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Mitochondria are commonly perceived as “cellular power plants”. In addition to energy conversion, mitochondria play
many other roles in cell operations. They act in calcium signaling, stress response, and stem cell regulation and also
serve as general cellular signaling hubs. They regulate aging and control cell death (apoptosis). Mitochondria play a
crucial role as a mediator between the extracellular matrix (ECM) and the cell nucleus, and monitoring and controlling this
relationship can be important for cancer prevention and treatment. Mitochondrial defects can include aberrated
metabolism (the Warburg effect) or signaling dysfunction (reactive oxygen species or reactive oxygen species (ROS)
production).
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| 1. Introduction

A mitochondrion (plural: mitochondria) is an organelle with a size between 0.75 and 3 pm and is present in most
eukaryotic cells. The mitochondrion is called the “powerhouse of the cell” I because it converts chemical energy from
food into adenosine triphosphate (ATP), a molecular “energy currency” used in many cell functions throughout organisms.
The energy conversion process in mitochondria starts in the cell matrix with the tricarboxylic acid cycle (TCA, also known
as the Krebs cycle or the citric acid cycle), a series of chemical reactions that release stored energy through the oxidation
of acetyl-coenzyme A molecules, which are derived from carbohydrates, fatty acids, and proteins. The TCA cycle reduces
nicotinamide adenine dinucleotide (NAD*) to NADH, consumes acetate and water, and releases carbon dioxide. The
NADH generated by the TCA cycle is supplied into the oxidative phosphorylation (OXPHOS) pathway, and it donates
electrons to the mitochondrial electron transport chain. The machinery for OXPHOS is located in the inner mitochondrial
membrane, where electron energy is used in proton-pumping complexes to create and maintain a proton population
gradient. The resulting protonmotive force facilitates the mechanical rotation of the Fo-F; complex, producing ATP. The
coupling of electron and proton transfer events to ATP production is at the center of the chemiosmotic theory proposed by
Peter Mitchell &, which earned him the Nobel Prize in 1978.

In the distant past, an ancestor of modern mitochondria was engulfed by the protocell and, rather than becoming digested,
remained in a symbiotic relationship B4, The importance of this event for the development of life on Earth can be
illustrated in the 12 h scale shown in Figure 1. If life emerges at noon, it takes less than an hour to develop
photosynthesis. Cyanobacteria appear at a quarter past two, and they need less than two hours to create an oxygen-rich
atmosphere. Oxygenation is followed by a notable delay of more than six hours until plants emerge. Finally, with a vast
acceleration of events, evolution goes from dinosaurs to mammals, primates, and Homo Sapiens, whose whole history
takes just four seconds on this scale. It can be argued that this acceleration period is caused by mitochondria becoming
fully operational, providing more energy for living organisms. In some sense, this development parallels the Industrial
Revolution when the exponential growth of production was facilitated by coal mining, i.e., using a very condensed form of
energy. Incidentally, mitochondria are fully functional without the host cell. They maintain their composition, organization,
membrane potential, and ability to fuse & they are fully competent for respiration and ATP synthesis [, as well as for
protein import 4. The same cannot be said about the host organism, as it would not survive without mitochondria.
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Figure 1. The history of life on a 12 h scale, with life emerging at noon and the present time being at midnight.

In addition to energy conversion, mitochondria play many other roles in cell operations. They act in calcium signaling &,
stress response &, and stem cell regulation L9 and also serve as general cellular signaling hubs 22l They regulate
aging X3 and control cell death (apoptosis) 14, Given these functions, human health strongly depends on proper
mitochondrial operation. In addition to specific mitochondrial disorders 12, there are links between mitochondrial
dysfunction and many pathologies, including Parkinson’s, Alzheimer's, and Huntington’s diseases 18 Mitochondrial
dysfunction is known to account for the development of most cardiovascular illnesses 2. Even the resistance to SARS-
CoV-2 is shown to be related to mitochondrial health (8],

| 2. Mitochondria and Carcinogenesis
2.1. General Discussion

Cancer is a major public health problem worldwide and the second leading cause of death in the United States, with an
estimated 609,360 people dying from cancer in 2022, corresponding to almost 1700 deaths per day <. Billions of dollars
have been spent on cancer-related research and trillions more on treatment. Still, despite certain improvements in cancer
survival rates and the development of successful treatment methods for certain types of cancer, the War on Cancer is still
far from victory. Diagnostics and treatments are primarily aimed at the latter stages when carcinogenesis becomes almost
irreversible. To shift the paradigm, efforts should focus on precancerous changes, developing approaches to determine
these changes and return to a healthy state.

