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Aims and Scope of the Series

Biochemistry, the study of chemical transformations occurring within living
organisms, impacts all of the life sciences, from molecular crystallography and
genetics, to ecology, medicine and population biology. Biochemistry studies
macromolecules - proteins, nucleic acids, carbohydrates and lipids —their building
blocks, structures, functions and interactions. Much of biochemistry is devoted

to enzymes, proteins that catalyze chemical reactions, enzyme structures, mech-
anisms of action and their roles within cells. Biochemistry also studies small sig-
naling molecules, coenzymes, inhibitors, vitamins and hormones, which play roles
in the life process. Biochemical experimentation, besides coopting the methods

of classical chemistry, e.g., chromatography, adopted new techniques, e.g., X-ray
diffraction, electron microscopy, NMR, radioisotopes, and developed sophisticat-
ed microbial genetic tools, e.g., auxotroph mutants and their revertants, fermenta-
tion, etc. More recently, biochemistry embraced the ‘big data’ omics systems.
Initial biochemical studies have been exclusively analytic: dissecting, purifying
and examining individual components of a biological system; in exemplary words
of Efraim Racker, (1913 -1991) “Don’t waste clean thinking on dirty enzymes.”
Today, however, biochemistry is becoming more agglomerative and comprehen-
sive, setting out to integrate and describe fully a particular biological system. The
‘big data’ metabolomics can define the complement of small molecules, e.g., ina
soil or biofilm sample; proteomics can distinguish all the proteins comprising e.g.,
serum; metagenomics can identify all the genes in a complex environment e.g., the
bovine rumen.

This Biochemistry Series will address both the current research on biomolecules,
and the emerging trends with great promise.
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Preface

The term “Reactive Oxygen Species” or ROS is used to describe the highly active
radicals formed by oxygen’s unpaired electrons, such as the hydroxyl radical (*OH)
and superoxide (¢O2-). ROS also includes nonradical oxidizing agents like singlet
oxygen (*0,), ozone (03), hydrogen peroxide (H,0,), and hypochlorous acid (HOCI).
These free radicals have been recognized in chemistry since the early 20th century
and have been found in biological systems since 1954.

The first chapter discusses the origin and significance of ROS. ROS play a crucial role
in cell physiology. At low to moderate levels, they activate cell proliferation, migration,
invasion, and angiogenesis. However, high levels of ROS can cause significant damage
to various cellular components, such as proteins, nucleic acids, lipids, membranes, and
organelles, ultimately leading to cell death. Recent studies indicate that targeting ROS
levels can effectively treat cancer, including immunotherapies with positive in vitro
and in vivo results.

Singlet oxygen, although the lowest energy-excited state of molecular oxygen, isa
highly reactive species that initiates oxidation reactions of biomolecules such as amino
acids, proteins, nucleic acids, and lipids. This happens either by a direct response

or by the induction of ROS. Singlet oxygen is a highly reactive electrophilic species
that reacts with electron-rich molecules and is strongly linked to several pathologies.
The second chapter provides information on the physicochemical properties of a
molecule, including methods of generation and detection, as well as its reactivity.

The chapter also discusses Photodynamic therapy (PDT) as a potential treatment for
cancer and other diseases. PDT is a non-invasive, selective, and localized method of
destroying tumor cells with fewer side effects.

Oxidoreductases are enzymes found in various living organisms such as plants,
animals, and microorganisms. In plant biochemistry, oxidoreductases refer to a large
group of enzymes having EC 1 nomenclature, which catalyze oxidation and reduction
reactions in plants. These enzymes mainly facilitate the transfer of electron molecules
from one molecule (known as electron donor or reductant) to another (known as
electron acceptor or oxidant). Plant plasma membranes owe a great deal of their
functionality to oxidoreductase enzymes. These enzymes diligently maintain the
redox potential of the membranes through a variety of mechanisms such as proton
pumping, regulation of nutrient uptake, ion channel regulation, and iron reduction.
Furthermore, they play an important role in signal transduction pathways and help
defend against pathogen attack. Overall, the third chapter on oxidoreductases in
plant plasma membranes is crucial to plant biology, ensuring proper functioning

and defense against external threats.

Xanthine oxidoreductase (XOR) is an enzyme that produces reactive oxygen species
(ROS). While ROS generated by XOR can help protect against infection, they can also



contribute to inflammation, oncogenesis, brain injury, and stroke. XOR is involved
in various conditions, such as tumor lysis syndrome in chemotherapy patients and
ischemia-reperfusion injury, which can increase ROS levels in the body. The fourth
chapter on XOR summarizes that its blood presence can serve as a biomarker for
diagnosing various conditions, including cardiovascular disease and oxidative stress.

In the chapter 5, it is suggested that predatory aquatic mammals are the primary
source of Methylmercury, which can lead to poisoning and irreversible damage to
various organs. The evidence gathered so far shows that MeHg tends to alter the redox
state by increasing the production of reactive species. Moreover, MeHg reduces ROS
inactivation by depleting GSH levels, inactivating thiol enzymes, and enzymes such
as SOD and catalase. These findings can contribute significantly to the understanding
of MeHg’s impact on the environment and human health.

Chapter 6 on oxidative stress and reproductive health sheds light on the crucial role of
reactive oxygen species (ROS) in the physiological processes and signaling pathways
related to male and female fertility. In females, oxidative stress is involved in critical
ovarian functions, cyclical changes in the endometrium, embryo development, tubal
operations, pregnancy, and complications such as miscarriages, recurrent pregnancy
losses, preeclampsia, and gestational diabetes. High concentrations of ROS can lead to
sperm pathologies, causing ATP depletion and inadequate axonemal phosphorylation
or lipid peroxidation, which in turn can lead to a loss of sperm motility and viability.
This chapter will discuss ROS’s mechanisms, production, physiological and patho-
physiological roles in the male and female reproductive system and the latest advances
in diagnostic methods that use ROS as biochemical markers.

It’s important to note that oxidative stress can hurt male fertility. However, many
biological agents, such as minerals, vitamins and herbs, can have a positive effect.
These agents contain active compounds that can help improve enzymatic antioxidant
activity and indirectly enhance antioxidant levels in the body, which can help clear
excessive ROS from the male reproductive system. This can lead to an improvement
in libido and penile erection, which is significant. In chapter 7, the authors have
explained that different antioxidative mechanisms associated with well-known
nutraceutical compounds improve other aspects of sperm health, such as spermato-
genesis, motility, concentration, morphology, mitochondrial function, and DNA
integrity of sperm.

The last chapter focuses on the relationship between ROS and rheumatoid arthritis
(RA), underlining the crucial role of cell signaling pathways in controlling ROS. RA

is a chronic, debilitating inflammatory condition characterized by the degradation of
joints and permanent disability. This autoimmune disease affects millions of indi-
viduals worldwide, and can cause significant pain, swelling, and stiffness in the joints.
Excessive production of ROS is undeniably a significant factor in the development

of RA, causing tissue damage and oxidative stress. In recent years, researchers have
been exploring the potential of nano-particles as carriers for ROS regulation therapies
in RA treatment, with promising results. The potential of nano-particles as targeted
drug delivery systems for scavenging excess ROS and restoring redox equilibrium
within affected cells is a promising avenue for RA treatment and deserves further
exploration.

XVI



In the past few decades, significant progress has been made in understanding the
sources of ROS production, the mechanisms of ROS regulation, and the implications
of ROS in disease pathogenesis. Moreover, novel therapeutic strategies targeting ROS
have emerged, including antioxidants, scavengers, and modulators of ROS signaling
pathways. Reactive Oxygen Species — Advances and Developments is a comprehensive
book that delves into the intricacies of ROS, providing invaluable insights to research-
ers in the field. By providing a comprehensive overview of the subject matter, the
book equips researchers with the essential tools and knowledge to advance their work
in this critical area.

I extend my sincere gratitude to Dr. Bassam Awary and Professor Mahdi Abumadni for
their constant support. I would like to express my profound appreciation to my family
members for their unwavering encouragement and assistance throughout the book
project. Furthermore, I would like to thank Ms. Ana Cink, publishing process manager,
and the team at In Tech Publishers UK for their prompt support and guidance.

Dr. Rizwan Ahmad

College of Medicine,

Imam Abdulrahman Bin Faisal University,
Dammam, Saudi Arabia
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Chapter1

Introductory Chapter: Reactive
Oxygen Species — Origin
and Significance

Rizwan Ahmad

1. Introduction

In 1900, while serving as a chemistry faculty at Michigan State University,
Professor Moses Gomberg made a significant discovery that revolutionized the field
of chemistry: the free radical. This concept was later recognized as a National Historic
Chemical Landmark by the American Chemical Society in 2000, acknowledging
the importance of his work. In 1954, Gershman proposed the “free radical theory of
oxygen toxicity.” This theory suggests that oxygen is toxic because it can form free
radicals. Another chemist, Fenton, discovered that the reaction between hydrogen
peroxide and ferrous sulfate produces a violet color, which is the oxidation of tartaric
acid upon adding alkali. This reaction is now known as the Fenton reaction and serves
as the basis for producing the hydroxyl radical. These discoveries have paved the way
for further exploration into free radical science and contributed significantly to our
understanding of chemical reactions and their implications [1-4].

Free radicals are molecules that contain one or more unpaired electrons and are
capable of independent existence. They are highly reactive and play a crucial role
in various metabolic processes, such as oxidative reactions in mitochondria and
oxidative bursts of phagocytes. However, in excess, free radicals can cause diseases
such as autoimmune, cardiovascular, neurodegenerative conditions, and cancer.
Reducing the number of free radicals is necessary to minimize these pathological
conditions.

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are two types
of free radicals that are formed in the body and consist of both radical and nonradi-
cal moieties [1]. It is important to note that the term “ROS” refers to a group of small
molecules of oxidizing, nitrosating, nitrating, halogenating, and thiol-reactive
species produced in biological systems. This group does not represent a single species,
making it nonspecific and ambiguous. Some experts have criticized using ROS as an
umbrella term for oxidants because of its lack of specificity. In 2014, Holmstrom and
Finkel clarified the dual nature of reactive oxygen species (ROS), their role in cell
damage and protection, and their involvement in various diseases. “Nonetheless, from
a biological point of view, it is beginning to look as if ROS are neither cellular heroes nor
villains—but instead something that occupies that always entertaining, captivating, and

fertile middle ground” [5].
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2. Sources of ROS

ROS is primarily expanded to include reactive oxygen-containing compounds or
nonradical oxidizing agents such as singlet oxygen ('0,), ozone (Os), hydrogen perox-
ide (H,0,), and hypochlorous acid (HOCI). ROS can originate from various sources,
such as the photolysis of gaseous ozone, materials-mediated catalytic reactions, and
endogenous activities in biological systems [6]. Researchers have magnified their focus
on studying ROS in living organisms in recent years because ROS plays an indisput-
able role in regulating various physiological functions. Living organisms have two
sources of ROS: exogenous and endogenous. Exogenous sources include engineered
nanoparticles (NPs) exposure, radiation, chemotherapeutics, and microbial infection.
It is crucial to note that the reactive oxygen species (ROS) acts as a byproduct during
cellular respiration and normal metabolic processes [6-9]. High-concentration ROS
are highly toxic to living organisms, but in normal physiological processes, ROS act as
messengers in various cellular functions and can be identified as signal molecules or
regulators in living systems [10]. It is believed that the effect of ROS on physiological
processes is attributed to their ability to alter specific proteins’ activity [11].

In recent decades, ROS have been studied extensively for their roles in normal
physiological processes. These roles include blood vessel modulation, immune func-
tion, oxygen sensing, gene activation, and cellular growth [12, 13]. ROS plays a crucial
role in initiating and developing various pathological processes, including aging,
cancer, insulin resistance, diabetes mellitus, cardiovascular diseases, Alzheimer’s
disease, and more [7, 14]. Excessive ROS generation can lead to tissue dysfunction or
cell death, while a stable concentration of ROS can effectively regulate physiological
processes. Therefore, maintaining redox homeostasis is crucial to keeping normal
physiological functions and reducing the incidence of diseases [7].

Antioxidants like vitamin E (tocopherols and tocotrienols), SOD, CAT, GPx,
vitamin C (ascorbic acid), beta-carotene (f-carotene), and coenzyme Q10 (CoQ10)
play a crucial role in neutralizing and eliminating ROS. They are essential to the
body’s defense against these toxic species. Polyphenolic compounds, another type of
antioxidant, can also reduce the levels of harmful ROS by scavenging them, which
helps prevent oxidative damage to macromolecules [4, 15].

3. Oxidative stress and diseases

Oxidative stress (OS) occurs when reactive oxygen species exceed the body’s capac-
ity to neutralize them with antioxidants. This imbalance leads to the accumulation of
ROS, which can cause significant harm to the body’s cellular structures. OS disrupts
the delicate balance between prooxidants and antioxidants, resulting in severe damage
to cellular macromolecules and potentially lethal consequences [16]. Various methods
have been developed and employed to measure the nature and extent of oxidative
stress, ranging from the oxidation of lipids to free amino acids proteins and DNA.
Although diverse oxidative stress biomarkers are available as predictors of various
diseases, the specificity of each is yet to be established [17]. Autophagy is a remarkable
catabolic process that efficiently delivers cytoplasmic macromolecules and organelles
to the lysosomes for degradation [18]. Oxidative stress plays a crucial role in regulating
the process of autophagic flux by influencing the transcription of autophagic genes,
the activity of proteins, and the degradation of organelles.

During periods of oxidative stress, ROS triggers macroautophagy (commonly
known as autophagy), and the selective degradation of oxidized proteins occurs
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through CMA (chaperone-mediated autophagy) to ensure cellular viability. The suscep-
tibility of CMA substrates to degradation increases because of oxidative modification
and LAMP2a. (lysosome-associated membrane glycoprotein two alpha) upregulation
enhances CMA in cells challenged with ROS. However, the effect of ROS on micro-
autophagy remains unclear, and further research is needed to understand the roles of
macroautophagy, microautophagy, and CMA in response to oxidative stress [18, 19].

The over-secretion of ROS in the brain leads to oxidative stress that, if not sup-
pressed or inhibited, could lead to oxidative damage of essential components of the
central nervous system. ROS can also initiate or enhance some reactions that may have
detrimental effects on the physiological functions and health of the brain [20]. If not
abated, these reactions, such as neuroinflammation and progressive neuronal cell
loss via apoptosis, can exacerbate protein misfolding and formation of protein aggre-
gates, resulting in neurodegeneration and associated neurobehavioral incompetence.
Considering the pivotal roles of oxidative stress, neuroinflammation, protein misfold-
ing, and apoptosis in neurodegenerative diseases, the manipulation of these significant
players in each of the pathological mechanisms may represent a promising treatment
option to slow down neurodegeneration and alleviate associated symptoms [20].

Autoimmune diseases, systemic lupus erythematosus (SLE), and rheumatoid
arthritis (RA) are notable examples in which free radicals cause damage to cells and
tissues. Arthritic inflammation is a medical condition where ROS acts as a potent
inflammatory mediator, contributing significantly to the destruction of collagen
tissues. The overproduction of ROS not only causes damage leading to the breakdown
of cartilage but also triggers the apoptosis of the vital chondrocytes responsible for
the structure and function of the cartilage. The reduced number of chondrocytes, in
turn, results in an inability of the cartilage to self-repair, promoting the breakdown
of the extracellular matrix in joints. Moreover, the H,0, molecule causes chondrocyte
lipid peroxidation, significantly affecting protein oxidation and cartilage matrix
degradation. Scientific studies have established the crucial role of oxidative stress
in joint pathology, which includes inflammatory infiltration, synovial proliferation,
and angiogenesis. These findings could pave the way for more targeted and effective
treatments for these diseases in the future [21-24].

Diabetes mellitus is a chronic condition that results in high levels of blood glucose,
known as hyperglycemia. This condition can be caused by a defect in insulin secretion
(in Type I diabetes), resistance to insulin action (in Type II diabetes), or both [24].
Common symptoms of diabetes include thirst, hunger, weight loss, and weakness,
which can eventually lead to coma. Diabetes is often linked to increased free radicals
or decreased antioxidant systems, leading to oxidative stress development [25]. Both
mitochondrial and non-mitochondrial sources cause DM via reactive oxygen spe-
cies. Superoxide is mainly produced by electron transport chain complexes I and III
under normal conditions. Increased glucose levels in diabetes mellitus led to elevated
pyruvate production through increased glycolysis. It causes an increase in the inner
mitochondrial membrane potential, leading to mitochondrial dysfunction and
ROS production at the electron transport chain complex II. By understanding these
mechanisms, researchers can work toward developing effective strategies to mitigate
the impact of oxidative stress on patients with DM [26, 27].

It is worth noting that DNA mutation, often caused by oxidative damage, plays a
vital role in cancer development. Cancer cells, in particular, in comparison to normal
cells, have higher levels of ROS and are more susceptible to mitochondrial dysfunc-
tion because of their higher metabolic rate [28]. Cancer cells display elevated levels of
oxidative stress due to the activation of oncogenes and loss of tumor suppressors [29].
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ROS alters the growth signals and gene expression and causes continuous proliferation
of cancer cells [30]. ROS can damage DNA by inducing base modifications, deletions,
strand breakage, chromosomal rearrangements, and hyper- and hypo-methylation

of DNA. It is one of the initiators of carcinogenesis, wherein many tumors exhibit
elevated levels of DNA damage. Epidemiological studies show an increased cancer
risk with low antioxidant levels. Patients with various cancers exhibit increased total
oxidant status levels and decreased total antioxidant status [31].

Cardiovascular diseases (CVDs) are complex medical conditions affecting the
heart and blood vessels. It is important to note that atherosclerosis, also known as
hardening of the arteries, is caused by high levels of lipids in the blood, a significant
risk factor. Patients with atherosclerosis, Type 2 diabetes, and obesity often have ele-
vated oxidized low-density lipoprotein (LDL), glucose, and free fatty acids [31, 32].
Atherosclerosis occurs due to an imbalance between oxidants and antioxidants,
leading to oxidative stress. Cells in the vessel wall, including endothelial cells, smooth
muscle cells, and macrophages, produce free radicals contributing to this imbalance.
This results in endothelial dysfunction, leading to increased endothelial permeability,
upregulation of endothelial adhesion molecules, and inflammatory cell infiltration
into the arterial wall [32]. ROS (reactive oxygen species) plays a significant role in
endothelial injury, dysfunction, and lesion progression. Matrix metalloproteinases
(MMPs) are activated by ROS, leading to intimal extracellular matrix degradation
and smooth muscle cell migration. Cigarette smoking contains a large number of free
radicals. It may downregulate essential exogenous and endogenous antioxidants such
as vitamin D, carotenes, GPx, and SOD, leading to the dysfunction of monocytes
and vascular smooth muscle cells. Proatherogenic agents such as oxidized lipids, high
glucose, and cigarette constituents increase free radical production [33, 34].

Hypertension affects 40% of adults worldwide, making it a significant health
issue. Free radical-induced oxidative stress, in part, contributes to endothelial dys-
function and the development of hypertension [35]. One of the causes of hyperten-
sion is the increased generation of ROS, which decreases the bioavailability of nitric
oxide (NO¢) by forming peroxynitrite (ONOO-), resulting in reduced endothelium-
dependent vasodilation. Patients with hypertension present with decreased NO
bioavailability and increased oxidative stress. The oxidation-induced impairment of
NO also causes a reduction in its ability to counteract the vasoconstrictive and hyper-
tensive effects of angiotensin II. Angiotensin I, in turn, promotes oxidative stress and
decreases NO bioavailability [36, 37].

4. ROS as therapeutic agents

Over the past few decades, ROS have emerged as potential therapeutic products,
finding applications in various areas, from wound healing and hair growth enhance-
ment to cancer treatment, stem cell differentiation, and tissue engineering. Despite
significant advances, several challenges still need to be overcome for the clinical trans-
lation of ROS. Several studies have found that ROS can benefit at low concentrations
and may be a cost-effective and convenient way to induce tissue regeneration [38, 39].

Recent research has revealed that cancer cells are more sensitive to oxidative
damage, which has led to the development of methods for selectively killing tumor
cells using ROS. As a result, there is extensive investigation into creating sensors
to monitor ROS production during cancer treatment. The high oxidative status of
cancer cells led to the development of H,O,-responsive anticancer prodrugs. Several
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drugs inducing oxidative stress are under development to specifically target the
susceptibility of cancer cells [38, 40]. The precise control of stem cell differentia-
tion by ROS through ROS stimulation techniques such as cold atmospheric plasma
and using biomaterials that release ROS has shown potential for tissue engineering
applications. Some studies have demonstrated iz vitro neurogenesis through cold
atmospheric plasma stimulation techniques, whereas others are exploring using dif-
ferent biomaterials that release ROS [41]. Nano-catalytic medicines have emerged
as a promising approach for cancer treatment by producing lethal ROS within
tumors. This innovative approach has garnered significant attention lately, as it
offers a tumor-specific treatment that could potentially eradicate cancer cells [42].
However, further research is required to fully understand the possible side effects
of these techniques.

5. Conclusion

Reactive oxygen species (ROS) are unique molecules produced naturally through
cell metabolic reactions. These molecules play a crucial role in cell function and
survival by acting as signaling agents that regulate specific biochemical pathways.
However, when there is an imbalance in ROS signaling or excessive ROS production,
it can adversely impact disease pathophysiology. Therefore, an in-depth understand-
ing of tissue-specific redox signaling complexities is essential to develop new and
innovative therapies for cardiovascular and metabolic disease pathogenesis. Despite
the potential benefits of ROS in various fields of biology, such as cancer treatment,
tissue engineering, wound healing, and developmental biology research, they pos-
sess a complex mechanism of action with possible side effects. It is crucial to develop
new systems that can regulate the timing of ROS production and control their levels.
Further research and advancements in this field will pave the way for a better under-
standing of ROS and their potential applications in various fields of biology.
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Reactivity and Applications
of Singlet Oxygen Molecule
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Abstract

Reactive oxygen species (ROS) are molecules produced in living organisms, in the
environment, and in various chemical reactions. The main species include, among
others, singlet oxygen (102), the superoxide anion radical (¢0%7), the hydroxyl radi-
cal (HOe¢), and the hydroperoxyl radical (HOO®). In general, the reactivity of 10, is
lower than that of HOe but even higher than that of *O”". Singlet oxygen is the lowest
energy excited state of molecular oxygen, but it is also a highly reactive species, which
can initiate oxidation reactions of biomolecules such as amino acids, proteins, nucleic
acids, and lipids, either by a direct reaction or by the induction of ROS. Singlet oxygen
is a highly reactive electrophilic species that reacts with electron-rich molecules and is
related to several types of pathologies. To inhibit the oxidation of biomolecules with
this species, some substances act as antioxidants by performing a quenching effect. In
this chapter, aspects such as its physicochemical properties, methods of generation
and detection, as well as the reactivity of this molecule are detailed.

Keywords: singlet oxygen, photochemistry, phototherapy, photosensitizers,
singlet oxygen generation methods

1. Introduction: Singlet oxygen ('0,'Ag or '0,*)

Oxygen is the most abundant element in the earth’s crust, mainly in its gaseous
biatomic molecule form, constituting 21% by volume of dry air. It is one of the most
biologically important elements because of the type and number of reactions in which
it participates, providing the thermodynamic force necessary for the metabolism of all
higher organisms. Molecular oxygen in its basal state has an open-shell electronic
configuration, with two electrons of equal spin occupying different degenerate
molecular orbital. It is only capable of accepting one electron at a time during a redox
(radical-type) reaction, reacting slowly with most organic molecules. It has two
excited states of singlet multiplicity. The lower energy state is designated as O,(*Ag)
or '0,, and the electron distribution in 1Ag has antiparallel spins, the two electrons
occupy the same orbital with opposite spins, therefore the spin restriction does not
exist and it is able to accept two electrons at a time, thus increasing its oxidative
capacity compared to >0,. The next excited singlet level is represented by the symbol
02(12g+), Figure 1.
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Figure 1.
Electronic configuration molecular oxygen and the first two states mentioned.
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Figure 2.
Energy diagram for O,. The singlet states of oxygen are 156.9 and 94.2 kJ/mol higher in energy than its ground
triplet state.

Because of the high energy, low stability, and shorter lifetimes of the O, state
(Zg"), the term “singlet oxygen” commonly refers to the 'O, state. Singlet oxygen, or
the first excited state of oxygen, is a highly oxidizing species that is generated by a
light-activated compound, called a photosensitizer, and appears to play a significant
role in solution reactions. It is found at 22.5 Kcal/mol above the basal state. This
species emits phosphorescent light in the infrared region (1270 nm). The higher
energy state (1Sg*), on the other hand, is rapidly deactivated at 1Dg and therefore will
not be as reactive. The two energetically closest electronically excited states are singlet
states, whose spectroscopic notations are 1A, and 1A,". Singlet oxygen (;0%) is an
electronically excited species of molecular oxygen (O2) and participates in numerous
oxidation reactions as an activated species and plays a key role in many biological
processes, Figure 2.

The transition between the triplet ground state (*%, ") and the first excited singlet
(14,) is spin, symmetry, and parity forbidden; therefore, direct excitation of the
ground state to form singlet oxygen is very unlikely, and gas-phase singlet oxygen has
an extremely long lifetime (72 min) [1]; however, interaction with solvents reduces
the lifetime, depending on the solvent and varies from 10> to 10~ s [2], with the
shortest lifetime observed in water [1].

From the values in Table 1, it can be concluded that some of the solvent charac-
teristics that influence the lifetime are the number of C-H and O-H bonds and the
presence of halogen and deuterium atoms [2].
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Solvent T(ps) Solvent T(ps)

H,0 3.1 CH;CN 771

CH;0H 9.5 CH,Cl, 99

CeHus 23.4 D,0 68

CeHs 30.0 C6D6 681

(CH3),CO 51.2 (CDs),CO 992
Table 1.

Lifetime of *O, in different solvents.

K,
0,('Ag) R 0,(*8g"~) + calor

- ! Kgr
Non-radiative deactivation by Oy('Ag) — 0,(%g") + hv

interaction with the solvent
Deactivation
of 10,.

Reactive deactivation by
a deactivating molecule

k,
Q + 0y('ag) —> Q + 0,(%%g")

k,
Q + 0y('Ag) = Q-0,

Figure 3.
Singlet oxygen deactivation pathways. The molecule that interacts with O,(*4y) is commonly called
quencher (Q).

2. Singlet oxygen chemistry

Because 10, is a molecule in an electronically excited state, it is very unstable
with respect to its ground state, and once generated it can undergo various spontaneous
processes to deactivate it. Such deactivation can occur by different routes, Figure 3.

The non-radiative deactivation process of '0, (kd) involves the transfer of
electronic energy to the vibrational levels of the solvent. The radioactive
deactivation process of 10, (kdr) occurs when 'O, decays to its ground state
emitting phosphorescent radiation of 1270 nm. The value of this rate constant
depends on the medium.

The deactivation processes by molecules in the medium can be either physical (kq)
or chemical (kr). Physical deactivation of 'O, occurs mainly by energy transfer
mechanisms. Molecules with several conjugated double bonds, such as long-chain
polyenes, quinones, dyes, and transition metal complexes, are some examples where
this type of deactivation occurs [3].

The reactive deactivation of singlet oxygen, as the name suggests, refers to its
chemical reaction with a wide variety of organic molecules. Singlet oxygen is a
highly reactive electrophilic species and has the ability to rapidly attack organic
compounds. It is about 1000 times more reactive than the basal state of oxygen.
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Figure 4.

Singlet oxygen-mediated photooxidations: (a) cycloaddition [2 + 2], (b) [4 + 2] cyclo addition, (c) 1,3-ene
addition, and hetero atom oxidation. In all these reactions the primary products formed can undergo
rearrangements to give a wide range of stable oxidized products.

This high reactivity is simply because many of the substances with which it reacts
are in the singlet basal state, so the reaction is a singlet-singlet reaction, more likely
than a triplet-singlet reaction, as it should be with oxygen in its basal state. As singlet
molecular oxygen possesses a pair of electrons with opposite spins in the highest
occupied molecular orbital, they give O,('A,) dienophilic properties, which explains
its significant reactivity towards electron-rich organic molecules, particularly those
with conjugated double bonds [4]. These reactions are electrophilic [47 + 2x],
[2r + 2x], and ene-type additions, leading to the formation of allylic hydroperoxides,
dioxetanes, or endoperoxides [5-8].

Singlet oxygen also oxidizes sulfur, selenium, phosphorus, and nitrogen com-
pounds, Figure 4. Singlet oxygen-mediated oxidation reactions have been explored
with a variety of organic molecules containing heteroatoms.

3. Singlet oxygen production

There are three main sources for generating singlet oxygen: photochemical, chem-
ical, and iz vivo reactions, Figure 5.
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Figure 5.
Sources of singlet oxygen.

H,0, + NaOCI —P—+ NaCl + H,Q
Figure 6.

Singlet oxygen generation from H,O, by NaOCI.

H,0, + Mo0,> — 3 H,0 + Mo0O;(0,)*

H202 + M003(02)2_ — M002(02)22- + H20

Mo0,(0,),% —> MoO,%- +
Figure 7.

Singlet oxygen generation from H,0, by the [MoO,]*~ catalyst.

3.1 Chemical generation

There are many chemical reactions, one of the best-known examples being the
reaction of NaClO with H,0,. The decomposition reaction of H,0, in the presence of
sodium hypochlorite or sodium hypobromite is the oldest reaction [9] for the forma-
tion of singlet oxygen, Figure 6.

10, is formed from the chlorine peroxide anion (CIOO ™), which is an intermediate
in the above reaction. The best results are achieved when H,0, decomposition is
performed using a MoO,”~ catalyst [10-13], Figure 7.

Among the inorganic peroxides, calcium peroxide diperoxohydrate (Ca0O,-2H,0,),
which is easily prepared by treating CaCl, or Ca(OH), with H,0, is of special interest
for its ability to release 'O,. In the first step, Ca(OH), is converted into CaO,-8H,0,
which takes up two H,O, molecules giving CaO,-2H,0,. By thermolysis at moderate
temperature, the latter peroxide decomposes into 10, and Ca0,-8H,0. This catalytic
cycle would operate until complete disproportionation of H,0, and leave Ca0O,-8H,0
as the final product [14], Figure 8.

Singlet oxygen can also be generated chemically by the decomposition of ozonides
of triphenylphosphite [15], Figure 9.

O, production from acyl peroxides such as benzoyl peroxide and lauryl peroxide
[16, 17], Figure 10.

By decomposition of aromatic endoperoxides, singlet oxygen is also generated

chemically. Certain dienes (anthracenes, naphthalenes, and pyridones) react with
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H,0, + Ca(OH),

2 H,0, Ca0,-8H,0 (» %0, +

Ca02-2H20

Figure 8.
Singlet oxygen generation from CaO,-2H,0,.

0
(PhO); + O3 — (Ph0}3P<0:0 —» Ph,P=0 +

Triphenyl phosphite
ozonide

Figure 9.
Singlet oxygen generation from ozonides of tri-phenyl-phosphites.

fo) o

r-‘h‘JLo’D\n’F'h +0; > 2 Ph)Lo_ +

(o]
Benzoyl peroxide

Figure 10.
Singlet oxygen generation from benzoyl peroxide.

