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Biochemistry, the study of chemical transformations occurring within living organ-
isms, 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, mechanisms of action and 
their roles within cells. Biochemistry also studies small signaling molecules, co-
enzymes, 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 sophisticated microbial genetic 
tools, e.g., auxotroph mutants and their revertants, fermentation, etc. More recent-
ly, 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 comprehensive, setting 
out to integrate and describe fully a particular biological system. The ‘big data’ me-
tabolomics can define the complement of small molecules, e.g., in a soil or biofilm 
sample; proteomics can distinguish all the proteins comprising e.g., serum; metage-
nomics 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" (ROS) refers to a group of reactive molecules 
and free radicals produced by molecular oxygen. The production of ROS is a bane 
to all aerobic species. ROS formed as a byproduct of the mitochondrial electron 
transport in aerobic respiration tends to cause several harmful events. Only 
phagocytic cells are responsible for ROS production as part of the host cell defense 
systems. Recent work has demonstrated that ROS has a role in cell signaling, 
including apoptosis, gene expression, and the activation of cell signaling cascades. 
ROS are oxygen-containing molecules with high chemical activity. The existence of 
an electron with only a single bond gives these molecules, which can take a variety 
of shapes, their reactivity. In this condition, electrons possess an affinity to make 
stronger bonds, resulting in chemical reactions. ROS might be as simple as superox-
ide (O2-.) molecules or as complex as hydrogen peroxide (H2O2).

The book begins with a chapter summarizing the history of the Fenton reaction. 
The chapter provides insights into the Fenton reaction and highlights its importance 
in creating three fields of peroxide oxidation chemistry: hydroxyl radicals, ferryl-
oxo-ions, and perferryl-oxoions. Singlet oxygen, a highly reactive form of molecular 
oxygen, is essential in environmental and biomedical processes. The detection and 
quantification of singlet oxygen species provide critical information to understand 
their involvement and mechanism in many processes. Superoxide dismutases (SODs) 
of intracellular pathogens are the main determinants of their survival inside the host 
niche. Furthermore, they also play a vital role in the severity of disease and virulence 
of these pathogens by protecting them from extracellular host-derived ROS activity. 
The chapter on SOD in psychiatric disorders provides a significant account of modu-
lation of SOD activity in schizophrenia, bipolar disorder, depression, and Alzheimer's 
disease. The discussion shows the significance of SOD in preventing oxidative stress 
and initiation of apoptosis. The authors of the chapter on ROS in autoimmune (AI) 
diseases elucidate the protective roles of ROS in various disorders despite its proven 
role in exacerbation of AI diseases. ROS plays a complex role in AI responses, and 
they have been linked to the initiation, generation, and amplification of novel 
epitopes. The chapter discusses the important role of ROS in the pathophysiology of 
rheumatoid arthritis (RA) involved in the initiation of various signaling pathways.

A chapter on aging summarizes the various mechanisms underlying skin aging in 
terms of UV radiation and ROS as well as the role of antioxidants in impeding these 
processes. Furthermore, it hints at potential future explorations and challenges in the 
field of skin aging. In the chapter on epigenetic modifications in the aging process, 
the authors investigate the role of histone methylation in the process of aging and 
oxidative stress with an emphasis on the role of the SET-18 gene in the aging process.

Excess ROS in the brain generates oxidative stress that causes damage to the CNS, 
ultimately leading to neurodegeneration and incompetence. One chapter examines 
the possible mechanisms and inhibition to check oxidative stress and its associated 
symptoms. Alzheimer's disease (AD) is a major neurodegenerative disease world-
wide. A chapter on AD deals with the role of metal chelation therapy as a possible 
treatment for the disease. This chapter focuses on how metal ion imbalance causes 
oxidative stress and affects AD pathology.

