heart Transplantation. 
 

PBMCs mitochondrial respiratory chain respiration and heart transplantation. 

 
Heart transplantation has launched as the treatment of choice for heart failure 

population who have significant symptoms despite receiving the most aggressive medical 

treatment. Survival among heart transplant recipients has increased because of advancements 

in immunosuppressive medicines that prevent rejection. Even after a successful transplant, 

mortality remains high. Mitochondrial dysfunction, generation of reactive oxygen spices 

(ROS) and inflammation play a critical role as an outcome after HTx.The main objective of 

this study was to better understand the pathophysiology of mitochondrial peripheral blood 

mononuclear cells PBMCs through mitochondrial respiration in heart-transplanted patient 

(Htx). Indeed, the oxidative phosphorylation (OXPHOS) appears to function as a cellular 

checkpoint. Normal cellular functions are represented by appropriate OXPHOS performance, 

while changed, non-adequate OXPHOS performance is a danger signal for the host cell [19]. 

Accordingly, during this study and for the first time to our knowledge, we found 

different responses in respiratory chain complexes in mitochondrial respiration of PBMCs in 

adult heart transplantation compared to control individuals matching age and gender.  

 

The main results show that in comparison to control, in PBMCs of heart transplant 

patients, oxygen consumption by CytOx (complex IV) is significantly increased as well as ROS 

production while the activity of complex II is markedly decreased. 

This was relatively unexpected in well-being Htx, but subclinical diastolic dysfunction might 

be involved in these changes. Additionally, lymphopenia and mild inflammation might favor 

complex II respiration decrease and acute rejection might be involved in complex IV 

stimulation. 

 
The mitochondrial respiratory chain is composed by five complexes and besides 

calcium handling and participation in apoptosis, its role is to create energy for the cells. This 

is a major issue, particularly in the heart, an organ needing high oxidative capacity allowing 

for permanent systolic and diastolic activities. Cardio myocytes mitochondrial alterations are 

considered as part of heart failure pathophysiology and authors consistently reported decreases 
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in cardiac mitochondrial complex respiration in several setting including dilated and ischemic 

cardiomyopathy [172,173]. However, the need for cardiac biopsy limits this approach, 

suggesting investigations in a surrogate marker. 

In this view, PBMCs mitochondrial respiration appears particularly interesting 

since it just necessitates blood withdrawal and may reflect cardiac muscle alterations. Studies 

indicate that PBMCs may function as a feasible non-invasive novel biomarker of heart failure 

and surrogate for myocardial mitochondrial respiratory function [154,155]. 

PBMCs mitochondrial dysfunction was observed in heart failure patients, in 

relation with inflammation and the severity of the disease [163,164,174]. Interestingly, 

mitochondrial respiration of cardiomyocyte was reduced by 40 % in acute cellular rejection 

following heart transplantation [175], further supporting studies on PBMCs mitochondrial 

respiration in Htx. Indeed, impaired cardiac mitochondrial bioenergetic might be associated 

with impaired mitochondrial bioenergetic in PBMCs [161], thus identifying novel check points 

in cardiac immune metabolism as potential therapeutic targets in post-transplant care.  

To explore the mechanisms involved in the mitochondrial respiration changes 

observed in our cohort of Htx, we took into account clinical, biological and cardiovascular 

parameters, including the underlying pathology responsible for heart transplantation, the delay 

since transplantation, cardiac, coronary, rejection investigations and the different categories of 

drug given to the patients. 

 

Decreased PBMCs mitochondrial respiratory chain complex II respiration after heart 

transplantation. 

 

Complex II, called succinate dehydrogenase (SDH), is the sole complex that does 

not pump protons across the inner mitochondrial membrane and has all of its subunits encoded 

by nuclear DNA [19,176]. In the electron transport chain, complex II reduces ubiquinone to 

ubiquinol and alterations might be related to mutations, which have been observed in 

cardiomyopathy [177]. Complex II phosphorylating activity decrease of PBMCs has been 

shown in patients with early-stage HF and might be related to reduced mitochondrial 

biogenesis or increased mitophagy per mononuclear cell [164]. 
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In Addition, complex II deficiency being associated with cancer [52,178] and viral 

infection [19]. In our population, there are some patients who experienced those type of 

infections about 33 % CMV, 75% EBV, and 29% cancer. Thus, we investigated a possible 

relationship between complex II respiration and the presence of cancer and the viral status in 

our Htx population. Complex II respiration was not specifically decreased in patients having 

developed cancer or CMV. Similarly, complex II respiration decline was not associated with 

increasing age [179], nor with the immunosuppressive regimen although both ciclosporin and 

MMF might impair mitochondrial respiration [180–182]. On the other hand, ciclosporin can 

be protective after binding to cyclophilin D, improving thus mitochondrial function and 

reducing ROS production and inflammation [183].  Further, potential deleterious effect might 

have been counterbalanced by mTOR inhibitors that rather improve the mitochondrial 

function of PBMCs and decrease the level of inflammatory markers [184]. This might also 

explain the lack of relationship between increased superoxide anion and decreased complex 

II respiration in our Htx’s PBMCs. Incidence of oxidative stress being likely mild in these 

patients [185].  

