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Reactive oxygen species (ROS) and free radicals work to maintain homeostasis in the body, but their excessive
production causes damage to the organism. The human body is composed of a variety of cells totaling over 60 trillion
cells. Each cell performs different functions and has a unique lifespan. The lifespan of cells is preprogrammed in their
genes, and the death of cells that have reached the end of their lifespan is called apoptosis. This is contrary to necrosis,
which is the premature death of cells brought about by physical or scientific forces. Each species has its own unique
lifespan, which in humans is estimated to be up to 120 years. Elucidating the mechanism of the death of a single cell will
lead to a better understanding of human death, and, conversely, the death of a single cell will lead to exploring the
mechanisms of life. In this sense, research on active oxygen and free radicals, which are implicated in biological disorders
and homeostasis, requires an understanding of both the physicochemical as well as the biochemical aspects. Based on
the discussion above, it is clear to see that active oxygen and free radicals have dual functions of both injuring and

facilitating homeostasis in living organisms.
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| 1. Earth’s History and the Evolution of Living Organisms

The Earth’s history and the evolution of living organisms are intricately linked to the development of oxygen and its impact
on biological systems. The Earth was formed approximately 4.6 billion years ago. The earliest microorganisms emerged
about 3.9 billion years ago, followed by the birth of anaerobic bacteria. Subsequently, organisms capable of utilizing light
for survival appeared, and approximately 2.5 billion years ago, oxygen, produced by photosynthetic bacteria, was
released on Earth 12, However, the emergence of oxygen led to the extinction of most anaerobic bacteria (Figure 1).
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Figure 1. The Earth’s atmosphere and the evolution of living things. Anaerobic bacteria were the first to emerge, but the
advent of oxygen caused the extinction of most anaerobic bacteria, and aerobic bacteria adapted to oxygen and cell-

based organisms flourished.

In contrast, aerobic bacteria evolved, and they survived by developing mechanisms to protect themselves from the
harmful effects of oxygen-induced damage. Developing the ability to resist oxygen-related toxicity [ resulted in the

beginning of the history of aerobic organisms.

Following the generation of oxygen on Earth, the ozone layer was formed in the atmosphere, and this protected living
organisms from powerful ultraviolet rays from space @l As a result, organisms were shielded from intense ultraviolet



radiation, allowing for evolution on the Earth’s surface and the emergence of human beings.

It can be said, therefore, that the current diversity of life on Earth, as well as the survival of the human species, would not
be possible without the ozone layer blocking the powerful ultraviolet rays from space. Therefore, the formation of the
ozone layer has enabled the survival of humankind. Consequently, the potential consequences of the ozone layer being
depleted by fluorocarbon gases &, which is a global concern, poses a significant threat of extinction to various forms of
life on Earth due to the damage caused by reactive oxygen species (ROS) and free radicals resulting from ultraviolet
radiation. Protecting living organisms from this intense radiation in outer space is a crucial challenge in space exploration.
As such, research on ROS and free radicals is indispensable for space travel.

On the other hand, organisms in tropical seas are exposed to intense ultraviolet radiation but protect themselves from this
hazard with powerful reactive active oxygen and free radical scavenging mechanisms. For example, corals and tropical
fish, like Ocellaris clownfish (Figure 2), exhibit bright red and yellow colors. Ocellaris clownfish are well known for their
body coloration, which is enhanced by the intake of the red carotenoid astaxanthin, a widely recognized antioxidant, in
their diet. While the vivid body colors obtained with such pigments are beautiful, they are primarily responsible for the free
radical scavenging effect. These organisms in effect use a variety of natural pigments to protect themselves from free
radical damage [©1.