XVI



Preface
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The role of nuclear factor erythroid 2-related factor 2 (Nrf2) as a dual-edged sword 
has been a majorly researched topic over the last decade. The crosstalk between 
Nrf2 and nuclear factor kappa B (NF-B) is central to the construction of the redox 
response network. The chapter on Nrf2 gives an idea about the therapeutic potential 
of targeting Nrf2 under multiple clinical settings. ROS typically accumulate in 
plants during abiotic and biotic stress conditions, resulting in oxidative damage 
and, eventually, programmed cell death. One chapter provides an overview of ROS 
regulation in plants and the key enzymes involved in abiotic stress tolerance mecha-
nisms. The chapter on reducing agents provides conclusive evidence on oxidative 
stress and discusses how variations in agents’ levels could cause reversal. 

Particulate matter (PM) is a kind of air pollutant that consists of a mixture of solid 
particles and liquid droplets. Thus, an organism's ability to respond to PM inhala-
tion necessitates anti-oxidative, anti-inflammatory, and cellular stress defenses, 
which can be compromised in susceptible people with chronic diseases such as 
diabetes and obesity. A chapter on this topic elucidates the mechanisms through 
which PM affects health and gives an account of research models in particle inhala-
tion studies. The mechanisms and applicability of advanced oxidation processes 
for hydroxyl radicals and singlet oxygen species for water treatment are discussed. 
According to research, free radicals have a significant impact on aging, the damage 
of which can be corrected by adequate antioxidant defense and optimal antioxidant 
nutrient intake. This chapter emphasizes the importance of alternative antioxidants 
in the body for eliminating free radicals and their harmful effects. It explains the 
importance of alternative antioxidants (from plant sources) in the body for quench-
ing free radicals and their harmful effects.

In recent decades, there has been a surge of interest in the role of ROS in various 
diseases. From basic science research to clinical trials, the biomedical community has 
made rapid progress toward a better understanding of ROS-metabolizing systems 
and their role in health and diseases. The reduced antioxidant defense may mimic the 
effect of increased ROS generation, and the dominant mechanism may vary depend-
ing on an individual's genetic predisposition. This book provides insights into ROS on 
research-based innovations and the mechanisms of antioxidants in combating them.

I am grateful to Prof. Mahdi Abumadni and Dr. Bassam Awary for their support 
and encouragement throughout the project. My friend Prof. Haseeb Ahsan needs 
special mention, as he is always available whenever needed for proofreading and 
corrections. My mother and family members are the pillars behind me and without 
their support, this work would have been next to impossible. I am very thankful to 
the staff at IntechOpen, particularly Author Service Manager Ms. Romina Rovan for 
her timely assistance throughout this project.

Rizwan Ahmad
College of Medicine, 

Imam Abdulrahman Bin Faisal University,
Dammam, Saudi Arabia
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Chapter 1

A History of the Fenton Reactions
(Fenton Chemistry for Beginners)
Rafael Ovalle

Abstract

A deceptively simple mixture, ferrous sulfate (FeSO4), hydrogen peroxide
(H2O2), tartaric acid (C4H6O6), and water (H2O), initiated a century-long argu-
ment and a convoluted hunt to understand the oxidation mechanism(s) initiated by
the combination of these components. Fenton’s discovery rallied a legion of
scientists, including two Nobel Winners, to find an explanation for the chemistry
discovered when a graduate student mixed a couple of random chemicals, produc-
ing a molecule that became purple in strong base. Those investigation uncovered
three separate branches of iron/oxygen chemistry, the Hydroxyl Radical [HO•], the
Ferryl-Oxo Ion [Fe = O]+2, and the Perferryl-Oxo Ion [Fe = O]+3. Today their uses
include chemical modifications [either untargeted and random [HO•] or targeted
and selective [Fe = O]+2, [Fe = O]+3 dehydrogenations and/or oxygen additions] to
effective and green oxidation and mineralization of persistent organic wastes.

Keywords: Fenton chemistry, ferryl-oxo ion, perferryl-oxo ion, hydroxyl radical,
hydrocarbons (alkanes), alcohols, polyols, carbohydrates, reactions, history,
biology

1. Introduction

The Initial Experiments. In 1876, Henry John Horstman Fenton first discovered
the enhanced oxidizing power of ferrous ions (Fe+2), hydrogen peroxide (H2O2) on
tartaric acid (C4H6O6). When Fenton added sodium hydroxide (NaOH) to the
mixture, the solution became bright purple [1]. Fenton made a decision to find out
what that purple molecule was. That goal became his career and immortalized his
name in the annals of chemistry [2].

