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    Microorganisms are the most abundant and diverse beings on Earth and are capable of occupying various ecological niches. Among them, there are pathogenic microorganisms that have the ability to cause infections or diseases when interacting with a host, who they need to thrive and survive. Once the pathogen sets itself up in a host, it manages to avoid the host’s immune response and uses its resources to replicate before spreading to new ones.




    Infectious diseases are among the main cause of morbidity and mortality worldwide and are a major challenge for the biomedical sciences. Recently, much progress has been made towards unraveling the mechanisms of microbial pathogenesis, including the immuno-inflammatory response elicited by the parasite-host relationship. It is worth mentioning that the mitochondrial DNA stands out, known for its role in oxidative phosphorylation and maternally inherited mitochondrial diseases. The release of mitochondrial DNA into the cellular cytoplasm and out to the extracellular milieu activates different pattern recognition receptors and innate immune responses leading to robust actions.




    Mitochondrial DNA and the Immuno-inflammatory response: new frontiers to control specific microbial diseases aims to present state-of-the-art coverage on topics central to the understanding of the interactions between pathogenic microorganism (bacteria and virus) and hosts. The book is divided into six chapters written by professionals with expertise in the field of cell biology and immuno-inflammatory response. The chapters cover the complexity of mitochondrial metabolism; the mitochondrial dysfunction in leprosy; mitochondria and the host immune cell against Mycobacterium tuberculosis; disturbance of mitochondrial function in Streptococcus pneumoniae infection; inflammatory response in Zika virus infection and mitochondrial dysfunction; and the potential role of mtDNA as an important marker of hyper inflammation in the progress of COVID-19. This book represents a comprehensive and an indispensable tool for researchers in immunology and microbiology wishing to keep abreast with the latest developments in cellular immunology and mitochondrial DNA. In addition, it provides a reliable reference for undergraduate and graduate students in their pursuit of becoming competent future immunologists/microbiologists, as well as for health professionals in general.




    

      Cintia de Moraes Borba


      Laboratory of Taxonomy, Biochemistry and Bioprospecting of Fungi


      Oswaldo Cruz Institute, Oswaldo Cruz Foundation


      FIOCRUZ, Rio de Janeiro-RJ


      Brazil

    


  




  




  




  

    PREFACE




    


    


    


    


    


  




  

    The first cases of the infection caused by the virus SARS-CoV-2 were reported in December, 2019, in China, hence the name of the disease: COVID-19 (Corona Virus Disease, year 2019). The world saw the emergence of a global pandemic in 2020, which still poses a threat to global health in 2021, despite the recent mass vaccination. In some countries like the USA, Brazil and India, the number of deaths is still worrisome. The most important lesson learnt from this disease is its destructive potential of triggering a sudden and uncontrolled inflammatory response to the virus, which can rapidly decimate populations worldwide. That was our biggest motivation for choosing the topic Mitochondrial DNA and the Immuno-inflammatory response: new frontiers to control specific microbial diseases as the second volume in the book series "Frontiers in Inflammation".




    Our objective is to present to the reader a book on the topic of "inflammation" in its broadest sense, including relatively recent scientific discoveries concerning the active participation of a cell organelle—mitochondria—and its respective constituents, mainly mitochondrial DNA (mtDNA), in the immuno-inflammatory responses. It is worth mentioning that, coincidently, this organelle was studied by James P. Allison, PhD, and Tasuku Honjo, PhD, who were awarded the Nobel Prize in Physiology or Medicine for their discovery regarding cancer therapy by inhibition of negative immune regulation. Thus, the mechanism for oxygen sensing (mitochondria) has fundamental importance in Physiology and Pathology, in areas such as the metabolism, immune response and ability to adapt to exercise. All in all, the role of mitochondria goes far beyond their contribution to cellular energy metabolism. Mitochondria are multifuncional organelles that actively participate in the immuno-inflammatory response in several pathologies. To develop this subject, we chose some pathologies which have already been studied under the light of this specific area. Therefore, this book will address: (1) two diseases (one bacterial and the other one viral) in which the exacerbation of the inflammatory response can lead to neuropathies— leprosy (one of the oldest diseases in the world) and Zika fever (a relatively new disease in Brazil)—and (2) three diseases (two bacterial and one viral) in which the exacerbation of the inflammatory response can lead to irreversible lung damage that can cause rapid death—tuberculosis, pneumonia and the most recent global pathology, COVID-19. In addition, the introductory chapter of this book deals with updates on mitochondria as multifunctional organelles, enabling Cell Biology to better interface with Physiology, Pathology and Immunology.