 

Interestingly, study of mitochondrial respiration of endomyocardium in Htx with 

cardiac allograft vasculopathy showed that maximally coupled respiration of mitochondrial 

complex I and II was significantly reduced [186]. Our data on PBMCs are in line with these 

results, albeit we did not find a clear correlation between vasculopathy and complex II 

respiration in our patients. This might be because many Htx were well-being with conserved 

left ventricular ejection fraction and no or only few vasculopathy signs.  

 

Next, we evaluated the secondary objective, which is to study the relationship between 

these circulating bloods and the different clinical parameters including biological, and 

echocardiography (Cardiac ultrasound) obtained during usual follow up. There was a 

significant negative correlation between Complex II respirations and tissue doppler imaging 

suggest a role in diastolic function in Htx’s PBMC mitochondrial respiration decrease. 

Changes in blood cell count might also likely participate in the complex II 

alterations observed in Htx. Indeed, as observed in heart failure [161], the increased 

neutrophil/lymphocytes ratio might have led to decreased PBMC mitochondrial respiration. 

Such cellular switch with a relative lymphocytopenia related to inflammation and down-

regulation of the immune system [187] could lead to a decrease in global PBMC mitochondrial 
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respiration, since neutrophils poorly contribute to the oxygen consumption rate and cellular 

bioenergetics, as compared to lymphocytes [188]. Accordingly, we observed a correlation 

between complex II respiration and leucocyte number and, low number of lymphocytes tended 

to be associated with a low complex II-related mitochondrial respiration in Htx. 

Increased PBMCs mitochondrial respiratory chain complex IV respiration after heart 

transplantation. 

 

Cytochrome C oxidase (COX) also known as complex IV, is the final enzyme of 

the electron transport chain system in mitochondria as it is the last electron acceptor [12,24]. 

This protein is considered as the major regulatory location for oxidative phosphorylation 

(mitochondrial respiration )”OXPHOS” since this is the location where over 90% of oxygen is 

consumed without the formation of ROS [189–191]. In addition, complex IV is known to 

modulate ROS production and diminish oxidative damage [192].  

 

Thus, increased complex IV activity can be viewed as a compensatory mechanism 

for the decreased complex II respiration observed in Htx to preserve function and reduce 

damage. It might also be related to statin treatment (generally associated with decreased 

inflammatory markers) since simvastatin increased complex IV mitochondrial respiration in 

PBMC, as compared to untreated controls in association with an increase in superoxide 

production [193].  

Another explanation, it might be due to the low ATP/ADP ratio in heart transplant 

patients that happened due to the difference in energy demand and the supply. 

Because of this decreased ATP, CytOx structure switches from dimeric (relaxed state) to 

monomeric (active state) to fulfill the demand which results in an increased oxygen 

consumption. On the other hand, when ATP would be high enough, then it would have been 

bound to CytOx to keep the structure in dimeric form and thus a decreased respiration (called 

ATP inhibition of the enzyme) [194]. 

 

This switching in of dimeric to monomeric exposes the binding sites on each of the 

monomer of the enzyme as well, eventually an increased oxygen consumption. 

Since CytOx also pumps protons that take part in establishing the membrane potential, so this 

increase in respiration would result in increase in membrane potential. Another fact of 
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switching of the dimeric structure to monomeric could be apparent by TMPD. This compound 

has the ability to donate electrons to cytochrome oxidase not only via cytochrome c but also 

through its direct binding to cytochrome oxidase. So, when the enzyme is in monomeric 

condition due to less ATP/ADP ratio, this TMPD is stimulating and manifesting its effect 

(double fold) because the sites are exposed on each of the monomer. 

 

The inverse correlation observed between isovolumic relaxation time and the 

activity of complex IV also suggest its implication in cardiac diastolic function but this will 

need confirmation albeit increased complex IV activity has been observed in cardiac ischemia 

[195]. 

Interestingly, the two patients presenting with cellular or humoral rejection during 

the study showed an increase in the activity of complex IV. Although, their number is 

insufficient to conclude definitively, this might be a compensatory activation of the immune 

response toward an anti-inflammatory effect [196]. 

 

Generally, increased mitochondrial respiration is observed in the compensatory adaptation 

phase fighting against disease progression, as detected by the mitochondrial respiration of 

PBMCs in patients with Parkinson disease.  

