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Mitochondria are subcellular organelles involved in essential cellular functions, including cytosolic calcium

regulation, cell apoptosis, and reactive oxygen species production. They are the site of important biochemical

pathways, including the tricarboxylic acid cycle, parts of the ureagenesis cycle, or haem synthesis.
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1. The Electron Transport Chain

The mitochondrion is a cytoplasmic organelle that consists of a double membrane, matrix, and mtDNA. The outer

membrane and intermembrane space are relatively permeable in contrast to the inner membrane which has a

restrictive permeability, containing the enzymes required for electron transport . Mitochondria generate the

majority of cellular energy in the form of ATP, through the oxidation of reduced nicotinamide adenine dinucleotide

(NADH) and reduced flavin adenine dinucleotide (FADH2), and subsequently, the process of oxidative

phosphorylation . Molecules derived from the catabolism of glucose (glycolysis), fatty acids (beta-oxidation), and

amino acids (deamination/transamination) are further referred to the tricarboxylic acid (TCA) cycle to generate the

required OXPHOS substrate . An electrochemical gradient generated at the level of the inner membrane

generates OXPHOS. The electron transport chain (ETC) is made up of five enzyme complexes (I, II, III, IV, and V),

located at the level of the mitochondrial inner membrane. Electrons donated by NADH/FADH2 coenzymes are

transferred to complex I (NADH: ubiquinone reductase) or complex II (succinate dehydrogenase) of the ETC .

The two electrons from NADH are given to ubiquinone (UQ) with the help of cofactors. Subsequently, ubiquinone is

reduced to ubiquinol (UQH2). This transfer of electrons triggers the introduction of protons from the matrix into the

intermembrane space (through the transfer of two electrons, four protons are introduced). Electrons donated by

FADH2 are transferred to the UQ via complex II but are not associated with the transport of protons from the matrix

into the intermembrane space . Afterward, they are transferred to complex III (cytochrome c reductase), made up

of cytochromes b and c1. The entire process of electron transfer from UQH2 to cytochrome c is called the Q cycle.

Initially, UQH2 binds to complex III, facilitating the access of two protons in the intermembrane space, while two

electrons are released, following different paths. The first electron is transferred to cytochrome c1 (at this level it

reduces Fe  to Fe ), and from this level, it is then transferred to cytochrome c. The second electron is given to

cytochrome b; subsequently, UQ is partially reduced to a molecule called the semi-quinone radical ion (Q-). In the

second stage, a new UQH2 molecule is attached to complex III following the same pattern; therefore, a new

electron is bound to the cytochrome c level, and the second electron is bound at the Q level with the formation of a

UQH2 molecule. At the end of this process, four protons are generated in the intermembrane space. Four electrons
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are transferred from four cytochrome c molecules to complex IV (cytochrome c oxidase), where molecular oxygen

is bound and reduced to water. Finally, at the level of complex IV, eight protons are transferred from the matrix (four

are used for the formation of two water molecules, and the other four are transferred to the intermembrane space)

. At the end of the electron transport process, using one molecule of NADH, 10 protons are generated towards

the intermembrane space (two from complex IV and four each from complex I and complex III, respectively). In this

way, an electrochemical gradient known as mitochondrial membrane potential is produced. Complex V (F0F1 ATP

synthase) consists of two domains: extramembrane (F1) and transmembrane (F0). This transport of electrons is

associated with the transport of protons from the level of the internal membrane, generating the electrochemical

gradient that is necessary for ATP production  (Figure 1).

Figure 1. Schematic representation of mitochondrial electron transport chain (ETC). The ETC consists of five

enzyme complexes (I, II, III, IV, and V).

2. Mitochondrial DNA Structure

mtDNA nucleotide sequences were first identified in 1981, and were further re-evaluated and subsequently revised

in 1999 . mtDNA is a double-stranded circular DNA molecule consisting of 16,569 bp which encodes 37 genes,

including 13 polypeptides essential for the OXPHOS mechanism, 2 ribosomal RNAs (12S and 16S), and 22

transfer RNAs. mtDNA has a special structure compared to genomic DNA; it does not contain introns, as genes

have absent or reduced portions of non-coding bases between them .

Zong et al. described free circulating mtDNA in blood samples with an important prognostic role in various cancers,

cardiac arrest, and sepsis . Subsequently, circulating free mtDNA was identified as a major mediator of innate

immunity and systemic inflammatory response. The process of being released into plasma results in the activation
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of neutrophils, mediated by the Toll-like receptor 9 (TLR9) . mtDNA is also found in the cytosol. It has been

shown that oxidative stress, viral or bacterial infections, or miss-packaging lead to its release and are involved in

innate intracellular immune responses . Mitochondrial dysfunctions have been correlated with obesity, diabetes

mellitus, and cardiovascular pathologies. An increased amount of glucose is predisposed to the increased

production of ROS, with destructive effects at the mitochondrial level . The aging process, the reduced action

capacity of antioxidants, and the changes produced at the mitochondrial level can be as important causes of

metabolic pathologies.