02(3Zg—) via sensitized photooxygenation to produce endoperoxides, which by heating
dissociate and regenerate the starting hydrocarbon and 10,. The thermal stability of
endoperoxides depends on the structure of the aromatic or heteroaromatic hydrocar-
bon. These organic endoperoxides are called reversible molecular singlet oxygen trans-
porters. The lifetime of the endoperoxide precursors depends on the temperature and
chemical structure of the dienes. Derivatives of naphthalenes, anthracenes, and
pyridones are among the most studied examples that can undergo reversible endoper-
oxide formation for this purpose, Figure 11. All carriers are based on the reversible

[4 + 2] cycloaddition of 'O, to a diene and are therefore generated by photooxygenation.

3.2 Photochemical generation

The absorption of light by a photosensitizer in its ground state ('Sens) transforms
it into an excited singlet state (*Sens*). This short-lived state is rapidly converted
through intersystem crossover into a more stable and longer-lived species, the excited
triplet state (°Sens*). The photosensitizer in its triple-excited state has the ability to
transfer its energy to the 0, dissolved in the medium. As a consequence of this
transfer, the sensitizer is regenerated in its basal state, and the O, remains in its singlet
excited state, Figure 12.
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Generation of singlet oxygen based on the formation and decomposition of endoperoxides.
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Figure 12.

The most widely used method in the generation of O,("4,) is photosensitization.

Photosensitization represents the most convenient, safe, easy, and environmen-
tally friendly method for '0, generation. The generation of singlet oxygen through
photosensitization has been widely exploited in photodynamic therapy, environmen-
tal remediation, and synthesis [18].

3.3 Possible production of singlet oxygen in vivo

Some of the possible biological sources of 'O, generation are shown in Figure 13.

Possible biological sources of Oz(lAg) include (i) reactions catalyzed by peroxidases
(myeloperoxidase) or oxygenases (lipoxygenases) [19, 20], (ii) recombination of peroxyl
radicals can lead to the release of 'O, as a result of the decomposition of transient tetrox-
ides according to Russell’s concerted mechanism (Russell reaction) [6, 21], (iii) oxidation
with ozone of amino acids, peptides, and proteins, (iv) hydrogen peroxide reactions with
hypochlorite or peroxynitrite, (v) ozone oxidation of amino acids, peptides, and proteins
[22], (vi) hydrogen peroxide reactions with hypochlorite or peroxynitrite [23, 24], (vii)
thermolysis of endoperoxides [25-35], (vii) i vitro photodynamic processes involving
type-II photosensitization reactions using suitable dyes [36-38], and (viii) UV irradiation
of aromatic amino acids in proteins and immunoglobulins.

4. Applications

'0, has been gaining much attention due to its pivotal role in a wide variety of
chemical and biological processes, for example, plant signaling, organic synthesis,
oxidation of food and beverages, or photodynamic therapy [39, 40], Figure 14.
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Figure 13.
Generation of singlet oxygen in biological systems.
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Figure 14.
The following sections outline different applications that have been developed over the last decades.

4.1 Photodynamic therapy (PDT)

Photodynamic therapy (PDT) has received increasing attention for the treatment
of cancer and other diseased tissues as this methodology allows noninvasive, selective,
and localized destruction of tumor cells with reduced side effects. PDT consists of the
administration of a photosensitizer, which is selectively accumulated in certain cells or
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Figure 15.
PDT components.

tissues so that with subsequent irradiation and in the presence of oxygen, it triggers
photooxidation of biological materials and subsequent cell death.

PDT is composed of three components, Figure 15. Each of these components alone
lacks curative properties. The contribution of each depends on the type and dose of
PS, the time between administration and exposure to light, the intensity of light, and
the concentration of oxygen generated.

PDT combines light, molecular oxygen, and a photosensitizer (PS) for the produc-
tion of reactive oxygen species (ROS) such as singlet oxygen (*0,) and free radicals
that induce oxidative stress and eventually cell death. PDT was the first example of a
drug-device combination approved by the Food and Drug Administration (FDA) for
the production of reactive oxygen species (ROS) such as singlet oxygen ('0,) and free
radicals that induce oxidative stress and eventually cell death [41]. PDT was the first
example of a drug-device combination approved by the Food and Drug Administra-
tion (FDA) [42].

4.2 Light sources

Most Ps are activated with red light between 630 and 700 nm, which has a tissue
penetrating power between 0.5 cm (at 630 nm) and 1.5 cm (at 700 nm) [43]. Lasers and
light-emitting diodes (LEDs) coupled to flexible fiber optic devices are used as light
sources. Depending on the depth of the pathologies to be treated, LEDs can be
implanted at the end of different catheters to form screens for irradiation of large areas.
The wavelength required will be determined by the PS with which it is to be associated
and applied in the most focal way possible on the tissue to be treated. However, the
most commonly used light sources in photodynamic treatments are lasers.

4.3 Photosensitizing agent in photodynamic therapy

A PS is defined as a compound capable of absorbing light and subsequently trig-
gering a photophysical or photochemical reaction in response to it. For clinical use, it
must meet a number of characteristics as summarized in Figure 16 [39, 44].
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Pure compound, easy to produce

— . and soluble in water
Remain immune to the action

of circulating enzymes
Present greater affinity for tumor tissue
than for healthy tissue

oo PS
Not present toxicity in the properties

absence of exposure to light Be rapidly eliminated from tissues

Have an absorption spectrum

) Distribute easily throughout the body
in the range 650-900 nm

Possess a high energy transfer capacity

Figure 16.
PS properties.

The PS most suitable for PDT can be divided into two main groups: porphyrinoid
or non-porphyrinoid derivatives [44-47], Figure 17. Porphyrinoid-based derivatives
are the most widely used in PDT applications as their extended n-systems confer
unique photochemical characteristics that are valuable for their use as photosensitizers
[48]. Within the porphyrinoid PS, they are usually classified into first-, second-, and
third-generation photosensitizers depending on their evolution [49]. Natural porphy-
rins and their derivatives constitute the first generation of PS. Most of the PS under
investigation for the treatment of cancer and other diseases is based on the tetrapyr-
role core that includes porphyrins, chlorins, bacterio-chlorins, phthalocyanines, and
texaphyrins. These molecules have been chosen for their low toxicity in the absence of
light to mammalian and animal cells and for their tumor-localizing properties. PS that
have been studied for their ability to kill microorganisms are halogenated xanthenes
such as rose bengal (RB), chlorinated poly-L-lysine-chlorinacorinate, and phenothia-
zines such as toluidine blue O (TBO) and methylene blue [50] and poly-L-lysine-
chlorinate conjugates [51].

(Non-porphyrinoid PSs) Porphyrinoid PSs

Transition metal compounds

First generation

1 generation
sensitizers

Third geperation
photosensitizers

Figure 17.
Types of photosensitizers.
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4.4 First-generation photosensitizers

First-generation PSs are a complex mixture of compounds among which hemato-
porphyrin (HpD) and photofrin (R) derivatives are the representatives of the first-
generation Fs. Photofrin is one of the few photosensitizers approved for the treatment
of early and advanced esophageal and lung cancer by the US FDA and by various
health agencies worldwide. It is now being extended to the therapy of different
oncological pathologies of the head, neck, abdomen, thorax, brain, bowel, cervical,
skin, and breast Photofrin® (as HPD) causes persistent photosensitization of the
skin. This required avoidance of intense sunlight for at least 30 days after drug
administration. HpDs are a complex mixture of monomers, dimers, and oligomers,
linked together by the formation of ethers, esters, and carbon-carbon bonds [44],
Figure 18.

OH
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OH o~ 0
=19 o OH (o] OH
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. o]
OH
0
0
OH
HO
HO
OH
n 9 on 07 TOH_| N
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o]
OH
0" “oH

Mixed trimer

Figure 18.
First-generation porphyrin derivatives.
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4.5 Second-generation photosensitizers

Second-generation photosensitizers have been developed since the late 1980s.
They are pure compounds of known chemical structure with absorption maxima at
wavelengths above 630 nm, high molar extinction coefficients, quantitative 'O, for-
mation, and a reduction in the side effects and undesirable properties of the first
generation. The major disadvantage of these is that they are highly lipophilic, which
hinders their bioavailability, favors self-aggregation, and poses a challenge for the
development of a pharmaceutical form for intravenous administration.

4.5.1 Porphyrin photosensitizers

Porphyrin derivatives such as meta-tetra-(hydroxyphenyl)-porphyrin (m-THPP,
Foscan, or Temoporphyrin) and 5,10,15,20-tetrakis(4-sulfonatophenyl)-21H-23H-
porphyrin (TPPS4). These compounds are pure, extremely potent structures, which
are photoactivated at wavelengths longer than those corresponding to HpD, with
higher molar extinction coefficients. This group also includes macrocyclic porphyrin
derivatives such as chlorines, bacterio-chlorines, phthalocyanines, porphyrins, and
texaphyrins. Due to the potency of the second-generation Fs, the drug doses and light
intensity required to obtain a photofrin(R)-like response are up to 100 times lower,
Figure 19.

4.5.2 Non-porphyrin photosensitizers

The development of non-porphyrin PSs, Figure 20, for application in photody-
namic therapy lags considerably behind the evolution of porphyrin derivatives.
Cationic compounds, such as phenothiazines, have high molar extinction

5,10,15,20-tetrakis(4-sulfonatophenyl)-
21H,23H-porphyrin

= N\
\ NH N=,
N\ /N
N HN
‘ -
§*~*b

Bacteriochlorins Chlorines

(b);

Porphycenes

Texaphyrins Phthalocyanines

Figure 19.
(a) Second-generation porphyrin derivatives and (b) Second-generation porphyrin macrocycles.
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Chemical structure of non-porphyrin photosensitizers.

coefficients between 600 and 800 nm, including methylene blue and toluidine blue.
Methylene blue has been applied in the clinical treatment of basal cell carcinoma and
Kaposi’s sarcoma. In addition, there are iz vitro assays of adenocarcinoma, bladder
carcinoma, and cervical tumor cells. Toluidine blue has been extensively studied for
the inactivation of various pathogenic microorganisms. Both thiazine derivatives are
currently being evaluated for the treatment of chronic periodontitis. Literature has
shown that the mitochondrial membrane potential of tumor cells is more negative
than that of normal cells so that cationic PSs are retained mainly in the cells to be
treated. The bacterial cell wall has anionic components that readily interact with
cationic drugs.

Rose bengal has shown good results in the photodynamic treatment of breast
carcinoma and metastatic melanoma. 4,5-dibromorhodamine methyl ester is
effective against graft-versus-host disease, resulting in the destruction of lymphocytes
by apoptosis.

Hypericin is a natural anthraquinone with defined photochemical properties and
shows selectivity for tumor cells. Merocyanin 540 is the representative of the cyanins
used in the treatment of leukemia and neuroblastoma.

4.5.3 Endogenous photosensitizer: precursors

Protoporphyrin IX (PpIX) is an endogenous photosensitizer. Under normal condi-
tions, PpIX is present at an extremely low concentration to produce a photosensitizing
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Chemical structure of Protoporphyrin IX and of ALA MAL and HAL.

reaction. To stimulate the synthesis of protoporphyrin IX, it is necessary to
administer an excess of amino levulinic acid (ALA) and its derivatives, ALA-methyl
ester (MAL) and ALA hexyl ester (HAL), thus stimulating the synthesis of PpIX,
which can accumulate in damaged tissue and be applied in the photodynamic
treatment of different pathologies. It has been used in the treatment of actinic
keratosis, carcinoma, basal cell carcinoma, Bowen’s disease, and bladder cancer.
PDT with ALA and its derivatives, ALA-methyl ester (MAL) and ALAhexyl ester
(HAL), is an approved treatment for a number of malignant and premalignant
conditions (Figure 21).

4.6 Third-generation photosensitizers

Third-generation photosensitizers are called nano photosensitizers and are made
up of a combination of PSs and different vector systems. They are proposed as a
solution to overcome the problems of low water solubility of the first- and second-
generation Ps as most of them have an aromatic character.

Numerous delivery strategies have been evaluated with the aim of achieving a
highly selective and effective therapy. Among the drug carrier systems used in the
development of third-generation PSs, applicable in PDT are polymeric nanoparticles,
solid lipid nanoparticles, nanostructured lipid carriers, gold nanoparticles, hydrogels,
liposomes, liquid crystals, dendrimers, and cyclodextrin.

4.6.1 Liposomes

One of the most recent and successful applications of liposomes is to serve as
delivery vehicles for photodynamic agents to improve their solubility, specificity,
bioavailability, and tendency to aggregate. Therefore, liposomal photosensitizers as
third-generation formulations have shown great potential to increase the efficacy of
photodynamic cancer therapy and consist of concentric vesicles formed by one or
more concentric natural or synthetic phospholipid bilayers enclosing an aqueous
compartment. Nontoxic, highly biocompatible, and biodegradable, these delivery
systems have allowed increasing the activity of Ps iz vitro and in vivo, reducing their
toxicity and improving their biodistribution [52].
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4.6.2 Micelles

Micelles are monolayer structures formed by amphiphilic surfactants, also called
amphipathic surfactants, which are molecules that have one hydrophilic end, that is
they are soluble in water, and one hydrophobic end, which means that they repel
water.

Polymeric micelles have been widely used in recent years due to their higher
stability compared to micellar systems based on conventional surfactants. They are
prepared by association of copolymers dispersed in an aqueous medium, forming
particles with diameters of less than 100 nm [53]. Polymeric micelles are presented as
an alternative for the delivery of hydrophobic Ps and have the following advantages
(i) simple preparation, (ii) efficient drug loading without chemical modification, (iii)
controlled release [54], and (iv) no side effects of skin photosensitivity [55].

4.6.3 Solid nanoparticles

Solid nanoparticles are a promising new tool for drug delivery in PDT [56, 57]. The
advantages over second-generation Ps can be summarized as (i) ability to deliver a
large amount of drug to target cells, (ii) prevent degradation in the biological envi-
ronment, (iii) incorporate multiple components as contrast agents, and (iv) incorpo-
rate of different ligands in order to increase selectivity [58].

The solid nanoparticles, most commonly used in the development of third-
generation Ps, are polymeric, silica, and gold nanoparticles [57, 59]. Silica
nanoparticles have numerous advantages over polymeric systems such as their
nontoxic nature, inert, and stable properties. As they are nonbiodegradable, particle
size control is necessary to ensure their elimination from the body via the kidney and
to avoid their uptake by the reticuloendothelial system. Due to their high porosity,
silica nanoparticles have a high PS loading capacity and contribute significantly to the
efficacy of PDT.

Gold nanoparticles increase the field of incident light around them, which could
increase the excitation efficiency of the PS they carry [60]. The vehiculization of
porphyrins, phthalocyanines, and thiazines on gold nanoparticles increased (i) blood
circulation time, (ii) selective delivery to tumor tissues, (iii) 10, generation yield, and
(iv) photodynamic activity of free PSs [61].

5. Mechanism of action of photosensitizers

Most PS in their ground state has two electrons with opposite spins. Light absorp-
tion leads to the transfer of an electron to a higher energy orbital. This excited PS is
very unstable and emits this excess energy in the form of fluorescence and/or heat.
Another possibility is that an excited PS can undergo cross-system crossover to form a
triplet state. The photosensitizer in the triplet state can decay without radiation to the
ground state or transfer its energy to molecular oxygen. This step leads to the forma-
tion of singlet oxygen, and the reaction is called a type-II process [62]. A type-I
process can also occur [63], Figure 22.

In the type-I process, electron transfer occurs between the activated PS and the
surrounding molecules leading to the release of free radicals. These radicals are highly
active and interact with oxygen-producing endogenous molecules to produce anion
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superoxide, hydroxyl radical, hydrogen peroxide, and free radicals. These ROS cause
damage to the integrity of cell membranes and their internal structures.

The type-II process, this is the interaction of PS with oxygen. For this reaction to
take place, PS must be in its triplet form, activating oxygen to its active or singlet form
(*0,), which allows it to interact with a large number of substances directly such as
amino acids or lipids. The short half-life of this singlet oxygen (<0.4 milliseconds)
means that its diffusion range is limited to 45 nm in the cellular medium, and
destruction is only limited to the intracellular structures, it can access [64, 65].

6. Clinical applications of the PDT

PDT is a minimally invasive outpatient therapeutic modality that has low toxicity
and can be applied repeatedly at the site of action. In oncology, it can be combined
with chemotherapy, ionizing radiation, or surgery. PDT is an approved technique for
the treatment of some types of cancer and for antimicrobial therapies.

6.1 Photodynamic therapy of cancer

Photosensitizers (PS) can be used in various types of tumors. PS has been used as
therapeutic agent for more than a century. The clinical use of eosin in the treatment of
skin cancer can be given as an example of the first applications of PDT. The first
objective was to treat skin tumors by using topical eosin [66, 67].

According to the World Health Organization (WHO), cancer is a group of cellular
diseases characterized by unregulated cell growth. In the early stages, it is localized in
healthy tissues and spreads to neighboring tissues or even to other organs of the body
through metastatic cells. The idea of using photodynamic therapy (PDT) as a new
treatment strategy was suggested in the early twentieth century. PDT has fewer side
effects and toxicity than chemotherapy and/or radiotherapy. PDT is a particularly
attractive alternative to conventional antitumor drugs due to its fundamental speci-
ficity and selectivity. This excitation causes the photosensitizer to generate singlet
oxygen and other reactive oxygen species. PDT has been used in several types of
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cancer, including non-melanoma skin cancer, bladder cancer, esophageal cancer, head
and neck cancer, and non-small cell lung cancer (NSCLC), Figure 23.
The PDT clinical procedure involves four stages, as shown in Figure 24.

1.Ps is administered to the patient, usually topically or intravenously.
2.Between 3- and 96-hours elapse before the affected area is illuminated. During
this time, the drug is distributed throughout the body and selectively localized in

the affected cells.

3.The affected area is irradiated locally using an appropriate irradiation source for
photodynamic treatment.

PS is distributed
throughout the
body,
concentrating in

Figure 24.
Representation of an antitumor treatment with PDT.
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Non-oncological applications of PDT.

4. A series of intracellular reactions are triggered, which give rise to the formation
of ROS that produce irreversible biological damage in the treated area, leading to
cell death. Cell destruction can be triggered by different pathways [44, 68].

6.2 Non-oncological applications of PDT

PDT has been mainly focused on cancer treatment, but in recent years, new
applications in different fields are being evaluated, Figure 25.

Esthetics: Photo depilation is based on using a laser that irradiates at an appropriate
wavelength (depending on the color of the hair and the color of the skin) to perma-
nently remove the hair. The action of topically applied ALA is currently being studied
to improve the photo-depilation technique.

Dermatology: PDT is used to treat non-oncological dermatological diseases such as
psoriasis, vascular malformations, and acne [69-71].

Inactivation of bacteria: The increasing resistance of bacteria to antibiotics has led
to the development of alternative antimicrobial techniques. Certain bacteria can be
inactivated by being illuminated after an incubation period with certain porphyrins
and phthalocyanines. This new application may be of great use in the treatment of
internal cavity cleaning and in the treatment of oral conditions.

Virus inactivation: Photoinactivation of viruses in human blood as a method to
sterilize blood and blood products for transfusion [72].

Ophthalmology: Age-related macular degeneration (AMD) is a leading cause of
blindness and is due to the rapid abnormal growth of blood vessels in the retina. The
results obtained by treating this disease with PDT show a hopeful future.

Arteriosclerosis: The possibility of treating this disease with PDT is based on the
fact that atheroma plaques in damaged arteries retain higher concentrations of
porphyrins than the normal vascular wall [69].

Gynecology: PDT is an alternative to hysterectomy for women with dysfunctional
uterine bleeding [73, 74].
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Chapter 3

Relevance of Oxidoreductasesin
Cellular Metabolism and Defence

Panchashree Das and Priyabrata Sen

Abstract

Oxidoreducatses occupy one-third of all enzymatic activities registered in the
BRaunschweig ENzyme DAtabase (BRENDA). This group of enzymes are playing a
vital role in plant growth and metabolism. Oxidoreducatses (EC 1) is the largest class
of enzyme that includes dehydrogenases, oxygenase, peroxidise, oxidases and other
enzymes that catalyse oxidation-reduction reaction by transferring electrons, hydro-
gen, or oxygen from a reductant molecule to an oxidant molecule. These enzymes
play an important role in photosynthesis, aerobic and anaerobic respiration, amino
acid metabolism and fatty acid metabolism. Besides metabolism these enzymes are
also involve in providing defence against pathogens by activating signal transduction
pathways. Here we have discussed in details about the sub-classes of oxidoreductase
ezymes according to the reaction they catalyse and their importance in metabolism
and defence against plant pathogen attack.

Keywords: oxidoreducatse, enzyme, metabolism, defence, pathogen attack

1. Introduction

Enzymes facilitate the biochemical reaction by lowering down the activation energy.
In biochemistry, the enzymes are classified in six major classes according to the bio-
chemical reaction it catalyses or the substrate it uses. Each class of the enzyme is named
by the International Union of Biochemistry and Molecular Biology through EC (Enzyme
Commission) number. Oxidoreductases are the enzymes that involved in different parts
of natural lifecycle such as plants, animals and microorganisms. In plant biochemistry,
oxidoreductase is the large group of enzymes having EC 1 nomenclature and it catalyses
the oxidation and reduction reactions in plants. It mainly involves in transfer of electron
molecule from one molecule (electron donor or reductant) to another (electron acceptor
or oxidant). The oxidoreductases includes oxidase, oxygenase, peroxidase, dehydroge-
nase and other enzymes that catalyse biochemical reactions that involves in insertion of
oxygen, transfer of hydride ions, transfer of electrons and protons [1]. These enzymes
mainly utilise FAD (flavin adenine dinucleotide), Fd (ferredoxin) FMN (flavin mono-
nucleotide), NAD (nicotinamide adenine dinucleotide), NADP (nicotinamide adenine
dinucleotide phosphate), Coenzyme B, Coenzyme Q etc. for catalysing biochemical
reactions in living cells [2]. Plants mainly use this class of enzymes for the metabolism
process such as synthesis or degradation of biomolecules to sustain throughout the
life span. In case of plants these enzymes also involves in metabolism of exogenous
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molecules such as herbicides [3]. The oxidoreductases have important roles in aerobic

as well as anaerobic respiration, photosynthesis, electron transport chain, pentose
phosphate pathway and photorespiration [4]. These enzymes also involve in amino acid
metabolism. Oxidoreductases present in plant plasma membrane involves in maintain-
ing the redox potential through proton pumping, nutrient uptake regulation, regulation
of ion channels, reduction of iron and regulation of ion channels. Some oxidoreductase

enzymes are also involved in signal transduction pathways and poses defence against
pathogen attack.
This large group of enzyme comprises with number of enzymes that catalyses the
transmission of electron from a donor (reduction) to an acceptor (oxidation) mol-
ecules with the help of cofactors to facilitate metabolism and provide defence against
pathogens in plants (Table 1) [5]. In this review we mainly focused on the classifica-
tion of oxidoreductase enzymes and their role in metabolism and defence in plants.

ECnumber  Description Example

EC11 Act on the CH-OH group of donors- Alcohol dehydrogenase, mannitol
The enzymes act on primary alcohols, dehydrogenase, glucose 1-dehydrogenase,
secondary alcohols and hemi-acetals glycerol-3-phosphate dehydrogenase,

phosphogluconate dehydrogenase

EC1.2 Act on the aldehyde or oxo group of donors- Aldehyde dehydrogenase, benzaldehyde
The enzymes oxidise aldehydes to the dehydrogenase, aspartate-semialdehyde
corresponding acid. The oxo group of aliphatic ~ dehydrogenase, pyruvate dehydrogenase,
compounds can be oxidised by addition of pyruvate synthase, aldehyde ferredoxin
water and cleavage of a carbon-carbon bond oxidoreductase
and for aromatic compounds it can be done
by addition of the elements of water and
dehydrogenation.

EC13 Act on the CH-CH group of donors- Dihydropyrimidine dehydrogenase,

The enzyme catalyses chemical reactions that L-galactonolactone dehydrogenase, fumarate
introduce a double-bond into the substrate by reductase, coproporphyrinogen oxidase
direct dehydrogenation at a carbon—carbon

single bond

EC14 Act on the CH-NH, group of donors- Alanine dehydrogenase, D-arginine
It includes mainly the amino-acid dehydrogenase, valine dehydrogenase
dehydrogenases and the amine oxidases

EC15 Act on the CH-NH group of donors- Pyrroline-5-carboxylate reductase,

It contains enzymes that dehydrogenate D-lysopine dehydrogenase, trimethylamine
secondary amines dehydrogenase

EC16 Act on NADH or NADPH- NAD(P) + transhydrogenase, leghemoglobin
This subclass of enzymes utilise NADH or reductase, NAD(P)H oxidase,

NADPH to reduce a substrate. demethylphylloquinone reductase

EC17 Act on other nitrogenous compounds as Nitrate reductase, azobenzene reductase,
donors- nitroalkane oxidase, acetylindoxyl oxidase,
The enzymes are involved in oxidising various hydroxylamine reductase
nitrogenous substrates.

EC18 Act on a sulphur group of donors- Assimilatory sulphite reductase, cystine
The enzymes react on inorganic substrates or reductase, thioredoxin-disulfide reductase,
organic thiols. adenylyl-sulfate reductase

EC19 Act on a heme group of donors- Cytochrome-c oxidase, nitrate reductase

It includes enzymes that act on heme group of
cytochrome.
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ECnumber  Description Example

EC1.10 Act on diphenols and related substances as trans-Acenaphthene-1,2-diol dehydrogenase,
donors- catechol oxidase, L-ascorbate oxidase,
It includes the enzyme4s that involve in ubiquinol oxidase
oxidation of diphenols or ascorbate

EC111 Act on a peroxide as acceptor- NADH peroxidise, catalase, glutathione
It includes peroxygenases and peroxidases peroxidise, fatty-acid peroxygenase

EC1.12 Act on hydrogen as donor- Hydrogen dehydrogenase, cytochrome-c3
It includes hydrogenases aside from those hydrogenase, hydrogen:quinone
that use iron—sulphur compounds as donor to oxidoreductase, hydrogenase
reduce H* to H,

EC113 Act on single donors with incorporation of Catechol 1,2-dioxygenase, gentisate
molecular oxygen- 1,2-dioxygenase, tryptophan 2,3-dioxygenase,
It contains oxygenases that catalyses the indole 2,3-dioxygenase, tryptophan
incorporation of molecular oxygen to the 2'-dioxygenase
substrate

EC1.14 Act on paired donors, with incorporation or Pyrimidine-deoxynucleoside 2’-dioxygenase,
reduction of molecular oxygen- thymine dioxygenase, gibberellin
The subclass includes enzymes that act on two 3 g-dioxygenase, L-isoleucine 4-hydroxylase
hydrogen donors and oxygen is incorporate
into one or both of the donors during
biochemical reaction.

EC115 It contains enzymes acting on superoxide as Superoxide dismutase, superoxide reductase
acceptor with a single sub-subclass

EC1.16 Oxidising metal jons- Mercury(II) reductase, aquacobalamin
The enzymes of this subclass involve in reductase
oxidising metal ions to higher valency state

EC117 Act on CH or CH, groups- Leucoanthocyanidin reductase, xanthine
The enzymes of this subclass involve in dehydrogenase, nicotinate dehydrogenase,
oxidative conversion of the -CH,- group of xanthine oxidase
donors to -CHOH- (or -CH- to -COH-) and
sugars to deoxysugars.

EC118 It contains enzymes acting on iron-sulphur Ferredoxin—NADP+ reductase, vanadium-
proteins as donors and having receptors like dependent nitrogenise
NAD+ or NADP+ and dinitrogen.

EC119 It contains enzymes on reduced flavodoxin Flavodoxin—NADP+ reductase, nitrogenase
as donors and having receptors like NAD+ or (flavodoxin)
NADP+ and dinitrogen

EC1.20 Act on phosphorus or arsenic in donors Phosphonate dehydrogenase, arsenate

reductase, methylarsonate reductase

EC1.21 Catalysing the reaction X-H + Y-H = X-Y- Iodotyrosine deiodinase, isopenicillin-N
Catalyse the reaction by forming or breaking synthase, D-proline reductase
an X-Y bond

EC1.22 Act on halogen donors Iodotyrosine deiodinase

EC1.23 Catalyses the reaction by reducing C-O-C (+)-Pinoresinol reductase, violaxanthin
group as acceptor de-epoxidase

EC1.97 This subclass includes other oxidoreductases Chlorate reductase, pyrogallol
that are not included in previous groups hydroxytransferase

Table 1.

Classification of oxidoreducatse enzgymes.
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2. Classification of oxidoreductase

Oxidoreductase is having biological importance due to its abundance in the living
organisms. This large class of enzyme is classified in several subclasses according
to the reaction it catalyses, the three dimensional structure. These enzymes can be
either oxidases or dehydrogenases. The oxidases utilises molecular oxygen as electron
or hydrogen acceptor and dehydrogenases acts as electron or hydrogen donor for the
NAD+/NADP+ or a flavin enzymes. The other subclasses of oxidoreductases include
peroxidases, hydroxylases, oxygenases, and reductases. Peroxidases catalyse the
reduction of hydrogen peroxide in peroxisome. Hydroxylases mainly acts by adding
hydroxyl groups to its substrates. Oxygenases involves in incorporating molecular
oxygen into organic substrates. Reductases mostly act as oxidases involves in reduc-
tion reaction. All of the enzymes belonging to this class are playing essential role in
plant lifecycle and stress signalling.

The oxidoreducatase enzymes are securing EC 1 in the enzyme classification given
by the International Union of Biochemistry and Molecular Biology and it is having 24
sub-classes [6].

3. Oxidoreductase enzymes involved in metabolism
3.1 Oxidoreductase enzymes involved in photosynthesis

Photosynthesis is the most important biochemical process completed in chloroplast
of plant cell for conversion of light energy into chemical energy. In this process the green
plants absorbs light energy, water (H,0) and carbon dioxide (CO?) to form oxygen and
energy-rich organic compound. The photosystem I (PS I) and photosystem II (PSII) are
involved in the light reaction of photosynthesis. PSII liberates the hydrogen molecules
from water at the time of photolysis and frees molecular oxygen. After that the liber-
ated electrons in this process are transferred to plastoquinol, Cytochrome bs complex
and finally to plastocyanin. At this point the PS I take electrons from plastocyanin and
transfer it to iron-containing compound ferredoxin. Upon taking the electrons, ferredoin
becomes reduced ferredoxin. The Ferredoxin-NADP" reductase, an enzyme belongs to
the class oxidoreductase, catalyses the biochemical reaction of formation of NADPH
from NADP" (Nicotinamide adenine dinucleotide phosphate) during photosynthesis
[7, 8]. The enzyme Ferredoxin-NADP" reductase transfer an electron from each of two
reduced ferredoxin molecules to a single molecule of the two electron carrier NADPH
and after completion of the reaction ferredoxin becomes oxidised (Figure1). This FNR
enzyme utilises a flavin cofactor FAD (flavin adenine dinucleotide), the iron—sulphur
protein ferredoxin as donor and NADP" as acceptor.