    Our goal is to provide up-to-date content on the chosen topic, aiming at broadening horizons and awakening readers, especially infectologists and pathologists, about the importance of investigation and research on the subject of inflammation, a very fascinating and promising topic for new discoveries of therapeutic targets.




    We hope that this content may be useful in universities, hospitals and scientific research centers, as well as for health professionals in general. It is worth mentioning that each author and co-author presents their experience in their area of expertise in Cell Biology and Infectious Diseases.




    Brazil is one of the countries listed with a high incidence of leprosy, Zika fever, tuberculosis, bacterial pneumonia and COVID-19. We would like to express our sincere thanks to all authors who have contributed chapters to this book. We would also like to thank Bentham Science Publishers for the publication opportunity and for their support in disseminating knowledge.
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    This book is dedicated to healthcare professionals and all individuals who have dealt or are dealing with one or more of the illnesses covered in this book.
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      Abstract




      Mitochondria are highly relevant organelles with regard to their unique function in generating energy and contributing to metabolism within the cell. Furthermore, recent studies suggest that they might have an influence on the innate immune and inflammatory responses, thus affecting antiviral immunity (as example: Zika virus (ZIKV), hepatitis C virus (HCV), dengue virus and SARS-CoV-2 virus) and antibacterial immunity as well (Streptococcus pneumoniae, Mycobacterium leprae and Mycobacterium tuberculosis). Therefore, this chapter aims at bringing a relevant debate about the role of mitochondria and their multifunctional capacity. We intend to discuss the complexity of mitochondrial metabolism, especially during aerobic physical exercises, which causes the modulation of the gene expression of proteins that lead to mitochondrial proliferation and, thus, promote health. In addition, considering the injuries caused by hypoxia, this chapter also stresses the enormous potential of mitochondria to enable the survival of eukaryotic cells by allowing them to turn to aerobic respiration, as shown in previous scientific studies. In conclusion, this chapter points out the importance of mitochondrial biogenesis (both natural and stimulated




      biogenesis by aerobic exercise) and the benefits this organelle brings to the health, arguing that they go far beyond cellular respiration and oxidative phosphorylation.
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      1. Mitochondrial Biogenesis




      The way in which life emerged on Earth is the subject of study by many scientists throughout the history of science. Assumptions and theories have been elaborated to suggest how cellular metabolism developed [1]. Despite those scientific efforts, the origin of the eukaryotic cell remains unknown. Nevertheless, it is known that there are two main cell types: the prokaryote and the eukaryote cell. The prokaryote cell is a simpler example consisting of cytoplasm, genetic material, cell wall, plasma membrane, cilia, flagella, ribosome and plasmid. The eukaryotic cell has some components similar to the prokaryotic cell, while it has additional components such as mitochondria, Golgi apparatus, nucleus, lysosomes, secretion vesicles, endoplasmic reticulum and peroxisomes (which can be found in most eukaryotic cells). However, glyoxysomes, chloroplasts, chlorophylls and the cell wall are present only in the plant cell. Together, these peculiarities make the eukaryotic cell (Fig. 1) a very complex system. In order to understand the complexity of these cells, it is necessary to have a closer look at relevant events in tissues, organs, systems and organisms.