 

 

 
Circulating Cell Ratios as Inflammatory Markers in Heart Transplant  

 

Peripheral blood biomarkers such as blood cell ratios (MLR, NLR, PLR) are novel 

markers of inflammatory reactions activation and physiological stress and tend to play a 

significant role as a prognostic marker in oncological and cardiovascular diseases[197–199]. 

 

In cardiovascular disease , the majority of studies examining NLR and PLR for cardiac 

surgery found that these indicators had prognostic value prior to the  surgery [198]. Thus, there 

are growing studies validating that high NLR values pre/post operation were linked with artrial 

fibrillation in patients undergoing coronary artery bypass grafting [199,200]. Another study, 

after Fontan surgery, indicated that increased NLR and PLR was associated with a greater 

degree of lymphatic malformations and may thus serve as a useful supplementary biomarker 

during follow-up[201]. 
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Research in patients having trans-catheter aortic valve replacement found that a greater 

rise in NLR after valve implantation was linked with a worse survival rate [202]. In lung 

transplantation, during the follow-up, patients with a greater NLR had a higher incidence of 

acute rejection than others [203]. 

Recently, a study performed in patients after HTx investigated the role of  NLR and 

PLR  [198]. It concluded that the value of both NLR and PLR before HTx  were associated 

with worse outcomes after heart transplantation [198]. However, the study explains this result 

by the use of steroids that augment neutrophils while decreasing lymphocytes, thus altering 

both NLR and PLR. 

 

In our study, neutrophils to lymphocyte ratio (NLR), and leukocyte to lymphocyte ratio 

(LLR), are proposed as markers of inflammation, and they were increased in Htx as compared 

to the control group. These finding add to our understanding of mitochondrial dysfunction in 

circulating leukocytes that might suggest inflammatory action and immune dysfunction in the 

activation of mitochondrial respiration after heart transplant.   

 

 

 

The Role of Oxidative Stress / Antioxidant System in Heart Transplant 

 

Normally under physiological conditions, there is a balance between the generation of 

ROS and the antioxidant system [204]. Oxidative stress is described as an imbalance between 

the generation of free radicals and their removal by the antioxidant defence system [204]. When 

this happens, it leads to the damage of the vascular endothelium, low-grade vascular 

inflammation, and thus oxidative stress causes progressive endothelial injury in the coronary 

arteries[204]. All these features constitute the main point of cardiac allograft vasculopathy 

(CAV) progression. 

 

Following HT, the antioxidant reserve becomes unstable, because of the significant 

increase in free radical generation and their metabolites associated with surgery, extracorporeal 

circulation, bouts of acute rejection, and CMV infection [204]. It should be noted that the long-

term decline in antioxidant defence mechanisms post HT, can be partially attributed to the pro-

oxidant effects of immunosuppressant’s [204]. 
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It is believed that after cardiac transplantation oxidative stress is reduced by improving 

heart function. Pérez et al. (2002) conducted a study to evaluate oxidative stress after heart 

transplantation. He found that the  antioxidant enzymatic activity of superoxide dismutase 

(SOD) was decreased in HTx patients and there is still permanent oxidative stress in those 

patients [205]. Another study was consistent with this conclusion and demonstrated a 

significant long-term decline of antioxidant reserves in patients after successful cardiac 

transplantation [206]. 

 

In addition, Witman et al. (2012) performed a study on patients after heart 

transplantation to look for the vascular function and the oxidative stress associated with it. The 

study found that vascular function is decreased with greater time post-HTx  (but not soon after 

transplantation) with free radicals implicated in this progression [207]. Increased ROS 

generation by cells, together with a reduction in antioxidant enzyme activity, may result in 

covalent oxidative alteration of lipids, proteins, and DNA[204]. 

 

Similarly, a very recent study performed in a group of patients with evidence of cardiac 

allograft vasculopathy identified that the increase in formation of ROS accompanied by a 

decrease in the capacity of the antioxidant defence was linked with the presence of CAV [204]. 

 
In our population, consistently, we found an increase in superoxide anion, but it might 

be interesting to determine whether this was associated with a decrease in antioxidant defense 

and/or with lipid, protein or DNA alterations. 
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Conclusion and Perspective  

 

After successful heart transplantation, PBMC’s demonstrated a significant decrease in 

complex II and increase in complex IV mitochondrial respirations, together with increased 

superoxide anion production. Although confirming data observed in cardiovascular diseases, 

these changes occur in well-being Htx. Subclinical diastolic changes might be involved and 

further, complex II respiration alteration likely relates to relative lymphopenia. Complex IV 

increase might also potentially relate to acute rejection. Studies are needed to determine 

whether PBMC’s mitochondrial respiration might be potential markers of acute rejection 

and/or mild diastolic dysfunction after heart transplantation. 