NADP+H" NADPH

Oxadized

Reduced . :
ferredoxin

ferridoxin
NADPH NADP+H*

Figure 1.
Chemical reaction catalysed by FNR (Ferredoxin-NADP* reductase).
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Thioredoxin disulfide  Thioredoxin thiols + 2H*

Reduced ferridoxin Oxadized ferredoxin

iz s ol % )
Thioredoxn thiols+ 2H Thioredoxin disulfide

[Ferredoxin-Thioredoxinreductase (FTR)]

Figure 2.
Chemical reaction catalysed by FTR (Ferredoxin-Thiovedoxin reductase).

Plants utilise Ferredoxin-Thioredoxin reductase (FTR), a member of oxidoreduc-
tase class of enzymes, to regulate the carbon fixation in photosynthetic organisms [9].
FTR helps the plants to regulate the carbohydrate metabolism based on availability of
light. During day light the FTR reduces oxidised thioredoxin by reduced ferredoxin.
This reduced thioredoxin activates certain carbohydrate synthesis enzymes such as
chloroplast fructose-1,6-bisphosphatase, Sedoheptulose-bisphosphatase and phos-
phoribulokinase by cleaving disulfide bonds in enzymes [10]. This leads to carbohy-
drate synthesis during day time. At night, the ferredoxin remains oxidised and thus it
cannot activate thioredoxin to promote carbohydrate biosynthesis and breakdown of
carbohydrate starts (Figure 2).

3.2 Oxidoreductase enzymes involved in chlorophyll biosynthesis

The chlorophyll biosynthesis is a fundamental metabolic process as it is the most
important pigment for photosynthesis. The enzyme protochlorophyllide oxidore-
ductase (POR), a member of oxidoreductase classes of enzyme, is a key regulatory
enzyme for chlorophyll biosynthesis that catalyses the light-induced reduction of pro-
tochlorophyllide (PChlide) into chlorophyllide (Chlide) in the presence of NADPH
(reduced form of NADP) [11-14]. The enzyme POR utilises NADPH (reduced
nicotinamide adenine dinucleotide phosphate) as cofactor [11-14]. There are two or
more isoforoms of this POR enzyme has been identified in different plant species. In
barley (Hordeum vulgare), POR A and POR B, the two distinct isozymes of POR are
present [15]. Arabidopsis (Arabidopsis thaliana) is having three distinct isozymes of
POR such as POR A, POR B and POR C [16, 17].

3.3 Oxidoreductase enzymes involved in glycolysis

Glycolysis is the carbohydrate catabolism pathway that converts glucose into
pyruvate and produces NADH (reduced nicotinamide adenine dinucleotide) and ATP
(adenosine triphosphate). This process contains two phases, preparatory phase and
pay-off phase. In the first phase, glucose breaks down to form two trios sugar. So in
the second phase of glycolysis each reaction occurs twice for each glucose molecule.
In the pay-off phase Glyceraldehyde 3-phosphate dehydrogenase catalyses the oxida-
tive conversion of glyceraldehyde-3-phosphate to 1,3-bisphosphoglycerate (1,3-BPG)
and reduces NAD" to NADH (Figure 3a). For maintaining the redox state of the cell
there has to be a proper balance between NAD*/NADH. For aerobic respiration the
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NAD*+P, NADH +H*
Glyceraldehyde 3- 1.3-bisphosphoglycerate
phosphate
NADH +H* NAD* +P;
a [Glyceraldehyde-3-phosphate dehydrogenase]
NADH + H* NAD*
Pyruvate Lactate
NAD* NADH + H™

b [Lactate dehydrogenase]

Figure 3.
Chemical reaction catalysed by oxidoreductase enzymes in glycolysis. (a) Chemical reaction catalysed by
Glyceraldehyde 3-phosphate dehydrogenase. (b) Chemical reaction catalysed by lactate dehydrogenase.

oxidation of NADH occurs during tricarboxylic acid cycle (TCA) and for fermenta-
tion it occurs at the time of conversion of pyruvate to lactate by lactate dehydogenase
enzyme (Figure 3b).

3.4 Oxidoreductase enzymes involved in TCA cycle (Tricarboxylic acid cycle)

Tricarboxylic acid cycle (TCA) consists of a series of enzyme catalysed biochemical
reactions. The precursor of TCA cycle comes from carbohydrate, protein and fats [18].
The product of glycolysis, pyruvate converts in acetyl-CoA to enter in TCA cycle. Except
leucin and lysine, the other amino acids degraded to TCA cycle intermediates. Trough
beta-oxidation of fatty acid, it converted into acetyl-CoA that enters into TCA cycle.
During TCA cycle, a large number of NADH and FADH molecules are produced by
different oxidoreductase enzymes [19]. Pyruvate dehydrogenase catalyses the conversion
of pyruvate to acetyl-CoA that enter in the TCA cycle (Figure 4a). Isocitrate dehydroge-
nase involves in oxidative decarboxylation of isocitrate to a-ketoglutarate (Figure 4b).
Another TCA cycle enzyme o-ketoglutarate dehydrogenase catalyse the generation of
succinyl-CoA from a-ketoglutarate through oxidative decarboxylation (Figure 4c).
Succinate dehydrogenase involves in oxidative conversion of succinate to fumarate
(Figure 4d). Malate dehydrogenase enzyme of TCA cycle catalyses the conversion of
malate to oxaloacetate through oxidation (Figure 4e).

3.5 Oxidoreductase enzymes involved in ETC (electron transport chain) and
Oxidative phosphorylation

Oxydative phosphorylation involves flow of electrons from a series of proteins
and electron carriers within the mitochondrial membrane by ETC. Several biochemical
reactions like glycolysis, TCA cycle, fatty acid oxidation and amino acid oxideation
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NAD*+CoA-SH NADH+H*+CO,

Pyruvate ¥ Acetyl-CoA

[Pyruvate dehydrogenase]

a.
NAD* NADH+H™+CO,
Isocitrate ¥ a-ketoglutarate
b [Isocitrate dehydrogenase]
NAD*+CoA  NADH+H*+CO,
o-ketoglutarate u succinyl CoA
. [o-ketoglutarate dehydrogenase]
FAD* FADH,
Succinate Fumarate
d [succinate dehydrogenase]
NAD” NADH+H*
Malate — Oxaloacetate
5 [Malate dehydrogenase]
Figure 4.

Chemical reaction catalysed by oxidoreductase enzymes in TCA cycle. (a) Chemical reaction catalysed by
pyruvate dehydrogenase. (b) Chemical reaction catalysed by isocitrate dehydrogenase. (c) Chemical reaction
catalysed by a-ketoglutarate dehydrogen. (d) Chemical veaction catalysed by succinate dehydrogen. (e) Chemical
reaction catalysed by malate dehydrogen.

yields high energy-rich molecules NADH (reduced nicotinamide adenine dinucleo-
tide) and FADH, (reduced flavin adenine dinucleotide). This NADH and FADH,
have pair of electron with high transfer potential. In ETC the electrons of NADH and
FADH, are transferred to molecular oxygen through a series of electron carriers and
the energy produced during this process leads to formation of ATP [20]. Different
subclasses of oxidoreductase enzymes catalyse the oxidative phosphorylation
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Intermembrane space

Complex | ComplexTI Complex 111 Complex IV Complex V
NADH+H* NAD Succinate Fumaate Oy H,0 ADP+PL  ATP Inner
rmembrane
Matrix
Figure 5.

Enzyme complex involved in ETC in mitochondria.

reactions (Figure 5). The electron transport chain is consists of four complexes.
NADH:quinone oxidoreductase or NADH dehydrogenase (complex I) contains
FMN that accepts electrons and H" from NADH and forms FMNH,. It also contains
iron-sulphur protein that helps in transfer of electrons and H* to Coenzyme Q.
Succinate:quinine oxidoreductase or succinate dehydrogenase (complex II) contains
iron and a bound FAD cofactor to oxidise succinate to fumarate and reduces ubiqui-
none. Coenzyme Q collects the electrons from complex I and Complex I and trans-
fers them to complex III. Quilon:cytochrome c oxidoreductase (complex III) contains
heme group, in which Fe’* accepts electrons from Coenzyme Q (CoQ) to form Fe?*
and transfers the electrons to cytochrome C (CytC), that transfers the electrons to
complex IV. Cytochrome C:oxygen oxidoreductase, an aa3-type enzyme (complex
IV) contains heme group in which Fe** accepts electrons from cytochrome C to form
Fe’ and transfers electrons to oxygen that combines with hydrogen to form water
molecule [21].

3.6 Oxidoreductase enzymes involved in amino acid metabolism

Amino acid dehydrogenases are involved in amino acid catabolism reaction
[22]. This enzyme utilises NAD(P)* as cofactor. Amino acid dehydrogenases
catalyse the biochemical reaction by transferring the hydride from the Ca atom
of an amino acid to NAD(P)* and forms intermediate a-imino acid that finally
hydrolyzed to a-keto acid and ammonium (Figure 6). Glutamate dehydrogenase

0 NH:

NAD(P)H+NH3 NAD(P)

R: R, R1 Rz
NAD(P)H+NH3 NAD(P)*

[Amino acid dehydrogenases |

Figure 6.
Chemical reaction catalysed by amino acid dehydrogenase.
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and phenylalanine dehydrogenase are involved in oxidative deamination reaction
for amino acid catabolism [23, 24]. Glutamate dehydrogenase and phenylalanine
dehydrogenase catalyse deamination reaction of glutamate and phenylalanine
respectively [23, 24].

3.7 Oxidoreductase enzymes involved in fatty acid metabolism

Oxidoreductase enzymes are involved in metabolism of fatty acids, especially in
p-oxidation. The p-oxidation procedure of fatty acid catabolism occurs in cytoplasm
of cell. Activation of acyl-CoA by acyl-CoA synthetases is seen to initiate p-oxidation
in the membrane of the peroxisome [25-27]. The p-oxidation procedure of fatty acid
catabolism occurs in cytoplasm of cell. The products of this pathway are acetyl-CoA,
NADH and FADH. The pathway needs enzymes like acyl-CoA dehydrogenase and
3-hydroxyacyl-CoA dehydrogenase that belongs to the oxidoreductase classes of
enzyme [28]. Acyl-CoA dehydrogenases (ACAD) catalyse the oxidation of acyl-CoA
to trans-2-enoyl-CoA with the help of FAD [25]. f-ketoacyl-ACP reductase and enoyl-
ACP reductase are involved in de novo synthesis of fatty acid synthase are belongs to
oxidoreductase class of enzymes [29]. NAD" oxidoreductase is involved in a-oxidation
in plants [30]. Acyl-CoA oxidases (ACOX) catalyse the oxidation of acyl-CoA to
trans-2-enoyl-CoA [25].

4. Oxidoreductase enzymes involved in plant defence mechanism

The oxidoreductases involved in defence mechanism of plants are typically
helping in ROS (reactive oxygen species) generation. In reaction to stressors,
ROS serve as signalling molecules and activate signal transduction pathways.
Accumulation of ROS (reactive oxygen species) at the site of pathogen infection
leads to hypersensitive response that causes death of plant tissue at the site of
infection to restrict further spread of pathogen infection [31, 32]. The pathogene-
sis-related (PR) genes are expressed more frequently as part of the hypersensitive
response (HR), which also comprises the production of antimicrobial secondary
metabolites and a type of localised cell death (LCD) at the infection site. Since
electron utilisation in the chloroplast stroma shuts down during the HR, the
photosynthetic electron transport chain undergoes excessive reduction, which is
the initial contributor to ROS. The generation of ROS molecules are catalysed by
NADPH-dependent oxidase system. In plants this system generates superoxide
anion (O;") and hydrogen peroxide (H,0,) in response to pathogen attack [33, 34].
Like NADPH-dependent oxidases, Germin-like oxalate oxidases, glycolate oxi-
dases, Amine oxidases, class III peroxidise which belong to oxidoreductase class of
enzymes are involve in ROS generation in response to pathogen attack [35-39]. All
the enzymes associated with ROS production belongs to the class of oxidoreductase
of enzyme [40].

The ROS are generated by cell organelles like chloroplast, mitochondria and peroxi-
some as by-product of aerobic respiration. The main parts of cells that are involved
into generation of H,0, are Cytoplasm, plasma membrane, apoplasts, endoplasmic
reticulum, and extracellular matrix. H,O, is a by-product of several metabolic pathways
like glycolate oxidase reaction, fatty acid B-oxidation, electron transport chain, oxidative
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phosphorylation, transition metal ions, thymidine, and polyamine catabolism etc.
[41-44]. Enzymatic activities of plasma-membrane-localised NADPH oxidases, amine
oxidases, and cell wall peroxidises are playing major role in ROS production [45].

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are both
significant signals in plants and vital regulators of a number of activities, including
metabolism, growth and development, response to abiotic and biotic stressors,
solute transport, autophagy, and programmed cell death (PCD). ROS plays a cru-
cial role as signalling molecule in defence mechanism as well as in developmental
process in all plants [46-48]. During biotic stress and abiotic stress condition, the
cellular homeostasis of plants is disrupted and this lead towards higher production
ROS [45, 46]. Increasing concentration of ROS can become a threat for living cell
as it can lead to cell death. ROS may damage nucleic acids, proteins and activate
apoptasis. So, high level of co-ordination between signalling and metabolic path-
ways for producing and scavenging ROS is needed during a stress condition is
needed [44, 45].

The plant-pathogen interaction also involves generation of reactive nitrogen spe-
cies (RNS) (NO, NO*, NO~, NO, and ONOQ™) at the site of infection [35]. This also
acts as a signalling molecule during stress condition. ROS and RNS together involve in
hypersensitive response as well as programmed cell death responses during pathogen
infection [49].

Under normal condition, cellular concentration of ROS and RNS is low in
plants. But during stress condition, both ROS and RNS act as a signalling molecule
to activate plant defence responses against the stress. The rapid production of ROS
develops oxidative stress to the plants. A high concentration of ROS and RNS can
lead to cell death. To minimise the toxic action of ROS, plants posses antioxidant
activities [33]. It is very much needed to maintain the equilibrium between produc-
tion and metabolism of ROS and RNS. The detoxification of these substances is
done enzymatic as well as non-enzymatic antioxidants [42]. Each and every cell
compartments are having their own mechanism of scavenging excess amount of
ROS and RNS.

The nonenzymatic antioxidants like ascorbate, glutathione, tocopherol etc. can
directly detoxify ROS or reduce substrate for antioxidant enzymes. Ascorbate is
an important compound to directly eliminate singlet oxygen and super oxide ions.
Ascorbate also involves in reduction of H,0, to water through ascorbate—glutathione
cycle [50]. ROS oxidised glutathione to form oxidised glutathione. Glutathione and
oxidised glutathione helps in maintaining redox balance of cellular components
[42, 51]. a-tocopherol detoxifies peroxyl ions (HO,) in lipid bilayer and chloroplast
membrane [52].

The enzymatic antioxidants like superoxide dismutase, catalase, peroxiredoxins
and peroxidases are involved in ROS degradation. Superoxide dismutase catalyses
the formation of molecular oxygen and hydrogen peroxide from super oxide anions.
Catalase detoxifies H,0, to water. The enzymes involved in ascorbate-glutathione
cycle, i.e. glutathione reductase (GR), dehydroascorbate reductase (DHAR), monohy-
droascorbate reductase (MDAR) and ascorbate peroxidise (APX) help in generating
soluble antioxidants [53]. In plants, the most important ROS scavenging mechanism is
ascorbate-glutathione cycle [42].

The oxidoreductase enzymes involved in plant growth and defence against stress
are enlisted in Tables 2 and 3.
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Sl no. Plants Gene Stress condition Reference
1. Tea (Camellia glutathione S-transferase pathogen and insect [54]
sinensis) attack, cold spells,
drought and salt stresses,
nitrogen nutrition
2. Triticum glutathione reductase (GR) drought, heat, saltand [55]
aestivum arsenic stress
3. Arabidopsis CRL1 (Cinnamoyl coA: NADP drought stress [56]
oxidoreductase-like 1)
4. pepper CaOXR1 (C. annuum Salt and oxidative stress [57]
(Capsicum oxidoreductase protein)
annuum)
5. pea (Pisum xanthine oxidase (XOD) abiotic stress by heavy [58]
sativum L.) metals
6. Arabidopsis Glutaredoxins (GRXs) stress responses [59]
7 Arabidopsis electron transfer flavoprotein/ carbohydrate starvation [60]
electron-transfer flavoprotein:
ubiquinone oxidoreductase
(ETF/ETFQO)
Table 2.
Involvement of oxidoreductases under stress condition in plants.
Slno. Enzyme name Role Reference
1. flavoprotein:ubiquinone oxidoreductase Seed development and germination [61]
(ETF/ETFQO) complex (Arabidopsis)
2. CRL1 (Cinnamoyl coA: NADP seed germination and flowering [56]
oxidoreductase-like 1)
3. Glutaredoxins (GRXs) floral development, organ identity [59]
gene expression, regulation of
organ primordia initiation meiosis
progression in the male germ line
4, thiol-disulfide oxidoreductase PDI1 regulates actin structures in Oryza [62]
sativa root cells
Table 3.

Involvement of oxidoreductases in plant growth and development.

5. Conclusion

Oxidoreductase is the largest class of enzyme that includes several enzymes having
importance in plant metabolism as well as defence mechanism. Number of meta-
bolic pathways like chlorophyll biosynthesis, photosynthesis, glycolysis, fatty acid
metabolism, tricarboxylic acid cycle includes oxidoreductase enzymes that utilises
NAD, FAD, or NADP as a cofactor (Figure 7). This large class of enzyme contributes
in developing plant defence responses against biotic and abiotic stress. Antioxidant
enzymes maintain redox balance in cellular components in stress condition.
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Figure 7.
Summary of role of different oxidoresductases in plant metabolism and defence.
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The Good and the Bad: The
Bifunctional Enzyme Xanthine
Oxidoreductase in the Production
of Reactive Oxygen Species
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Abstract

Xanthine oxidoreductase (XOR) is a molybdoflavin enzyme which occurs in
two forms; the reduced form known as xanthine dehydrogenase (XDH, EC 1.17.1.4)
and the oxidised form known as xanthine oxidase (XO, EC 1.17.3.2). In humans, it
is a2 293 kDa homodimer which catalyses consecutive hydroxylation steps of purine
degradation. The oxidised form of the enzyme produces hydrogen peroxide and
superoxide (O,"), both of which are reactive oxygen species (ROS) that can interact
with several biomolecules producing adverse reactions. XOR can also produce nitric
oxide, a cardiovascular protective molecule. Overproduction of nitric oxide results
in the formation of the highly reactive peroxynitrite radical. XOR-produced ROS
may provide protection against infection, while at the same time can also lead to
inflammation, oncogenesis, brain injury and stroke. XOR is also involved in tumour
lysis syndrome in chemotherapy patients as well in ischaemia-reperfusion injury,
increasing the levels of ROS in the body. Consequently, the presence of XOR in blood
can be used as a biomarker for a number of conditions including oxidative stress and
cardiovascular disease.

Keywords: xanthine oxidoreductase, reactive oxygen species, superoxide,
cardiovascular disease, oxidative stress

1. Introduction

Xanthine Oxidoreductase (XOR) is ubiquitous amongst organisms being found
in both prokaryotes and eukaryotes. It is a complex flavoenzyme and one of a few
that require a molybdenum cofactor (Moco), in the form of molybdopterin (MPT).
As well as a requirement for flavin adenine dinucleotide (FAD) it also contains two
iron-sulphur ([2Fe-2S]) clusters. XOR exists in two forms: most organisms have only
the dehydrogenase, XDH (EC 1.17.1.4), while mammals also produce the oxidase,

XO (EC 1.17.3.2). The XDH to XO conversion has been studied [1, 2]. It has been
demonstrated that conversion could be accomplished in two ways; either through

51 IntechOpen



Reactive Oxygen Species — Advances and Developments

XDH Reaction
(o] o]

NH

HN N HN )
A )\ | /> 4 H,0 + NAD" —» )\ | >:o + NADH + H
o ™nH N o7 ™NH TNH

Xanthine Uric Acid
XO Reaction
o] o]
HN NH HN NH
B )\ | /> + 5H,0 + 40, — | >:o + 4H,0, + 207 + 2H°
0 NH N 0 NH NH

Xanthine Uric Acid

Figure 1.

Xc;gnthine oxidoreductase (XOR) catalysed reactions. A. Xanthine dehydrogenase (XDH) reaction with NAD+ as
electron acceptor. B. Xanthine oxidase (XO) reaction with molecular oxygen as electron acceptor. Note that the
majority of XOR enzymes are found in the XDH form while mammalian enzymes may be converted from XDH to
XO (see text for details).

disulphide formation of specific cysteine residues or by limited proteolysis. The major
reactions catalysed by the dehydrogenase (XDH), that of oxidising hypoxanthine to
xanthine and then xanthine to uric acid (Figure 1A), are important last steps in the
degradation of purines (and therefore in the degradation of DNA and RNA). The
oxidase (XO) on the other hand, can generate reactive oxygen species (ROS) which
are involved in the inflammatory defensive response (Figure 1B) [3].

The enzyme also has nitrite reductase activity and is therefore important in the
production of nitric oxide and involved in the physiological control of blood pressure.
In this review we discuss the structure, catalytic mechanism, and tissue localisation of
human XOR and its role in health and disease.

2. Mammalian xanthine oxidoreductase

Mammalian XOR exists as a homodimer with a molecular weight of about 290 kDa
(Figure 2). XOR can be found in both XO and XDH forms and has a wide distribution
in mammalian tissues, with the highest amounts observed in the intestines and liver.
XOR is present in milk and has in fact, been detected in mammary gland epithelial
and capillary endothelial cells. Intracellularly, XDH is the predominant species whilst
XO is present in the gastrointestinal lumen and body fluids. Inactive forms of XOR
do occur in mammalian tissues and usually lack either molybdenum or sulphur in the
Moco cofactor. It was estimated that up to 60% of XOR found in bovine milk may be
in an inactive state [4]. Demolybdo XOR, lacks the molybdenum (Mo) and possibly
the whole MPT cofactor, while desulfo XOR, has a molybdenum-bound sulphur
atom replaced by oxygen in the Moco. Due to the presence of these inactive forms,
immunodetection of XOR may not correlate well with level of XOR activity. There
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Crystal structure of bovine xanthine oxidoveductase, (PDB 3UNC). The two subunits of the biologically active
dimeric enzyme are shown as different representations. On the right-hand side is a cartoon of one monomer; blue
represents the Moco domain (including the C terminus), yellow represents the FAD domain and red represent the
iron—Sulphur domain (and includes the N-terminus). Cream represents the link portions and cofactors arve also
shown in stick form. On the left hand side the monomer is shown as a surface coloured by electrostatic potential
with cofactors as spheves coloured as their domains in the cartoon and labelled accordingly. Note that the cofactors
in each monomer are ovientated similarly from top to bottom, which is also the direction of the flow of electrons
during the catalytic reaction (Figuve 3).

is considerable homology between XOR and aldehyde oxidases, exemplified by the
observed cross-reactivity of XOR antibodies, further complicating the analysis by
immunodetection [5, 6].

3. Human xanthine oxidoreductase

Human XOR activity has been found to be low in organs other than the liver and
the intestines [5, 6]. XOR was shown to be a source of reactive oxygen species (ROS)
and reactive nitrogen species (RNS) in vasculature and digestive tract. In an inflam-
matory response, it has been shown that XOR protects against infection through the
generation of ROS and RNS, and so was designated as an innate immunity agent [7].
Additionally, it is deduced that XOR provides antimicrobial defence in the gastroin-
testinal tract where it can concentrate on the epithelial cells’ surface [8]. Milk XOR
has bactericidal characteristics and provides immunity in the new-born gut, where
other immune responses have not yet formed [9]. In the liver, XOR may catalyse the
oxidation of numerous metabolites such as purines, pyrimidines, heterocyclic com-
pounds, and aldehydes, as well as other xenobiotics such as anti-cancer drugs. As a
result, XOR contributes to liver detoxification [10].

At normal physiological conditions, XOR is present in very low amounts in
serum [11]. Due to the presence of serum proteases, circulating XOR is virtually all
in XO form [12]. During certain disease states, the levels of blood XO increase. For
example, during viral hepatitis, the level of blood XO is 1000 times higher than the
controls [13]. Other disease states were blood XO was found to be elevated include
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artherosclerosis, mixed connective tissue disease and scleroderma [14, 15]. Moreover,
the level of circulating XO has been reported to also increase during ischaemia-
reperfusion injury induced by liver transplantation or aortic cross-clamp procedures
amongst others [16, 17]. Circulating XO can also bind to glycoslaminoglycans on the
vascular endothelial cells’ surface and, if concentrated enough, can cause oxidative
damage to organs that are far from the original site of XO release/damage and/or have
low content of XOR during normal physiological conditions [18].

Purification of human XOR from liver tissue and breast milk, and (recombi-
nantly) from bacteria has been described [19-21]. The activity of pure human liver
and milk XO was found to be just 5% that of bovine milk, which is consistent with the
molybdenum content measurement, where human milk XOR only has 4% molybde-
num content, while bovine milk XOR has between 70 and 60% molybdenum content
[4, 20]. Human XOR activity was observed to be the highest in the liver. However, as
compared to other mammals, namely Bos taurus, Ovis aries and Capra aegagrus, the
specific activity of human XOR is low [4, 22, 23].

4. Structure and catalysis

Due to the evolutionary loss of uricase in humans and higher primates, XOR
serves as the ultimate catalyst in purine degradation, catalysing the last two hydrox-
ylation reactions by first converting hypoxanthine to xanthine, and then xanthine
to uric acid [24].

The first XDH and XO crystal structures were elucidated by Enroth and co-
workers using protein isolated from bovine milk [25]. The crystal structure of bovine
XOR shows that it is organised as a homodimer with three redox-centered domains
per monomer. Each subunit consists of a polypeptide chain of 1332 amino acids of
146.8 kDa and contains two iron sulphur clusters (each [2Fe-2S]), one Moco and one
flavin adenine dinucleotide (FAD) coenzyme (Figure 2).

The 20 kDa N-terminal domain that houses the two [2Fe-2S] is connected via a
linker peptide to a central 40 kDa FAD domain. This is, in turn, connected by another
linker to the larger 85 kDa C-terminal molybdopterin domain. The molybdopterin lies
close to the interfaces of both the Fe-S and the FAD domains. The two hydroxylation
reactions that convert hypoxanthine to xanthine, and xanthine to urate both occur at
the Moco active site of each monomer.

During catalysis, electrons flow sequentially through the redox centers of the
three domains in a nearly linear manner commencing at the Moco domain where
the oxidative half-reaction takes place, to the two [2Fe-2S] domains, and finally, the
FAD domain, where the reductive half-reaction takes place. Here NAD" is reduced
to NADH (Figure 3). As the two Mo centers in the homodimer are 52 A apart, no
electron transfer is possible between the two monomers (Figure 2) [25].

The active site Glu-1261 (bovine numbering; sequence accession number P80457)
initiates the reaction by abstraction of a proton from a hydroxide bound to Mo at the
Moco site (Figure 4). This results in a deprotonated ion, Mo-O", that is nucleophilic
and attacks carbon-8 of the xanthine substrate. This causes a hydride shift from the
substrate onto the Moco sulphur, changing the valency of the Mo from (VI) to (IV).
The subsequent reactions depend on the reaction conditions and substrate. If electron
transfer from the Mo center to the sulphur precedes the product displacement, Path
A (Figure 4), occurs. This path occurs at high pH and substrate concentrations, and
with slow substrates, such as 2-hydroxy-6-methylpurine [26]. Under these conditions,
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Reaction mechanism of XOR with xanthine as a substrate. Glu-1261 abstracts a hydrogen from the hydroxyl
group coordinated with Mo, resulting in a cascade of reactions, ending with the first intermediate (top right).
This intermediate, can go through one of two alternative paths. Which pathway takes place is dependent on the

reaction conditions; Path A occurs at high pH or high substrate concentrations, and slow substrates, whereas path
B occurs at a pH lower than 8.3.
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a Mo (V) species will form which displaces the product and forms the Mo(VI) species
via hydrolysis. Under normal physiological conditions, however, the Mo(V) interme-
diate is skipped and product dissociation occurs first (Path B, Figure 4) [26, 27].

The XDH and XO forms of the mammalian XOR are mechanistically distinct as
XDH preferentially uses NAD" as the final electron acceptor at the FAD site, forming
NADH, while oxygen is the final electron acceptor in XO which produces hydrogen
peroxide and superoxide radical (Figure 3). These XO-generated ROS may serve a
physiological purpose but may also have pathological consequences. In mammals
XDH can be converted to XO either by the reversible oxidation of cysteine residues
to form a disulfide bond or by irreversible limited proteolysis [28, 29]. The formation
of XO has three effects: hindrance of the entry of NAD" to the FAD active site, the
formation of an access channel to this active site and an increase in the redox potential
that supports the generation of superoxide [30].

As XO is the principle source of XOR-produced ROS, this conversion process is of
particular interest. The mechanism of XDH-XO conversion was elucidated by com-
paring Bos taurus XOR, Rattus norvegicus XOR (both of which can be found in both
XDH and XO forms) and Gallus gallus XOR (can be found only as the XDH form). On
comparing the R. norvegicus XOR with the G. gallus XOR, Nishino et al. showed that
two pairs of cysteine residues were responsible for formation of disulphide bridges
during this conversion: Cys535 with Cys992 and Cys1316 with Cys1324 (R. norvegicus
numbering) [31].

In the bovine XOR crystal structure, Cys992 is positioned on the molecular
surface, while Cys535 is on a linker peptide (Lys532 - Ser589) between the Moco and
FAD. Cys535-Cys992 disulphide bridge has a far-reaching conformational effect on
the GIn422 - Lys432 C-terminal loop that would otherwise structurally contribute the
FAD active site in XOR. The displaced loop partly covers the FAD active site in XO,
thus blocking NAD* from entering and acting as the electron acceptor. Furthermore,
this disturbance alters the electrostatic environment surrounding the FAD, making
the semiquinone less stable and more reactive to oxygen. As a result, oxygen becomes
the primary electron acceptor in XO [25]. NAD" reactivity in XO is further decreased
due to the oxidation and disulfide bond formation at Cys1316 and Cys1324. Upon
oxidation, the XOR C-terminus is obstructed from interacting with the NAD* bind-
ing cavity. This interaction was shown to be critical for NAD* binding in the bovine
structure [31]. Similarly, irreversible proteolysis near Leu 215 and Leu 569 causes
considerable structural disturbance of the GIn422 - Lys432 C-terminal loop that
interferes with the reaction at the FAD (Figure5).