      The energetic role of mitochondria is intimately linked to the origin of the eukaryotic cell and their development in complex organisms. Comprehension of the evolutionary origin of mitochondria is essential for understanding any biological structure or process specially involved in birth, aging-related diseases and cell death. In this context, it is relevant to begin this review by introducing the meaning of “Biogenesis”, mentioned by Attardi et al. [2] and Leaver et al. [3] to refer to the production of new mitochondria inside the cells. According to the review of Nisoli et al. [4], mitochondrial division occurs concurrently with the nuclear division. Despite the kinetics of mitochondrial division not coinciding with cell proliferation all the time, it is verified that, in muscle cells, mitochondria divide during both events: myogenesis and physical exercise. Furthermore, mitochondria can also duplicate after some special circumstances, such as under benzodiazepine treatment, inhibitors of oxidative phosphorylation, phorbol esters and calcium modulation [4].
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Fig. (1))


      Eukaryotic cell and its organelles. Note that mitochondria are the only intracellular organelle with DNA inside, besides the nucleus.



      The scientist Lynn Margulis was the main proponent of the endosymbiotic theory of the mitochondria’s evolution. She thoroughly changed the understanding of the evolution of nuclear cells by proposing that it was the result of symbiotic fusions of bacteria. Throughout her career, Margulis's research has not received due credit in the scientific community and her article entitled “On the Origin of Mitosing Cells” appeared in 1967, after being rejected by about fifteen journals [5]. Margulis defended the theory that cellular organelles, such as mitochondria and chloroplasts, had been independent bacteria, and this knowledge was ignored for another decade, only being accepted after robust genetic evidence [6, 7]. Anderson et al. [8] reported that complete genomic sequences for many mitochondria, as well as for some bacteria, were a consistent demonstration to explain the origin of mitochondria. In addition, they argued that phylogenetic reconstructions with genes encoding proteins active in metabolism and energy translation were the confirmation of the simplest version of the endosymbiosis hypothesis. These same authors warned that the hypotheses of hydrogen and syntrophy for the origin of the mitochondria, however, were not yet completely clear, but that future research in this direction would probably show that the evolution of hydrogenosomes could be related to that of mitochondria.




      Despite the classic formulations of the endosymbiotic theory, research by Martin et al. [9], in accordance with the previous study by Margulis [5], assumed that mitochondria were acquired by a host cell capable of ingesting food bacteria with the help of phagocytosis. The premise that the host was phagocytic never received experimental support. A decade later, the same authors [10] reported several theories about the origin of mitochondria that do not involve phagocytosis first, and, in 2017, they affirmed that all of those other theories are models based on anaerobic syntrophy that would be responsible for the common ancestry of mitochondria and hydrogenosomes [11].




      Interestingly, Archibald [12] attests that the evolution of the simplest prokaryotic eukaryotic cell was probably the most important event in the history of life and that the greatest mystery in biology is the vast and ancient nature of the prokaryote-eukaryotic division. Archibald mentioned that, despite the efforts of the scientific community, several points are still beyond the understanding of scientists. He mentions that some scientists link the origin of the eukaryotic cell to the origin of the mitochondria and attribute this to a single event, which is that of energy conversion. Still, according to this author, other scientists believe that the nucleus, the cytoskeleton and other eukaryotic complexities evolved step by step before the mitochondria. Yet, according to Archibald (2014) [12], thanks to advances in DNA-based research, endosymbiosis played an important role in the evolution of cellular complexity (Fig. 2), first with the eukaryotic cell and then with plants and algae. This author points out that, without plants and animals of any kind, we would not be here to reflect on our existence.


    




    

      2. Mitochondria – a multifunctional organelle: from the correlation of DNA mitochondrial with inflammatory diseases and innate immune response