Eighteen years later, Fenton repeated the experiment, again adding to a tartaric
acid solution, a catalytic amount of FeSO4, followed by H2O2 with the molar ratio of
each factor: C4H6O6 / H2O2 / Fe

+2 = 1.0: 1.0: ‘catalytic’. Fenton then isolated the
reaction product by sequentially precipitating the acid with heavy metal ions,
weighing the salt to calculate the molar formula, re-purifying the acid, then repeat-
ing the process with a different cation, thus calculating the empirical formula of the
new acid. The new acid bound one divalent cation ion or two monovalent cations
ions per molecule, and thus was a di-acid. Fenton determined: 1) the molecule had
the empirical formula C4H4O6; 2) was a 4-carbon di-acid; 3) produced by
abstraction of two hydrogen atoms from tartaric acid [3].

Fenton (1896) assumed that the 4-chain backbone was not severed, limiting his
options to three possible structures: 1) loss of two hydrogen from a single middle
carbon, forming a hydroxy-, keto-, di- carboxylic acid: (2-hydroxy-3-oxosuccinic
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acid); or 2) loss of two hydrogen from the internal adjacent carbon atoms forming a
double bond with the HO- groups either in: 2a) trans- conformation: 2-, 3-, di-
hydroxyfumaric acid, or 2b) cis- conformation: 2-, 3-, di-hydroxymaleic acid (Eq. (1)).

Fenton0s Initial Guess forC6H4O6: (1)

The first structure was eliminated when the di-acid failed to form a hydrazone
with phenylhydrazine (an aldehyde/ketone reactive agent). The assumption that
the molecule had two internal hydroxyl groups was verified when the molecule
formed a 4-carbon di-ester, di-anhydride with either acetyl chloride or acetic
anhydride.

The structure of the molecule was finalized by reaction with aniline. Fenton
knew (from literature) that the 1:1 product of aniline and fumaric acid (C4H2O4:
-C2H = HC3- in trans-) was soluble in water, whereas the 1:1 product of aniline and
maleic acid (C4H2O4, -C2H=HC3- in cis) was insoluble in water. The aniline deriva-
tive of the unknown acid was also insoluble in water. Fenton concluded that Fe+2/
H2O2 oxidized tartaric acid to 2-, 3-, di-hydroxy-maleic acid: a loss of two H• atoms
in cis- orientation, forming a double bond and creating a previously unknown
molecule [4].

2. Early Fe+2/H2O2 investigations

Following the initial discovery, Fenton tested the range of his new reagent.
Fenton & Jackson (1899) oxidized aliphatic alcohols, polyalcohols, and benzoic,
then FeSO4 followed by H2O2, added stepwise, in molar ratios of (1: 0.1–0.25: 1),
adding the peroxide gradually in small amounts.

The aliphatic alcohols: (CH3OH, CH2CH5OH, n-C3H7OH, i-C3H7OH, and
n-C5H11OH), did not produce any visible changes in temperature or precipitates
with phenylhydrazine, therefore Fenton assumed that these molecules were non-
reactive [5]. Merz &Waters (1947) commented that the 1:1 alcohol: H2O2 ratio used
in the experiments by Fenton & coworkers was so high that the alcohols were
oxidized directly to organic acids. Fenton & coworkers would have discovered this
result if: a) they had assayed their samples for acids, and/or b) assayed the alcohols
with different concentrations of H2O2] [6].

On the other hand, the polyalcohols (C2H6O2, C3H8O3, C4H10O4, C5H12O5, and
C6H14O6) showed temperature increases and release of gases, whereas the H2O2

only controls showed no reaction for either group. When the oxidized polyalcohols
were reacted with phenylhydrazine forming osazones, indicating that hydroxyl
groups of the polyols were oxidized to carbonyls, forming aldoses and/or ketoses.
The oxidation of hydroxyl groups in the polyalcohols to aldehydes or ketones
required a loss of two hydrogen atoms (H•) from the molecular formula.