 
It will be of interest in future investigations to study if the mitochondrial respiratory 

capacity differs between the various leucocyte species. Moreover, in future studies, 

mitochondrial morphology could be investigated in PBMCs to gain further knowledge about 

the underlying causes of the differences in the mitochondrial respiration observed in the 

present study. Investigating in more details the pro- antioxidant balance in link with 

mitochondrial respiration might also be interesting, particularly performing the same type of 

study in patients presenting with different degrees of rejection. 
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Long Summary in French  
 

Introduction : 

 

Les maladies cardiovasculaires, et en particulier l'insuffisance cardiaque, sont la principale 

cause de mortalité dans le monde, leur prévalence augmentant progressivement avec 

l'allongement de l'espérance de vie. Par conséquent, la transplantation cardiaque reste le 

traitement de choix et le moyen le plus efficace de remédier aux défaillances terminales des 

organes, ce qui permet d'améliorer considérablement la qualité et la durée de vie. Malgré son 

efficacité, la transplantation est cependant vulnérable à une morbidité importante et toute 

amélioration thérapeutique serait la bienvenue. 

Des études montrent que la pathophysiologie des maladies cardiovasculaires comprend un 

dysfonctionnement des mitochondries entraînant une production insuffisante d'énergie 

cellulaire et une libération accrue d'épices réactives de l'oxygène . Il est intéressant de noter 

que les PBMC sont susceptibles de participer à cette maladie systémique. Des recherches 

récentes sur le sepsis suggèrent que le profil bioénergétique des PBMC circulantes peut 

représenter l'activité mitochondriale dans les organes et est associé à la gravité de la maladie, 

aux changements immunologiques et au pronostic . En général, les PBMCs dépendent de la 

respiration mitochondriale pour répondre aux besoins métaboliques et sont facilement 

accessibles. Un minuscule volume de sang est prélevé pour avoir accès aux cellules 

mononucléaires du sang périphérique (PBMC), qui permettent d'étudier la fonction 

mitochondriale. Les cellules PBMC sont composées de lymphocytes, de monocytes et de 

cellules dendritiques, qui sont principalement impliqués dans l'immunité et l'inflammation . 

De plus, le dysfonctionnement du cœur de la production d'ATP (qui est le système de 

phosphorylation oxydative OXPHOS) a une conséquence cruciale dans la progression d'une 

maladie, particulièrement dans le cœur qui a des demandes énergétiques élevées. A ce jour, il 

n'existe aucune donnée concernant la respiration mitochondriale des PBMCs chez les patients 

transplantés cardiaques (Htx), ce qui finance notre approche.  

 

Problématique, objectifs, et Hypothèse de l'étude : 

 

Mes recherches préliminaires, basées sur des revues de la littérature, ont démontré un lien 

entre les maladies cardiovasculaires et le dysfonctionnement mitochondrial des PBMC 

associé à une formation accrue de ROS, mais les données sont relativement limitées. 
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  Pour la première fois, notre étude examinera s'il existe un changement dans la 

fonction mitochondriale au niveau des cellules mononucléaires du sang périphérique chez les 

patients ayant subi une transplantation cardiaque et, les mécanismes derrière ces éventuels 

changements. Nous avons émis l'hypothèse que la dysfonction diastolique cardiaque 

subclinique et/ou le rejet, modulés par les thérapies immunosuppressives, pourraient être 

impliqués dans la modulation mitochondriale.  

 

Les objectifs : 

 

1. Cette étude vise à déterminer la fonction mitochondriale dans les cellules 

immunitaires du sang périphérique, ainsi que la formation d'espèces réactives de l'oxygène 

dans le sang veineux de patients ayant subi une transplantation cardiaque.  

 

2. L'objectif secondaire est d'étudier la relation potentielle entre la respiration 

mitochondriale des PBMC et les caractéristiques cliniques, biologiques, 

échocardiographiques et coronarographiques des Htx obtenues lors du suivi habituel après la 

transplantation cardiaque. 

 

Hypothèse :  

"Une altération de la respiration mitochondriale des cellules sanguines circulantes, associée à 

une augmentation de la production d'espèces réactives de l'oxygène dans la population des 

transplantés cardiaques, pourrait dépendre principalement des caractéristiques cardiaques 

et/ou systémiques du patient. 

 

Cette étude apportera donc un nouvel éclairage sur la respiration mitochondriale des PBMCs 

(OXPHOS dans les cellules eucaryotes) et une meilleure connaissance physiopathologique de 

la fonction mitochondriale dans la population des transplantés cardiaques. 

 

 

 

Population et méthodes : nous avons déterminé la respiration mitochondriale des PBMCs 

par respirométrie haute résolution (Oroboros Instruments) et la production d'anions 

superoxydes par résonance paramagnétique électronique (Bruker-Biospin) chez 20 sujets 
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sains et 20 Htx appariés et avons étudié les caractéristiques cliniques, biologiques, 

échocardiographiques, coronarographiques et biopsiques. 