      To address mitochondrial multifunctionality, it is important to consider that there is a branch in Cell Biology that greatly enriched the knowledge of various mitochondrial functions – the so-called Bioenergetic [1]. This topic is complementary to the molecular and cellular studies, improving the information about the composition of this organelle (Fig. 3), including how mitochondrial DNA duplication occurs. Moreover, the studies on free radical production and coordinated expression of the mitochondrial (mtDNA) and nuclear (nDNA) genomes that encode proteins also provide relevant knowledge [1]. During their duplication / replication process, new mitochondrial proteins are recruited and added to pre-existing compartments or protein complexes. In some cases, there may be a change in the intermediate compounds, producing free radicals, which are harmful when in excessive quantity. Therefore, mitochondria have become an important tool for Pathology, Phisiology, Pharmacology, Biochemistry, Cellular and Molecular Biology, Immunology, Microbiology and Virology because they are able “to respond quickly” to external and internal cell signals. For example, the ability of animal cells to detect different oxygen concentrations and, as a result, to reconnect their gene expression patterns is essential for the survival of virtually all animals, and casting light on these issues has led researchers in these areas of study to receive the Nobel Prize in Physiology or Medicine [13]. Thus, in 2019, William Kaelin Jr., Peter Ratcliffe and Gregg Semenza [13] shared the award for their work, which played a critical role in understanding and developing treatments for diseases such as anemia and cancer. They identified molecular machinery that regulates gene activity in response to changing levels of oxygen. Then, these researchers helped reveal the mechanism through which cells in the body respond and adapt to the availability of oxygen. The oxygen-activated signalling pathways that are controlled by these pathways affect approximately 300 genes that are involved in a variety of regulatory mechanisms. These molecular pathways permeate numerous physiological processes, ranging from organ development and metabolic homeostasis to tissue regeneration and immunity, and have important positions in several diseases.
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Fig. (2))


      Mitochondrial biogenesis. The anaerobic eukaryotic cell endocytosed the aerobic bacteria but did not digest it. The aerobic bacteria became a cell organelle and, consequently, the eukaryotic cell became aerobic.
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Fig. (3))


      Mitochondrial components.



      Besides, mitochondrial toxicity, often induced by certain drugs, body nutritional status, or osmotic imbalance, is a reliable sensor for assessing the potential of chemical compounds “in vitro” and “in vivo”. It is relevant to highlight that modern studies suggest that drug screening, the analysis of the relationship between biopathogens and their hosts, as well as the mechanism of action of some biological agents in diseases or symptoms perceived in the human body could harm this organelle’s regulation. This urges us to pay more attention to the structure, composition and functionality of mitochondria, as well as highlight the magnitude of the scientific studies that can still be done on it. Aiming at comparing energy yield, metabolism in the diverse existing aerobic organisms and cellular interaction.




      As reviewed by Kausar et al. [14], the assumption of the common evolutionary origin between mitochondria and prokaryote denotes that mitochondrial DNA shares several characteristics with bacterial DNA as it consists of an extraordinary number of unmethylated DNA. Also, this fact suggests that mitochondrial DNA can be recognized as a molecular pattern associated with pathogens by the innate immune system. In pathological conditions, mitochondrial membranes rupture and mitochondrial DNA is released into the cell's cytoplasm. Once in the cytosol, this mitochondrial DNA, now cytosolic, induces several innate immune signalling pathways involving several types of receptors that participate in triggering the production of effector molecules such as the activation of NLRP3, TLR9, and STING by mitochondrial DNA [15-18].




      Hence, mitochondrial DNA is responsible for inflammatory diseases after stress and cell damage. In addition, it is also involved in innate antiviral and antibacterial immunity. Furthermore, mitochondria are multifunctional organelles that, besides being focused on cell metabolism and energy production through mitochondrial DNA, seem to be of great relevance to trigger an innate immune response against various antimicrobial agents as well. Kausar et al. [14] mentioned that the relationship between mitochondrial DNA and its biological role in innate immunity has not yet been fully understood. These authors mention a study that mitochondrial DNA releases are mediated by the transition from mitochondrial permeability based on sensitivity to cyclosporin A, which is plausible if the transition from mitochondrial permeability is followed by osmotic swelling and rupture of the mitochondrial membrane [19]. Also, according to Kausar et al. [14], a recent study suggested that the hydrolysis of the mitochondrial membrane by secreted phospholipase A2 IIA (sPLA2-IIA) produces inflammatory mediators that induce leukocyte activation, leading to different inflammatory responses [20]. It is worth mentioning that mitochondria have a Nitric Oxyde sintase – NOS isoform (mtNOS) – and it has been described as a constitutive protein of the mitochondrial inner membrane that generates NO in a Ca2+-dependent reaction [21], although its existence has been doubted by other studies [21].