Currently, the dominant concept of carcinogenesis is somatic mutation theory 29, It states that a single “renegade cell” 24
acquires a set of sufficiently advantageous mutations that allows it to immortalize, proliferate autonomously, invade
tissues, and metastasize. However, carcinogens cannot affect the cell's nucleus directly, except for high-frequency
irradiation. The immune system provides the initial response to carcinogens, and because of “overhealing” 2123 the
extracellular matrix (ECM) is altered, affecting bioelectric signaling 4. The normal wound healing includes ECM
remodeling and the formation of new tissues (scars). The overproduction of the cells and other factors involved in these
processes, especially macrophages 23], can lead to overhealing and the start of carcinogenesis. The idea that ECM
alteration is the origin of carcinogenesis was previously suggested 2228 byt the pathway from this starting point to DNA
mutations was either ignored 22 or vaguely described 28], Researchers believe that mitochondria play a crucial role as a
mediator between the ECM and the cell nucleus, and monitoring and controlling this relationship can be important for
cancer prevention and treatment. Mitochondrial defects can include aberrated metabolism (the Warburg effect) or
signaling dysfunction (reactive oxygen species or ROS production).

2.2. Warburg Effect

Historically, the Warburg effect was mitochondria’s first and solid connection to carcinogenesis. In the presence of oxygen,
mitochondria perform oxidative phosphorylation as the primary metabolic pathway. Alternatively, when oxygen is limited,
anaerobic fermentation can metabolize glycolytic products, with lactate as a final product. The second pathway is much
less effective, producing only two ATP molecules per glucose molecule, while OXPHOS can make 30 to 36 ATP molecules
(27, Over one hundred years ago, Otto Warburg observed that cancer cells use fermentation as the primary metabolic
pathway, even in the presence of oxygen, and this process is called aerobic glycolysis 2829 He suggested that the
associated mitochondrial dysfunction is the cause of cancer B9, However, this hypothesis has been challenged in recent
years due to findings that upregulated glycolysis in many cancers is not accompanied by detectable mitochondrial defects



or OXPHOS disruptions B2 |n addition, there is evidence that the upregulation of glycolysis is not just for ATP
synthesis but also for producing biomasses such as ribonucleotides 23 and amino acids 241,

With the general conclusion that cancer does not inactivate mitochondrial functions but instead alters its bioenergetic and
biosynthetic state 321, the Warburg effect was studied concerning its role in cell signaling B&B7. |n particular, researchers
uncovered its role in ROS regulation and redox balance 839 histone acetylation level B4 and oncogene-induced
senescence 42, However, in all cases, the Warburg effect is a consequence of tumorigenesis rather than its origin, as
cancer cells actively reprogram their microenvironment.

2.3. ROS Production

The chemical reduction of O, forms reactive oxygen species (ROS), including superoxide (O,"), hydrogen peroxide
(H,05), and the hydroxide (OH™). For many years, the perception of ROS was solely destructive, as they were associated
with oxidative stress and thought to induce pathology generally by damaging lipids, proteins, and DNA 43l Quite recently,
it has become evident that ROS contribute to intracellular signaling to control numerous physiological and pathological cell

processes 441451 The interplay of the damaging effects and regulatory functions of ROS has been discussed in several
reviews 48147][48]

The primary source of ROS within a cell is mitochondria #2. The electron transport chain is a producer of ROS, with the
electron leakages from Complexes I, I, and Ill creating O,” by single-electron oxygen reduction BYB1 under
physiological conditions, it is estimated that 0.2 to 2% of leaked electrons do not contribute to ATP production 52, While
Complexes | and Il exclusively create O, in the mitochondrial matrix, Complex Ill produces O, in both the matrix and
intermembrane space 53541 |n the latter case, O, travels through voltage-dependent channels in the outer mitochondrial
membrane and into the cytosol B3], where it can be converted into H,O,, participating in cellular signaling events 58,

Oxidative DNA damage can be a significant contributor to cancer B4. In particular, the reaction of OH™ with DNA accounts
for most DNA strand breaks, representing the primary molecular reaction leading to carcinogenesis. To defend from the
damage, cells use various antioxidant mechanisms, such as converting highly reactive O,™ into H,O, using superoxide
dismutases 28, However, a high concentration of H,O, is also detrimental since H,O, can be reduced to the damaging
hydroxides OH~ in the presence of Fe2* and Cu?* B, Producing the amount of ROS needed for self-signaling without
harmful overproduction requires a delicate balance of various components, and its imbalance can mediate damage
transfer from the ECM to DNA. One of the pathways to ROS overproduction can be aberrated bioelectric signaling in the
ECM, increasing the mitochondrial membrane potential 69,
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