 

 

 

L’analyse de la fonction mitochondriale se fait dans des chambres d’oxygraphie avec 

une température controlée à 37°C, grâce à un effet peltier et sous agitation continue. 

L’appareil est un oxymètre à haute résolution (Oroboros Instruments, Innsbruck, Autriche) 

présentant des électrodes de Clark dans chaque cuve d’analyse. Un logiciel spécifique 

(Oroborosdatlab) permet la mesure de la concentration d’oxygène au cours du temps et 

l’analyse de la vitesse de consommation d’oxygène dans chacune des chambres, reflétant 

ainsi l’activité de la chaîne respiratoire. 

Les électrodes de Clark sont d’abord calibrées. Un protocole de « titration de substrats, 

découpleurs, et inhibiteurs » (SUIT) est utilisé pour activer les différents complexes de la 

chaîne respiratoire. 

5 × 106 PBMC ont été introduits dans la chambre de l'Oxygraph-2k contenant 2,1 mL d'une 

solution tampon de Miro5+ Créatine. 

La concentration en oxygène a été exprimée en μmol. L- ¹ et la consommation d'oxygène par 

les mitochondries en pmol O2.s- ¹.10⁶ cellules . 

 

La consommation de dioxygène a été analysée à l'aide du logiciel DatLab 8.4.3 (Oxygraph-2k; 

Oroboros Instruments, Innsbruck, Autriche). Un étalonnage en présence d'oxygène (air 

ambiant) était nécessaire avant chaque mesure.  

 

Les membranes cellulaires ont été perméabilisées avec de la saponine (125 µg/mL), et le 

complexe I a été activé avec du glutamate (5 mM), et du malate (2 mM). Cette étape est 

destinée à soutenir le flux d'électrons à travers le complexe I (CI) du système de transport 

d'électrons (STE). 

Ensuite, différents substrats et inhibiteurs ont été introduits dans la chambre de l'oxygraphe 

pour étudier les différents complexes de la chaîne respiratoire mitochondriale. Les différents 

réactifs ont été ajoutés dans l'ordre suivant : 
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- L'ADP (2 mM) a induit l'activation de l'ATP synthase (OXPHOS par CI). A cette étape, on 

parle de phosphorylation oxydative soutenue par les complexes I, III, IV, et V. 

- le succinate (25 mM) a été ensuite introduit pour étudier l'OXPHOS par CI&II. Cet état 

permet de voir l’activité de tous les complexes I, II, III, IV, et V. 

- La roténone (0,5 μM), qui inhibe le complexe I, permet d'analyser l'OXPHOSCII, c’est-à-dire 

l’activité des complexes II, III, IV et V. 

- L'ascorbate/ TMPD (0,5 mM/0,5 mM) ont enfin été ajoutés pour activer le complexe IV= 

Cytochrome C oxydase. 

Le résultat a été exprimé en pmol/s/106 cellules. 

 

 

La mesure de l’anion superoxyde dans le sang veineux total a été réalisée par résonance 

paramagnétique électronique (RPE), E-scan, Bruker-Biospin, Rheinstetten, Allemagne) à 37 

°C [62]. En bref, 1 mL de sang veineux a été conservé sur la glace afin de réaliser l'analyse 1 

heure après le prélèvement. 25 µL de sang ont été mélangés avec la sonde de spin CMH (1-

hydroxy-3-méthoxycarbonyl-2,2,5,5-tétraméthylpyrrolidine HCl, 200 µM). Le mélange a 

ensuite été introduit dans un tube capillaire RPE en verre (Noxygen Science Transfer & 

Diagnostics, Elzach, Allemagne), puis placé dans la cavité du spectromètre e-scan (Bruker, 

Rheinstetten, Allemagne) pour l'acquisition des données. La détection de la production de ERO 

a été réalisée avec les paramètres RPE suivants: champ central g = 3477,452 ; largeur de 

balayage 60 G ; puissance micro-ondes 21,85 mW ; amplitude de modulation 2,4 G ; constante 

de temps 40,96 ms ; temps de conversion 10,24 ms ; nombre de points de courbe de retard 6. 

Le signal RPE est proportionnel au nombre d'électrons non appariés. Le résultat a été exprimé 

en µmol/min. 

 

Résultats : 

Les principaux résultats sont de montrer que dans un contexte d’augmentation du stress 

oxydant circulant, on observe une altération de la respiration mitochondriale du complexe II, 

associée à une stimulation de la respiration mitochondriale du complexe IV. Ainsi la 

modulation de l’activité de la chaîne respiratoire est complexe dépendante.  