Figure 2. Highly pigmented tropical fish. The colorful natural pigments of tropical fish serve to scavenge free radicals and
protect the fish from the ultraviolet irradiation (Photo by Shin-ichi Ohama, Diving shop Marine Mate, Ishigaki Island,
Okinawa, Japan).

| 2. Active Oxygen and Free Radicals

The discovery of SOD by McCord and Fridovich in 1969 marked a significant milestone in understanding the scavenging
of superoxide (O’;7), a type of active oxygen and free radical . This discovery paved the way for identifying various
previously unknown chemical, biological, and biochemical reactions associated with O’,", and other ROS and free
radicals, as well as their biological damage mechanism and their implications for different diseases (Bl (Figure 3 and
Figure 4).
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Figure 3. The effect of free radicals on living organisms. Free radicals damage biomolecules, such as lipids, proteins,
carbohydrates, oxygen, and DNA, contributing to disease, aging, and cancer in living organisms.
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Figure 4. Free radicals: atoms or molecules with unpaired electrons. Electrons normally exist in pairs, with two in each
orbital; unpaired electrons, with only one electron in each orbital, are chemically very unstable.

| 3. Definition of ROS

Oxygen is the most well-known free radical. Atmospheric oxygen possesses two unpaired electrons and is relatively
stable on its own. Living organisms, however, convert this oxygen into more reactive forms, known as ROS. These are
utilized in substrate oxidation reactions and oxygen addition reactions. Reactive oxygen, a derivative of atmospheric
oxygen, encompasses several ROS, including O'5~, H,0,, hydroxyl radical (HO’), and singlet oxygen(*O,). Among these
four, O’,~ and HO" are free radicals, while the other two are not (Figure 5). These species, on their own, or by cross-
reacting with other species, can induce toxicity by attacking different cellular components, such as proteins, lipids, and
nucleic acids LILL leading to various toxic effects.
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Figure 5. Configuration of oxygen and ROS. Schematic diagrams of the electron configurations of typical molecules are
shown.

| 4. Definition of Free Radicals

Atoms and molecules have a stable configuration when their outermost shell contains a paired set of electrons. However,
when an electron is unpaired, the atom or molecule becomes a free radical. Unpaired electrons are unstable and highly
reactive, as they constantly seek to form pairs, which makes free radicals highly reactive. Chemical bonds consist of two
electrons that can be broken in two ways. The first involves one electron from each pair separating and moving to one
side (A-B—A* + :B-), resulting in each carrying a respective charge called a cation or anion. The second way occurs
when the two electrons in a bond split symmetrically, leading to the creation of a free radical (AB - A" +'B).

| 5. Generation of Active Oxygen and Free Radicals

ROS and free radicals are generated in our immediate environment. For instance, air pollution in the form of NO" and NO,
is constantly present. Tobacco smoke, another pollutant, contains numerous free radicals 2213l Additionally, commonly
used herbicides, including the well-knowns paraquat, produce free radicals to eliminate weeds and occasionally cause
poisoning when ingested by humans 241,

Furthermore, ultraviolet and ionizing radiation also generate free radicals. Both types are utilized in cancer radiation
therapy as well as in sterilization lamps. Anti-cancer drugs, such as adriamycin, bleomycin, mitomycin C, cisplatin, and

neocarzinostatin generate free radicals to kill cancer; however, the free radicals they produce also cause side effects 13
[16][17][18][19][20][21][22][23][24]

Radiation is also used to sterilize imported food, and, while it may not be common knowledge, drying laundry outdoors is
another example of benefiting from the effects of free radicals. Hypochlorous acid, which is often used as a sterilizing
bleach to disinfect medical operating rooms and toilets, transforms into free radicals and possesses a bactericidal effect.
Viewed from this perspective, humans cannot avoid the effects of free radicals.