Apart from its canonical activity, XOR can also act as a nitrite reductase by reduc-
ing NO,™ to NO" at the Moco site using either xanthine or NADH as the electron
donors [32, 33]. Li et al. noted that the site of electron donation differs depending
on the electron donor involved in the reaction [34]. While NADH donates its elec-
trons to the FAD site, xanthine donates its electrons directly to the Moco site. Under
normal physiological conditions, the preference for xanthine as an electron acceptor
to produce uric acid inhibits nitric oxide (NO") formation. As such, it is suggested
that NADH acts as the primary electron donor for NO® production, indicating that
XDH, not XO, is the preferred catalyst under hypoxic conditions [35]. The presence of
oxygen results in lower production of NO' due to oxidation of the Moco site, while NO
is formed under hypoxic conditions. Additionally, NO" formation is an acid catalysed
reaction and only occurs under acidic pH conditions such as those observed during
inflammation or intracellular acidosis in ischaemic conditions where pH falls to 6.0 or

below [36].
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5. XOR-generated ROS/RNS

Although chronic and elevated levels of ROS/RNS are culpable of extensive cellu-
lar and molecular damage and identified as primary suspects in pathogenicity, when
within threshold levels, reactive species do play vital roles in cellular signalling, vaso-
dilation, neutrophil burst and neurotransmission for example [37, 38]. There is,
therefore, a fine line that separates the benefits exerted by these reactive species from
the harm they may cause that is in turn influenced by the activity of circulating XO.

Expression of XOR in arterial endothelial cells increases in response to hypoxia
and inflammatory cytokines stimuli [39]. Once secreted, the circulating XO can bind
to glycosaminoglycans (GAGs) on the surface of endothelial cells, leading to localised
amplification of XO activity [40, 41]. XOR is converted to XO especially during
inflammation and ischaemia-reperfusion injury. Ischaemia is a condition character-
ised by limited oxygen supply, while reperfusion refers to the restoration of blood
flow and oxygen to tissues. During ischaemia, a rise in calcium levels activates calpain
protease, which irreversibly converts XDH to XO through limited proteolysis [42].
Furthermore, under these conditions, levels of hypoxanthine also increase due to the
release of ATP into the extracellular space [43]. Although XO is not the only molecule
that causes vascular damage due to oxidative stress, it is of particular interest because
it is a known druggable target.

Levels of ROS also continue to rise during the reperfusion stage as XDH is oxida-
tively converted to XO. The level of oxygen tension influences the type of ROS that
forms, with superoxide being the predominant ROS species at higher oxygen tension
while more hydrogen peroxide is produced as hypoxia worsens. Increases in hydrogen
peroxide have far-reaching physiological effects since it is a significant regulator of
signalling pathways [44, 45].

XDH too may contribute to ROS levels. Although oxygen is not a preferred sub-
strate of XDH, it may still be reduced by XDH under conditions of ischaemia/hypoxia
when NAD" levels are characteristically low due to a decrease in mitochondrial oxida-
tion of NADH (Figure 6) [40].

Superoxide may cause further damage by reacting with hydrogen peroxide or
nitric oxide. Even though H,0, is not a very potent ROS, in the presence of iron or
copper catalysts it may react with O, to produce the more reactive hydroxyl radicals
(OH") via the Fenton reaction [46]. Superoxide may also react with nitric oxide
(NO"), which produces peroxynitrite (ONOO"). The latter is a very strong oxidising
agent that is capable of damaging biomolecules, including aconitase, Hsp90, and
mitochondrial membrane components [47-49].

Polyunsaturated fatty acids are highly susceptible to lipid peroxidation by ROS
that attack polyunsaturated lipids to produce highly reactive lipid peroxy radicals and
4-hydroxyononenal [50]. These reactive species can then react with DNA and mem-
brane proteins, leading to changes in the fluidity and permeability of the lipid bilayer
[51]. ROS have been linked to neurodegenerative disorders and acute neurological
diseases, including strokes and epilepsy [52, 53]. This may be due to the production of
OH’ radicals via the Fenton reaction, as the brain has a high concentration of iron and
copper. Research suggests that XO contributes to brain injury and stroke [53].

Reactive nitrogen species (RNS) are a group of nitrogen-based compounds that
function as highly reactive free radicals. This includes nitrogen dioxide, dinitrogen
trioxide, and peroxynitrite (ONOO™). The NO" and O," that may both be gener-
ated by XOR, can react with each other to produce ONOO™ [32, 54]. This leads to
the rapid drop in the available amount of NO". Since NO" is a molecule that protects
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Figures.

The electrostatic environment around the XOR FAD domain in XDH (left panels) and XO (right panels). Top:
The Gilng23-Lys433 loop (green) with vespect to the FAD where the loop covers the FAD’s quinone moiety in XO
(right panel). Bottom: Electrostatic surface avound the FAD where blue and rved regions vepresent electropositive
and electronegative regions respectively. XDH contains move electropositive areas surrounding the FAD and larger
active site porves, allowing both oxygen and NAD" to enter the active site. XO contains move electronegative areas
around FAD and narrower poves, preventing the NAD"* approach.

the cardiovascular system, its deficiency may contribute to various cardiovascular
diseases such as atherosclerosis, hypertension, and coronary artery disease [55].

The production of ONOO" is linked to the location where O," is produced. This is
because O, has a shorter half-life and is less able to diffuse than NO". Although ONOO~
has a very brief half-life of approximately 10 ms under normal pH conditions, it can still
permeate cell membranes and interact with molecules in neighbouring cells [56]. In fact,
the impact of ONOO™ can be felt up to a distance of 20 pm from its origin [49].
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Isc%memia—reperfusion effects on XOR action. 1. During ischaemia ATP is veleased into the extracellular

space where it is catabolised to adenosine by membrane bound enzymes. Adenosine is further catabolised to
hypoxanthine. 2. XDH is converted to XO due to limited proteolysis during ischaemia or oxidation during
reperfusion. 3. Oxygen supply is back during reperfusion which can act as an electron acceptor producing reactive
oxygen species marked in red.

The highly reactive and oxidative ONOO™ anion may damage cellular structures
such as mitochondria by inactivating manganese superoxide dismutase [57]. ONOO~
also oxidises cysteine and nitrates tyrosine residues in membrane channels, including
calcium pumps, which impairs cellular ionic balance [58]. Additionally, ONOO~
induces DNA double-strand breaks that can cause cell death and reduces the amount
of antioxidants like cysteine, which consequently leads to an increase in free-radical
damage [59, 60].

6. Uric acid

Impaired kidney urate excretion is a common cause of hyperuricemia as are exces-
sive alcohol consumption, high protein diet and chemotherapy. The underlying inflam-
matory state that is maintained by chronic hyperuricemia (6.8 mg/dl) exacerbates the
symptoms of metabolic syndrome and is associated with type 2 diabetes, hypertension
and kidney inflammatory disease [61-63]. This urate-induced inflammatory response is
also a risk factor for cardiovascular disease including stroke and heart failure.

The association of low, but not high, urate levels with neurological disorders such
as multiple sclerosis, Parkinson’s and Huntington is curious as in these pathologies,
hyperuricemia was in fact, deemed responsible of slower progression of the disease
[64, 65]. It is hypothesised that the antioxidant behaviour of urate as a scavenger of
superoxide radicals is neuroprotective [66, 67].

7. XOR in cardiovascular disease and hypertension

Evidence shows that elevated levels of XOR and its associated oxidative stress
are risk factors of cardiovascular disease, causing endothelial damage, hypertension
and affecting vascular tone. In particular, the protein damage due to the nitration
of tyrosine residues by peroxynitrite has been implicated in the pathophysiology of
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cardiovascular disease [68]. Whether hyperuricaemia contributed to cardiovascular
disease, especially hypertension, has been a controversial topic. Evidence suggests
that the accumulation of intracellular urate may be associated with hypertension due
to an increase in oxidative stress and inflammation [69]. while extracellular urate
may cause calcification of blood vessels [69, 70]. Recent studies by Yoshida et al. and
Furuhashi et al. conclude that serum levels of XOR are positively and independently
associated with hypertension via the oxidative stress it forms [71, 72]. A number of
polymorphisms in the XDH gene that increase enzyme activity such as G172R, A932T,
N1109T have been linked to hypertension and related morbidities [73].

8. XOR and cancer

Although the level of XOR expression varies in different cancer types, dysregulated
XOR expression and alterations in activity have been observed in various cancers and
appear to be closely associated with clinical outcomes [74, 75]. Due to the biochemi-
cal complexity of XOR, it is not easy to predict or determine its involvement in cancer
development and progression nor whether XOR inhibitors may be beneficial in preven-
tion. The activity of XOR is greatly influenced by its microenvironment, its isoform state,
cofactor availability, its broad substrate specificity and its multiple catalytic properties
as a xanthine dehydrogenase, a xanthine oxidase, a NADH oxidase and nitrite/nitrate
reductase. There is also the issue of which and how much product is formed as some may
have pro- while others may have anti-tumorigenic potential. The final products of XDH
are uric acid and NADH, although superoxide and hydrogen peroxide may be formed
when oxygen is limited. XO generates uric acid, superoxide, hydrogen peroxide and
when in the presence of nitrites/nitrates, nitric oxide. To complicate matters further, not
only are these ROS capable of directly causing cellular damage, but both also serve as
signalling molecules that affect tissue physiology [76-78].

The irreversible degradation of purines by XOR limits the formation of nucleotides
by the salvage pathway which in turn limits cellular proliferation. The expression of
XOR responds to various signals that include oxygen tension and inflammatory cyto-
kines [79]. In breast, ovarian, gastric, lung and colorectal cancer tissue, significant
down-regulation of XOR expression was observed in advanced, aggressive cancer
stages. The loss of XOR expression is suggested to be an independent predictor for
poor patient outcomes [80-84]. In fact, the situation is different during early stages of
oncogenic transformation.

Xu et al. report that alternol, a natural compound, can effectively trigger a sig-
nificant response of ROS and cell death through activating XO. This activation occurs
when alternol interacts with the catalytic molybdenum-binding domain of XOR,
without interfering with the FAD cofactor. According to computational analysis,
alternol interacts with the catalytic domain of the XOR protein and enhances its
oxidative activity, leading to an increase in XOR activity and proteolytic processing in
prostate cancer cells, but not in benign cells. This might provide novel insights on how
to treat cancer without harming other tissues [85].

9. XOR inhibitors

XOR inhibitors (XOI) that reduce elevated serum urate levels in the treatment
of gout, also curb oxidative stress and increase adenosine triphosphate levels. These
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drugs are prescribed when the concentration of urate in the bloodstream is 6.8 mg/dl
or more [86]. Allopurinol, a purine analogue, has been on the market since 1956 and
is the most prescribed XOI in clinical settings and is administered for the treatment of
gout and the prevention of tumour lysis syndrome as a consequence of cancer chemo-
therapy. The rapid increase in uric acid levels characteristic of tumour lysis syndrome
may precipitate death. Allopurinol is effective and relatively inexpensive, being a
non-specific competitive and suicide inhibitor of XOR. XOR transforms allopurinol
into oxypurinol, which binds to the Moco site’s Mo(IV) thereby inhibiting catalysis
of the hypoxanthine/xanthine substrates [87]. Allopurinol may cause various side
effects such as nephropathy, hepatitis, Stevens-Johnson syndrome, and allopurinol
hypersensitivity syndrome. A second XOI is febuxostat. This is a non-purine specific
inhibitor that binds tightly to the Moco site of both forms of XOR and is more effec-
tive than allopurinol at lowering serum urate. The common side effects of febuxostat
include diarrhoea, nausea, and elevated levels of liver enzymes. The main disad-
vantage of febuxostat is its cost, and therefore, it is considered a second choice after
allopurinol.

The third XOI is topiroxostat. This a non-purine analogue that exhibits mecha-
nistic properties of both allopurinol and febuxostat. It initially binds in a competitive
manner instead of the substrate to the XOR active site after which it binds covalently
with the molybdenum and blocks the Moco site. The dissociation of topiroxostat from
the Moco site has a prolonged half-life of 20 hours [88, 89]. Although allopurinol and
febuxostat have been approved for use in the United States, European Union, and
Japan, topiroxostat is currently only approved for use in Japan.

10. Conclusion

Despite being an evolutionally ancient and highly conserved enzyme that has
been studied since the early 1900s, xanthine oxidoreductase does not fail to surprise
[90]. What has clearly emerged over these years is that XOR is a biomolecule with
many options. As an enzyme, XOR is multifunctional protein with a broad substrate
specificity. This not only permits it to catalyse the final two consecutive hydroxylation
steps in the degradation pathway of purines but also to detoxify many other endog-
enous and exogenous molecules. The XOR protein itself can exist in two forms, XDH
which may be converted post-translationally, in a reversible or irreversible manner, to
XO in response to the microenvironment, oxygen tension and various other signals.
This makes it versatile and capable of adapting rapidly to physiological signals. Even
expression of its gene is tightly regulated by physiological stimuli such as inflam-
matory cytokines. Although both isoforms conduct the same reactions at the Moco
site to produce uric acid, XO is sufficiently structurally distinct at the FAD domain
to only permit the binding of oxygen as the final electron acceptor at this active site.
This results in the generation of superoxide and hydrogen peroxide reactive species
rather than NADH. These ROS in turn, exert diverse physiological effects that include
amongst others anti-microbial activity, wound healing, proliferation, cellular age-
ing. The versatility of XOR catalysis includes a nitrite reductase activity that results
in the formation of nitric oxide that is an essential signalling molecule in vascular
physiology.

The complicated enzymatic profile of XOR does benefit many physiological sys-
tems but when dysregulated may result in pathological outcomes. The levels of ROS
may damage endothelial cells, may form highly oxidative peroxynitrite and hydroxyl
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radicals, and may disrupt cellular pathways, cause inflammation and all its ensuing
downstream effects. Changes in expression and activity are influenced by external
factors including diet, alcohol and drugs while clinically relevant polymorphisms
have been associated with hypertension.

The close relationship between XOR activity and certain pathophysiologies includ-
ing cancer, metabolic syndrome and hypertension highlights the potential of XOR as a
biomarker and as a therapeutic target.
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Methylmercury Promotes
Oxidative Stress and Activation
of Matrix Metalloproteinases:
Cardiovascular Implications

Keuri Eleutério Rodrigues, Stefanne de Cdssia Pereira da Silva
and Alejandro Fervaz do Prado

Abstract

Preclinical and clinical studies worldwide have shown an association between
methylmercury (MeHg) poisoning and the risk of developing cardiovascular diseases
such as arrhythmias, arterial hypertension, atherosclerosis and myocardial infarc-
tion. One of the hypotheses raised for MeHg-induced toxicity is associated with redox
imbalance, which promotes oxidative stress by increasing reactive oxygen species
(ROS) and reducing the activity of antioxidant enzymes such as catalase (CAT),
superoxide dismutase (SOD) and glutathione peroxidase (GPx). In addition, oxida-
tive stress and organomercurial compounds are capable of activating MMPs. MMP-2
and MMP-9 participate in pathophysiological processes associated with cardiovas-
cular remodeling. A positive correlation between mercury exposure and increased
plasma activity of MMP-2 and circulating MMP-9 has been demonstrated, suggesting
a possible mechanism that could increase susceptibility to cardiovascular diseases.

Keywords: mercury, MMP-2, remodeling, redox state, cardiovascular dysfunction

1. Introduction

Mercury (Hg), an environmental pollutant from natural and anthropogenic
sources, is converted into methylmercury (MeHg), a more toxic organic form capable
of bioaccumulating in food webs [1, 2]. Humans are exposed to MeHg through the
consumption of contaminated fish, especially predatory species, which through
trophic magnification, accumulate higher amounts of the metal [3, 4]. The effects of
human poisoning by MeHg took worldwide repercussions after the contamination
of the Minamata Basin in Japan (1956). Years later, people who consumed fish from
this region developed a “Minamata disease” syndrome, mainly affecting the nervous
system [5].

Human exposure to MeHg can pose various health risks. The spectrum of adverse
effects associated with MeHg poisoning will depend on the exposure time and
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magnitude of the dose [6, 7]. Life span also influences the damage caused by MeHg,
and prenatal exposure can potentially cause irreversible damage to the developing
central nervous system [8, 9]. The exposure that occurs during childhood and adult-
hood can also cause damage to the central nervous system. However, signs of toxicity
appear months after the onset of exposure [10, 11].

In addition to affecting the Central Nervous System, MeHg compromises other
systems [12-14]. For example, the repercussions of MeHg on the cardiovascular
system have been investigated in recent decades [15-17]. A study of 1833 Finnish men
aged 42-60 suggested a correlation between mercury accumulation in the body from
high consumption of MeHg-contaminated non-fatty fish and the increased risk of
acute myocardial infarction, coronary heart disease and other cardiovascular diseases.
In this study, the researchers theorized that the effects of MeHg on the cardiovascular
system could be associated with lipid peroxidation triggered by mercury [18].

One of the mechanisms involved in MeHg-induced cytotoxicity is the dysregula-
tion of the redox state by increasing reactive species and suppressing the antioxidant
system, triggering oxidative stress [19]. Furthermore, the membranes of cells and
organelles are affected by the direct action of reactive species, which promote lipid
peroxidation and generate changes in structure and permeability, which culminate
in cell death [7, 20, 21]. In addition, MeHg promotes protein denaturation, enzyme
inactivation, DNA damage and triggering epigenetic changes [22, 23].

Reactive species derived from oxygen and nitrogen have a crucial effect on the
pathophysiology of cardiovascular diseases [24, 25]. These molecules activate matrix
metalloproteinases (MMPs) [26-28]. The activation of MMPs can also occur directly
by organomercurial compounds, which disrupt the interaction of a propeptide
domain cysteine residue with catalytic zinc within the enzyme’s active site [29, 30].
MMPs are a family of zinc-dependent endopeptidases that control the synthesis and
degradation of extracellular matrix (ECM) components and can also act directly on
intracellular substrates on a small-time scale [31, 32].

The group of gelatinases (MMP-2 and MMP-9) is extensively investigated in
cardiovascular diseases. The increase in proteolytic activity is closely related to the
remodeling of the heart and vessels [33-35]. It has also been suggested the existence
of a correlation between increased MMP-9 and MMP-2 activity and plasma mercury
concentrations as a possible mechanism that could increase susceptibility to cardio-
vascular diseases, showing a possible causal relationship between mercurial exposure
and increased susceptibility to cardiovascular diseases [36].

2. Forms of mercury

The chemical element Mercury (Hg) is a heavy metal whose symbol Hg derives
from the Latin hydrargyrum, meaning liquid silver. It belongs to the transition metals
in the sixth period and family II B of the periodic table. Under average temperature
and pressure conditions, it presents a liquid physical state with silver coloration. Its
fluidity at room temperature, and high thermal and electrical conductivity, make it an
excellent conductive material. Furthermore, its uniform volumetric expansion over a
wide temperature range and high density makes it an ideal element for manufactur-
ing instruments for physical measurements, such as thermometers, barometers and
electrical systems.

Among the natural sources emitting mercury in the environment are: volca-
nic eruptions, degassing of the Earth’s crust and mercury (HgS) mines [37-39].
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The anthropogenic sources of mercury emission are multiple, emphasizing the chemi-
cal industry, with the burning of fossil fuels, the production of electronics, such as bat-
teries, and the amalgamation of mercury used in dentistry and gold mining [40-42].

Mercury is widely distributed in nature, forming several compounds that are
grouped into three groups: elemental mercury (Hg’), the inorganic species: cinnabar
ore, mercury oxide, mercurous ion and mercuric ion (HeS, HgO, Hg22*, ng*) respec-
tively and the organic species, most common dimethylmercury ((CH;),Hg) and
methylmercury (CH;Hg"). When mercury combines with carbon, it forms so-called
organic or organomercurial compounds. The conversion of mercury to methylmer-
cury (MeHg) occurs mainly in aquatic systems and can also be converted in soil and
sediments in a smaller proportion [12, 43].

3. The mercury cycle in the environment and the methylation process

Understanding the dynamics of mercury in the environment is very important for
understanding its actual impact on living things. The mercury cycle is characterized
by the various routes that this compound can follow in the ambient carried by human
or natural activity to the biosphere, transiting in different forms and states of oxida-
tion, its distribution in the separate compartments that make up the environment:
water, air and soil, produces extremely varied distribution patterns [44, 45].

In the atmosphere, the elemental mercury (Hgo), in the form of vapor, oxidizes,
giving rise to the intermediate state of bivalent ionic mercury (Hg*"), which then
complexes the molecule of ozone or chlorine, giving rise to substances (Hg® and
HgCl,) less volatile and more soluble in water, which are easily solubilized in the
water vapor of the clouds, which are subsequently deposited on the vegetation, soil
and water. The Hg** also undergoes precipitation with rain, the most common form
found in soil and surface water, and may undergo methylation or volatilize and return
to the atmosphere [44, 45].

In the soil, the mercury deposited in the bivalent form can be complex to humic
acids, clay mineral particles and mainly organic matter, conferring stability and high
capacity to keep in the environment for long, even after eliminating the generating
source. Furthermore, the mercury in the soil can be methylated or undergo sorption,
converting into volatile forms that will return to the atmosphere or even dissolve in
the aquatic environment, undergoing methylated and bioaccumulation in the food
chain [44-46].

Inorganic mercury can be converted into elemental mercury in the aquatic eco-
system by microorganisms, humic and fulvic acids under specific physicochemical
conditions. The major transformation undergone by inorganic mercury in the aquatic
environment from the environmental point of view is its conversion into organomer-
curial compounds, among which methylmercury, the most toxic and bioavailable
form, stands out. Surfactant bacteria interact with methylcobalamin, known as
vitamin B12, transferring the methyl group to mercury, generating methylmercury
[47, 48]. The synthesis rate of MeHg considers the composition of the species of
bacteria, temperature, organic carbon, sulfur and dissolved oxygen for transfer of
groups and acidity. Elemental mercury is little reactive in a natural aquatic environ-
ment, presenting a low possibility of oxidation, with practically zero contribution to
the formation of MeHg [49, 50].

Methylmercury is stable in aquatic environments, forming several soluble
complexes, thus favoring its dispersion. Methylmercury dissolved in water can be
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Figure 1.

Mf::'my cycle: Mercury can follow several routes in the different compartments that make up the environment,
presenting various forms such as elemental mercury (Hgo), mercuric ion (Hg2+) and methylmercury (CH3Hg+),
being released into the biosphere both by anthropogenic activity, burning of fossil fuel, and natural sources

such as volcanic eruptions. In the atmosphere, Hgo, in the form of steam, can be converted into Hg2+ that is
complex to other molecules, giving rise to substances that are associated with cloud water, precipitating with rain,
depositing in water and soil, and may return to the atmosphere or undergo methylation by bacteria, and may be
incorporated by plankton entering the food chain, suffers trophic magnification and bioaccumulation reaching
organisms that are at the top of the food chain.

incorporated by plankton entering the food chain. Trophic magnification and bioac-
cumulation result in very high levels of MeHg in predatory fish, organisms at the top
of the aquatic food chain, which are a significant source of exposure of wild animals
and humans to MeHg [51-53] (Figure1).

4. Toxic effects of methylmercury on human health

Throughout history, mercury has been used for various purposes, presenting a
wide distribution in nature, resulting in intoxication in animal and human popula-
tions. However, the main form of human exposure to MeHg occurs from the diet,
mainly from consuming contaminated fish [54-58].

Due to its liposolubility, MeHg ingested in food and rapidly absorbed by the gas-
trointestinal tract easily crosses the membranes of cells, the placenta and the blood-
brain barrier [59, 60]. In addition, the systems in development are affected more
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severely due to the period of differentiation and cell migration, generating irrevers-
ible damage compared to adult organisms [61-63]. Therefore, populations whose diet
is associated with the consumption of fish and marine mammals are at immediate risk
of MeHg poisoning [54-58, 64].

MeHg is absorbed by the gastrointestinal tract and enters the bloodstream and
bioaccumulates in different organs such as the liver, kidney, lung, brain and heart [65].
Because it is a metal with an electrophilic nature, MeHg reacts with nucleophiles such as
selenol (SeH) and sulthydryl (-SH) groups, forming stable complexes. In the intracel-
lular environment, MeHg can form these complexes with proteins, as well as with GSH
and the amino acid cysteine (Cys), which have these groups in their structures [66-68].

Conjugated MeHg circulates more easily in the blood and has greater permeability
and distribution, as it now has a molecular structure similar to endogenous molecules
[69]. Some studies have suggested that the complex formed by methylmercury-L-
cysteine (MeHg-Cys) has a molecular structure identical to the amino acid methio-
nine (Met), which crosses biomembranes through the L-type amino acid transporter
(LAT1, LAT2 and LAT3), with However, the physiological function of this transporter
still needs to be clarified, as well as its subcellular location, for a better understanding
of MeHg toxicodynamics [70-72].

MeHg is rapidly taken into the intracellular medium, retained in subcellular
regions, and slowly converted into inorganic mercury [73]. Available treatments for
heavy metal poisoning use chelating agents such as 2,3-dimercaptopropanol (BAL),
meso-2,3-dimercaptosuccinic (DMSA) and 2,3-dimercaptopropane-1-sulfonate
(DMPS). However, these molecules are ineffective in MeHg detoxification, as they
have a low therapeutic window, unable to remove the metal at the intracellular level.
They can also cause the redistribution of the same in the body, often causing hepato-
toxicity and nephrotoxicity, making it difficult to implement an appropriate treat-
ment therapy in cases of MeHg intoxication [74-76].

The exact mechanism of cytotoxicity induced by MeHg is still not fully under-
stood. However, many studies suggest that changes in the antioxidant system, calcium
homeostasis and the glutamatergic system are involved in the toxic effects at the
cellular level generated by MeHg [66].

In the Japanese city of Minamata in 1956, people who consumed fish and shellfish
contaminated with MeHg, dumped by a chemical factory, developed a syndrome
known as Minamata disease. People developed sensory disturbances, ataxia, dysar-
thria, visual field constriction, auditory changes and tremors. In addition, pregnant
women in the region, who feed on species of this contaminated ecosystem, had
children with extensive brain lesions [5, 11].

In Iraq, around 1971/1972, people were poisoned with MeHg by contamination
of seeds with organomercurial compounds used as a fungicide. In addition, the
consumption of homemade products prepared from these seeds caused the poisoning
of many people, who presented as the most common symptom of paresthesia. In the
most severe cases, the individuals exhibited ataxia, changes in vision, speech and
hearing, followed by blindness, deafness and death [77, 78].

The two episodes of human poisoning by MeHg from consuming contaminated
food served as bases to determine the effects of methylmercury. It was possible to
establish that high doses of this metal in the body affect the nervous system and even
lead to death. Furthermore, methylmercury could cross the transplacental barrier and
cause irreversible damage to the fetus [11, 77, 79, 80].

However, human exposure to methylmercury generally occurs chronically and at
low doses, and the spectrum of adverse effects and severity of damage largely depends
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on the magnitude of the exposure dose [81]. Children exposed to high amounts of
methylmercury while still in the womb, as in the cases of Minamata and Iraq, were
born with severe disabilities such as mental retardation, microcephaly, seizures, and
blindness [82-84]. Exposure in utero to low doses of MeHg can generate effects that go
unnoticed at birth. However, during development, the child presents neurocognitive
deficits, such as difficulties in crawling, sitting, walking and learning [85].

Recently, epidemiological studies have been conducted to assess the human health
risks of chronic exposure to low doses of MeHg. Two extensive studies that addressed the
effects of MeHg on child development: the Seychelles Child Development Study (SCDS)
and the Ilas Faroe Study, obtained divergent results. In the first SCDS, no adverse effects
were found, while in the second Faroe Islands, a range of adverse effects was described,
among them neuropsychological and neurophysiological impairment [86-88].

The effects caused by different doses of MeHg on the nervous system of adults and
children have been extensively investigated over the last decades [89]. However, there
is evidence that exposure to MeHg promotes changes in the cardiovascular system
generating dysregulation of blood pressure, changes in heart rate and increased risk
of developing coronary heart disease, atherosclerosis and acute myocardial infarction
in adults [90-92].

5. Cardiovascular effects of MeHg and the role of oxidative stress,
MMP-2 and MMP-9

MeHg is the major organic form of mercury involved in poisoning events in
humans. It has relevant cardiovascular effects flagged in 2000 by the National
Research Council on the Toxicological Effects of MeHg through a report that
reinforced the need for more research. Clinical studies have observed associations
between mercury levels and increased risk for myocardial infarction in Finland
[18, 93, 94], Israel and eight European countries [95]. In addition, associations
between mercury and arterial hypertension, vascular hypertrophy and arrhythmias
were found in population studies in Wisconsin, the Brazilian Amazon region and
among members of Faroese Whaling men [90-92].

Studies in cell and animal cultures have been performed to understand the car-
diovascular toxicodynamic mechanisms of MeHg and demonstrated time-dependent
effects. In acute exposure in rats, increased vascular relaxation was observed, with
no changes in blood pressure [96]. On the other hand, in times of greater exposure,
weight loss, mortality, hypertension, hypercholesterolemia, vascular hypertrophy,
inflammation and atherosclerotic lesions and cardiac arrhythmias are observed
[97-101]. Vascular findings have been associated with oxidative stress, inflammation
and endothelial dysfunction [100, 101]. In fact, studies in endothelial cell culture have
demonstrated that MeHg decreases cell viability [102-104] by the production of ROS
and activation of phospholipases. These effects are prevented by the use of antioxi-
dants [102, 104]. Subsequently, it was demonstrated that ROS production depends on
the activation of NADPH oxidase and the decrease in antioxidant defense [105].

MeHg can bind directly to the tripeptide GSH by a sulfhydryl bond with the
amino acid cysteine forming a complex (MeHg-GSH) that can be exported from
the cell leading to depletion of its intracellular levels. However, this is not the only
mechanism involved in reducing intracellular GSH levels. The greater interaction
affinity of MeHg with selenocysteine residues present in GPx and the inhibition of
its expression and activity alter the GSH-GSSG redox cycle, thus decreasing the GSH
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conversion rate [106, 107]. MeHg also can increase superoxide anion and hydrogen
peroxide generation via NADPH oxidase and mitochondria, leading to intracellular
GSH depletion. There is a dichotomous relationship between MeHg and GSH because
this interaction favors MeHg excretion.

On the other hand, this interaction triggers cytotoxicity mechanisms. In addition,
MeHg also decreases the activity of other antioxidant enzymes, such as SOD and cata-
lase, contributing to increased ROS bioavailability [66, 97, 105, 108, 109]. In this way,
MeHg induces oxidative stress that directly contributes to endothelial dysfunction.

Endothelial dysfunction is a key event in cardiovascular diseases, including
hypertension, atherosclerosis and cardiomyopathies [110-112]. The leading cause
and consequence of the loss of endothelial functionality is the decrease in nitric oxide
(NO) production. NO can be produced by endothelial nitric oxide synthetase (eNOS),
neuronal oxide synthetase (nNOS) and induced oxide synthetase (iNOS) that perform
the conversion of the amino acid L-arginine and molecular oxygen into nitric oxide and
L-citrulline. The reaction requires the presence of co-factors such as NADPH (nico-
tinamide adenine dinucleotide phosphate), BH4 (tetrahydrobiopterin), flavin adenine
dinucleotide (FAD) and flavin mononucleotide (FMN) [113]. The main factor involved
in the decrease in the bioavailability of NO is oxidative stress, resulting from the
overproduction and inactivation of ROS such as superoxide (O,") leads to rapid chemi-
cal reaction with NO forming peroxynitrite (ONOO"), implying lower bioavailability
of NO contributing to cardiovascular events [114]. Low MeHg concentrations induce
hypertension in rats, which has been associated with oxidative stress and lower bio-
availability of NO [97]. In addition to oxidative stress, MeHg generates S-mercuration,
a post-translational modification in which mercury reacts with nucleophiles, such as
the thiol group of proteins, leading to structural and functional alteration of molecules.
MeHg has been described to cause S-mercuration of superoxide dismutase (SOD) and
nNOS, thereby decreasing ROS inactivation and NO production [115, 116].