2
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Benzoic acid (C7H6O2) was oxidized to salicylic acid (o-C7H6O3) as determined by a
robust violet colorwhen ferric ionwas added to the solution indicating that an exchange
of a -H atomwith an -OH group adjacent to the -COOH on the benzene ring [5].

Fenton & Jones (1900) repeated testing the oxidizing abilities of Fe+2/H2O2 on a
larger set of aliphatic and polyhydroxy acids. Their method was to prepare a 1 M
solution of reagent in H2O at 0°C, add FeSO4 to 0.125 M, then add H2O2 to 0.25 M
(-FeSO4 was the control). The authors again reported that aliphatic acids appeared
non-reactive while polyhydroxy acids showed vigorous and energetic reactions. The
oxidized acids reacted with phenylhydrazine, and the precipitates were purified by
crystallization, confirming that hydroxyl groups were oxidized to ketones or alde-
hydes and the molecules identified by melting point determinations. The oxidation
of benzoic acid to salicylic acid was also confirmed [7].

Collectively, Fenton (1896) and Fenton et al. (1899, 1900) presented evidence
for three different reactions: 1) carbon–carbon double bond formation with loss of
2 H-; 2) carbon–oxygen double bond formation with loss of 2 H- (both aldehydes
and ketones; and 3) oxygen addition to phenol.

2.1 Isolation of glucosones

Following Fenton’s lead, Cross, Bevan, & Smith (1898) oxidized glucose with
FeSO4 / H2O2 and isolated “glucosone” (2-keto-, glucose). The experiment
consisted of: 1) in 100 mL H2O, 4% or 10% glucose; 2) FeSO4 added to a concen-
tration of 1/104 ratio with glucose, and 3) H2O2 was gradually added to a final 1:1
molar glucose/ H2O2 with stirring on ice [8]. Theorizing that 2-keto-, glucose would
be indigestible, the authors used yeast to scavenge unoxidized glucose. After filter-
ing out the yeast, the authors found that the solution still contained carbonyl
molecules, as indicated by reduction of CuO. The solution retained 20% of the
reducing power of the original glucose solution. The oxidized glucose solution also
increased in acidity. After drying (105°F / 40.6°C), the dried residue comprised
88% of the weight of glucose including 3.8% furfural.

The solids were resuspended in chilled water and reacted with phenylhydrazine
(PHZ), a reversible carbonyl-reactive label). The rationale was that while glucosone
and glucose are likely to be equally soluble in most solvents, the double substituted
glucosazone was expected to have a different solubility profile from the gluco-
hydrazone. The glucosone reacted with 2 moles of PHZ, whereas glucose reacts with
only one mole of PHZ, therefore their solubility in differences in organic solvents
would be greater than the unlabeled molecules. After purification, PHZ-labeling
was reversed with H2SO4, allowing analysis of purified glucosone. The authors
repeated their method with fructose and sucrose recovering only glucosone from all
three sugars implying: 1) fructose oxidized to glucosone; and 2) sucrose hydrolyzed
to glucose and fructose.

Morell et al. (1899–1905) conducted a larger and more detailed survey of the
oxidation of monosaccharides to corresponding -osones with Fenton’s reagent. Fol-
lowing Cross & Bevan’s method [9–14]. Morrell et al. (1899a) expanded the study of
the osones to include galactose, rhamnose, arabinose, and mannose [9].

Morrell et al. (1899b) increased glucose to glucosone yields by: 1) slow addition of
H2O2, 2) controlling temperature with refrigeration, 3) controlling pH and precipitat-
ing organic acid with (Pb(OAc)2). This method increased glucosone yield to 10%.
Morell et al. purified PHZ-glucosazone and PHZ-mannosazone from their
corresponding PHZ-hydrazones, butwere not able to purify PHZ-arabinosazone, PHZ-
rhamnosazone, and PHZ-galactosazone from their PHZ-hydrazone contaminants [10].

Morrell et al. (1900) oxidized glucose, fructose, arabinose, rhamnose, galactose,
maltose, lactose and sucrose, then labeled both aldoses and osones with PHZ. The
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authors increased purity by precipitating the saccharic acids with Pb(OAc)2, while
controlling pH with Ba(OH)2. PHZ-rhamnosazone was also separated from its PHZ-
hydrazone, but not galactose or arabinose [11].