In addition to the external environment, free radicals are also generated in living organisms. Free radicals are mainly
produced by phagocytes, so called “eating cells”, centered on neutrophils. Phagocytes engulf foreign substances, such as
bacteria, and generate ROS to eliminate them from the body (221281 Moreover, physiological processes, such as ischemia-
reperfusion and arachidonic acid metabolism, also lead to the production of a large amount of ROS 2128129 They are
produced during the metabolism of arachidonic acid. Physiologically, free radicals are constantly generated within the
mitochondria; however, in healthy mitochondria, they tend not to leak out (Figure 6).
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Figure 6. In vivo and in vitro sources of free radicals. In living organisms, ROS and free radicals are generated by various

internal and external stimuli mentioned here.

| 6. Physiological Role of ROS and Free Radicals

Nitric oxide (NO’), a free radical, plays a crucial role in dilating blood vessels and maintaining blood flow as an endothelial-
derived vaso-relaxing factor (EDRF). However, the radical nature of NO' leads to its rapid interaction with other radicals,
especially O’57, resulting in the production of highly toxic peroxy-nitrite (ONOQ™).



NO + O~ — ONOO~

In this way, when the NO" effect is lost due to O’,7, highly toxic ONOO™ is simultaneously produced. This indicates that in
addition to its own effects, O’,~ also regulates the action of NO". This interplay between NO' and O’,~ underscores the
regulatory effects of free radicals on physiological processes, and the generation of free radicals and their physiological
implications highlight the intricate balance between their beneficial and detrimental effects in various biological systems
(Figure 7).
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Figure 7. NO' regulates blood flow, blood pressure, and tissue damage. NO' regulates endothelial cell function as an
endothelium-derived relaxing factor, in which O'2- is intimately involved.

SOD regulates the tension state of vascular smooth muscle by relaxing blood vessels. In addition, NO" is involved in the
dilation and movement of the stomach and intestines. Hence, NO" and its regulatory factor, active oxygen, such as O,
may control a variety of physiological reactions.

| 7. Utilization of Active Oxygen and Free Radicals

Living organisms harness the toxicity of ROS and free radicals to combat various threats. Phagocytic cells, such as
neutrophils, employ these species as potent weapons to eliminate not only bacteria but also cancer, a significant threat to
the body. During bacterial infections, activated neutrophils release large amounts of ROS to enhance bacterial
eradication. Furthermore, the toxicity of these species is leveraged in cancer hyperthermia therapy, where elevated
temperatures of 42-43 °C shrink tumors BYE1 However, reducing neutrophils and scavenging ROS diminishes this anti-
tumor effect. Thus, organisms utilize the toxicity of free radicals as a mechanism to eliminate foreign substances from the
body (Figure 8).
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Figure 8. The effects of ROS and free radicals. Living organisms utilize the toxicity of ROS and free radicals to protect
themselves from cancer, microorganisms, viruses, etc.



| 8. Neutralization of Active Oxygen and Free Radicals

Aerobic organisms, such as humans, possess antioxidant functions in various internal and external compartments of their
tissues and cells, to safeguard themselves from oxidative damage induced by free radicals and ROS . This defense
mechanism comprises three tiers: (1) preventive antioxidants that suppress the formation of free radicals B2, (2) radical-
scavenging antioxidants that rapidly eliminate generated free radicals B, and (3) reparative/generative mechanism for
repairing and regenerating DNA, lipids, and proteins damaged by free radicals. Table 1 shows primary antioxidant

mechanisms.
Table 1. In vivo mechanism of antioxidants.
Preventive Hydroperoxide Glutathione peroxidase, catalase, glutathione -S- transferase,
mechanism reduction of H,0, peroxidase
Metal ions Transferrin, ferritin, ceruloplasmin, lactoferrin, albumin
chelation
Singlet oxygen quenching Beta-carotene, bilirubin
Radical Captures radicals in lipid layer Vitamin E
scavenging
mechanism Captures radicals in the water Vitamin C, uric acid, bilirubin
layer
Captures O',” SOD
Repair and Phospholipase A2
regeneration Protease
mechanism AMP-activated protein kinase

Endonuclease

While these antioxidant mechanisms are effective, they are not infallible. When excessive free radicals are generated due
to OS or weakened antioxidant mechanisms, the body suffers oxidative damage from free radicals, leading to various
pathological conditions. While there are other antioxidant systems, the primary ones are the O’,” scavenging, the H,O,,
and the lipid peroxide scavenging systems.