3. Mitochondrial Biogenesis and Dynamics

Most mitochondrial proteins are nuclear-encoded proteins and are translated by cytosolic ribosomes, processed,

and imported into the mitochondria via the TIM/TOM system . The TOM complex is the translocase of the outer

mitochondrial membrane and mediates the importing of nuclear-encoded proteins into the intermembrane space

. There are two distinct mitochondrial translocase complexes in the inner mitochondrial membrane (TIM) .

The TIM22 and TIM23 complexes recognize and import different classes of proteins . Mitochondrial dynamics is

essential in maintaining mitochondrial homeostasis and is achieved through two processes: fusion and fission.

Imbalances between the two events generate mitochondrial morphological changes, an excess of fission causes

the formation of fragmented mitochondria, and an excess of fusion triggers mitochondria elongation.

Mitofusins (Mfn) 1 and 2 are proteins involved in the fusion process of the outer mitochondrial membrane. The

fusion of the outer mitochondrial membrane is most often achieved simultaneously with the fusion of the inner

membrane, with the latter being mediated by the optic atrophy 1 protein (OPA1). The absence of Mfn cuts off the

fusion phenomenon of both membranes. Mitochondrial fission is regulated by dynamin-related protein 1 (Drp1) and

fission protein (Fis1) . Under various metabolic conditions, several disbalances in such proteins occur during

hyperglycaemic conditions, and Drp1 and Fis1 are increased, while Mfn1, Mfn2, and OPA1 are reduced .

Mitochondrial biogenesis is a complex process through which cells increase their mitochondrial mass and require

coordination between nuclear and mitochondrial DNA. This process involves mtDNA transcription and translation

processes, and the synthesis, import, and association of mitochondrial proteins encoded by nuclear DNA .

Mitochondrial biogenesis dysfunction has been associated with metabolic disorders such as obesity and T2DM. A

decline in the proliferator-activated receptor gamma coactivator-1α (PGC-1α), AMP-activated protein kinase

(AMPK), and silent information regulator 1 (SIRT-1) signalling pathways seems to be the underlying mechanism for

reduced mitochondrial biogenesis in the diabetic kidney and the diabetic heart as well, with hypoadiponectinemia

being reported to impair AMPK-PGC-1α signalling .

4. Mitophagy

Autophagy is a natural mechanism which was highly conservated throughout evolution, by which the useless

cytoplasmic material is transported to lysosomes for destruction . Autophagy is influenced by a variety of factors.
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The autophagic response promotes the adaptation to stress and increases cellular viability . Components of the

autophagy response are implicated in regulated cell death .

The degradation of mitochondria through selective autophagy is referred to as mitophagy, a process that involves

the selective sequestration of damaged or dysfunctional mitochondria into double-membraned autophagosomes for

later lysosomal destruction. Mitophagy has been described in mammalian cells as being facilitated by two well-

studied pathways, ubiquitin-mediated and receptor-mediated, and is essential for maintaining cellular fitness .

Mitophagy ubiquitin-mediated pathways are regulated by two key proteins PTEN-induced putative kinase protein 1

(PINK1) and Parkin. Normally, PINK1 is imported into healthy mitochondria via the TIM/TOM system and further

degraded by proteolytic reactions. Damaged mitochondria lose membrane potential, which impairs the TIM/TOM

system’s function, resulting in the accumulation of PINK1 on the outer mitochondrial membrane, which promotes

the recruitment of Parkin and the activation of its ubiquitination ligase activity, leading to the ubiquitination of

proteins from the outer mitochondrial membrane. Further, Parkin promotes the recruitment of autophagy adaptors,

such as optineurin (OPTN) and nuclear dot protein 52 kDa (NDP52), leading to the degradation of damaged

mitochondria .

The mitophagy receptor pathway is mediated by receptors embedded in the outer mitochondrial membrane, most

notably by NIX (known as BCL2 interacting protein 3 like (BNIP3L)), BCL2 interacting protein 3 (BNIP3), and

FUN14 domain containing 1 (FUNDC1), which are characterized by the presence of an LC3-interacting region

(LIR) that can directly bind to the autophagy mediator LC3 to promote mitophagy when mitochondria are damaged

.

Mitophagy is implicated in insulin resistance and some cardiac pathological conditions. The dysfunctional

mitophagy mechanism has been linked to the development of insulin resistance . Moreover, an efficient

mitophagical response helps the cardiomyocytes to survive during the nutritional stress in myocardial infarction .
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