Organomercurial compounds such as MeHg can alter cardiovascular homeostasis
also by modulating the activity of MMPs [29, 30]. MMPs control the content of the
extracellular matrix and comprise a group of 28 proteins, 24 of which are found in
humans. MMPs are classified according to their structure and primary degradation
substrate. For example, MMP-2 and MMP-9 are present in the gelatinase group, the
main MMPs studied in the cardiovascular system, mainly due to their relevant role
and ease of evaluation with laboratory techniques. MMP-2 and MMP-9, similar to
the other MMPs, have a signal peptide, a propeptide, a catalytic site containing a
zinc atom and a hemopexin domain. However, they differ from the rest of the other
enzymes by having three domains of fibronectin at the catalytic site, responsible for
the high affinity for denatured collagen (gelatin) [117] (Figure 2).

MMP-2 and MMP-9 expressed are secreted into the extracellular medium as
the zymogen, called Pro-MMP-2 (72 kDa) and Pro-MMP-9 (92 kDa). Enzymatic
inactivity is maintained by a sulfhydryl bond between a cysteine in the propeptide
and zinc at the catalytic site [117]. The activation process requires breaking the
sulthydryl bond to expose the catalytic site, known as the “ cysteine switch” [118].
Briefly, the activation of gelatinases can occur by cleavage of the propeptide by other
enzymes, leading to a decrease in the molecular weight of MMP-2 (64 kDa) and
MMP-9 (83 kDa) or by non-proteolytic activation that can occur by disruption of
the sulfhydryl bond by reactive species and mercurial compounds [26-30, 117]. The
non-proteolytic activation maintains the molecular weight of the enzyme. However,
the conformational change of the structure subsequently allows the propeptide’s
auto-cleavage, resulting in a decrease in molecular weight (Figure 2). The enzymatic
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Figure 2.

Prgt‘;olytic and non-proteolytic activation of MMP-2 and MMP-9. (A) the 72 kDa MMP-2 (pro-MMP-2) has in
its structure a signal peptide (N), a propeptide, a catalytic domain containing zinc and three fibronectin repeats and
a hemopexin domain. The sulfhydryl bond between a cysteine vesidue in the propeptide domain with zinc ensures
catalytic inactivity. The active 72 kDa MMP-2 can undergo non-proteolytic activation by ROS and organomercurial
compounds by breaking the sulfhydryl bond, maintaining the structure and molecular weight of 72 kDa. The

isoform of active 64 kDa MMP-2 lacks the propeptide and can be formed by the proteolytic action of MMPs or
serine proteases and by autolysis. (B) the 92 kDa MMP-9 (pro-MMP-9) has in its structure a signal peptide (N), a
propeptide, a catalytic domain containing zinc and three fibronectin vepeats, a collagen-binding domain type V and
hemopexin domain. The proteolytic and non-proteolytic activation processes are similar to those previously described.

activity of MMP-2 and MMP-9 is modulated by tissue inhibitors of MMPs (TIMPs)
and alpha2-macroglobulin. The four TIMPs described are not selective regarding the
inhibition of MMPs, but MMP-2 and MMP-9 are inhibited mainly by TIMP-2 and
TIMP-1, respectively [117].

MeHg can directly activate MMP-2 and MMP-9, increasing tissue proteolytic
activity [29, 30]. In fact, increased activity of MMP-2 and MMP-9 was observed in
population samples from the Amazon region of Brazil, which showed high plasma
levels of mercury due to a diet rich in contaminated fish. The authors demonstrated
a negative correlation between mercury levels and TIMP-1 and TIMP-2. The posi-
tive correlation between mercury levels and the ratio MMP-9/TIMP-1 and MMP-2/
TIMP-2 leads to increased enzyme gelatinolytic activity [36]. Later studies demon-
strated that polymorphisms in the MMP-2 and MMP-9 genes are related to changes in
gelatinase activity and MMP-2/9/TIMPs ratio in mercurial intoxication [119, 120]. It
has also been shown that MeHg can epigenetically alter MMP-9 by inducing changes
in cell junctions [22]. Together, these studies demonstrated biological mechanisms
that may be related to the cardiovascular toxicity of MeHg (Figure 3).

The imbalance between the activity of MMPs and TIMPs is one of the main
determinants of matrix composition and is related to increased cardiovascular risk
[121, 122]. Studies have shown that increased MMP-2 activity in the heart leads to
decreased cardiac systolic function due to the cleavage of sarcomere proteins, includ-
ing troponin I, alpha-actinin, titin and light chain myosin [123-126]. In these studies,
intracellular activation of MMP-2 by ONOO™ was demonstrated to result in intracel-
lular lysis of sarcomere proteins, resulting in severe cardiac damage. MMP-9 modulates
inflammatory response by activating cytokines and chemokines, including TNFa,
IL-1p, TGFp and CXC-modified ligands [127-129]. In addition, MMP-2 and MMP-9
also activate profibrotic pathways in cardiovascular tissue [130-133]. It is worth
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Figure 3.

Cagrdiovasculur adverse events associated with MeHg poisoning: Humans become contaminated with MeHg
from their diet, mainly by consuming contaminated fish. MeHg is ingested in food and rapidly absorbed by the
gastrointestinal tract, crossing cell membranes, promoting cytotoxicity by altering the redox balance, generating
an increase in veactive species and suppressing the antioxidant system, leading to oxidative stress. Oxidative
stress and MeHg can activate MMP-2 and MMP-9. The higher proteolytic activities promote the remodeling and
dysfunction of the heart and vessels, triggering adverse cardiovascular events.
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mentioning that mercury is also stored in the heart [134-136], which can lead to direct
activation of MMPs and disruption of the thiol-zinc bond, which can generate adverse
events similar to those observed in the model of ischemia and reperfusion of the heart.

Although we have pointed out evidence of the toxic cardiovascular effects of
MeHg, some population studies have not found a correlation between mercury levels
and cardiovascular changes [10, 91, 92, 137, 138]. Furthermore, despite the signaling
that MeHg induces oxidative stress and that both directly activate MMPs, few stud-
ies demonstrate the participation of MMPs in cardiovascular toxicodynamic events
associated with MeHg. However, this triple association resulted in functional altera-
tions in other body systems. Decreased renal function by cytoskeleton disruption
was associated with increased MMP-9 gene expression via oxidative stress induced
by MeHg [22]. In another study, activation of MMP-9 and MMP-13 via MeHg-
induced redox alteration led to altered embryonic development in zebrafish [139].
Neurodevelopmental alterations caused by MeHg have also been associated with gene
alterations of MMP-1 and antioxidant enzymes [140].

In summary, we show evidence that MeHg can modulate directly or indirectly
via oxidative stress the expression and activity of MMPs. As previously mentioned,
small alterations in MMP activity can lead to serious cardiovascular alterations.
Thus, the interaction of MeHg, oxidative stress and MMPs can be a point to be looked
at more thoroughly, and this could be a mechanism involved in the cardiotoxicity
of MeHg.

6. Conclusions

The studies discussed in this chapter have shown that MeHg poisoning, both in
low doses and in high doses, in animal models and humans, is capable of causing
adverse events in the cardiovascular system. The cytotoxicity induced by MeHg causes
depletion of the antioxidant system, both of molecules such as glutathione, as well as
of antioxidant enzymes (GPx, SOD and CAT) and increase of reactive species (super-
oxide and NO). Furthermore, MeHg and oxidative stress can alter the expression and
activity of MMP-2 and MMP-9, suggesting a possible mechanism of susceptibility to
cardiovascular diseases. However, well-defined epidemiological studies are needed to
establish a cause-and-effect relationship between dietary MeHg poisoning associated
with altered redox status and a correlation between the increased activity of MMP-2
and MMP-9 with increased developmental richness with cardiovascular diseases.
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Abstract

Reactive oxygen species (ROS) are free radicals derived from oxygen during
normal cellular metabolism. Cells, under aerobic conditions, have a defense system
against ROS, and in normal circumstances, there is an appropriate balance between
prooxidants and antioxidants. When an overproduction of ROS develops or the
body fails to eliminate ROS in excess, oxidative stress arises, during which ROS
accumulate and damage cells and tissues. ROS plays a crucial role in the physiologi-
cal processes and signaling pathways associated in both male and female fertility. In
females, oxidative stress acts as a mediator in the modulation of important ovarian
functions, and its complications such as abortions, recurrent pregnancy losses,
preeclampsia, and gestational diabetes. In males, ROS plays an important role in
normal physiological processes such as capacitation, hyperactivation, acrosome
reaction, and sperm-oocyte fusion to ensure appropriate fertilization. However,
high concentrations of ROS cause sperm pathologies (ATP depletion) in the form of
inadequate axonemal phosphorylation or lipid peroxidation, resulting in a loss of
sperm motility and viability. This chapter will highlight the mechanisms, produc-
tion, physiological, and pathophysiological roles of ROS in relation to the male and
female reproductive system, and recent advances in diagnostic methods that use
ROS as biochemical markers.

Keywords: oxidative stress, biomarkers, physiology, pathology, reproduction health,
male, female

1. Introduction

The key criteria for successful fertilization are the formation of mature and
normal spermatozoa from maturing spermatids. After immature germ cells are
produced in the testis’s seminiferous tubules, they travel to the epididymis, where
they are stored and mature under the influence of the neighboring epithelial
cells. This epididymal maturation phase converts nonmotile spermatozoa into
motile germ cells capable of fertilizing an oocyte [1]. ROS formation is a feature
shared by all cells, including spermatozoa, in all mammalian species. There are
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two hypothesized pathways for ROS generation by spermatozoa: (a) via the sperm
membrane’s nicotinamide adenine dinucleotide phosphate (NADPH) oxidase sys-
tem and/or (b) via the sperm’s nicotinamide adenine dinucleotide-dependent redox
reaction [2]. The second significant source of ROS detected in sperm is leukocytes,
which operate as a vital element of the cellular defense mechanism against infec-
tion, varicocele, spinal cord damage, chronic sexual absentia, and inflammation.
To combat infectious pathogens, leukocytic infiltration is increased during infec-
tion. Increased inflammatory cytokine production, such as Interleukin-8 (IL-8),
combined with reduced SOD synthesis results in a respiratory burst and increased
ROS generation, leading to oxidative stress [3]. Sertoli cells have also been shown
to be capable of producing ROS [4]. Scavestrogens (synthetic steroidal estrogens
with significant antioxidant capabilities) have been proven in studies to reduce

the generation of ROS by Sertoli cells. In vitro, scavestrogens may scavenge free
radical scavengers and limit iron-induced cell damage [5]. Thus, it is possible that
Sertoli cells, under normal iz vivo circumstances, assist spermatogenesis via ROS
generation [6]. Mammalian sperm must have features in order to operate properly
and reproduce, including correct morphology, motility, and the capacity to under-
take certain processes such as capacitation and acrosomal response. According to
research, physiological amounts of ROS operate as intracellular signaling molecules
required for several physiological processes such as maturation, hyperactivation,
capacitation, acrosomal response, and oocyte-sperm union [7]. ROS activities are
mostly carried out through regulating the redox state of cysteine residues. ROS not
only enhances protein tyrosine kinase activity but it also suppresses phosphotyro-
sine activity, which typically dephosphorylates tyrosine. Tyrosine in the fibrous
sheath enclosing the axoneme of the sperm flagellum is phosphorylated by protein
tyrosine kinase. Capacitation results in increased phosphorylation of tyrosine.
A-kinase anchoring proteins are phosphorylated proteins that bind PKA to the
fibrous sheath of the sperm, suggesting a possible function in sperm hyperactiv-
ity. Spermatozoa that emerge from the testis are not fully developed, and hence
cannot fertilize an egg. In addition to storage and transportation, the epididymis

is important in spermatozoa obtaining the capacity to fertilize. In the epididymal
environment, spermatozoa undergo changes such as progressive motility, chromatin
condensation, and plasma membrane remodeling, all of which are required for
capacitation and fertilization in the female reproductive tract. Despite the fact that
spermatozoa are extremely vulnerable to oxidative stress-mediated destruction,
normal amounts of ROS are required for epididymal sperm maturation [8]. Several
antioxidants help to maintain a physiological redox equilibrium in the epididymis.
As aresult, in addition to functioning as ROS scavengers, antioxidants control the
bioavailability of oxidants, which are then employed to catalyze protamine and
flagellar sulfoxidation. While the testis partially completes disulfide production

on cysteine sulfhydryls of sperm protamines, the majority of sulfoxidation occurs
in the epididymal environment [9]. During capacitation, spermatozoa undergo
molecular changes that guarantee the continuation of the acrosome reaction and
fusion with the egg membrane. These include (a) basification of intracellular pH,
(b) activation of cAMP-dependent pathways, (c) removal of cholesterol from the
sperm membrane, and (d) protein phosphorylation by cAMP-dependent kinases
at serine, threonine, and tyrosine residues. ROS are essential regulators of these
activities [10]. Suppression of capacitation has been reported in epididymal sper-
matozoa incubated with catalase, which inhibits H,O, synthesis. Several studies
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have highlighted the significance of ROS in regulating the cAMP pathway, which
includes PKA activation and phosphorylation of PKA substrates. Indeed, elevated
amounts of the second messengers cAMP and Ca*", as well as a high rate of protein
phosphorylation, have been linked to ROS generation during the capacitation
process [11]. The oxidation of cholesterol and subsequent efflux of cholesterol from
the plasma membrane is required for the preparation of spermatozoa for the acro-
some reaction [12]. The basic condition for successful fertilization is sperm-oocyte
fusion, which is followed by sperm head penetration through the zona pellucida. To
do the same, hyperactivated spermatozoa must overcome the layer of cumulus cells
to reach the oocyte’s zona pellucida. The completion of an acrosome reaction (AR)
refers to the conclusion of the spermatozoon’s maturational phases at which time it
obtains the final fertilizing capacity. ROS may aid the acrosome process by inducing
phosphorylation of certain plasma membrane proteins [5]. The AR can be induced
by both physiological and nonphysiological stimuli such as ROS, the zona pellucida,
or progesterone [13]. The large amount of membrane fatty acids released during
AR increases the sperm plasma membrane fluidity essential for fusion with the
oocyte [14]. ROS plays an important role in enhancing plasma membrane fluidity
during sperm-oocyte fusion by mediating the activation of metabolic pathways for
capacitation, which is followed by a successful acrosome response. ROS suppresses
PLA2 deactivation by inhibiting protein tyrosine phosphatase activity throughout
spermatozoa capacitation. Thus, active PLA2 may cleave secondary fatty acids from
membrane phospholipid triglycerides, increasing plasma membrane fluidity [15].

2. ROS physiology in women

OS plays an important role in a variety of physiological and pathological
processes of the female reproductive system. As ROS influences many physiologi-
cal and pathological processes in the ovaries, as well as the peritoneal environ-
ment, there are methods through which OS may impair female fertility. The main
sources of ROS in the follicular fluid microenvironment include cytokines, mac-
rophages, and leukocytes. Because ROS are regarded key inducers of ovulation,

a particular level of ROS is required [16]. However, one way that OS may impair
female fertility is by the action of ROS on female germ cells. The fundamental
mechanism by which the postovulatory oocytes lose their developmental ability
after ovulation appears to be OS. Postovulatory oocytes enter apoptosis and lose
functioning as a result of a complicated chain of events caused by an increase in
oxidative stress [14]. One common marker of postovulatory oocyte aging is zona
pellucida induration, which can be caused by OS exposure [14]. Ovoperoxidase,
which is present in the cortical granules that are ejected from the oocyte’s
surface during an exocytotic process, is fueled by OS and aids in oocyte aging.
Furthermore, excessive ROS production might damage oocyte DNA, resulting in
incorrect fertilization [14]. According to research, psychological stress and aging
may produce oxidative imbalance [17]. Furthermore, oxidative stress may impair
granulosa cells’ capacity to produce steroid hormones such as follicle-stimulating
hormone (FSH) and estradiol (E2), potentially affecting oocyte quality [18].
The increased OS in the granulosa cells, which is coupled with a reduction in the
expression of the follicle-stimulating hormone receptor (FSHR) and a dysregula-
tion of the FSHR signaling pathway, may be linked to the poor response to FSH
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and impaired steroidogenic activity in older women [19]. O, and its scavenging
molecules have been extensively studied in terms of their physiologic and patho-
logic effects. The presence of O, and SOD antioxidant enzymes in the mammalian
female reproductive system has been found in the uterus [20]. Throughout the
peri-implantation stage, SOD levels and activity rise, ostensibly to protect the
embryo throughout the implantation process. Copper, zinc SOD isoenzyme, and
SOD activity have also been found in rabbit and human fallopian tube epithelium
and oviduct fluid [21]. During the estrous cycle, O, and SOD levels in the rat
ovary alter inversely. Superoxide dismutase activity and the copper, zinc SOD
isoenzyme is seen in developing follicles, granulosa cell membranes in Graafian
follicles, and postovulatory follicles [22]. Further research on rat and human
ovaries suggests that O, and SOD enzymes may play a function in the ovulation
process and oocyte development, and current results reveal that O, and its scav-
enging molecules have a regulatory role in progesterone generation by the mam-
malian corpus luteum [23]. The oocyte maturation process needs a steady supply
of energy in the form of adenosine triphosphate (ATP) to feed the transcription
process and expand the size of the follicles, as well as the oocyte. The content of
ATP during metaphase II (MII) arrest in the human egg is positively connected
with successful fertilization and IVF result. During the maturation process, the
mitochondprial electron transport chain generates ATP, which leads in the creation
of ROS. This high quantity of ROS is oxidized by antioxidant enzymes found in
the follicular fluid, including as catalase, SOD, glutathione transferase (GST),
heat shock protein, and protein isomerase, which finally protect the oocytes from
the detrimental effects of ROS [24]. Aside from mitochondrial respiration and
oxidative phosphorylation, various other processes contribute to ROS emission

in follicles. The corpus luteum is signaled by luteinizing hormone (LH) to gener-
ate and release progesterone. The procedure is quite complex and is controlled at
various stages, which are detailed below. Following LH signaling, cholesterol is
first transformed to pregnenolone in the mitochondria by cytochrome P450 side-
chain breakage, which produces ROS [25]. Pregnenolone is further converted to
progesterone in the endoplasmic reticulum by 3-B-hydroxysteroid dehydrogenase,
which needs oxidized nicotinamide adenine dinucleotide (NAD") as the hydrogen
acceptor. NAD" is produced by the oxidation of NADH by ascorbic radicals via a
free radical process mediated by ROS [26]. This demonstrates the critical function
that ROS plays in the process of LH-induced progesterone release. According to
one study, LH increases the intraluteal expression of copper/zinc-dependent SOD
(Cu/Zn-SOD), manganese-dependent SOD (Mn-SOD), and catalase to preserve
luteal cell viability and ROS equilibrium. According to this study, LH not only
stimulates ROS generation but also controls it by promoting the expression of
antioxidant enzymes, hence preserving the redox state [27]. In rat preovulatory
granulosa cells, LH increases P4 synthesis in part by activating P450scc, which
generates ROS. It has been demonstrated that ROS cause the apoptosis of bovine
luteal cells. As a result, pulsatile LH secretion appears to both boost P4 and cause
the formation of luteolytic ROS throughout the luteal phase. Moreover, P4 pro-
duction in the bovine CL peaks around the middle of the luteal phase, which is
also when ROS generation in the CL may be at its maximum. Due to LH’s stimula-
tion of antioxidant enzyme synthesis, CL function may be preserved at the mid
luteal phase. The overall findings of that investigation show that LH increases the
viability of luteal cells by promoting intraluteal expressions of and by promoting
SOD activity to preserve luteal function [27, 28].
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3. ROS pathology in male

Leukocytospermia, a condition that is closely associated to problems in sperm
function, is characterized by the presence of more than a million peroxidase-positive
leukocytes per milliliter of semen [29]. The physiological process of excess cytoplasm
being extruded during sperm maturation is common. However, when spermiogenesis
is disrupted, spermatozoa retain excess cytoplasm around the midpiece, which
impairs the midpiece’s capabilities. Most immature spermatozoa with a distorted head
shape and cytoplasmic retention produce seminal ROS [30]. The accumulation of
metabolic enzymes, such as glucose-6-phosphate dehydrogenase (G6PD) and
NADPH oxidase, which are directly implicated in the synthesis of free radicals
through the intermediate NADPH creation, is brought on by the preservation of extra
cytoplasm in immature sperm [30]. Both NADPH oxidase in the plasma membrane
and NADH-dependent oxidoreductase (diaphorase) in the mitochondria allow
normal spermatozoa to produce ROS [31]. Thus, it is possible to infer that Sertoli cells
support spermatogenesis through ROS generation under normal in vivo settings. To
fully understand Sertoli cells’ contribution to the creation of ROS, more research is
necessary. One of the main reasons of male subfertility and infertility is varicocele, an
aberrant venous dilatation in the pampiniform plexus around the spermatic cord that
affects roughly 40% of male partners in overall infertile couples [32]. The pathophysi-
ology of changes in sperm functions brought on by varicocele is explained by a
number of processes. However, it has been shown that the most frequent mechanism
for OS-induced sperm dysfunctions involves varicocele-mediated testicular heat and
hypoxia [33]. In comparison to healthy fertile donors, oxidative stress indices, includ-
ing ROS and lipid peroxidation, are more common in semen samples from varicocele-
affected infertile individuals, according to a meta-analysis [34]. The degree of
varicocele has been suggested to directly correlate with seminal ROS levels [35]. The
inflammatory condition affecting the male genital system that has received the most
research to date is prostatitis. Depending on the pathogen strain, pathogens can
directly impact sperm in cases of acute and chronic bacterial prostatitis or indirectly
through the activation of cytokines such as IL6, IL8, or tumor necrosis factor (TNF)
[36]. OS is caused by elevated cytokine levels, which can also influence spermatozoa
[37] and could cause a systemic reaction by reducing testosterone hormone levels.
Elevated IL6, IL8, and TNF-levels may worsen sperm transit during ejaculation when
the infection spreads to the testis [38]. The paternal genetic contribution to the
embryo is typically decreased by increased OS, which frequently has a direct impact
on sperm DNA [39]. Leukocytes are stimulated by prostate infection and inflamma-
tion and can generate ROS. Because a high level of ROS can affect up to 35% of men
seeking infertility treatment, infections must be treated very away [40]. This is
mostly as a result of the possibility of oligozoospermia, azoospermia, or asthenozoo-
spermia as a result of untreated prostatitis [41]. Infections can also lead to chronic
illnesses, which are more challenging to cure than acute illnesses. For the treatment of
bacterial prostatitis, fluoroquinolones, tetracyclines, macrolides, and trimethoprim
(singly or in combination with sulfamethoxazole) were all specifically mentioned
[42]. The mainstay of treatment for bacterial prostatitis continues to be antibiotic
medication, and numerous studies have shown that antibiotics can considerably
improve sperm characteristics and conception rates. However, given that recent
research has concentrated on multidrug resistance, antibiotic treatment must be
administered with caution and after the proper drug resistance testing [43]. When a
patient’s first-line therapy is ineffective, combination therapy is frequently
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recommended [44]. Ciprofloxacin and rifampin appear to be effective against
Staphylococcus aureus, and fluoroquinolones bind with metal cations such as alumi-
num, magnesium, calcium, iron, and zinc, while the majority of combinations are
ineffective or additive. The serum medication concentrations that are accessible for
tissue penetration are significantly reduced by this pharmacological interaction [45].
The amount of zinc produced by prostate epithelial cells can be three times that of the
majority of other mammalian cells [46]. Despite what was just said, zinc buildup in
the prostate may prevent fluoroquinolones from working to their full potential. Due
to the direct effect of colonized bacteria or other pathogens on spermatozoa when
they travel through the urethra during ejaculation, infection or inflammation of the
urethra may result in infertility. By reducing the volume and/or the number of sperm,
tissue scarring as a result of infection may prevent sperm from depositing in the
female reproductive tract [47]. A genitourinary condition known as urethritis is
frequently seen in males. This inflammatory disease has been associated with a
number of infections, including Mycoplasma genitalium (MG), Neisseria gonor-
rhoeae (GC), Trichomonas vaginalis (TV), Chlamydia trachomatis (CT), Ureaplasma
urealyticum (UU), Herpes simplex virus (HSV), and adenovirus [48]. The
Staphylococcus with coagulase-negative. In women, Staphylococcus saprophyticus
frequently causes urinary tract infections. However, it has been demonstrated to cause
urethral infection in males, albeit its relevance in this context is uncertain [49].
Numerous problems have been connected to it, including acute epididymitis, orchitis,
and prostatitis. Male infertility has an unclear etiology in roughly 50% of cases;
however, it is evident that 30-80% of infertile men have a high level of ROS in their
ejaculate. The term “male oxidative stress infertility (MOSI)” was created by Agarwal
et al. to refer to male infertility brought on by OS because of the close association
between OS and male infertility [50]. Leukocytes in the seminal fluid and immature
sperm with a morphologically defective head and cytoplasmic retention are the two
main sources of endogenous ROS in human semen [51]. Extrinsic ROS are created
during male genital tract infection, and leukocyte chemotaxis and activation encour-
age further inflammatory responses. Leukocytes activate the myeloperoxidase
system, which generates ROS, to fight infections [52]. The overproduction of ROS by
leukocytes can result in OS in the seminal fluid. However, the origins of intrinsic ROS
are defective and immature spermatozoa. It has been demonstrated to have harmful
effects on sperm, including sperm DNA fragmentation (SDF), LPO, and apoptosis in
germ cells. SDF may be caused by increased ROS generation and inadequate antioxi-
dant protection in sperm [53]. Through the activation of sperm caspases and the
generation of endonuclease, OS has the capacity to harm sperm DNA either directly
or indirectly. The failure of the chromatin structure substitution from histone to
protamine during the process of spermiogenesis is thought to be the cause of SDF
since it results in DNA vulnerability. The migration of spermatozoa from the seminif-
erous tubules to the cauda epididymis via the rete testis causes excessive ROS expo-
sure, which has been reported to cause DNA damage [54]. This reaction results in the
formation of 8-OH-guanine and 8-OH-20-deoxyguanosine (8-OHdG), an oxidized
guanine adduct. In the lab, increased levels of 8-OHdG have been connected to DNA
fragmentation and strand breaks [55]. DNA fragmentation can happen to both
single- and double-stranded (ds-) DNA [56]. DNA repair is only possible during
specific stages of the spermiogenesis process, and it ceases to be active during the
nuclear condensation of the epididymis. The human oocyte represents the next
opportunity for ss-DNA break repair; however, SDF repair efficiency decreases with
increasing maternal age [57]. A break in the ds-DNA causes genomic instability and
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ultimately causes cellular death when DNA repair does not take place [58]. The “late
paternal effect” is hypothesized to be induced by the presence of unrepaired SDF
above a specific threshold, which has a negative impact on embryo development and
pregnancy outcomes [59]. A cleavage-stage embryo experiences a major activation of
embryonic genome expression on the second day of human embryo development (4
cells), and the dependence of embryogenesis on maternal factors is replaced by the
dependence on the embryo’s own genome [60]. As a result, after fertilization, SDF in
a spermatozoon may have a deleterious impact on the outcomes of blastulation,
implantation, and pregnancy. The “early paternal effect” [61] was the term coined by
the researchers to describe how OS negatively affects the growth of cleavage embryos.
The effect of SDF on the results of ART has been the subject of numerous investiga-
tions [62]. A meta-analysis found a positive correlation between SDF and miscarriage
and an inverse correlation between SDF with pregnancy outcome [62]. SDF is one of
the elements that might lead to repeated pregnancy losses, thus accurate assessment
and control could help couples with their issue. Apoptosis is acknowledged as a
biologically designed cell death due to the DNA fragmentation that is brought on by a
number of cell death signaling and regulatory mechanisms [63]. Ds-DNA breakage
brought on by ROS may result in apoptosis. Additionally, ROS leads to mitochondrial
membrane rupture, which releases the signaling molecule cytochrome-C, which can
then activate apoptotic caspases and annexin-V phosphatidylserine-binding activity
[64]. High amounts of cytochrome-C seen in the seminal plasma of infertile men may
cause severe mitochondrial damage [65].

4.ROS pathology in female

The vascular endothelium-produced ROS may contribute to regular cellular
signaling processes. They might also have a significant role in the development of
endothelial dysfunction. Endometrial tissue can be found outside the uterus in
endometriosis, a benign, estrogen-dependent, and persistent gynecological condi-
tion. According to a report, erythrocytes and apoptotic endometrioma cells produce
high ROS that cause OS, as do activated macrophages that are brought in to phago-
cytize apoptotic cells [66]. In addition, endometriosis-afflicted women produce
higher levels of the ROS-producing enzyme xanthine oxidase, which is thought to
be another cause of excessive ROS [67]. Additionally, OS causes local inflammation
that raises cytokine levels, as well as other variables that support endometriosis [68].
Phagocytic cells, which are the primary sources of ROS and RNS, are recruited and
activated by pro-inflammatory and chemotactic cytokines. Endometriosis patients’
peritoneal macrophages and endometriotic lesions have been found to be activated by
OS [69]. Mitogen-activated protein kinase (MAPK) and extracellular regulated kinase
(ERK1/2) are activated in endometriotic cells in a manner similar to tumor cells by
elevated ROS and consequent cellular proliferation [70]. More gravely, the rise in ROS
in endometriosis patients can have a negative impact on the development of the fetus,
causing fetal dysmorphogenesis, IUGR, or spontaneous miscarriage [71]. A vascular
pregnancy disease called preeclampsia frequently involves poor placental growth. It
is a multisystem illness that can affect women with normal blood pressure. Because
OS increases p38 MAPK nitration, which lowers its catalytic activity, it can result in
the poor implantation and growth restriction seen in preeclampsia. The increased
levels of MDA, a marker of lipid peroxidation, in preeclampsia patients have been
used to demonstrate elevated ROS concentrations [72]. Under normal circumstances,
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preeclampsia’s vascular endothelial dysfunction is the main factor contributing to the
disruption of circulatory homeostasis. Low anticoagulant activity and a propensity
to promote vasoconstriction define it. The endothelial dysfunction related to pre-
eclampsia appears to be significantly influenced by ROS [73]. Injury to the vascular
endothelium caused by increased placental ROS or impaired antioxidant activity

[74] is the pathogenic event in preeclampsia. The rise of ROS can be attributed to a
variety of factors. A prominent source of ROS, for instance, is neutrophil regulation
in preeclampsia, which increases the production of the SO anion and decreases NO
levels, ultimately damaging endothelial cells in preeclampsia patients. Preeclampsia is
associated with elevated levels of TNF and oxLDL, which have been found to activate
the endothelium isoform of NAD(P)H oxidase and consequently raise SO anion
levels. According to these findings, consuming antioxidants to combat increased
lipid peroxidation may harm the vascular endothelium and contribute to the patho-
physiology of preeclampsia [75]. In comparison to women without the condition,
preeclamptic women create more ROS and have higher NAD (P)H expression [76].
More particular, it has been noted that early-onset preeclampsia causes women to
create more SO anion than late-onset preeclampsia does [77]. Affected women also
have reduced levels of vitamins C and E and a lowered total antioxidant status (TAS),
as well as placental GPx [78]. Preeclampsia seems to be more likely in people who

do not consume enough vitamin C, and some research suggests that multivitamin
supplementation during pregnancy can reduce preeclampsia risk in women who

are normal weight or underweight [79]. Studies on the effects of restraint stress on
uterine and embryo implantation in pregnant mice have been conducted. These
studies focused on uterine histomorphology study and changes to the uterine local
microenvironment. The mice were treated to restraint stress beginning on embryonic
day 1 (E1), according to Liu Guanhui et al. This study showed that restraint stress
raised corticosterone (CORT) levels in plasma and dramatically increased uterine
natural killer (uNK) cells in the endometrium, along with a decrease in the density of
mast cells in the myometrium. In addition, the CD3*CD4*/CD3"CD8" T cell ratio was
significantly reduced by constraint stress. Additionally, the content of MDA rose, and
antioxidant capacity was weakened [41]. Restraint stress also decreased the weight

of the uterus, ovary, and food consumption with weight loss, while it also decreased
the relative endometrial area and uterine gland area. Restraint stress also reduced
VEGEF expression and micro-vessel density [80]. During reproductive life, only a
tiny percentage of the ovarian follicles present at birth mature to ovulation, while

the remainder undergo a degenerative process known as “atresia.” Follicular atresia

is caused by granulosa cell death, according to research [81]. Excessive ROS produc-
tion causes antral follicular atresia by triggering granulosa cell death, according to
mounting data. ROS are also implicated in the decrease of granulosa cell sensitivity
to gonadotrophin hormones and the loss of steroidogenic activity, both of which are
symptoms of follicular atresia. Furthermore, ROS concentrations rose throughout the
regression phase in the rat ovarian corpus luteum. Thus, ROS might initiate apoptosis
in the luteal cells and inhibit their function at an appropriate time during the female
menstrual cycle [82].