Morrell et al. (1902) found that reacting a glucosone with bromine severed the
C2-C3 bond and oxidized C3 to a carboxylic acid, the final product being erythronic
acid (trihydroxy-butyric acid), which was then dehydrated to butyric acid with
nitric acid. The identity of erythronic acid was confirmed by calculating formula
weights of the lead and barium salts [12].

Morell et al. (1903) oxidized aldoses with Fenton’s reagent, precipitate organic
acids with Pb(OAc)2 and Ba(OH)2, then label the oxidation mixture for carbonyl
groups with methyl-, phenyl-hydrazine (MPHZ). However, galactose and arabinose
MPHZ-osazones were not separable from their MPHZ-hydrazones. The authors
tested bromo-, phenylhydrazine (BPHZ) and found that BPHZ-arabinosazone was
easily separable from BPHZ-arabinose hydrazone using benzene as the solvent [13].

Morrell & Bellars (1905) retested purification of all the aldose osazones with
BPHZ. BPHZ-labeling after Fenton oxidation allowed sharp separations of BPHZ -
osazones from the corresponding hydrazones in benzene, thus achieving the goal of
acquiring pure osazones after Fe+2/H2O2 oxidation [14]. [Considering that both
Cross & Bevan (1898) and Morell et al. (1899) stated that the purified osones were
tasted, the implication is that both groups were investigating the osones as
non-caloric sweeteners].

2.2 Isolation of aldonic acids and other byproducts

Cross & Bevan (1898) surveyed the by-products yielded by Fenton oxidation of
aldoses to glucosones. The secondary products included: tartronic acid, (� 8%),
acetic acid (�5%), formic acid (�15%), and furfural(s) (� 4%). Missing carbohy-
drate mass was assumed to be lost as carbon dioxide (CO2). The authors noted that
Fenton oxidation of glucose produced furfural, but fructose did not; on the other
hand, glucose produced lower amounts of dicarboxylic acids and pentoses [8].
Cross & Bevan (1899) oxidized a 2% solution of furfural with H2O2 and a catalytic
amount of FeSO4. Formic, acetic acid, and a red precipitate identified as pyromucic
acid were isolated. The authors also reported that Fe+2/H2O2 oxidized benzene to
phenol, followed by additional hydroxylations [15].

Morrell et al. (1903) used Pb(OAc)2 and Ba(OH)2 to precipitate the sugar acid
impurities in the quest to purify the osones. From the oxidation of glucose and
fructose, the experimenters recovered the several polyhydroxy acids after precipi-
tation with Pb+2 or Ba+2 ions. After removal of Pb+2 and Ba+2 ions with H2SO4, the
solubilized acids were identified as glycolic and oxalic. The Pb+2 / Ba+2 soluble acids
were separately precipitated as calcium salts and identified as glyoxylic and
trihydroxy-butyric acids [13].

In sum, Cross & Bevan (1898, 1899) and Morrell et al. (1899–1903) confirmed that
Fenton’s reagent was responsible for the following reactions: dehydrations producing
C=C bonds, C-C bond cleavages, and oxygen atom additions forming hydroxyl, alde-
hyde, ketone, and carboxylic acid groups, creating new classes of organic molecules.

3. Joint history of the hydroxyl radical and ferryl-oxo ion

Prof. Henry J. H. Fenton died in 1929 without knowing the mechanism of the
reagent that he discovered. Within three years of his death, two competing
mechanisms naming two different intermediate molecules were published.
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3.1 Hydroxyl radical

In 1932, Fritz Haber & Joseph Weiss (1932) published in Naturwissenschaften
(Science of Nature), and again in Proceedings of the Royal Society of London: A
(1934), that the hydroxyl radical (HO•) is the oxidative intermediate responsible
for Fenton’s observation.

The authors proposed that the Fe+2 ion donates an electron to the peroxide
molecule, cleaving the O-O bridge producing a hydroxyl radical (HO•) and a
hydroxide ion (HO�). The hydroxyl radical then attacks another peroxide molecule,
forming superoxide, eventually generating oxygen [16, 17].