L’analyse de l’ensemble des paramètres cliniques, biologiques et cardiovasculaires invasifs 

ou non (coronarographie et quantification d’un éventuel rejet par biopsie intra-myocardique) 
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montre peu de corrélation significative entre tous ces paramètres. Cependant, il s’avère que 

l’altération du complexe II est cohérente avec l’atteinte cardiaque observée dans 

l’insuffisance cardiaque ce qui pourrait correspondre à une inflammation systémique voire à 

une atteinte minime de la fonction diastolique des cœurs transplantés. La stimulation du 

complexe IV au contraire pourrait être vue comme un mécanisme compensateur permettant 

de maintenir une production énergétique adéquate chez les patients transplantés cardiaques.  

 

 La respiration mitochondriale du complexe II de la chaîne respiratoire des PBMCs était 

diminuée chez les Htx (4,69 ± 0,84 vs 7,69 ± 1,00 pmol/s/million de cellules chez les 

contrôles et les patients Htx, respectivement ; p=0,007) et la respiration du complexe IV était 

augmentée (24,58 ± 2,57 vs 15,68 ± 1,67 pmol/s/million de cellules ; p=0,0035). La 

production d'anions superoxydes était également accrue chez les Htx (1,47 ± 0,10 vs 1,15 ± 

0,10 µmol/min ; p=0,041).  Le rapport leucocytes/lymphocytes était augmenté chez Htx, dont 

le complexe II était corrélé au nombre de leucocytes (r=0,51, p =0,02) et à l'imagerie Doppler 

tissulaire (r= -0,62, p=0,005). Le complexe IV était augmenté chez les deux patients 

présentant un rejet aigu et corrélé négativement avec le temps de relation isovolumétrique de 

Htx (r= -0,45, p=0,045).  

 

Discussion : 

 

Les principaux résultats de cette étude sont qu'après une transplantation cardiaque, les 

complexes de la chaîne respiratoire mitochondriale des PBMC montrent une diminution 

significative des respirations mitochondriales du complexe II et une augmentation du 

complexe IV. Ceci était relativement inattendu dans le cadre d'une Htx de bien-être, mais 

une dysfonction diastolique subclinique pourrait être impliquée dans ces changements. De 

plus, la lymphopénie et une légère inflammation pourraient favoriser la diminution de la 

respiration du complexe II et le rejet aigu pourrait être impliqué dans la stimulation du 

complexe IV. 

La chaîne respiratoire mitochondriale est composée de cinq complexes et, outre la gestion 

du calcium et la participation à l'apoptose, son rôle est de créer de l'énergie pour les 

cellules. C'est un problème majeur, en particulier dans le cœur, un organe nécessitant une 

capacité oxydative élevée permettant des activités systoliques et diastoliques permanentes. 
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Les altérations mitochondriales des cardiomyocytes sont considérées comme faisant partie 

de la physiopathologie de l'insuffisance cardiaque et les auteurs ont régulièrement rapporté 

des diminutions de la respiration du complexe mitochondrial cardiaque dans plusieurs 

contextes, y compris la cardiomyopathie dilatée et ischémique.  

 

Cependant, la nécessité d'une biopsie cardiaque limite cette approche, ce qui suggère des 

recherches sur un marqueur de substitution. 

 

Dans cette optique, la respiration mitochondriale des PBMCs semble particulièrement 

intéressante puisqu'elle ne nécessite qu'un prélèvement sanguin et pourrait refléter les 

altérations du muscle cardiaque. Les études indiquent que les PBMCs peuvent fonctionner 

comme un nouveau biomarqueur non invasif de l'insuffisance cardiaque et comme un 

substitut de la fonction respiratoire mitochondriale du myocarde. 

Une dysfonction mitochondriale des PBMCs a été observée chez les patients souffrant 

d'insuffisance cardiaque, en relation avec l'inflammation et la sévérité de la maladie. Il est 

intéressant de noter que la respiration mitochondriale des cardiomyocytes a été réduite de 

40 % dans le cas d'un rejet cellulaire aigu après une transplantation cardiaque, ce qui 

soutient les études sur la respiration mitochondriale des PBMCs dans l'Htx. En effet, 

l'altération de la bioénergétique mitochondriale cardiaque pourrait être associée à une 

altération de la bioénergétique mitochondriale dans les PBMC, identifiant ainsi de nouveaux 

points de contrôle dans le métabolisme immunitaire cardiaque comme cibles 

thérapeutiques potentielles dans les soins post-transplantation. 

 

Afin d'explorer les mécanismes impliqués dans les modifications de la respiration 

mitochondriale observées dans notre cohorte de Htx, nous avons pris en compte des 

paramètres cliniques, biologiques et cardiovasculaires, notamment la pathologie sous-

jacente responsable de la transplantation cardiaque, le délai depuis la transplantation, les 

investigations cardiaques, coronaires, de rejet et les différentes catégories de médicaments 

administrés aux patients. 