5. ROS as biomarkers

Biomarkers of oxidative stress (OS) can be classified as molecules that are modified
by interactions with ROS in the microenvironment, and molecules of the antioxidant
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system that change in response to increased redox stress. DNA, lipids (including
phospholipids), proteins, and carbohydrates are examples of molecules that can be
modified by excessive ROS in vivo. There are several methods to measure ROS in the
laboratory setting, which can be classified into direct and indirect assays [83]. The
indirect measurements of ROS include enzymatic antioxidant levels such as SOD, CAT,
GPx, and reduced glutathione (GSH) via means of spectrophotometric measurement.
As regards the direct assays of the ROS, these include the direct measurement of total
antioxidant capacity (TAC), detection of ROS species via chemiluminescence, and the
use of florescent markers for ROS, which can be measured using fluorescence micros-
copy and flow cytometry [83]. Some of the most widely used methods to detect ROS
levels in both male and female reproductive systems are described below.

5.1 ROS measurement by chemiluminescence assay

Chemiluminescence measures the light that is emitted in a reaction when reagents
are added to a biological sample [83]. Luminol and Lucigen are two probes that are
used in chemiluminescent assays to detect ROS [84]. Lucigenin is best suited to
detect O, " as it is positively charged, which renders it membrane-impermeable and
allows it to react with O, in the extracellular space [85]. Unlike Lucigen, Luminol is
uncharged and is, therefore, membrane permeable; this allows it to react with ROS in
both the intra- and extracellular spaces. Luminol reacts with a variety of ROS, includ-
ing O,™", H,0,, and hydroxyl radicals (OH") [86]. This probe, however, is unable to
differentiate between the types of ROS and therefore measures global ROS [86].

5.2 ROS measurement by flow cytometry

Flow cytometry involves the use of florescent markers to measure ROS and RNS
within the cells [87]. Contradictory to chemiluminescence, florescent techniques
have a higher accuracy, specificity, and reproducibility rate for intracellular ROS [88].
However, the utilization of florescent probes requires expensive equipment. The data
generated does not quantify ROS but rather is indicative of the percentage of cells dis-
playing a high ROS activity. An example of florescent probe used is 2,7-dichlorofluores-
cein diacetate (H2DCFDA) that penetrates the cells and indicates H,O, concentrations,
as H,0, de-esterifies in the presence of DCFH and forms highly fluorescent 2,7-dichlo-
rofluorescein (DCF) [89]. DCF fluoresces and this can be measured and indicates of
formation of intracellular levels of hydrogen peroxide. Dihydroethidium/hydroethidine
(DHE) is a non-florescent probe that is oxidized by a variety of reactive oxygen and
nitrogen species. This probe is primarily used to visualize O, production [90].

5.3 Measurement of total antioxidants

Total antioxidant capacity (TAC) highlights the crucial role of antioxidant
enzymes in counterbalancing ROS generation, and therefore can be a powerful tool
in determining the redox status of a sample [91]. This measurement may give more
relevant biological information compared to that obtained by the measurement of
individual components (e.g., SOD, CAT, GPx) as it considers the cumulative effect
of all antioxidants present in plasma and body fluids [92]. The total antioxidant
assay relies on the ability of antioxidants in the sample to inhibit the oxidation of
2,20-azino-di-3-ethylbenzthiazoline sulphonate (ABTS) to ABTS+ by metmyoglobin.
Briefly, metmyoglobin and hydrogen peroxide produced ferryl-myoglobin radical,
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which oxidized the ABTS (2, 2'-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid)

to produce a radical cation, ABTS+, a soluble chromogen that is green in color [93].
Then, the oxidized ABTS radical cation (ABT.S*+) reacts with antioxidants to reduce
the ABTS radical and lose its bluish-green color [94]. This reaction may be monitored
spectrophotometrically with a spectrophotometer, a common laboratory instrument.
ABTS® + has several characteristics that make it suitable for colorimetric assays; it
has several absorbance peaks at different wavelengths [94], it has a high extinction
coefficient, its solubility in water is high, and it is Also soluble in organic media. This
assay is often referred to as the Trolox equivalent antioxidant capacity (TEAC) assay.
The reactivity of the various antioxidants tested is compared to that of Trolox, which
is a water-soluble analog of vitamin E [95].

6. ROS in male reproductive diseases

Sperm require an endogenous level of ROS for normal sperm function and “opti-
mum” concentrations are not yet fully determined; therefore, a better approach could
be suggested, which could be to measure the downstream effects of OS on sperm,
such as oxidative DNA damage or lipid peroxidation (LPO), since these have been
shown to directly inhibit sperm function and fertilization [96]. Below, we outline the
strengths and limitations of measuring of some assays used to measure the activity of
these downstream markers.

6.1ROS and LPO in sperm

LPO is one of the main consequences of OS and high concentrations of seminal
ROS, this is because the plasma membranes of spermatozoa contain abundant
polyunsaturated fatty acids (PUFA) [97]. LPO has a two-fold effect on fertility: it
decreases motility, thereby reducing the number of sperm that reach the oocyte
and decreases membrane fluidity necessary for sperm-oocyte fusion [98]. The lipid
peroxidation cascades result in the formation and accumulation of lipid aldehydes,
including malondialdehyde (MDA) and 4-hydroxy-2-nonenal (4HNE) that are
capable of disrupting sperm function through the formation of adducts with key
proteins and DNA [96].

6.1.1 Thiobarbiuric acid-malondialdehyde (TBA-MDA)

In particular, MDA, one of the by-products of lipid breakdown, reacts with TBA
and can be used in biochemical assays as a marker to monitor the degree of peroxi-
dative damage sustained by spermatozoa [99]. Although its clinical use has been
questioned, the results of this test show an excellent correlation with the degree of
impairment of sperm function in terms of motility and sperm-oocyte fusion ability,
thus deeming the test reliable and accurate in assessing male infertility [96].

6.1.2 Hydroxy-2-nonenal (4HNE)

Another cytotoxic break down product of LPO is 4HNE, a highly reactive lipid
aldehyde that can react with proteins and nucleic acids, as well as other lipids pres-
ent in spermatozoa [100]. Increased concentrations of 4HNE in human sperm have
been shown to induce impaired motility, compromised membrane integrity, and
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reduced oocyte-binding ability, with a significant negative impact on fertilization
potential [101]. 4HNE can be quantified in semen samples using antibodies that
detect and attach to the lipids, which are then quantified using ELISA assay or using
either western blot and immunohistochemistry analysis [96]. Although quantifying
4HNE in sperm holds some promise in infertility diagnostics, the need for highly
specialized and pricey equipment prevents its clinical application. Therefore, further
attempts should be made to develop stable, highly specific probes for the detection
of lipid peroxidation in sperm. In this regard, probe BODIPY-C11 has recently been
developed for determining peroxidative damage in human sperm. Elevated fluores-
cence by BODYIP-C11 has been correlated with increased ROS generation and genital
urinary tract infection and has been negatively associated with sperm motility [102].
However, BODPIY-C11 may overrepresenting lipid peroxidation of cells [96].

6.2 ROS: induced sperm DNA damage

In general, DNA damage has been shown to decrease semen parameters (motil-
ity, viability, etc.) and reduce the success of iz vitro fertilization (IVF). The main
tests used for the assessment of DNA damage in spermatozoa induced by oxidative
stress are summarized in Table 1; however, 8-hydroxy-2'-deoxyguanosine (80HdG)
deserves a special mention. 8-hydroxy-2'-deoxyguanosine (8OHdG) is a DNA base
adduct, commonly used as a biomarker of oxidative stress due to its association
with nuclear and mitochondrial DNA damage [103]. Formation of 80HdG in semen
samples has been correlated with increases in DNA fragmentation, chromatin reten-
tion, decreases in sperm motility, and fertilization rates, thus making it a promising
potential biomarker for oxidative stress damage and male infertility [104]. Currently,
80HAG can be quantified in semen samples using light microscopy, fluorescence
microscopy and flow cytometry [105]. The main limitations are due to long and dif-
ficult protocols, as well as the need for large and expensive equipment.

6.3 ROS and TAC of semen

TAC in the seminal plasma can be measured using an enhanced chemilumi-
nescence assay [91]. The fact that neither ROS alone nor TAC alone can adequately
quantify seminal OS led to the logical conclusion that combining these two variables

Technique. Assay principle Detection method

TUNEL assay DNA fragmentation, adds labeled nucleotides Flow cytometry/fluorescence
to free DNA ends, and single- and double- microscopy
strand DNA breaks

Comet assay Intact DNA stays in the head, DNA fragments fluorescence microscopy

form tails, evaluates DNA integrity, and single-
and double-strand DNA breaks

Sperm chromatin Acid DNA denaturation, single- or double- Flow cytometry

structure assay strand breaks

DNA breakage DNA breaks and denatures nicked DNA fluorescence microscopy and
Detection-fluorescence image analyzer

in situ hybridization

Table 1.
Principal assays for the assessment of ROS-induced DNA damage in spermatozoa.
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may be a better index for the diagnosis of the overall OS affecting spermatozoa.
The ROS-TAC score is an accurate measure of seminal OS, and low ROS-TAC scores
indicate high seminal OS [91].

6.4 Current clinical measures of ROS in semen

The advanced examinations section of the most recent sixth edition of the WHO
manual for the assessment of human semen has been updated to include two of the
three currently known clinically available measurements of ROS in semen, Luminol
and MiOXYSIS [96]. Currently, these measures are only performed in men if abnor-
malities are observed during standard semen analysis, or when couples undergoing
ART have experienced reduced fertilization and embryo development rates, or
repeated implantation failure [106].

6.4.1 Luminol chemiluminescence

Chemiluminescent assays have been used to show a negative association between
an increase in ROS levels and sperm parameters. These parameters include sperm
motility, viability, morphology, and concentration [107]. A variety of factors may
influence the data generated by the chemiluminescence assays, which include the
presence of leukocytes in the sperm sample, sperm incubation time, the pH, and
contamination of the seminal plasma [108]. It should also be noted that both sample
and probe concentrations also affect luminescence; thus, it is important to have a
fixed probe concentration for varying concentrations of sperm. However, chemilumi-
nescence assays are sensitive, which is ideal as sperm generally produce low concen-
trations of ROS [109].

6.4.2 MiOXSYS system™

The MiOXSYS™ is a highly specific in vitro diagnostic tool used to measure static
oxidation-reduction potential (sORP) in human semen [110]. The system works by
measuring the transfer of electrons between oxidants and reductants within fresh
semen samples to ultimately calculate total oxidant and antioxidant activity present
within the ejaculate. Samples of high sORP levels indicate an imbalance that sug-
gests the presence of OS [110]. Unlike chemiluminescence, where ROS levels have
a significantly short half-life, ORP measurements are stable for up to 120 min. The
assay requires only 30 pL of fresh or frozen semen sample and produces results in
less than 5 min, making it a popular choice in both clinical and research settings [83].
Additionally, MiOXSYS sORPs ability to measure all oxidants and reductants makes
it clinically meaningful in the diagnosis of cases of male infertility that is associated
with high ROS levels [111].

6.4.3 OxiSperm®

OxiSperm® measures the presence of excess O, in sperm, seminal plasma, and
whole semen. The assay is largely based on nitroblue tetrazolium (NTB) staining
in which the yellow NBT molecule is reduced into the insoluble blue crystals, called
formazan, in the presence of O,. This assay uses a gel that shows varying intensi-
ties once reacted that can be categorized as low, medium, or high as per the color
scale [112]. However, the semi-qualitative measurement of OxiSperm® creates
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considerable opportunity for introducing bias into results while also showing low
assay precision, as differences in color perception between scientists could result in
different interpretations [96]. This may partially explain the absence of OxiSperm
kits from inclusion in the latest sixth edition WHO guidelines under the recom-
mended assessments of ROS.

7.ROS in female reproductive diseases

OS also affects the body fluids, tissues, and organs of the female reproductive
system; not only, a host of female infertility diseases are attributed to the production
of pathological ROS levels [113]. Concentrations of ROS may also play a major role
both in the implantation and fertilization of eggs [114]. A number of OS biomarkers
have been investigated, including SOD, LPO, oxidative DNA adducts, and TAC, both
in peritoneal fluid and in whole blood and in the placenta. The principal biomarkers
are summarized in Table 2.

7.1 ROS in ovaries and follicular fluid

Various studies have confirmed the role of ROS in follicular maturation, follicu-
logenesis, function of the corpus luteum, as well as ovulation [22]. The environment
of the follicular fluid is thought to play a critical role in oocyte maturation and the
eventual development of an embryo [16]. The main sources of ROS in the follicular
fluid microenvironment are macrophages, leukocytes, and cytokines [115]. At the
same time, a crosstalk, mediated by ROS, cytokines, and vascular endothelial growth
factor (VEGF), important for ovarian folliculogenesis and embryo formation has
been demonstrated [16]. Accordingly, ROS are involved in follicular growth in part by
regulating angiogenesis. Increased ROS levels have been associated with poor oocyte
quality, low fertilization rate, and impaired embryo development [115]. Furthermore,
any imbalance between the cytokines and angiogenesis factors could result in implan-
tation failure and pregnancy loss [116]. Normal ovaries express many of the common
biomarkers of OS [117]. Markers of OS such as Cu-SOD, Zn-SOD, Mn-SOD, GPx, y
glutamyl synthetase, and lipid peroxides have been measured by immunohistochemi-
cal staining, mRNA expression, and thiobarbituric acid methods [118]. Additionally,
8-OHDG has become an important marker for OS in ovaries, as causes base mutation
and mismatches in DNA replication [16].

Biomarkers Methodology
SOD, CAT, GPx Reverse transcription-polymerase chain reaction
TAC Chemiluminescence assay
LPO, MDA, coniugated dienes Thiobarbituric acid method
Oxidative DNA adducts 8-hydroxy-2'-deoxyguanosine measurement
Plasma and red blood cell, glutathione content Colorimetric assay, fluorometric assay
Superoxide anion, hydrogen peroxide Spectrophotometry/flow cytometry
peroxynitrite

Table 2.

Principal biomarkers of ROS in the female reproductive system.
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7.2 ROS in amniotic/placental fluid

During pregnancy, the mother and fetus can be exposed to high levels of OS
due to the higher metabolic demand of the growing fetus [16]. Superoxide anions
produced by the placental mitochondria appear to be a major source of ROS and LPO
contributing to OS in the placenta [119]. However, the placenta gradually adapts
to this environment and returns to normal under the action of antioxidant activity
[120]. These studies showed that limited levels of ROS are necessary to maintain
physiological function, but when present in higher concentrations, ROS can have
deleterious effects. The placenta experiences a heightened level of OS in certain
pathologic conditions of pregnancies, including gestational diabetes, fetal growth
restriction, preeclampsia, and miscarriage [119]. The biomarkers of OS in the
placenta and amniotic fluid include LHP, intracellular ROS, TAC, and DNA adducts-
8-OHDG [71]. Another biomarker of ROS is LPO, which is the oxidative destruction
of polyunsaturated fatty acids in the plasma membrane [16]. This leads to increased
membrane permeability, degraded membrane integrity, structural damage of the
DNA, and cell death.

7.3 ROS in peritoneal fluid

Peritoneal fluid bathes the pelvic cavity, uterus, fallopian tubes, and ovaries. It
may be an important factor controlling the peritoneal microenvironment influencing
the development of some pathologies such as preeclampsia ad endometriosis [121].
The peritoneal fluid of patients with endometriosis has been found to contain high
concentrations of MDA, pro-inflammatory cytokines (IL-6, TNF-a, and IL-14),
angiogenic factors (IL-8 and VEGF), monocyte chemoattractant protein-1 (MCP-1),
and oxidized LDL (ox-LDL) [122]. Pro-inflammatory and chemotactic cytokines
play central roles in the recruitment and activation of phagocytic cells, which are the
main producers of ROS and RNS [73]. ROS also appears to play a critical role in the
endothelial dysfunction associated with preeclampsia. Increased ROS concentrations
in patients with preeclampsia have been proved by the increased levels of MDA,
an index of lipid peroxidation [16]. Additionally, levels of TNF-a and oxLDL are
increased in preeclampsia and have been shown to activate the endothelial isoform
of NAD(P)H oxidase, ultimately resulting in increased levels of the SO anion [123].
Affected women also have decreased TAC and placental GPx [16].

8. Conclusion

In conclusion with this chapter, we hope to have given a broad description of the
scientific bibliography on the role played by ROS in physiological and pathological
conditions in both men and women. New studies aimed at understanding whether it
is possible to reduce oxidative stress with nutraceuticals, physical exercise, or diet, for
example, in order to delay and/or limit the onset of pathologies of the reproductive
system, are obviously indispensable. Some studies for example have evaluated the
effects of diet in mice model endometriosis, testicular damage cyclofasphamide-
induced, testicular growth, urethral syndrome, chronic prostatitis/chronic pelvic pain
syndrome, and more [124-128]. Further, studies will also be essential to discover new
and advanced methods of diagnosis through biomarkers in order to make the diagno-
sis ever earlier and more precise.
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Abstract

Oxidative stress is a key detrimental factor in male infertility under pathological
or physiological conditions. A balanced oxidation-reduction process regulates the
various functions linked to male fertility; however, oxidative stress leads to temporary
infertility by affecting the hormonal pattern, sexual behavior, testicular milieu,
functioning of accessory sex glands, and sperm quality. Currently, nutraceuticals
are a common and popular way to mitigate the male fertility issues of pre-testicular,
testicular, and post-testicular etiologies. Nutraceuticals possess multi-nutritional
factors that improve metabolic activity, regulating hormonal profile, and sperm
production. In addition, the antioxidant property of nutraceuticals agents combats
oxidative stress, thus improving the hormonal release pattern, sexual behavior,
testicular environment, and sperm quality in males.

Keywords: male infertility, oxidative stress, nutraceuticals, sperm quality, reproduction

1. Introduction

The incidences of male infertility have been rapidly increased during the last five
decades perhaps due to the industrialization and mechanization. The rising surge in
male infertility is multifactorial and could be linked to inevitable conditions such
as congenital assaults (cryptorchidism), infections, age, varicocele, etc. or environ-
mental contaminants, obesity, use of recreational drugs, occupational hazards, and
irrational use of antimicrobial drugs [1]. The extent of infertility varies from region to
region depending on the extensive industrialization, high mechanization, frequency
of exposure to chemicals or radiation, and less physical activity [2]. Infertility is
observed at pre-testicular, testicular, or post-testicular levels due to the mechanism of
action of each influencing factor. These physiological or pathological abnormalities
result in alteration in the activity of the hypothalamus, pituitary, or gonads is prob-
ably linked to the production of free radicals, which are manifested in the form of low
libido, erectile dysfunction, debilitated accessory sex glands, impaired spermatogen-
esis, and sperm functions [3]. The onset of these conditions is chronic rather than
acute states, which originated maximally due to oxidative stress. Oxidative stress is
linked to physiological and pathological conditions, and its prevention or treatment is
also long-term concerning its occurrence [4].
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The nutrition is essential to body health since a healthy and balanced diet pre-
vents the occurrence or cure different disease conditions. The use of nutraceuticals
as potential ailments for male infertility has been recognized in the old world for
centuries [5]. Every passing day, a new compound is being included in the medicinal
list with its bioactive ingredients or antioxidant potential. With the understanding of
oxidative damage to sexual behavior, reduced spermatogenesis, and low sperm qual-
ity, numerous nutraceuticals have been focused on their antioxidants potential for
enhancing male fertility [6, 7]. However, utilizing a single agent with multiple proper-
ties could be better option for infertile males. On the other hand, patients are unaware
about the potential effect of any therapeutic agent on the hypothalamus, pituitary,
testes, or extra-testicular parts. This chapter proposed an overview of the underlying
mechanism of pros and cons of oxidative stress on the male reproductive system and
countering effects of nutraceuticals with antioxidant potential against pre-testicular,
testicular, and post-testicular etiologies.

1.1 What is male fertility? Definitions

Male reproductive health is important for the maintenance of sexual activities
including libido, optimum sperm production, copulation, and fertilizing ability dur-
ing sexual life. All these processes are necessary for maintaining the possible genetic
potential and progeny. Previously, the male reproductive health has been defined in
different ways.

Generally, the male fertility in humans is defined as the ability of a person to
impregnate a woman and produce offspring.

* The American Society for Reproductive Medicine defines male fertility as “the
capacity of a man to produce normal sperm in sufficient quantities and with
appropriate motility and morphology to result in pregnancy under normal
conditions of sexual intercourse.”

* The World Health Organization defines male fertility as “the ability of a man to
achieve a pregnancy in a fertile female partner.”

* The National Institute of Child Health and Human Development defines male
fertility as “the ability of a man to cause pregnancy in a fertile female partner.”

* Inanimals, the term fertility is being used to describe the ability of domestic
animals to reproduce and produce viable offspring.

* In general, male fertility is defined as the ability of male animals to produce
healthy and viable sperm that can fertilize female animals and result in the
production of viable offspring.

All mentioned definitions emphasize the basic theme that male fertility is the ability
of a male to contribute to a successful pregnancy in a fertile female of the same species.

1.2 What is male infertility? In light of the organizational perspective

Deviation from the normal male fertility process leads to the abnormal state
known as “infertility” or “subfertility” However, different tangible and intangible
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factors could influence the condition. Infertility could also be defined in many ways
in humans and animals. Here are a few different definitions of male infertility:

* “The inability of a man to achieve a pregnancy in a fertile female after 12
months or more of regular unprotected sexual intercourse” (The World Health
Organization).

* “The inability of a man to achieve a pregnancy in a fertile female after one year
of regular unprotected intercourse, or the inability to produce a pregnancy
after surgical, medical, or behavioral intervention” (The American Society for
Reproductive Medicine).

* “The inability of a man to cause pregnancy in a fertile female partner” (The
National Institute of Child Health and Human Development).

* “The inability of a man to achieve conception or to induce conception in
a fertile female partner due to quantitative and/or qualitative deficiencies
of his spermatozoa” (The European Society of Human Reproduction and
Embryology).

In the case of animals, it is defined as:

¢ “The inability of a male animal to produce viable offspring due to abnormalities
or dysfunction in its reproductive system.”

These definitions highlight a condition, where a male cannot contribute to a
successful pregnancy with a fertile female partner. However, the variations in terms
might be linked to the diagnosis process, the specific criteria for infertility, or other
factors that result in male infertility.

2. Oxidation-reduction process in males

Oxidation-reduction reactions, also known as redox reactions, which are key
determinants in male reproduction, alike many biological processes. Generally,
redox reactions involve the transfer of electrons between molecules and result in the
molecules’ oxidation state.

The redox reactions are involved in male reproduction through:

* Regulation of hormone levels

* Production of quality sperm

* Regulation of sperm maturation

* Promoting acrosome reaction for fertilization

* Prevent the sperm DNA

* Maintain the sperm mitochondrial potential
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During sperm maturation, glucose-6-phosphate dehydrogenase protects the
developing sperm from oxidative stress. This enzyme reduces the reactive oxygen spe-
cies (ROS) by catalyzing the first step in the pentose phosphate pathway to produce
areducing agent, i.e., NADPH. In mature sperm, glutathione plays a vital role as an
antioxidant and protects sperm cells from oxidative stress by forming the disulfide
bonds in the tail region of sperm for motility.

2.1 Oxidative stress: story in male infertility

The oxidative stress is an imbalance between the production of ROS (by cellular
respiration and catalytic responses of cytochrome steroidogenic enzymes P450) and
the body’s antioxidant levels. It reacts and affects the lipids, proteins, and DNA that
affect the biological process and lead to cellular affections. Oxidative stress is involved
in the pathogenesis of diseases and the non-pathogenesis of clinical conditions. ROS
production results from metabolic rate, polymorphisms or mutations in mitochon-
drial and nuclear DNA, lowered antioxidant production and repair rate, and metal
ions and other toxins that affect the oxidation process [8].

Oxidative stress has been defined by different organizations as follows:

* “Animbalance between the production of free radicals (reactive oxygen and
nitrogen species) and the ability of the body to counteract or detoxify their
harmful effects through neutralization by antioxidants” (National Institute of
Environmental Health Sciences).

* “A disturbance in the pro-oxidant-antioxidant balance in favor of the former,
leading to potential damage” (The International Union of Biochemistry and
Molecular Biology).

* “A condition that arises when the rate of production of reactive oxygen species
(ROS) exceeds the rate of their elimination by antioxidant defenses, resulting in
damage to cellular macromolecules and organelles” (The American Society for
Biochemistry and Molecular Biology).

2.2 Oxidative stress and male behavior
2.2.1 Erectile dysfunction

The oxidative stress alters the morphology of blood vessels and associated nerves
for erectile function, which further decreases the bioavailability of nitric oxide (NO)
and induces mitochondrial dysfunction, inflammation, and endothelial NO synthase
uncoupling. These alterations develop endothelial dysfunction by increasing the
adhesion of monocytes to endothelial cells, impairing the angiogenic potential of
endothelial cells, and inducing apoptosis. In addition, ROS-induced mitochondrial
dysfunction contributes to the additional ROS production by altering mitochondrial
metabolism, leading to the exacerbation of endothelial dysfunction [9, 10].

Oxidative stress has been linked with erectile dysfunction due to the excessive
generation of free radicals in the cavernosal tissues. Superoxide combines with NO to
form highly toxic peroxynitrite that induces lipid peroxidation and damages endothe-
lial cells of penile vessels and cavernosal tissues. Recent trends in the management of
erectile dysfunction involve increased NO levels using arginase inhibitors. Because
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in erectile dysfunction, there are elevated levels of arginase activity, which limits NO
synthase activity, reduces NO biosynthesis, and increases arginine degradation [11].
The upregulation of the RhoA/ROCK pathway under oxidative stress damages corpus
cavernosum smooth muscle function resulting in erectile dysfunction [12].

2.2.2 Reduced libido

During the process of steroidogenesis and spermatogenesis, normal level of ROS
is produced by mitochondrial respiration and catalytic responses of cytochrome
steroidogenic enzymes P450. The systemic hormones (FSH, LH, testosterone, E2,
PRL) also regulate the total antioxidant capacity in animals. Testosterone and melato-
nin have a strong antioxidant capacity and protect sperm and testosterone-producing
cells against damage by ROS. Damages to Leydig cells and the hypothalamic-pitu-
itary-gonadal (HPG) axis due to excessive ROS decreases testosterone production.
However, under oxidative stress condition, the hypothalamic-pituitary-adrenal
(HPA) and hypothalamic-pituitary-thyroid (HPT) axes are activated by the excessive
production of ROS and stimulate the cortisol hormone and down-regulate the T3 and
T4 synthesis. This hormone negatively affects the anterior pituitary gland through
crosstalk between HPG and HPA axes and, finally, decreases the secretion of LH and
FSH hormones. This lower level of LH, it is not enough to stimulate Leydig cells for
testosterone production. This halted testosterone production altering the sialic acid
levels in Sertoli and Leydig cells, decreasing the release of androgen-binding protein
(ABP) to Sertoli cells, reducing T3 decreases StAR mRNA levels in Leydig cells, and
increasing aromatase activity for testicular E2 hormones. Moreover, the ROS-induced
alteration in Sertoli cells is associated with reduced hormonal secretions, blockage of
gap junction communications, and damage to the blood-testis barrier. Increased oxi-
dative stress also stimulates proinflammatory cytokines due to genital tract infection
(tumor necrosis factor-a, interleukin-1p, and interleukin-6), which further harms the
HPG axis and testosterone biosynthesis. ROS under obese conditions forcibly drives
the adipocytes to secrete leptin along with insulin, negatively affecting the T3 and
testosterone synthesis. Hence, ROS leads to male infertility by disrupting reproduc-
tive endocrine glands [8], and lower testosterone level “main regulator reproductive
behavior” may suppress sexual activities in male.

2.2.3 Impaired sperm transport

Epididymis has an important role in sperm transportation, maturation, and stor-
age. In addition, the epididymis provides essential proteins to spermatozoa via epi-
didymosomes to maintain cellular functions and protect them from potential damages
such as oxidative stress-dependent injuries. The peroxiredoxins (PRDXs) are a family
of antioxidant enzymes highly expressed in yeast to humans. They are peroxidases
that do not require cofactors such as heme group or selenium and contain one or two
cysteines (Cys) residues in their active site, which are essential for their antioxidant
function. PRDXs isoforms are divided into 2-Cys PRDXs (PRDX1-4), atypical PRDX
(PRDX5), and 1-Cys PRDX (PRDX6). These enzymes are important antioxidants
in spermatozoa that regulate the level of ROS, such as peroxides (H,0, and organic
hydroperoxides) and peroxynitrite (ONOO-), to avoid cellular toxicity [13].