3.2 Ferryl-oxo ion

On the other side of the Atlantic Ocean, William Bray & H. M. Gorin published
in Journal of the American Chemical Society (1932) that oxygen production after
addition of Fe+2 ions to H2O2 in H2O is due to creation of the ferryl-oxo ion
(Fe = O)+2 (Figure 2). After creation, the ferryl-oxo ion then reacts with another
ferryl-oxo molecule to produce oxygen gas, recycling the ferrous ion. The authors
proposed that an oxygen atom (•O•) is abstracted by a Fe+2 ion from the peroxide
molecule, forming the ferryl-oxo ion (Fe = O+2) (no net change in charge) and
H2O [18].

[Bray & Gorin named the molecule ‘ferryl ion’, but the term is currently used
for the Fe+4 ion (without oxygen) [19]. To avoid confusion, the Bray & Gorin
molecule is named here ‘ferryl-oxo’ ion. For similar reason, Barton’s ‘perferryl ion’
will be named ‘perferryl-oxo ion’].

These two papers divided the scientific community into partisan camps with
sports-like fanaticism that continues today. Champions of the hydroxyl radical
theory include: JD Rush, WH Koppenol [20–23], C. Walling [24–26], M. Kremer
[27–29], JH Merz, WA Waters, [6, 30, 31], as well as many others. The scientists
who argued for the existence of the ferryl-oxo ion included JT Groves [32–35], DA
Wink [36–38], and DT Sawyer [39], among many others.

3.3 Oxidative behavior of the hydroxyl radical

Only exceeded by a fluorine (F0) atom, the powerful hydroxyl (HO•) radical is
the second strongest electrophile, and will even oxidize chlorine ion(s) (Cl�) to
elemental chlorine (Cl0) or gas (Cl2) [40]. A hydroxyl radical will strip an electron
from an element (except F�) or H• from a hydrocarbon (Figure 1).

Hydroxyl radicals (HO•: Figure 1) are created by:

1.Donation of an electron to H2O2 from a transition metal ion (Figure 1a) (with
exception of iron and copper ions [41]) produces HO• radicals via secondary
electron transfer from the ion to peroxide. The O-O bond of peroxide scissions,
producing a hydroxyl ion (HO—) and hydroxyl radical (HO•);

2.Splitting H2O2 with UV (λ = 253.7 nm) or γ- radiation (from 60Co) produces
two hydroxyl radicals:

H‐O‐O‐Hþ UVð Þ ! HO•

Hydrogen Peroxide is Cleaved by UV Rays to Hydroxyl Radicals (2)

(See (Eq. (2)) (Figure 1d) [42];

5

A History of the Fenton Reactions (Fenton Chemistry for Beginners)
DOI: http://dx.doi.org/10.5772/intechopen.99846



3.UV flash irradiation of oxygen donating molecules, such as N2O to create
oxygen atoms (•O•) that react with water molecules:

H2Oþ •O• ! 2HO•

Water Molecule and Oxygen Atom Form Hydroxyl Radicals (3)

(Eq. (3)) [43, 44]; or.

4. Ionizing water with electrically produced β-rays to produce radicals

H2Oþ e� ! HO•þH�=H•þHO�

Water Molecule is Cleaved by High Energy Electrons to Hydroxyl

Radicals, Hydroxyl Ions, Hydride Radicals, and Hydrogen Atoms
(4)

(Eq. (4)) [42];
(H• radicals likely combine with each other, as also H� &H+ ions; thus escaping

as H2 gas) [42, 45].
Once created, hydroxyl radicals (HO•) will oxidize an element, ion, or com-

pound, by extracting an electron to form HO� and a cation, increase the valence of
another ion by +1, or abstract H- from an X-H bond of organic molecule, forming
H2O and an organic radical (Figure 1e).