| 9. Understanding Oxidative Stress

What is the real meaning of OS in terms of how it negatively affects living organisms? Stress, originally a term rooted in
physics, refers to the “internal distortion that occurs within an object when subjected to external stimuli”. This concept was
adapted to biological reactions by Canadian endocrinologist Hans Selye in the 1950s, who defined stress as an internal
state in an organism that responds to external factors, leading to a disturbance of the organism’s homeostasis, and used
the term “stressors” for the external factors that instigate stress. Due to the discovery of ROS and other factors, the term
“oxidative stress” is currently used to describe the phenomenon that creates oxidative environments in living organisms
due to external factors. In the context of living organisms, OS arises from the imbalance between free radicals and
antioxidants, due to various external factors including physical, scientific, or a complex combination of both as depicted in
Table 2.

Table 2. Categories and causes of physiological and psychological stress.

Physiological Physical stress Temperature, humidity, light, sound, ultraviolet rays, radiation, atmospheric pressure
stress
Chemical stress Oxygen, pH, osmotic pressure, metal ions, ethanol, environmental pollutants
(nitrogen oxides, sulfur oxides, etc.), hazardous chemicals

Combined stress  Starvation, aging, inflammation, infection, allergy, trauma, ischemia

Daily life stress Family illness and death, divorce, moving, debt, childbirth, entrance exams
Psychological Occupational Human relations, office transfer, reassignment, promotion
stress stress

Other stress War, natural disaster

Reduction indicates a reaction in which a molecule receives electrons, while oxidation involves a reaction where a
molecule releases electrons, and this often occurs when oxygen (O ) binds to a molecule.



While animals require oxygen to produce energy, ROS, a byproduct of this energy metabolism, are produced during the
conversion of oxygen. Under normal conditions, this reactive oxygen is efficiently removed by antioxidant enzymes and
antioxidants. However, when the antioxidant mechanism malfunctions, ROS accumulates in the body, becoming a
stressor and leading to a state of OS. In other words, OS may be considered as a state in which the mechanism for
maintaining oxidative and reductive states within the body has failed.

This state is widely believed to contribute to the progression of various diseases, including Alzheimer’s disease [231(34]
Parkinson’s disease [B435138] diabetic complications B2 and neurodegeneration caused by motor neuron disease 22,
However, in many cases, it is not clear whether oxidants instigated the disease or whether they are generated secondarily
from tissue damage stemming from the onset of the disease. While the exact role of oxidants in disease onset is not
always clear, OS has garnered significant attention as a factor in human diseases and has been the focus of extensive
research.

Antioxidants are being studied and utilized as both medicinal and nutritional supplements for disease prevention and
health maintenance. For example, several research has focused on the treatment of stroke and ischemia-reperfusion
injury BAE1 On the other hand, many compounds have been commercialized as nutritional supplements, and
antioxidants are widely used to support health or to prevent malignant tumors and heart disease.

| 10. Evolution of Antioxidants

The term “antioxidant” was first coined in the late 19th century, initially referring to chemical species that inhibited oxygen
consumption. Subsequently, antioxidants found widespread application in various chemical industries to prevent metal
corrosion, control rubber crosslinking reactions, and inhibit fuel deterioration due to oxidative polymerization in internal
combustion engines 42,

The specific biochemical roles of antioxidants became clearer in the mid-20th century as understanding of in vivo
biochemistry and molecular biochemistry advanced. Many biological substances, whose importance became apparent
through subsequent research progress, were rediscovered as antioxidants. For instance, the discovery of a-tocopherol
(vitamin E) as a critical factor for healthy pregnancy, as evidenced by infertility in mice fed a diet deficient in a-tocopherol,
highlighted its role as an antioxidant 43144,

Such biochemical discoveries have significantly influenced nutrition and food chemistry, leading to the development and
use of a plethora of naturally derived antioxidants as nutritional supplements to prevent food deterioration and enhance
mineral absorption. Notably, some antioxidants, such as vitamin C and E, are consumed as food additives rather than as
treatments for vitamin deficiencies [231124],
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