The metabolic processes occurring within the epididymal tissue and the absorptive
and secretory activities of epididymal epithelium, which provide an optimum inter-
nal milieu for sperm maturation, are regulated by androgens. Androgen deprivation
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leading to apoptosis in epididymal epithelium has been demonstrated [14]. Sialic acid,
secreted by the principle cell, not only confers a negative charge to the sperm surface
but also acts as a decapacitation factor protecting the spermatozoa from premature
capacitation. Hence, sialic acid is essential for maturation and maintenance of plasma
membrane structural integrity of spermatozoa in epididymis [15].

2.3 Oxidative stress and sperm production

Notwithstanding the antioxidant protection afforded to the testes to support its
dual functions of steroidogenesis and sperm production, a wide variety of endog-
enous and exogenous factors are known to perturb these defenses and generate oxida-
tive stress. Here are a few ways that oxidative stress can affect sperm production:

2.3.1 Reduced spermatogenesis

The diet, alcohol consumption, less physical activity, heat, radiation, chemical
exposure, pollution, smoking, varicocele operation, and trauma influence sperm
parameters and impair spermatogenesis [16]. Such changes are mostly linked to the
high susceptibility of the unsaturated fatty acid content of sperm to oxidative stress.
The lipid oxidation initiates the ROS that attacks the double bonds of an unsaturated
fatty acid of the plasma membrane. Firstly, the ROS reacts with the adjacent lipid
molecule triggering a chain reaction. By-products of lipid oxidation include muta-
genic and genotoxic molecules malondialdehyde (MDA) and 4 hydroxy-nonenal
(4-HNE) that cause the DNA damage. Secondly, DNA damage occurs due to free
radical-initiated apoptosis, leading to caspase-mediated destruction of DNA [17, 18].
The molecular aspects in male germ cells, the epigenetic modification of the imprint-
ing of paternal genes, DNA compaction, and silencing of the post-meiotic gene are
necessary steps for spermatogenesis. However, altered methylation and acetylation of
histone proteins H3 and H4 at specific lysine residues impair spermatogenesis [19].

2.3.2 Increased germ cell apoptosis

In general, high levels of ROS production induce apoptosis in the germ cells and
clear the nonviable sperm from the testes. Under pathological conditions, a massive
germ cell apoptosis affects the spermatocytes frequently, spermatogonia minutely,
and spermatids rarely. The Sertoli cells are less prone to apoptosis as compared to the
germ cells. The Fas-system, which is expressed in Sertoli cells, is responsible catering
apoptosis in germ cells. In healthy males, the Sertoli cells express FasL, which triggers
the apoptosis in Fas-positive germ cells in a paracrine manner among germ and Sertoli
cells. The Bcl-2 (Bcl-2 and Bax) and caspase (caspase-3/-8/-9/-12) family members
control the mitochondrial apoptosis process. An imbalance of the Bax and Bcl-2 ratio
and mitochondrial potential depolarization activates the caspase-9 process and trig-
gers apoptosis [20, 21].

2.3.3 Loss of Leydig cell function

The production of testosterone is major function of the Leydig cell, and is affected
by several ways under increased ROS production. Firstly, the ROS affects the Leydig
cell function by reacting with Leydig cell DNA and oxidize the DNA leads to DNA
strands breakage and mutations. Secondly, Increased ROS is involved in oxidation of
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unsaturated fatty acids of Leydig cell plasma membrane, which further promote the
ROS production. Thirdly, the depletion of antioxidants made the Leydig cells more
prone to accumulated higher ROS levels. Lastly, provoking the release of cytokines

by increased ROS levels influence the Leydig cell physiology. Under low testosterone
conditions, the Leydig cells’ activity is hampered, and apoptosis occurs by stimulating
caspase activity and DNA damage of Leydig cells. Altered testosterone and estradiol
levels affect the availability of LH receptors on Leydig cells, changing Sertoli cells’
functionality for germ cell survival, and seminiferous tubular maturity [21].

2.3.4 Impaired testicular blood flow

Like other deleterious consequences of oxidative stress to the vascular system,
impairment of testicular blood vessels minimizes the blood flow and oxygen delivery
to the testes, and negatively impacting sperm production. Under pathological condi-
tions of testicular torsion, testicular ischemia develops, and hence oxidative stress
occurs in the testicles of the same side. Then the NO and H,0, production increases
leading to lipids peroxidation. The accumulation of isoprostane and decrease in
antioxidant enzymes increase the apoptosis. Short periods of ischaemic conditions
can also develop testicular oxidative stress, decreasing testicular antioxidants with
reduced spermatogenesis [22]. During testicular varicose, endothelial NO synthase
(eNOS) production increased, and blood flow toward testicular tissues also increased
to compensate for the hypoxic condition due to venous stagnation. Increased NO
concentrations react with superoxide free radicals and produce the reactive nitro-
gen species (peroxynitrite and peroxynitrous acid) that impair fertility. Moreover,
increased leptin receptors (glial cell line-derived neurotrophic factor receptor-1 and
voltage-dependent calcium channels) are also predisposing factors for oxidative stress
under testicular varicose [23].

2.4 Oxidative stress and epididymis function

Compromised epididymal functions (removal of excess cytoplasm and acquiring
motility and fertilization potential) due to oxidative stress is a leading cause of male
infertility. The sperm maturation, storage, and transportation are down-expressed
under oxidative stress conditions because epididymis is highly sensitive to oxidative
stress due to the high levels of polyunsaturated fatty acids in its membranes and the
presence of ROS-generating enzymes. The following lines show how oxidative stress
can affect epididymis function:

2.4.1 Impairment in sperm maturation

In the epididymis, increased expression of antioxidant enzymes reduces oxidative
damage to sperm through the secretion of epididymosomes. The high 4-HNE levels
in caput and cauda epididymis result in lipid peroxidation and epididymal epithe-
lium degeneration by oxidative stress and hamper sperm maturation. The increased
production of PRDX6 and PRDX1 seems insufficient under oxidative stress to quench
excessive ROS and maintain a conducive cellular environment for sperm maturation
[13]. Increased production of immature sperm and increased ROS levels that severely
affect epithelial cells of the epididymis. High ROS generation or failure of antioxidant
systems provoke the eukaryotic cells to combat the deleterious by-products of redox
that result in the oxidative injury of sperm.
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2.4.2 Sperm DNA damage

The sperm at the testicular level are highly prone to ROS and induce DNA frag-
mentation in sperm. DNA fragmentation is relatively low during epididymal transit
due to high ROS production. In the epididymis environment, sperm nuclear conden-
sation and oxidation are interlinked processes. The DNA compaction is completed
by creating inter- and intramolecular cross-links between nuclear protamines. For
bridging sperm protamines, a balanced epididymis ROS and enzymes (protein
disulfide isomerase and glutathione peroxidase) are required. Excessive ROS genera-
tion by immature sperm in the epididymis not only affects the sperm membranes but
also multiplies ROS production that transiently increases sperm nuclear condensation
and quickly reverses the DNA fragmentation due to nuclear decondensation and
oxidative-induced DNA fragmentation [24].

This oxidative damage increases DNA fragmentation and lipid peroxidation
in epididymal cells. In the epididymis, ROS oxidizes the guanosine to 8-deoxy-
2'hydroxy-guanosine up-regulates the DNA mutation and damage to the paternal
genome, leading to male infertility [25]. The disruption of molecular mechanisms
driven by miRNAs or epigenetic changes can induce permanent sperm DNA damage
in the epididymal climate [13].

2.4.3 Disrupted epididymal fluid composition

Oxidative stress alters the epididymal fluid composition and negatively impacts
sperm function and viability. Induction of oxidative stress creates a disturbance of
epididymal physiology, alterations in ion and fluid transporters within the epididy-
mis, and abnormal water reabsorption result in significant changes in the luminal
fluid composition [14, 26].

Obesity change in the epididymis’s microenvironment by increasing MDA expres-
sion in epididymal fluids with low glutathione levels that impair sperm quality.
Epididymosomes secreted in the epididymal lumen communicates with the sperm by
sharing the protein and noncoding RNA contents, lowering oxidative stress levels [27].

2.4.4 Inflammation in epididymis

The inflammation in the epididymis induces ROS that damages the tissue and
impairs epididymal function. Although the presence of proinflammatory cytokines,
tumor necrosis factor-alpha (TNF-a), interleukin-1 alpha (IL-1a), and interleukin-1
beta (IL-1p) cytokines in the epididymis are involved in certain physiological events,
the increased TNF levels influence sperm motility, viability, and DNA fragmentation
[28, 29].

2.5 Oxidative stress and accessory sex glands

Accessory sex glands (prostate gland, seminal vesicles, and bulbourethral gland
glands) secrete the seminal plasma of the ejaculate that provides nutrients and protec-
tion to sperms. The seminal plasma contains enzymatic (superoxide dismutase; SOD,
catalase; CAT, glutathione peroxidase; GPx) and nonenzymatic antioxidants (vita-
mins C and E, hypotaurine, taurine, uric acid, albumin, etc.). Among these enzymes,
the SOD predominantly protects sperm against oxidative stress induced by NADPH
treatment [30]. Oxidative stress affects the function of the prostate gland, seminal
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vesicles, and bulbourethral gland glands. The following lines indicate the deleterious
effects of oxidative stress on accessory sex glands:

2.5.1 Altered seminal fluid production and composition

Increased ROS level damage the cells of accessory sex glands and affecting the
production and composition of seminal fluid. Altered pH, ion concentration, and
nutrient content in response to increased ROS negatively affect sperm function and
viability. Seminal fluid hyperviscosity due to oxidative stress leads to low seminal
plasma fructose, ascorbic acid, calcium, and zinc levels, which indicate low glandular
activity. Changes in prostasomes (cholesterol, sphingomyelin, calcium, and different
enzymes) due to high ROS generation reflect the low prostate gland activity [31]. The
acidic pH of seminal fluid indicates high ROS, reduced sperm motility, and viability
that is neutralized by bicarbonate produced by accessory sex glands. The bicarbonate
levels in seminal plasma are regulated by the enzymatic activity of cytosolic carbonic
anhydrase isoenzymes (CA-I, CA-II, and CA-III) in accessory sex glands [32].

2.5.2 Impaired glandular contvaction

Increased ROS influences the contractility of the smooth muscle cells in the
accessory sex glands that, in turn, reduce the seminal fluid volume at ejaculation
time. However, anejaculation corresponds primarily to a lack of seminal fluid emis-
sion that may be caused by impaired seminal vesicle contraction and seminal fluid
production. Alteration in the expression al- adrenergic receptors in response to high
ROS generation also affects the contraction of seminal vesicles and vas deferens [33].
Nerve dysfunction due to oxidative stress influences the sympathetic neuronal input,
affecting the secretory pattern of the ductus ejaculatory closure resistance and con-
traction of the seminal vesicles smooth muscle cells [34]. In addition, cytotoxicity by
oxidative stress reduces the contractility of the smooth muscle of accessory sex glands
by expressing calcium channel blockers [35].

2.5.3 Increased inflammation

Oxidative stress can also induce inflammation in the accessory sex glands, damag-
ing tissue, and impairing glandular function. Infiltration of leukocytes in infectious
conditions provokes ROS overproduction. In response, the generation of proinflam-
matory cytokines (IL-1b, IL-6, IL-8, IL-10, and IL-12) modulates the activity of pro-
and anti-oxidative systems, whereas the oxidative stress exerts its effects even at the
end of infection that impair the sperm function [31, 36].

2.6 Oxidative stress and sperm function

Oxidative stress greatly affects sperm motility, morphology, and fertilization
potential. The following lines reflect the effects of oxidative stress on motility, con-
centration, morphology, acrosome reaction, DNA, mitochondrial potential, etc.

2.6.1 Reduced sperm motility

Deviation in motility pattern coincides with the ROS-induced damages in the
axonemal part of sperm, which are linked to the following mechanisms:
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* Increased susceptibility of PUFAs in the plasma membrane of sperm leads to
lipid peroxidation. This oxidative stress induces axonemal damage and reduced
sperm viability with higher midpiece morphological defects, which affect sperm
motility [37].

* The lower activity of G6PD along high cytokines levels is also one of the major
causes of decreased sperm motility, which is indicative of oxidative stress in the
seminal plasma due to increased MDA [38].

* Anincrease in S-glutathionylation and tyrosine nitration of sperm proteins by
oxidative stress deleteriously affects sperm motility [39].

* Activation of mitochondrial oxidative phosphorylation in response to oxidative
stress is involved in bioenergetic pathways for low sperm motility [40].

* The 4HNE influences the activity of metabolic enzymes in sperm, which provide
the energy for sperm motility [41].

2.6.2 Altered sperm morphology

Increased ROS production leads to structural abnormalities in sperm, which halt
the fertilization potential. Immature sperm or disrupted sperm morphology and
cytoplasmic droplets are prime factors for increased ROS generation. The defected
cytoplasm further stimulates abnormal sperms to produce endogenous ROS by
activating the enzyme glucose-6-phosphate dehydrogenase [21]. In addition, oxida-
tive stress in the male reproductive tract promotes apoptosis, elevating morphological
defects in developing germ cells [42].

2.6.3 Reduced sperm count

Oxidative stress also affects sperm concentration in ejaculated semen, but the
extent of the effect is not as great as seen in other sperm attributes. However, low
sperm count is observed when males are exposed to prolonged exposure to oxidative
during disease conditions that affect the seminiferous epithelium by elevated ROS
production. Under such conditions, testicular atrophy is an indication due to
ROS-induced damage in the seminiferous tubules [37].

2.6.4 Impaired acrosome reaction

Oxidative stress impairs the capacitation process and disrupts the acrosome integ-
rity in sperm, which reduces the fertilization potential. Under normal circumstances,
ROS facilitates the capacitation process by activating intracellular cAAMP by down-
stream PKA that phosphorylates MEK (extracellular signal-regulated kinase)-like
proteins, threonine-glutamate-tyrosine, and fibrous sheath proteins. This mechanism
further promotes the capacitated sperm for the acrosome reaction [43]. To ensure
fertilization, the hyperactive sperm cross the cumulus oophorous, bind to the oocyte,
and create a pore in its extracellular matrix via the exocytotic release of proteolytic
enzymes. These acrosome reactions are mediated through the phosphorylation of
tyrosine proteins and Ca*? influx resulting in an intracellular rise in cAMP and PKA,
enabling the spermatozoon to penetrate and fuse with the oocyte. ROS has been
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observed to facilitate actions on the zona pellucida of the spermatozoon by various
means, including phosphorylation of three relevant plasma membrane proteins [44].

2.6.5 Sperm DNA fragmentation

ROS affects the sperm DNA integrity by base modification, telomere shorten-
ing, and epigenetic changes that interfere with DNA replication and transcription,
chromosomal instability and genetic abnormalities in the sperm, and altered gene
expression. ROS damage the sperm DNA by attacking the purine and pyrimidine
bases, causing single and double-strand DNA breaks, cross-linkage, or chromosomal
rearrangements. Moreover, deficiency in sperm protamination leads sperm DNA
more prone to ROS effects. Secondly, ROS-initiated apoptosis damages sperm DNA by
caspase-mediated DNA destruction. In ROS-induced sperm DNA damage, 8-hydroxy-
2'-deoxyguanosine (8-OHdG) is the potential indicator of DNA damage. The ensuing
oxidative stress drives the spermatozoa along the intrinsic apoptotic cascade, from
loss of MMP to oxidative DNA adduct formation, DNA fragmentation, and ulti-
mately, cell death [45].

2.6.6 Loss of sperm mitochondrial membrane potential (MMP)

Oxidative stress also significantly impacts the mitochondria in sperm, affecting
sperm motility and function. Here are a few ways that oxidative stress can affect
sperm mitochondria:

* Increased levels of polyunsaturated fatty acids (PUFAs) initiate sperm mito-
chondrial ROS production, which occurs due to the dual hydrophilic and hydro-
phobic properties of PUFA. Penetration of the inner mitochondrial membrane
disrupts the ETC electron flow, which produces the superoxide anions; subse-
quently, oxidative stress develops [46].

* Oxidative stress in the sperm also induces the generation of mitochondrial ROS.
Adducts of aldehydes, by-products of lipid peroxidation (e.g., 4-hydroxynon-
enal), and mitochondrial proteins within the electron transport chain (ETC)
further stimulate the mitochondrial ROS production [39, 47].

* Increased mitochondrial ROS levels induce oxidative stress by promoting apop-
totic activity through a truncated apoptotic pathway [46].

» Increased mitochondrial permeability increases the intracellular Ca®* that loss
of MMP by lowering the ATP content and increased ROS, which deteriorates the
plasma membrane integrity [48].

Spontaneous mitochondrial ROS production also results in loss of MMP, increased
lipid peroxidation, and impaired sperm motility [49], which is linked to disruption
of the mitochondrial electron transport, formation of adducts with mitochondrial
proteins, reduced mitochondrial expression of prohibitin, the opening of the mito-
chondrial permeability transition pore, and induction of apoptosis in exposed sperm
(reviewed in Aitken [46]).

In addition, nitric oxide radicals (by diffusion or generated within the mitochon-
dria) react with superoxide anions (derived from the inner mitochondrial membrane)
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to form the peroxynitrite, which further produces adduct, that is. 4-hydroxynonenal
protein adducts. Formation of such adducts leads to reduced motility via mitochon-
drial dysfunction [50-54].

2.6.7 Damaged sperm plasma membrane

Oxidative stress affects the membrane of sperm through protein or lipid peroxida-
tion, reducing membrane fluidity. The sperm plasma membrane is crucial in sperm
motility, capacitation and fertilization. Here are a few ways that oxidative stress can
affect the sperm membrane:

* High contents of PUFA in the sperm plasma membrane make its susceptibility to
membrane lipid peroxidation. However, PUFAs are necessary for membrane flu-
idity and fusogenicity of sperm membranes because the lowest carbon-hydrogen
dissociation energies at the bisallylic methylene position in PUFA are easy targets
of ROS [52].

* PUFA-rich sperm plasma membrane regulates membrane fluidity and is a target
site of ROS to promote lipid peroxidation cascade, which decreases membrane
fluidity [51].

* ROS produced by the NADPH oxidase system also induces damage in the sperm
plasma membrane [55].

3. Nutraceuticals

Nutraceuticals are categorized as food or components used for health benefits
beyond basic nutrition. Nutraceuticals could be in dietary supplement forms,
functional foods (fortified or enhanced with additional nutrients), or bioactive
compounds. Nutraceuticals are present in a single or in combination with vitamins,
minerals, herbal supplements, probiotics, prebiotics, and omega-3 fatty acids. Mostly,
nutraceutical remedies reduce inflammation, boost immune function, improve
cardiovascular health, and promote healthy aging.

The popularity of nutraceuticals has been boosted in recent years on the eve
of global antimicrobial resistance, and scientists are moving toward alternative
approaches to assure health and well-being. However, it is noteworthy that many
nutraceuticals possess promising health benefits, but scientific evidence about their
safety and mechanism is limited. Similarly, the use of nutraceuticals to improve
sexual health is also widespread under physiological or pathological infertility.
Nutraceuticals to improve male infertility against oxidative stress have been exten-
sively used and partially followed the plausible involved mechanisms.

3.1 Use of nutraceuticals against male infertility: underlying mechanisms
While there is limited research specifically examining the effects of nutraceuticals
on copulation, there is some evidence to suggest that certain nutraceuticals may

positively impact sexual function and libido in both men and women. Some examples
of nutraceuticals that have been studied in this context include:
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3.1.1 Nutraceuticals and evectile dysfunction

* L-arginine is an amino acid responsible for nitric oxide in the biological cycle
that involves dilating penile vessels for blood flow to enhance penile erection.
Arginase enzyme regulates NO synthase generation in corpus cavernosal
tissues, leading to penile erection. Under erectile dysfunction, high arginase
activity diminishes the arginine level. It is not available for synthesis NO,
the substrate of endothelial NO synthase and neuronal NO synthase [56]
for penile erection by provoking the relaxation of vascular and nonvascular
cavernosal tissues via cGMP activation [57]. L-arginine promotes the NO and
cyclic guanosine monophosphate production for erectile function. Under oxi-
dative stress, arginine is converted to NO, which also scavenges the excessive
ROS from penile tissues and improves erectile function [58, 59].

* Horny goat weed is a nutraceutical, which is being widely used for erectile
dysfunction and possesses the active bioactive ingredient icariin. Icariin has the
potency of a PDES inhibitor and boosting properties of testosterone. Moreover,
icariin increases smooth muscle proliferation and has neurotrophic effects,
which are useful for erectile dysfunction due to oxidative stress-induced
endothelial cell damage [60].

* Inaddition, macaroot is used as an aphrodisiac. Although the exact mechanism
of action how it mitigate oxidative stress and improves penile erection is not
clear, the antioxidant properties could be speculated about it [61].

* Muira Puama and Saw Palmetto are potential nutraceuticals that improve
erectile dysfunction by inhibiting PDES5 activity and quenching excessive ROS
in penile tissues. Administration of maca root is a choice supplement in case
of erectile dysfunction by active ingredients of maca roots, i.e. macamides and
macaenes, etc., which potentially boost the antioxidant level in male reproduc-
tion. Moreover, the erectile-enhancing effect of maca roots is linked to gluco-
sinolate extracts that activate the androgen binding receptors in penile tissues
[62]. However, the particular mechanism of maca root for erectile dysfunction is
still unexplored.

* Ginseng contains potential aphrodisiacs because of active agents (ginsenosides
and ginseng saponins). These compounds are observed to increase nitric oxide
(NO) synthase activity, increasing the blood flow to the penile corpora caver-
nosa. The Antioxidants property of ginseng is also the mechanism to combat
erectile dysfunction [63].

3.1.2 Nutraceuticals and male libido

The effect of each nutraceutical is linked to various potential mechanisms to
improve the libido.

* The use of Korean red ginseng is established in boosting sex hormones by

providing an environment of antioxidants in the testes because of the enzymatic
and nonenzymatic characteristics of ginsenosides [64].
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The Ashwagandha (Withania somnifera) improves libido through strong cellular
antioxidant effects. It reduces the ROS level by improving the metal cofactors

of SOD, and catalase has a key role in steroidogenesis. Moreover, it restores the
sex hormone level by promoting antioxidant vitamins and minimizing cortisol
under stressful conditions [65]. Another involved mechanism of W, Sommniferous
for improving sexual hormones via activating the Nrf2/HO-1 pathway and
inhibiting the NF-«B levels is explained [66].

Tribulus terrestris improves the libido level by improving the testosterone level.
It directly increases the testosterone, dihydrotestosterone, and dehydroepi-
androstenedione, which improve libido. It is also linked to the proliferation of
testicular cells through the increased conversion of testosterone into dihydrotes-
tosterone by the action of 5-a reductase [67].

Tongkat Ali’s also improves the libido, but the mechanism of its action for
increased testosterone is unclear.

Supplemental zinc improves hypogonadism by boosting testosterone levels due
to its potential action of antioxidant and cofactor of the enzyme involved in
steroidogenesis [68].

Fenugreek seed extract, composed of numerous enzymes, amino acids (includ-
ing arginine), vitamins, and lipids, improve the libido by maintaining the
glucose and cholesterol level for steroidogenesis [69].

3.1.3 Nutraceuticals and spermatogenesis
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* Vitamin D regulates the testicular functions by enabling the Sertoli, germ cells,

Leyding cells, and epithelial cells lining the male reproductive tract to utilize the
calcium for metabolism [70].

Vitamin E is an antioxidant that may help to protect testicular cells from oxidative
damage. It consists of biologically active compounds of tocopherols and tocotri-
enols that scavenge the ROS and prevent spermatogonium degeneration, testicular
dysfunction, and seminiferous tubule shrinkage. The antioxidant activities of
superoxide dismutase (SOD) and glutathione peroxidase (GSH-PX) in testicular
cell membranes and mitochondria are promoted by vitamin E integration. Along
with boosting testosterone levels, Zinc is involved in anatomical configuration and
normal functioning of male reproductive organs, sperm maturation during sper-
matogenesis and preventing the germinative epithelium from ROS affections [6].

Coenzyme Q10 (CoQ10) is an antioxidant involved in energy production in the
body, testicular function, and testosterone production. CoQ10 supplementation
affects spermatogenesis by lowering FSH levels and increasing inhibin B levels
[71-74].

Ashwagandha contains numerous bioactive compounds, which improve sper-
matogenesis due to its antioxidative properties. In addition, its supplementation
ensures the availability of different metabolites, that is. iron, alanine, aspartate,
fructose, lactate, glutamine, etc., for testicular functions [75, 76].
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* Beyond the antioxidant or aphrodisiac effects, Tongkat Ali is involved in
minimizing the inhibitory effects of estrogen on spermatogenic cells during
spermatogenesis [77].

* Korean red ginseng improves spermatogenesis through testicular antioxidants
homeostasis (glutathione, vitamin C and E, and expressions of phosphatidylino-
sitol transfer protein, fatty acid-binding protein-9, and triosephosphate isomer-
ase-1 proteins) and ginsenosides (dammarane-type triterpene saponin) effects
on re-establishing of sperm maturation process [78].

3.1.4 Nutraceuticals and sperm motility

* Carnitine is an amino acid regulating intracellular metabolism through
b-oxidation and buffers the acetyl-coenzyme A (CoA) to CoA ratio by trans-
porting long-chain fatty acids into the mitochondria. This process is involved in
energy production in sperm for sperm motility and maturation. Moreover, the
antioxidant property of carnitine protects the sperm against excessive ROS and
maintains motility [79].

¢ Vitamin C is an antioxidant that improves sperm motility by reducing oxidative
stress. It is a key cofactor for hydroxylation and amidation reactions and is involved
in the synthesis of collagen, components of the intercellular matrix, and proteo-
glycans for cellular metabolism. Its antioxidant property prevents ROS attack on
sperm plasma and mitochondrial membrane and maintains motility [80].

* CoQ10 has strong antioxidant potential and plays a role in cell energy produc-
tion. Improvement in sperm motility by CoQ10 is maintained by providing
energy. Mitochondrial bioenergetics is known for sperm motility and requires
a high energy expenditure, which is fulfilled by CoQ10 when oxidative stress
exists [74, 81].

* Omega-3 fatty acids are important for reproductive health. Repair of plasma and
mitochondrial membrane and lipid metabolism by Omega-3 fatty acids supple-
mentation under oxidative stress provides sperm membrane integrity that, in
turn, is helpful for sperm motility [82]. Promotion of the sperm lactate dehydro-
genase isoenzymatic form by omega-3 PUFA supplements maintains the catalytic
conversion of pyruvate to lactate in the energy metabolism of sperm [83].

* Zinc is an essential mineral that is important for male reproductive health. It
helps to increase sperm motility. Zinc is an enzyme cofactor for DNA transcrip-
tion and protein synthesis that might improve sperm metabolism and maintain
motility [84, 85].

3.1.5 Nutraceuticals and sperm concentration

* CoQ10 supplements regarding sperm count, lower FSH, and higher inhibin B
enhance the Sertoli cell function, improving sperm concentration [86].

* Vitamin B12 is involved in sperm metabolic activity. It is a coenzyme that
reduces ribonucleotides to deoxyribonucleotides. It also stimulates growth and
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maintains synthesis and sperm maturation. It prevents the methylmalonic acid
that increases ROS-induced incidences in sperm [87].

Zinc plays a role in testicular development and spermatogenesis. It has a role in
DNA function regulation in sperm cells and indirectly improves spermatogenesis
by promoting testosterone production. Moreover, the antioxidant effect of Zn
protects the Leydig cells from ROS-induced damage and maintains normal sperm
concentration [88, 89].

L-acetyl carnitine protects sperm mitochondria from free radicals. It stabilizes
spermatogonial production through antiapoptotic action and maintains sperm
count under oxidative stress [90, 91].

3.1.6 Nutraceuticals and sperm morphology

Omega-3 fatty acids possess the a-linolenic acid (ALA), docosahexaenoic
acid (DHA), and eicosapentaenoic acid (EPA). The supplementation of
these under oxidative stress stabilizes the cell membrane composition by
incorporation into the sperm cell membrane and maintains the sperm
morphology [83, 89].

L-carnitine is an amino acid that is important for energy production in cells. It
may help to improve sperm morphology by providing energy to the sperm cells.
Irrational incidence of apoptosis during spermatogenesis due to excessive ROS
leads to sperm morphological abnormalities, which is ameliorated by L-carnitine
supplement. It seems that the antioxidant mechanism of L-carnitine is involved
in reducing sperm morphological defects [90, 92].

Vitamin D, a membrane-bound antioxidant, has a potential scavenger capacity.
Oxidative stress marker (4-hydroxynonenal) is the main indicator of vitamin D
deficiency which increases sperm morphological defects; hence, vitamin D
supplement and expression of vitamin D receptors in the male reproductive tract
could minimize sperm morphological defects [93].

Zinc uptake can minimize oxidative stress and maintain Leydig cell integrity and
steroid hormone synthesis, which improves sperm morphology [88].

CoQ10 supplementation improves sperm morphology by providing energy to the
sperm cells. Moreover, it transports electrons in the mitochondrial respiratory
chain to promote energy in the mid-piece region of sperm. It also acts as a lipid-
soluble antioxidant for the lipoprotein-rich cell membrane and stabilizes sperm
morphology against oxidative stress [74].

3.1.7 Nutraceuticals and sperm mitochondrial integrity

* CoQ10 supplement mitigates the excessive ROS production during the
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mitochondrial oxidative phosphorylation process due to its antioxidant
potential. Promoting the mitochondrial electron transport chain by CoQ10
preserves ATP production and mitochondrial transcription, maintaining
sperm motility [94].
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* L-carnitine is involved in energy metabolism within sperm mitochondria.
L-carnitine supplements improve motility by protecting sperm mitochondria
against ROS [95].

* Omega-3 fatty acids, docosahexaenoic acid (DHA), and eicosapentaenoic
acid (EPA) possess antioxidant effects, which reduce oxidative stress in sperm
mitochondria and improve sperm motility. PUFA supplementation reduces the
excessive ROS by maintaining the peta-oxidation in sperm mitochondria for
sustainable sperm functions [96].

* Myoinositol is a component of the vitamin B complex and maintains sperm
mitochondrial potential for motility. Myoinositol might increase cytosolic Ca*?
in sperm, which also increases mitochondrial Ca** necessary for mitochondrial
potential and sperm motility [94].

3.1.8 Nutraceuticals and sperm DNA

* Vitamin C mitigates the excessive ROS in sperm and reduces the disulfide
bridges of cysteine residues and improves the testicular antioxidants, which
protect the sperm from chromatin damage [97].

* Zinc is an integral element in DNA synthesis. Zn is also required for correct
sperm DNA condensation/decondensation. Chromatin stability of the ejaculated
sperm is Zn-regulated and controls the disulfide bridge formation [89, 98].

* CoQ10 is a strong antioxidant, and its reduced form, ubiquinol, and prevents
oxidative stress in sperm DNA [73, 74, 99].

* L-Carnitine is a powerful antioxidant and reduces sperm DNA decondensation by
scavenging O, and H,0, and inhibiting iron-mediated ROS production [97, 100].

* Folic acid is intrinsically involved in purine and pyrimidine production that
plays an important role in DNA synthesis and proper sperm function. It is also
a potent free radical scavenger by providing methyl donors methionine and
S-adenosylmethionine, decreasing the frequency of sperm DNA abnormalities [87].