      Furthermore, some studies also demonstrate that several viral proteins are responsible for the release of mitochondrial DNA in the cytosol [21]. In addition, Kausar et al. [14] also mentioned that, during infection with Mycobacterium tuberculosis, due to mitochondrial damage, mitochondrial DNA is released and it is considered to be an important source of cGAS binding [22]. Moreover, M. tuberculosis DNA is also a primary source for the activation of this signalling cascade [23]. The contribution of mitochondrial DNA to bacterial autophagy is especially interesting, given the similarity of this signalling pathway to mitophagy and the fact that the mitochondria itself were once a bacterium [22, 24].




      Growing evidence suggests that mitochondrial DNA also participates in the anti-viral immunity [14]. Mitochondrial DNA can be recognized as a cell-intrinsic elicit of anti-microbial (anti-viral) signalling, and mitochondrial DNA monitoring homeostasis collaborates with typical virus detecting mechanisms to entirely incite anti-viral innate immunity. It has been shown that the C-terminus of the dengue virus M protein targets the membrane of mitochondria, causing swelling of its matrix, permeabilization, and potential loss of mitochondrial membrane. There are multiple lines of evidence suggesting the involvement of mitochondria in anti-bacterial immunity by producing reactive oxygen species [14].




      Thus, the liberation of mitochondrial DNA, for instance, in response to Streptococcus pneumoniae, strongly activates the innate immune system via STING (stimulator of interferon genes) signalling pathway for the clearance of bacterial pathogens [14]. Interestingly, under stress conditions, particularly during microbial infection, physiological changes occur in mitochondrial membranes leading to the leakage of mitochondrial DNA, which is an evolutionary beneficial biological mechanism in a host, amplifying anti-viral and anti-bacterial signalling in response to these pathogen invasions [14]. However, the abnormal accumulation of damaged mitochondria and the release of mitochondrial DNA into the cytosol may also be responsible for various inflammatory diseases [14]. Furthermore, another interesting question is to understand the mechanism by which DNA sensing molecules can potentiate various outcomes of microbial infection. For example, in the case of M. tuberculosis, cGAS, STING, and TBK1 are all needed for both autophagosomal targeting and type I IFN expression [14].


    




    

      



      3. Mitochondria can be involved in the pathogenesis of some viral diseases




      It is noteworthy to mention that mitochondria are a potential target for several biopathogens, including some viruses – some studies also demonstrate that several viral proteins are responsible for the release of mitochondrial DNA in the cytosol. At the current time, the pandemic COVID-19 caused by the SARS-CoV-2 virus (Severe Acute Respiratory Syndrome CoronaVirus 2) is raging around the world. It was very recently reported that some antibiotics, including those prescribed for COVID-19 in Wuhan, China, have been shown to inhibit mitochondrial DNA synthesis [25]. According to these authors, it is not yet known whether antibiotics support treatment for COVID -19 or weaken patients' immune responses in this case.




      Mitochondrial performance can affect several cellular events as previously mentioned and, in this topic, we will describe how this organelle contributes to the result of viral infections since mitochondria can be targeted by some viruses [26]. Viral diseases spread to different geographical regions across the globe. Thus, the identification of new species of viral agents as well as the investigation of the pathogenesis of the diseases caused by them is crucial for the control and prevention of new diseases. In this context, although many host responses determine the pathogenesis of viral diseases, the role of mitochondria in determining viral pathogenesis is still poorly understood. However, mitochondria are suitable targets for viruses because they act as the cell's energy machinery in addition to performing many other functions in the cell. Therefore, the use of mitochondria as a target will pose a threat to the general function of the cell and, in this way, will contribute to the action of viruses in the cell control, in addition to facilitating the propagation of these biopathogens. This can be exemplified by the fact that viral agents can easily, through mitochondria, control the host cell and, for example, modulate the triggering of apoptosis or, on the contrary, inhibit it [27]. Interestingly, some viruses can use the apoptosis process to produce enough progeny or facilitate the release of the virus [28, 29]. When it comes to the correlation of some viruses with cellular organelles, the Zika virus (ZIKV), belonging to the Flaviviridae family, replicates in the endoplasmic reticulum (ER) [30-32]. Thus, the replication of the hepatitis C virus (HCV), also a member of the Flaviviridae family, leads to the release of Calcium from the ER lumen into the cytoplasm, increasing the general production of reactive oxygen species (ROS). Mitochondria can absorb the Calcium released, leading to more production of ROS [33].