3.3.1 Oxidation of hydrocarbons (alkanes) by hydroxyl radicals

A hydroxyl radical abstracts H• from an alkane to create a C• radical and water
(Figure 1e) [46, 47]. A second HO• is required to collide with C• to form an alcohol
(Figure 1f), thus a high HO•/ substrate ratio is required to produce alcohols. Sub-
sequent HO• hydroxyl attacks to the same carbon atom progressively oxidizes and
adds oxygen atoms, producing aldehydes/ketones, then organic acids, and finally,
carbon dioxide [31, 42, 48]. An example of a hydroxyl radical reaction sequence for
oxidation of methane:

Figure 1.
Hydroxyl radical reactions.
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1ð ÞHO•þ CH4 ! •CH3 þH2O;

2ð ÞHO•þ •CH3 ! CH3OH

3ð ÞCH3OHþHO• ! CH2O

4ð ÞCH2OþHO• ! HCO2

5ð ÞHCO2 þHO• ! CO2 þH2O

(5)

Sequential Oxidation of Methane to Carbon Dioxide by Hydroxyl Radicals

(Eq. (5)) (Figure 1f) [25].
There is no guarantee that a second HO• will collide with a carbon radical to

make an alcohol.
Under low HO• concentrations, long-lived hydrocarbon radicals fuse to each

other to make large complex hydrocarbons via R1C••CR2 fusions (Figure 1g). The
hydroxyl radical oxidation of methane can also follow:

1ð ÞHO•þ CH4 ! •CH3 þH2O;

2ð ÞCH3•þ •CH3 ! CH3 � CH3
(6)

Partial Oxidation of Methane by Hydroxyl Radicals Allow C‐C Fusions

(Eq. (6)) (Figure 1g) [25].
Thus carbon–carbon fusions are a hallmark of hydroxyl radical reactions

[42, 49].
The HO• radical is: 1) uncharged, and 2) will abstract an electron any atom

(except F�) or H• from a molecule it collides with, thus the (HO•) radical is an
indiscriminant oxidant. Its oxidation profile determined by accessibility and rate of
diffusion. In the oxidation of simple alkanes, the oxidation preference is: 1° H > 2°
H > 3 H°.

Hydroxyl radicals (HO•) [17] can be created by H2O2 receiving an electron from
a transition metal ion [41], or by splitting an oxygen donating molecule, either
H2O2, with UV light or radiation [42, 50] or N2O (aq.) with UV light [43, 44].
Hydroxyl radicals can be quenched/scavenged by reducing agents [51] including
aliphatic alcohols [50], DMSO [52], acetate ions [22], polyols [53], H2S [54], and
NO [55]. These reagents are included as radical traps where HO• radical oxidations
are undesirable.

3.3.2 Hydroxyl radical oxidation of alcohols

Waters (1946) reported that HO• radical oxidation of ethylene glycol
(CH2(OH)-CH2(OH)) produced both glycoaldehyde (CH(O)-CH2(OH)) and
formaldehyde (2x: CH2O). To determine which H• abstraction caused C-C bond
cleavage, Waters oxidized pinacol, which has no available O-C-H bonds, to acetone
((CH3)2C=O) as the only product. Thus, Waters (1946) proved that H• abstraction
from the hydroxyl oxygen (H-C-O-H) bond of a 1-, 2-, diol causes C-C bond
cleavage, and H• abstraction from anH-C-O-H bond of a 1-, 2-, diol causes localized
C=O bond formation [56] (see ferryl-oxo ion: Figure 2c and d).

Droege & Tully (1986a,b) oxidized gaseous ethane (1H, 2H, and mixed) (46)]
and propane (1H, 2H, and mixed) [47] with UV-activated N2O & H2O to compare
oxidation rates of the terminal vs. center carbons, and test the isotope effect on HO•
oxidation for different positions of the ethane and propane molecules. The authors
found that there was no difference in positional abstraction for hydrogen vs.
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deuterium at 1° (ethane & propane) or 2° positions (propane only); however C-C
chain fusions increased with temperature.

Baxley &Wells (1998) oxidizing tertiary alcohols with HO• radicals in air. HO•
radicals were generated by UV activation of CH3ONO, NO, and O2 gases. H-
abstraction from the sole -OH group caused C-C cleavage producing a ketone, a
hydrocarbon and water. Abstractions from C-H bonds produced either addition of a
second hydroxyl group or fusions producing long chain diols, however the authors
noted that the hydroxyl group of 2-butanol was targeted more frequently than of
2-pentanone [48].