 Diminution de la respiration de la chaîne respiratoire mitochondriale du complexe II des 

PBMC après une transplantation cardiaque. 
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Le complexe II, appelé succinate déshydrogénase (SDH), est le seul complexe qui ne pompe 

pas de protons à travers la membrane mitochondriale interne et dont toutes les sous-unités 

sont codées par l'ADN nucléaire . Dans la chaîne de transport des électrons, le complexe II 

réduit l'ubiquinone en ubiquinol et les altérations pourraient être liées à des mutations, qui 

ont été observées dans la cardiomyopathie. Une diminution de l'activité phosphorylante du 

complexe II a été mise en évidence chez les patients atteints d'HF à un stade précoce et 

pourrait être liée à une biogénèse mitochondriale réduite ou à une mitophagie accrue par 

cellule mononucléaire. 

 

La déficience du complexe II étant associée au cancer et aux infections virales, nous avons 

étudié les relations possibles entre la respiration du complexe II et la présence de cancer et 

le statut viral dans notre population Htx. La respiration du complexe II n'était pas 

spécifiquement diminuée chez les patients ayant développé un cancer ou un CMV. De 

même, le déclin de la respiration du complexe II n'était pas associé à l'augmentation de l'âge 

ni au régime immunosuppresseur, bien que la ciclosporine et le MMF puissent altérer la 

respiration mitochondriale. D'autre part, la ciclosporine peut être protectrice après s'être 

liée à la cyclophiline D, améliorant ainsi la fonction mitochondriale et réduisant la 

production de ROS et l'inflammation.  De plus, l'effet délétère potentiel pourrait avoir été 

contrebalancé par les inhibiteurs de mTOR qui améliorent plutôt la fonction mitochondriale 

des PBMC et diminuent le niveau des marqueurs inflammatoires. L'incidence du stress 

oxydatif est probablement légère chez ces patients, mais il serait utile de mener des études 

pour déterminer si l'augmentation de la production d'anions superoxydes chez les patients 

atteints de Htx est principalement liée à des dysfonctionnements mitochondriaux et/ou à 

des sources enzymatiques telles que la NADPH ou les xanthine oxydases. 

 

De manière intéressante, l'étude de la respiration mitochondriale de l'endomyocarde 

chez les Htx atteints de vasculopathie d'allogreffe cardiaque a montré que la 

respiration maximalement couplée des complexes mitochondriaux I et II était 

significativement réduite . Nos données sur les PBMCs sont en accord avec ces 

résultats, bien que nous n'ayons pas trouvé de corrélation claire entre la 

vasculopathie et la respiration du complexe II chez nos patients. Cela pourrait 
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s'expliquer par le fait que de nombreux Htx étaient bien avec une fraction d'éjection 

ventriculaire gauche conservée et pas ou peu de signes de vasculopathie. D'autre 

part, la corrélation négative significative entre la respiration du complexe II et la 

vitesse myocardique maximale diastolique précoce de la paroi postérieure suggère 

un rôle de la fonction diastolique dans la diminution de la respiration 

mitochondriale des PBMC des Htx. 

 

Les changements dans le nombre de cellules sanguines pourraient également 

participer aux altérations du complexe II observées dans l'Htx. En effet, comme 

observé dans l'insuffisance cardiaque, l'augmentation du ratio 

neutrophiles/lymphocytes pourrait avoir conduit à une diminution de la respiration 

mitochondriale des PBMC. Un tel changement cellulaire avec une lymphocytopénie 

relative liée à l'inflammation et à la régulation négative du système immunitaire 

pourrait conduire à une diminution de la respiration mitochondriale globale des 

PBMC, puisque les neutrophiles contribuent faiblement au taux de consommation 

d'oxygène et à la bioénergétique cellulaire, par rapport aux lymphocytes. En 

conséquence, nous avons observé une corrélation entre la respiration du complexe II 

et le nombre de leucocytes et, un faible nombre de lymphocytes tendait à être associé 

à une faible respiration mitochondriale liée au complexe II chez les Htx. 

 

Augmentation de la respiration de la chaîne respiratoire mitochondriale du 

complexe IV des PBMC après une transplantation cardiaque. 

La cytochrome C oxydase (COX), également connue sous le nom de complexe IV, est 

la dernière enzyme du système de la chaîne de transport des électrons dans les 

mitochondries, car elle est le dernier accepteur d'électrons. Cette protéine est 

considérée comme un emplacement modulateur important pour la phosphorylation 

oxydative (respiration mitochondriale) "OXPHOS" car c'est l'endroit où plus de 90% 

de l'oxygène est consommé sans la formation de ROS . En outre, le complexe IV est 

connu pour moduler la production de ROS et diminuer les dommages oxydatifs. 
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Ainsi, l'augmentation de l'activité du complexe IV peut être considérée comme un 

mécanisme compensatoire de la diminution de la respiration du complexe II observée 

chez les Htx. Elle pourrait également être liée au traitement par statine (généralement 

associé à une diminution des marqueurs inflammatoires) puisque la simvastatine a 

augmenté la respiration mitochondriale du complexe IV dans les PBMC, par rapport 

aux contrôles non traités, en association avec une augmentation de la production de 

superoxyde. 