      Mitochondria can contribute to the activation of autophagy through the generation of reactive species (ROS) as well as providing membranes for the formation of autophagosomes. Removal of mitochondria by autophagy works as a quality control of this organelle, since unviable mitochondria induce cellular oxidative stress and, consequently, generate signs of apoptosis. Autophagy is a cellular response to the bioenergetic crisis that generates autophagic vacuoles to assign cell organelles and proteins to lysosomes for cell digestion. Degradation through autophagy can provide an innate defense against infection by viruses, or, conversely, autophagosomes can promote infection. In some cases, this process is antiviral, while in other cases it is necessary for efficient viral proliferation and dissemination [34].




      Especially in some Corona vírus infection, autophagosome is required for the formation of double membrane-bound coronavirus replication complexes, with the formation of the double membrane vesicles significantly enhancing viral replication efficiency [35]. Interestingly, the autophagy process in viral infection of several pathogenic Corona Vírus such as SARS-CoV, MERS-CoV and the new CoV named as SARS-CoV-2, was reported by Yang et al. [36]. These authors mentioned the development of therapeutic agents by targeting autophagy.




      In sum, directly or indirectly, the mitochondria can function as a target for some viruses. And, this seems to be a common denominator in the pathogenesis of several viral diseases Thus, the investigation of the correlation of mitochondria with some viral agents may be of great use in the search as for example, new antiviral therapeutic strategies. As healthy mitochondrial function is essential for cell survival, selective removal of a subset of dysfunctional mitochondria is a highly regulated process and requires coordinated functions of mitochondrial and cytosolic proteins. Controlled mitophagy may coordinate with mitochondrial biogenesis to sustain cell survival and function, as reviewed by Michel et al. [37] and Rubinsztein et al. [38].


    




    

      4. Mitochondria and aerobic exercise: new frontiers in health promotion




      Muscles work so well that they look like machines. These, in turn, need fuel to function. Likewise, muscles need “fuel” to burn energy. This fuel comes from the body's diet, fat and glucose reserves [39]. The question is that food nutrients cannot be directly transformed into usable energy for every cell in the body. Each cell has a primary source of energy called ATP. Thus, the body's ability to create ATP is critical because it determines the capacity for physical effort which in turn is depends on each organism [39]. Meals contain energy stored in a variety of forms – protein, fat and carbohydrates. The body needs this energy and captures it in the form of ATP. To do this, the stomach and small intestine break nutrients into small molecules and, through the bloodstream, these nutrients are distributed to all cells in the body. Within cells, specifically in mitochondria, molecules derived from ingested nutrients undergo a series of chemical reactions that produce ATP. Then, the body stores only a small amount of ATP. However, when demand increases – for example, when exercising, the body must mobilize more. To do this, it is necessary to use glucose stored in muscle and liver and also to use fat from various parts of the body. So, glucose and fats flow through the bloodstream until they reach the muscles [39].




      Scientific literatures help explain the known ability of endurance exercise to improve cognitive function, particularly in elderly people. According to Saltus (APUD: Healthy Mind, Healthy Body Benefits of exercise Longwood Seminars) [39], if protein can be made in a stable form and developed into a drug, it may lead to better therapies for cognitive decline in seniors and decrease the number of neurodegenerative diseases such as Alzheimer's and Parkinson's.




      The literature mentions FNDC5/irisin, a protein which is liberated by muscle tissue in response to exercise. In this research, endurance exercise - rats voluntarily running on a wheel for 30 days - increased the activity of a metabolic regulatory molecule - PGC-1α - in the muscles, which stimulated the increase of FNDC5 protein. Increasing FNDC5, in turn, increased the expression of a brain protein, BDNF (brain-derived neurotrophic protein) in the hippocampal dentate gyrus, a part of the brain involved in learning and memory [40]. Thus, physical exercise provides huge beneficial effects for the prevention and treatment of numerous diseases.