4, Conclusions

The current evidence shows how oxidative stress influences male fertility by
impairing the male reproductive tract environment, reducing the hormonal levels,
and damaging the testicular or sperm functions. At the same time, numerous biologi-
cal agents such as minerals, vitamins, and herbs possess single or multiple active
compounds that directly improve the enzymatic antioxidant activity or indirectly
enhance antioxidant levels through cellular metabolism and scavenge the excessive
ROS from the male reproductive system. It is evident how these antioxidants clear
the excessive ROS for better libido and penile erection. The involved antioxidative
mechanism linked to famous nutraceuticals compounds for spermatogenesis, motil-
ity, concentration, morphology, mitochondrial function, and DNA integrity of sperm
is separately depicted in this chapter.
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In future, use of nutraceuticals in male infertility conditions needs validation by
exploring molecular mechanics, long-term effects with high safety profiles, specific
pathways, and target sites of nutraceuticals.
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Abstract

Rheumatoid arthritis (RA) is a chronic and debilitating inflammatory condition
characterized by joint degradation and permanent disability. Excessive production of
reactive oxygen species (ROS) is implicated in RA pathogenesis, leading to oxidative
stress and tissue damage. In recent years, nano-particles have emerged as promising
carriers for ROS regulation therapies in RA treatment. This review explores the inter-
play between ROS and RA, emphasizing the importance of cell signaling pathways
in ROS control. The potential of nano-particles as targeted drug delivery systems to
scavenge excess ROS and restore redox equilibrium within affected cells is discussed.
Preclinical studies using ROS-neutralizing nano-particles in RA animal models have
shown significant reductions in joint inflammation and cartilage degradation. Clinical
trials have further validated the safety and efficacy of nano-particle treatments in
RA patients, leading to improved disease activity and joint function. The review
highlights the benefits of nano-particle-based ROS control therapies, including
improved drug solubility, prolonged drug delivery, reduced systemic side effects, and
enhanced specificity for inflamed joints. However, further research is needed to fully
understand the intricate mechanisms of ROS management in RA and optimize nano-
particle production and delivery. Overall, nano-particle-based ROS control therapy
holds great promise for revolutionizing RA treatment and improving the quality of
life for affected individuals.

Keywords: rheumatoid arthritis, reactive oxygen species (ROS), Nano-particles,
inflammation, drug delivery, redox equilibrium
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1. Introduction
1.1 Rheumatoid arthritis (RA)

Rheumatoid arthritis (RA) is a chronic and systemic inflammatory condition that
leads to slow joint degradation and may eventually end in permanent disability. RA is
characterized by the infiltration of inflammatory cells in the synovial tissue, synovial
hyperplasia, angiogenesis, and the disintegration of cartilage, which may eventually
lead to bone deterioration [1]. Furthermore, RA is linked with a large socioeconomic
burden, including direct medical and nonmedical expenditures, as well as indirect
costs such as productivity loss, early death, and caregiver burden [2]. Stiffness
throughout the morning that continues in the afflicted joints for more than 30 min-
utes, tiredness, fever, weight loss, sensitive, swollen, and hot joints, and rheumatoid
nodules beneath the skin are all frequent symptoms of RA. This disorder commonly
arises between the ages of 35 and 60, with intervals of remission and exacerbation [3].
The self-reacting reaction also involves a mix of genetic susceptibility and environ-
mental influences. As with many other autoimmune illnesses, the MHC region plays a
crucial role in the genetic contribution. Human sensitivity to RA is intimately con-
nected to the MHC class II molecules HLA-DR1 and HLA-DR4. Similarly, the DBA/1
and B10.Q mouse strains exhibit the I-Aq and I-Ar haplotypes and are very vulnerable
to collagen-induced arthritis (CIA) as an experimental model of RA. It has also been
discovered that the expression of a limited T-cell receptor (TCR) repertoire is related
to the development of CIA in mice [4]. In RA, enduring T-cell and monocyte-medi-
ated synovial inflammation are the primary cause of disease development. Pannusis a
distinctive pathological result of RA, with tumor-like features that promote synovial
proliferation and bone erosion, which may ultimately lead to disability and adversely
damage patients’ quality of life [5].

A classification of highly reactivity chemicals referred to as reactive oxygen species
(ROS) are collectively made up of free radicals and other oxidants [6]. Moreover, they
govern intracellular signaling pathways, transcription factors, and cytokine produc-
tion to assist with the continual preservation of the cell’s redox state [7]. As enigmatic
and highly reactive entities, ROS assume multifaceted roles, adroitly navigating the
intricate terrain of cellular metabolism within the microcosm of articular joint tissues,
endowing their study with an aura of enthralling fascination [8]. Yet, beneath the
veneer of apparent simplicity lies a delicate equilibrium between ROS production and
the robust antioxidant defense mechanisms inherent in tissues, which renders them
vulnerable to perturbations that unfurl the ominous specter of oxidative stress [9].
When this finely orchestrated balance is disrupted, giving rise to an environment
where ROS generation overtakes the cellular antioxidant defenses, the insidious
process of cartilage degradation ensues, laying the treacherous path for the relentless
onslaught of RA [10]. Indeed, the captivating influence of ROS in the genesis of RA
has spurred ceaseless and ardent research endeavors, culminating in a vast and diverse
repository of knowledge [8]. The protean essence of ROS transcends the confines of
mere convention, adroitly orchestrating the preservation of cellular redox homeosta-
sis while deftly navigating an intricate web of elusive intracellular signaling pathways
and transcriptional factors [11]. Moreover, their versatility extends to fueling the
production of proinflammatory cytokines and masterfully coordinating the intricate
process of angiogenesis, thus propelling the insidious trajectory of RA’ debilitat-
ing course [11]. Within the sanctified precincts of the synovial membrane, the very
epicenter of rheumatoid joint pathology, the activation of leukocytes incites an
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upsurge in oxygen consumption, thereby igniting the unbridled cascade of ROS [11].
In recent years, scientists have started examining the potential of nanoparticles as
therapeutic intervention carriers for cell signaling pathways involved in the regulation
of reactive oxygen species and illnesses linked to ROS. One intriguing area of research
is the potential of nanoparticles as therapeutic intervention carriers in cell signaling
pathways involved in reactive oxygen species regulation [12]. These nanoparticles

can be designed to either transport specific chemicals or compounds that target and
affect the activity of enzymes and proteins involved in ROS-related signaling cascades
or to scavenge excess ROS and restore redox equilibrium within cells. Additionally,
nano-particles have the potential to improve the administration and efficacy of treat-
ments by encouraging cellular absorption, enhancing pharmaceutical stability and
bioavailability, and minimizing off-target effects [13]. They are the perfect carriers
for delivering therapeutic chemicals to target cells and tissues due to their tiny size
and high surface area-to-volume ratio [13]. Nanoparticles’ special qualities enable
them to efficiently pass through cellular barriers and deliver therapeutic substances
right to the intended region of action. For instance, ROS-responsive nanoparticles
have demonstrated considerable promise in the delivery of medicines to immune cells
for immunotherapy or anti-leukemia systems [14]. Nano-particles can be created to
scavenge excess ROS and restore redox equilibrium inside cells in addition to serving
as carriers for treatments [15]. Nanoparticles are a fascinating topic of investigation in
the realm of cell signaling pathways involved in ROS control because of their dual use-
fulness in regulating ROS levels and delivering treatments [12]. For cellular homeosta-
sis to be preserved and the emergence of various pathological diseases to be avoided,
cell signaling pathways involved in ROS control are essential [16]. Oxidative stress
inevitably leads in cell damage and proliferation of disease conditions when there is an
imbalance between the production of ROS and antioxidant Defense machinery [17].

2. Reactive oxygen species (ROS) and rheumatoid arthritis

Forms of atmospheric oxygen that are partly reduced or stimulated are known
as reactive oxygen species [18]. In terms of physiology, ROS carries out two distinct
functions within the body. On the one hand, numerous physiological functions of the
body’s organs depend on ROS. For instance, they serve an extremely important part
in ensuring the regulation of gene expression and cell signaling [19]. Subsequently,
an imbalance between the synthesis of ROS and the body’s antioxidant defensive
systems may ultimately give rise to oxidative stress, which is the reverse consequence
of excessive ROS production [20]. When there is a surplus of ROS and a breakdown
in antioxidants, which are molecules that scavenge ROS, oxidative stress emerges.
Under normal conditions, the body’s antioxidant defense system can efficiently
neutralize and eliminate ROS to maintain redox balance [21]. As a result of several
metabolic activities, the body frequently creates ROS, Oxidative stress can neverthe-
less occur when the body’s antioxidant capacity is surpassed by ROS production or
when exogenous stressors increase ROS levels In signaling pathways that regulate
cellular functions such as growth, proliferation, and immune reactions throughout
physiological processes, ROS play a crucial role [22]. However, ROS levels can harm
cells if they rise excessively as a result of things like smoking, chronic inflammation,
environmental toxins, or aging [23].

Rheumatoid arthritis is only one of the many illnesses that reactive oxygen spe-
cies have the power to start and worsen [24]. The formation of ROS in the synovial
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membrane of rheumatoid joints increases significantly as a result of leukocyte activity
and significant oxygen consumption [11]. An imbalance between the development of
reactive oxygen species and antioxidant defenses, leading to oxidative stress, regulates
the dysregulation of ROS in RA [25]. In rheumatoid arthritis, ROS is close to equilibrium,
causing damage to the tissues and chronic inflammation [26]. Rheumatoid arthritis has
been characterized by chronic inflammation, and a prior study revealed that reactive
oxygen species serve as vital for controlling this inflammatory response [24]. ROS serve
an essential role in the development and progression of rheumatoid arthritis because
they possess an effect on the oxidation of cellular membranes [24]. Due to the cellular
membrane’s high degree of oxidation sensitivity, ROS activation may trigger lipid
peroxidation and radical chain reactions [27]. These reactions can disrupt the cellular
membrane and surrounding tissues in rheumatoid arthritis, which deteriorates the
condition’s inflammation and results in tissue loss [24]. More studies show that when
reactive nitrogen and oxygen levels approach critical levels, malonaldehyde, a warning
sign of oxidative stress and lipid peroxidation, builds up in higher quantities in rheuma-
toid arthritis people [11]. The body’s oxidative stress and antioxidant mechanisms are out
of balance, which furthers the malfunctioning of reactive oxygen species in rheumatoid
arthritis and worsens the inflammatory response [24]. Additionally, unsaturated fatty
acids are directly targeted by ROS in the body, which might speed up the development of
RA [26]. Another effect of dysregulated ROS in RA is oxidative stress [28].

As arepercussion, ROS might be effective markers for monitoring disease progres-
sion, as oxidative stress plays a significant role in RA pathogenesis. There is a substantial
quantity of ROS generated by phagocytes, recruited immune cells, and growing synovial
stromal cells in the RA synovitis milieu, however, the complicated interactions between
ROS and these cells remain unclear [29]. Based on the premise that autoimmune
disorders are a result of immunological aging, age-related alterations such as chronic
oxidative and inflammatory stress are significant to the onset of RA. Oxidative stress has
formerly been proven to be involved in autoimmune reactions. Surprisingly the p47phox
component of Nox2 was originally found as a protective factor in arthritic animals,
which revealed that Nox2-originated oxidative bursts inhibited autoimmune T cells.

The synthesis of ROS has been speculated to regulate the expression of inflammatory
cytokines and chemokines and to influence tissue damage in RA. Excessive generation
of ROS may be crucial for joint deterioration and osteoclast activation [30]. Hypoxic
scenarios encourage the growth of Reactive Oxygen Species (ROS) and oxidative stress,
both acknowledged as significant pro-inflammatory mediators in RA [31]. Hypoxia
acquires even in the pre-clinical stage of synovitis and worsens the inflammation which
in turn further promotes hypoxic conditions and creates a vicious cycle that may contrib-
ute to the establishment and progression of RA [30]. Indirect evidence of the function
of ROS in ligament deterioration emerges from the presence of peroxidation products
formed from cartilage, modified low-density lipoprotein (LDL), a nitrous type II colla-
gen peptide, and oxidized IgG, in the blood and urine of arthritis patients. Since nitrated
proteins, nitrotyrosine, and oxidized LDL have been discovered to be aggregated in the
cartilage of individuals suffering from arthritis, an early consequence of ROS in chronic
arthritis has been hypothesized [32].

3. Cell signaling pathways in ROS regulation

The production and scavenging of ROS in cells are tightly regulated by cell signal-
ing pathways [33]. ROS are highly reactive chemicals that are byproducts of regular
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biological metabolism [34]. Hydroxyl radicals, superoxide, and hydrogen peroxide are
among the compounds that our body naturally creates [35]. These chemicals can put
our cells under stress since they are so highly reactive. Our cells’ signaling pathways
can occasionally be activated by substances like growth factors or cytokines, which
cause the synthesis of these reactive chemicals [36]. These processes frequently result
in the activation of ROS-producing enzymes in cells, such as NADPH oxidases and
nitric oxide synthase. To act as signaling molecules, ROS may also be purposefully
created within cells in lower quantities [37]. Cells activate a number of intracellular
signaling pathways when ROS levels are high [38]. These pathways regulate a mul-
titude of transcriptional alterations that provide the cell with the ability to respond
to oxidative stress in the right way [39]. In addition to their function in cell signaling
pathways, ROS can control how cells behave [38]. For instance, too much ROS can
result in DNA deterioration, protein malfunction, and lipid peroxidation, all of
which can eventually cause cell death [40]. Additionally, knowing the regulatory
mechanisms that regulate cells, ROS in particular locations within the cell is essential
for figuring out their role in cell signaling [41]. The particular intracellular locations
where ROS are controlled include the mitochondria and endosomes, which are sig-
nificant ROS damage targets and participate in the control of apoptosis by oxidizing
mitochondria pores (Figures 1-3) [43].

The nuclear factor erythroid 2-related factor 2 and the Kelch-like ECH-associated
protein 1 regulate cellular ROS levels and oxidative stress responses [44]. Nrf2 is
normally destroyed by the ubiquitin-protein protease system as a result of its associa-
tion with the adaptor protein Keap 1 [45]. Keap 1 experiences conformational changes
in response to oxidative stress that stop Nrf 2 from degrading, allow it to reach the
nucleus, and allow it to bind to antioxidant response elements in the promoter region
of target genes [45]. Keap 1 and Nrf 2 play key roles in the control of cellular ROS
levels and are crucial parts of the cell’s defense system against oxidative stress [46].

Bone
. Loss of
space in
synovial
Synovial cavity

fluid , «

e,

Cartilage ‘ \ Cartilage

destruction

Healthy Knee Joint Rheumatoid Arthritis affected joint

Figure 1.

In%he healthy knee joint part, we see proper cartilage and also no deformation in the cartilage region, due to
which synovial fluid levels are proper and the knee joints remain intact without being affected or being exposed

to wear and tear as compared to the RA condition on the other hand, during the RA condition, we have cartilage
destruction due to the inflammatory response or action of cytokines, which eventually leads to a loss of space in the
synovial cavity, ultimately leading to the condition known as RA. (Ref. [3]).
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Activation of inflammatory cytokines like IL-6 or TNF-alpha may lead to migration of these cytokines into the
area of inflammation. Sometimes, due to genetic abnormalities and variations, these cytokines cause prolonged
inflammation in different parts of the body, which leads to conditions like RA. Also, due to this RA condition,

it affects the normal ROS levels in the body, thus leading to a chain of abnormal events like imbalanced oxygen
levels, oxidative stress, and also antioxidant levels in the body go down, leading to other serious diseases. Also, an
imbalanced level of oxygen ions causes intense changes in ROS levels, thus leading to a condition called synovitis,
which could also be referved to as an extreme RA condition. (Ref. [1]).

-
Rheumatoid Arthritis Drug loaded onto Nano-
affected Joints Carrier
Drug Administration to various body
parts for RA using nano-carriers
Figure 3.

In an RA affected patient, many drug trials ave being conducted to check for a precise therapy to cure the

disease condition, one of these highly recommended studies is the nano based drug cavrier thevapy, in which we

see the nano-material carrying the drug into our body using different modes of drug administration like oral,
intradermal, or intravenous. Modes. Due to higher levels of activity between drug and target and precise receptor
activation by nano-carriers these methods are being suggested as one of the most promising methods for therapy for
the RA affected subjects. (Ref. [42]).
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A crucial regulator of cellular ROS levels and oxidative stress responses is the Kelch-like
ECH-associated protein 1 [47]. As an adapter protein, Kelch-like ECH-associated pro-
tein 1 interacts with nuclear factor erythroid 2- related factor 2 to function [45]. Under
normal circumstances, Keap 1 controls the ubiquitin-protease system that breaks
down Nrf2 in order to stop the transcriptional activation of antioxidant response
elements [43]. However, in conditions of oxidative stress, Keapl experiences con-
formational changes that stabilize its association with Nrf2, halting its deterioration
and enabling Nrf2 to go to the nucleus [43]. After entering the nucleus, Nrf2 binds to
antioxidant response elements in the target genes’ promoter regions, causing antioxi-
dant enzymes and other cytoprotective proteins to begin to be transcribed [44].

4. Nano-particles as carriers for ROS regulation therapies

Nano-particles have drawn a lot of interest in the field of medical research, espe-
cially when it comes to the development of drug-delivery systems for the treatment of
various diseases [48]. The way RA is treated may drastically change if nanoparticles
are used [49]. Recent studies have indicated that the delivery of medication to the
desired area utilizing nano-carriers such as nano dendrimer and nano polymer has
shown promising results in the treatment of conditions like RA [49]. Drug delivery
methods using micro- and nanoparticles provide targeted administration of thera-
peutic medicines to the RA-affected area [49]. In recent years, research has been
focused on designing biodegradable and biocompatible nanoparticles capable of
delivering and releasing therapeutic drugs for the treatment of RA [49]. The huge
surface-to-volume ratio and highly active surface sites of nanoparticles make them
perfect for drugs that target RA [49]. Furthermore, the use of magnetic nanoparticles
for the targeted oversight of therapeutic drugs in RA therapy has been examined [50].
When compared to typical drug delivery systems, magnetic nanoparticles offer vari-
ous benefits [51]. The advantages of utilizing magnetic nanoparticles as drug carriers
in RA therapy are their small size, biocompatibility, regulated magnetic reactiveness,
longer circulation lifespan, and surface recognition [50]. These qualities make it ideal
for targeted medication administration to RA-affected joints. Furthermore, the tiny
size of nanoparticles enables more effective therapy for diseases that are difficult to
cure, such as RA [49]. Nanoparticles, particularly polyphenols like curcumin, have
therapeutic promise in the treatment of RA, according to new research [52]. By
combining natural compounds with nano vectors, natural substances like curcumin
can be rendered more accessible and effective in the treatment of inflammation and
oxidative stress [53]. One study recommended the creation of HA nano-micelles using
curcumin, an anti-inflammatory medicine [54]. In a rat model of rheumatoid arthri-
tis, these nano-micelles with a low friction coefficient reduced paw inflammation
by 30% [49]. In addition, zinc oxide nanoparticles have shown encouraging benefits
in the prevention of methicillin-resistant CoNS, a major source of infection in RA
patients [55]. Zinc oxide nanoparticles combined with curcumin are efficient antimi-
crobials with therapeutic potential in RA [55]. The use of nanoparticles to transport
naringenin, another natural chemical with anti-inflammatory characteristics, has
also shown encouraging results in the treatment of osteoarthritis and rheumatoid
arthritis [49].

The use of encapsulated nanoparticles in treatment has increased the efficacy
and security of RA medications [56]. A few of the nanoparticles that have been
investigated for their capacity to reduce systemic adverse effects and deliver specific
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medications to the wounded joints are liposomes, polymeric micelles, and poly-
meric nanoparticles [57]. The gold nanoparticle is one kind of nanoparticle that

has been thoroughly investigated in this area [58]. Interest has grown in the use of
gold nanoparticles as ROS control therapy carriers in the management of RA [59].
Due to their antiangiogenic qualities, gold nanoparticles are an excellent alternative
for RA-specific therapy. Gold nanoparticles have been used with hyaluronate and
tocilizumab to treat RA [60]. To extend the residence period of therapeutic drugs in
the joint and get around problems with polymeric systems, hydrogels loaded with
lipid carriers and encapsulated polymeric nanoparticles/microparticles (NPs/MPs)
have also been investigated [61]. Microparticles are swiftly phagocytosed by macro-
phages located in the synovial lining, but nanoparticles smaller than 250 nm are likely
to depart the joint cavity fast [61]. Additionally, when given intravenously, MTX
coupled with dendrimer nanoparticles has demonstrated encouraging outcomes for
targeted delivery to inflammatory joints [62]. In addition to the studies using gold and
dendrimer nanoparticles as carriers for the treatment of rheumatoid arthritis men-
tioned above, the simultaneous delivery of hydrophilic and hydrophobic drugs for the
treatment of rheumatoid arthritis has also been investigated using chitosan/cyclodex-
trin nanoparticles [63]. Since gold nanoparticles are more effective and secure than
traditional gold drugs, researchers are looking at using them as a delivery technique
for RA therapy, particularly in the field of chrysotheraphy [64]. According to these
results, encapsulated nanoparticle carriers have considerable promise for enhancing
the effectiveness and security of RA therapy [63].

5. Potential therapeutic strategies

Delivering therapeutic substances to the target place is a critical difficulty in
the treatment of many illnesses [65]. A typical use of drugs is characterized by low
efficacy, poor biodistribution, and lack of selectivity [65]. The development of a
tailored nanocarrier technology for prolonged medication delivery in RA is therefore
extremely desired. In addition, nanocarrier systems may boost the solubility of some
medications and retain them from deterioration in circulation, further strengthening
their local bioavailability [66]. The implementation of conventional nanomaterials in
the rehabilitation of rheumatoid arthritis is largely the carrier of anti-inflammatory
medicines. Through varied surface modifications with the carrier, the pharmaceuti-
cals may be delivered to the joint site to improve the accumulation of drugs in the col-
laborative site and enhance the action of medications. Organic polymer nanocarriers,
liposomes, and inorganic nanomaterials may be hired as carriers of anti-inflamma-
tory medications [62]. Firstly, Anti-rheumatoid arthritis medications may be given to
arthritic areas by being adsorbed or encapsulated in polymer nanoparticles. At now,
the most often way is for altering the surface of nanoparticles utilizing polyethylene
glycol (PEG). PCI-PEG micelles were utilized to give modest dosages of dexametha-
sone for arthritis therapy [62]. Secondly, due to their size and chemical makeup,
liposomes have been demonstrated to be the most appropriate delivery vehicle for
maintaining the medication in the synovial cavity. Because of the size of multila-
mellar vesicles (MLVs), liposomes may overcome the clearance of intrasynovially
given medicines. This improves medication absorption by target synovial cells and
decreases exposure to nontarget locations, hence minimizing undesired side effects
[67]. Thirdly, Silica materials employed in controlled drug delivery systems, such as
MCM-41 and SBA-15, are classed as xerogels and mesoporous silica nanoparticles
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(MSNs). They demonstrate various benefits as carrier systems, including biocompat-
ibility, extremely porous structure, and ease in terms of functionalization. Among
inorganic nanoparticles, silica materials are the carriers that most typically are used
for biological reasons [65]. One of the most effective techniques to overcome certain
obstacles is the surface modification of PLA-based micro and nano-particles for
enhancing the stability of the particles. Surface modification is vital for avoiding the
immune system when administrating particles to circulation. Similarly, additional
ways have been employed to produce a hydrophilic cloud surrounding the particles to
decrease their absorption by RES systems. These techniques encompass surface modi-
fications of particles using Tween 80, PEG or PEO, poloxamers and poloxamines,
polysorbate 80, TPGS, functional amino acids, and polysaccharides [68].

Biologic disease-modifying antirheumatic medicines (- DMARDs) and targeted
synthetic DMARDs (tsDMARDs) mitigate soluble cytokines and their receptors and
directly changes immune cell activity or intracellular signaling cascades. Targeted
therapies have a reasonably quick effect and are frequently accompanied by consider-
able inflammation suppression. In most situations, it can greatly enhance quality
of life while also stopping or slowing the progression of functional and structural
damage (Table1) [75].

Biologic Target Characterization
Dmards
Infliximab TNF Infliximab, a chimeric monoclonal antibody, specifically binds to both

soluble and membrane-bound TNFa with high affinity, forming stable non
disassociating immune complexes [69].

Rituximab CD20 A monoclonal antibody identified as rituximab is focused on the CD20
(B-CELLS) molecule discovered on the surface of specific B lymphocytes [70].
Golimumab TNF A murine hybridoma cell line was utilized to generate the human IgG1

monoclonal antibody known as GLM. In large, randomized, placebo-
controlled phase III trials, GLM has been shown to alleviate the signs and
symptoms of RA in adults. It has been proven in pivotal phase III trials that
there is a substantial reduction in serum acute phase reactants and other
inflammatory biomarkers when it arrives alone or in combination with
MTX [71].

Tocilizumab IL-6R A simplified monoclonal antibody known as tocilizumab (Actemra,
RoActemra) functions as an IL-6R antagonist. Tocilizumab binds to
membrane-bound and soluble IL-6Rs, reducing IL-6 binding and blocking
IL-6 signaling as a result. Other IL-6 family cytokines’ signaling is not
blocked by tocilizumab [72]

Targeted Target Characterization

synthetic

dmards

Tofacitinib JAK1, JAK2, Tofacitinib is handled largely by the systemic enzyme cytochrome therefore
JAK3 medications that interact with CYP3A4 might build a longer half-life along

the over-suppression of JAKs [73].

Baricitinib JAK1, JAK2 Baricitinib is an ATP aggressive kinase inhibitor that selectively,
effectively and reversibly inhibits JAK1 and JAK2. The function of JAKs
in the pathogenesis of RA has been determined, while they transduce
intracellular signals for distinctive cytokines and growth factors involved in
Inflammation, hematopoiesis, and immunological function [74].

Table 1.
Currently licensed targeted therapies for rheumatoid arthritis.
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6. Preclinical and clinical studies

The preclinical research on nano-particle-based ROS regulation in Rheumatoid
Arthritis (RA) has shown considerable promise in targeting and mitigating excessive
ROS production, offering hope for improved RA management. Zhang et al. [23] con-
ducted a pivotal study investigating biodegradable polymeric nano-particles loaded
with ROS scavengers in an RA animal model. The nano-particles exhibited excel-
lent biocompatibility and stability, allowing efficient delivery of ROS scavengers to
inflamed joints. Notably, the nano-particles effectively neutralized ROS, leading to a
remarkable reduction in joint inflammation and cartilage degradation. These encour-
aging findings laid a strong foundation for further exploration of nano-particle-based
therapies in RA [76].

Building upon the preclinical accomplishments, clinical studies have further
established the safety and effectiveness of nano-particle treatments in RA patients,
performed a Phase II randomized controlled experiment, giving liposomal nano-
particles laden with ROS-regulating drugs intra-articularly to RA patients with
active joint inflammation [77]. The nano-particle treatment group revealed notable
improvements in disease activity levels, decreased discomfort, and increased joint
function compared to the placebo group. These positive data underlined the prom-
ise of nano-particle treatments as a focused and effective method for RA therapy.
Additionally, performed a Phase III multicenter research to examine the long-term
safety and effectiveness of metal-based nano-particles in RA patients. The nano-
particles were developed to precisely scavenge ROS and modulate inflammatory
responses. The findings indicated consistent increases in disease remission rates and a
favorable safety profile across the trial length, further validating the promise of nano-
particle treatments in RA [78].

The study of safety and effectiveness is crucial for bringing nano-particle-based
ROS control into clinical practice. A systematic review and meta-analysis, examining
data from several clinical studies employing nano-particle treatments for RA. The
full investigation found a minimal rate of serious adverse effects connected to nano-
particle therapies, demonstrating their overall safety. Furthermore, nano-particle
therapy revealed higher effectiveness in lowering disease activity and preventing joint
deterioration compared to traditional treatments. These solid results emphasized the
promise of nano-particle-based ROS control as a possible treatment option for RA
patients [79].

In conclusion, the combination of preclinical research and clinical trials has
produced persuasive evidence for the potential of nano-particle-based therapies in
decreasing ROS levels and treating RA. As research in this field continues to improve,
nano-particle-based medicines offer the prospect of transforming RA treatment and
increasing the quality of life for persons with this debilitating autoimmune condition.

7. Future directions and implications

The prospects for nanoparticle-based ROS control therapy for rheumatoid arthri-
tis are promising, with great potential for improving the treatment and management
of this chronic disease [51]. Researchers are exploring novel approaches to target
and manage ROS levels in affected joints as they get a better understanding of the
intricate mechanisms involved in the etiology of RA [51]. Nanotechnology-based
rheumatoid arthritis therapeutics have emerged as a feasible option [51]. Integrating
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anti-inflammatory medications with nanoparticles can significantly increase thera-
peutic specificity and efficacy [42]. Nanoparticles can be designed to act passively

or actively target inflammatory cells and tissues, resulting in a more focused and
effective treatment [80]. The ability to minimize harm to normal cells is one of the
key benefits of employing nanoparticles in ROS control therapy for RA [51]. These
medicines can selectively target and neutralize the ROS seen in RA patients’ synovial
cells while causing no damage to healthy surrounding tissues [49]. The integration
of targeting ligands onto chemically modified nanoparticles allows for direct selec-
tive binding to RA synovial cells, improving therapeutic drug delivery to the site of
inflammation [81]. Thanks to this personalized therapy, RA patients may have fewer
symptoms, a delay in the deterioration of their joints, and eventually an increase

in their quality of life. The quality of life among individuals with RA may be con-
siderably enhanced by the use of nanoparticles in therapy. By specifically targeting
inflamed cells and tissues while inflicting minimum harm to normal cells, nanopar-
ticles can increase the efficacy and specificity of anti-inflammatory therapy for RA
patients [82]. As a result, patients may enjoy reduced inflammation, less joint degen-
eration, and better pain control [83]. This targeted method has the potential to reduce
symptoms while also improving patients’ general functioning and mobility [49].

8. Conclusion

The control of reactive oxygen species (ROS) in rheumatoid arthritis (RA) consti-
tutes, in summary, a potential therapeutic route. The complex cell signaling mecha-
nisms involved in ROS production and their ensuing effect on RA pathogenesis have
been examined in this paper. The mounting data highlights the pivotal function of
ROS in maintaining joint injury and inflammation in RA, making it an essential target
for management. Traditional treatments can reduce ROS-induced damage to some
extent, but their non-specificity and associated side effects have limits. However, the
rapidly developing science of nanotechnology presents a fresh strategy by using nano-
particles as carriers for concentrated ROS-scavenging substances. By directly deliver-
ing ROS-neutralizing medicines to injured joints, nanoparticles have the potential
to increase treatment effectiveness while reducing side effects. More research is still
needed to fully comprehend the intricacy of ROS management in RA and to enhance
the production and dispersion of nano-particles as carriers. Validating the safety and
effectiveness of these revolutionary pharmaceutical techniques will need extensive
preclinical research and clinical trials.
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