La corrélation inverse observée entre le temps de relaxation isovolumique et 

l'activité du complexe IV suggère également son implication dans la fonction 

diastolique cardiaque, mais cela devra être confirmé, bien qu'une activité accrue du 

complexe IV ait été observée dans l'ischémie cardiaque. 

Il est intéressant de noter que les deux patients présentant un rejet cellulaire ou 

humoral au cours de l'étude ont montré une augmentation de l'activité du complexe 

IV. Bien que leur nombre soit insuffisant pour conclure définitivement, il pourrait 

s'agir d'une activation compensatoire de la réponse immunitaire vers un effet anti-

inflammatoire. 

Donnant potentiellement une cohérence aux changements mitochondriaux 

observés dans cette étude, EL Mills et al. ont proposé que l'inhibition de 

l'oxydation du succinate favorise un résultat anti-inflammatoire . 

 

Conclusion: 

Mon travail, orienté par les revues de la littérature, a montré pour la première fois une 

altération de la fonction mitochondriale des cellules circulantes mononuclées chez les 

patients transplantés cardiaques par rapport à des sujets sains appariés.  

Alors que les traitements immunosuppresseurs ne semblent pas avoir un effet majeur sur la 

diminution de la respiration mitochondriale du complexe II et la stimulation de la respiration 

mitochondriale du complexe IV, le contexte général inflammatoire objectivé par une 

production augmentée de radicaux libres et par des ratios neutrophiles/lymphocytes 
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augmentés pourraient participer à ces résultats. Bien que les deux patients en rejets lors de 

l’étude montrent une augmentation de l’activité du complexe IV, leur nombre est insuffisant 

pour conclure définitivement.  

Il serait intéressant à l’avenir de réaliser une étude similaire chez des patients caractérisés par 

la présence d’un rejet cellulaire ou humoral. Cela pourrait supporter encore plus l’intérêt de 

l’analyse de ce marqueur dans l’évolution cardiovasculaire des patients transplantés et être un 

signe de rejet supplémentaire, facilitant ce diagnostic qui reste difficile de nos jours.  
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            Abrar ALFATNI     
 

 
 
 
  

Peripheral Blood Mononuclear Cells (PBMCs) Mitochondrial 
Respiration after Heart Transplantation (HTx) Potential links 
with Cellular Shift, Mild Diastolic Dysfunction Diagnosed 

using Echocardiography and/or Acute Rejection  
 

  

Summary   
 

The mitochondria are the main source of ATP and oxygen free radicals. A chronic 
cardiac pathology is accompanied by an alteration of the mitochondrial tissue respiration, 
linked to the severity of the disease. This diagnosis requires an invasive biopsy, but 
mitochondrial analysis on circulating Peripheral Blood Mononuclear Cells (PBMCs) could be 
an alternative, due to the reflection of organ damage on PBMCs. In heart failure, this 
analysis is little explored, but is not for heart transplantation.  
In this prospective study carried out in heart transplant patients, superoxide anion is 
increased compared to the controls accompanied by an alteration of mitochondrial 
respiration linked to complex II, and a stimulation of complex IV. These results might have 
potential links with 

My work shows for the first time, an alteration in the mitochondrial function of PBMCs in 
heart transplant patients. 
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 Respiration Mitochondriale des Cellules Mononucléaires du Sang 

Périphérique (PBMCs) après une Transplantation Cardiaque 
(HTx) Liens Potentiels avec le Déplacement Cellulaire, le 
Dysfonctionnement Diastolique léger Diagnostiqué par 

Echocardiographie et /ou Rejet Aigu 
  

  

Résumé  
 
 
 
Les mitochondries sont la principale source d'ATP. Une pathologie cardiaque chronique 

s'accompagne d'une altération de la respiration du tissu mitochondrial, liée à la sévérité de la maladie. Ce 

diagnostic nécessite une biopsie invasive, mais l'analyse des mitochondries sur les cellules mononucléaires 

circulantes du sang périphérique (PBMC) pourrait être une alternative, en raison du reflet des lésions 

organiques sur les PBMC.  

Dans cette étude prospective réalisée chez des patients transplantés cardiaques, l'anion superoxyde est 

augmenté par rapport aux témoins accompagné d'une altération de la respiration mitochondriale liée au 

complexe II, et d'une stimulation du complexe IV. Ces résultats pourraient avoir des liens potentiels avec 

le déplacement cellulaire, une légère dysfonction diastolique diagnostiquée par échocardiographie et/ou un 

rejet aigu.  

Mon travail montre pour la première fois, une altération de la fonction mitochondriale des PBMCs chez les 

patients transplantés cardiaques 