      Aerobic exercise results in rapid increases in expression of the peroxisome proliferation activated receptor transcription coactivator (PGC-1) and mitochondrial biogenesis in skeletal muscle. PGC-1 regulates and coordinates mitochondrial biogenesis and overexpression of PGC-1 and muscle cells in vitro enhances mitochondrial proliferation. In this framework, it has been proposed that the increase in PGC-1 and protein expression modulate the exercise-induced increase in mitochondrial biogenesis. However, Wright et al. [41] have shown that mitochondrial proteins with a short half-life increase as rapidly or as rapidly as PGC-1 protein. According to these authors, it seems that PGC-1 activation may mediate the early phase of exercise-induced adaptive increase in muscle mitochondria, while subsequent increase in PGC-1 glycoprotein maintains and regenerates the increase in mitochondrial biogenesis (Fig. 4) [41].
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Fig. (4))


      PGC -1 induces mitochondrial proliferation during aerobic exercices.



      Exercise has been found to stimulate BDNF in the hippocampus, one of only two areas of the adult brain that can generate new nerve cells. BDNF promotes the development of new nerves and synapses - nerve connections that allow learning and memory to be stored - and help preserve existing brain cells) [42]. The other beneficial physiological effects of irisin are alleviation of oxidative stress, neuroprotective effects, and anti-inflammatory properties and associated anti-metastatic effects [43].




      In the last decades, literature has mentioned several scientific methods to measure the intensity of aerobic exercise in research laboratories [44]. In this context, experimental science reports that the blood vessels in the active muscles dilate and that oxygen-rich blood flows to the muscles which are working harder. Inside the muscle cells, oxygen diffuses and accesses the mitochondria, the organelle that gives oxygen usefulness and consequently generates energy for the cell. The basic fuel for this process comes from the breakdown of glucose and also some lipids. When oxygen is available, mitochondria can create much more energy per glucose molecule than in the absence of oxygen. The body first burns glucose molecules that are stored in the form of a compound called glycogen, found mainly in the liver and muscles. But as exercise continues, the available glycogen stores are depleted and triglyceride molecules (which is a type of fat) become the main source of fuel. The benefits of exercise really begin to accrue as physical activity becomes a routine habit. The body adapts to the increasing demands being placed on it, leading to increased resistance as individuals become fitter. For example, the lungs process more oxygen as each breath deepens and the heart pumps more blood with each beat [44].




      As intensively addressed in this review, mitochondrial biogenesis is essential to sustain cell survival and function. Based on this, Campos et al. [45] investigated the role of exercise as an important non-pharmacological treatment in the treatment of heart failure, which may restore quality control of a cardiac protein. Heart failure is one of the leading causes of morbidity and mortality worldwide. Therefore, research for new pharmacological and non-pharmacological therapies, which act as adjuvants, are extremely important for treatment and a significant progression of clinical outcome.




      The literature mentions that adjuvant therapies for cardiovascular diseases are capable of increasing patients' quality of life and survival rates [46]. Actually, exercise is an important adjunct strategy, a non-pharmacological treatment which may reduce cardiovascular risk factors [47, 48], and it has been recognized as an important and safe strategy for the prevention and treatment of heart failure [49-51]. Furthermore, Campos et al. [45] show that 4-Hydroxynonenal (4-HNE), a product of lipid peroxidation that accumulates during oxidative stress, irreversibly interacts with mitochondrial, cytosolic and membrane proteins and inactivates them. For the first time, it has been shown that in heart failure, there is a modification or inactivation of the cardiac proteasome by 4-HNE. These authors provide experimental evidence that exercise works by rescuing mitochondrial function, decreasing 4-HNE accumulation and improving cardiac protein quality control, being an important adjuvant in the treatment of heart failure, which has been studied in mice with induced insufficiency by myocardial infarction, which presented prominent mitochondrial cardiac dysfunction, 4-HNE accumulation and cytosolic protein control dysfunction.
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