3.3.3 Hydroxyl radical oxidation of diols, polyols, and carbohydrates

Gilbert and King (1981, 1984) oxidized glucose with HO• generated by
Ti+3/H2O2. Using electron spin resonance (ESR) the authors concluded that HO•

radical produced carbon (C•) radicals at all positions in equal ratios, indicating
distributed attack by HO• toward all carbon positions in glucose, the established
signature of HO• oxidations [57, 58].

Dizdaroglu & Von Sonntag reacted glucose [43] and cellobiose (44) with HO•

generated from UV irradiation of N2O saturated H2O. By mass spectroscopy, the
authors identified several 6-carbon derivatives of glucose including gluconic and
glucuronic acids, several hexosuloses, hexodialdose, and. Several dehydro-
hexoaldoses, proposing that addition of H• or HO• radicals occurred after abstrac-
tion of –H or –OH groups from glucose. The authors determined for both carbohy-
drates, all carbons were oxidized equally.

In addition to 6-carbon molecules, Von Sonntag and coworkers reported frag-
mentation of glucose into various aldoses, formaldehyde, formic acid, carbon

Figure 2.
Ferryl-Oxo ion reactions.
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dioxide, and carbon monoxide, representing different C-C bond cleavages. The
authors did not explain the origins of the C-C bond cleavage products.

In summary, the hydroxyl radical (HO•) is a powerful but non-selective oxidant.
It can abstract electrons from any molecule or element with exception of fluorine.
Hydroxyl radicals will abstract hydrogen atoms (H•) from organic molecules from
any accessible C-H, O-H, or N-H (59) bond at rates proportional to accessibility by
simple diffusion [43, 46, 57].

3.4 Oxidative behavior of the ferryl-oxo ion

The ferryl-oxo [(Fe = O)+2] ion, a less powerful oxidant than the HO• radical, is
created by oxygen abstraction from H2O2 (Figure 2a). The oxidizing power of the
(Fe = O)+2 ion is moderately stronger than the strength of C-H bond of an alkane and
roughly equivalent to the C-H bond strength of benzene; the (Fe = O)+2 ion is
reported not to abstract H• from anhydrous acetonitrile (CH3-C � N) [59]. Though
weaker than the HO• radical, the (Fe = O)+2 ion is a discriminatory oxidant,
abstracting H from the weakest X-H bond in a molecule and oxidizing molecules with
the weakest X-H bonds in a mix of molecules (Figure 2b) [32–35]. In the oxidation of
simple alkanes, the oxidation preference is: 3° H > 2° H > 1° H (Figure 2).

3.4.1 Ferryl-oxo ion oxidation of hydrocarbons (alkanes)

Groves & coworkers demonstrated that oxidation of alkanes by (Fe = O)+2 in
non-aqueous environments produced alcohols without carbon–carbon fusions.
Addition of -OH groups to alkanes was both regio- and stereo-selective. Using
isotopic H2

18O2 / H2
16O, Groves and coworkers found that the peroxyl oxygen was

incorporated as the hydroxyl oxygen 90% of the time. Groves et al. termed the
effect ‘oxygen rebound’ [32–35].

Groves et al. proposed a two-step mechanism to explain their results (Figure 2b):

1.The ferrous ion abstracts oxygen from peroxide forming the ferryl-oxo ion
with a coordinate double bond;

2.The ferryl-oxo ion [(Fe = O)+2] abstracts H• from a C-H bond creating a C•
radical and ferric hydroxide [(Fe+3OH) or (Fe-OH)+3] (Figure 2b);

3.The oxygen of ferric hydroxide (Fe+3OH) reacts with the C• radical, producing
an alcohol (RC-OH), and regenerating the Fe+2 ion.

Unlike HO•, the [Fe = O]+2 is both stereo- and regio- selective. For hydrocar-
bons, the H-C oxidation preference order is: 3° C-H > 2° C-H > 1° C-H. The basis of
the rebound effect is likely due to attraction of the electrophile C• radical and the
nucleophile oxygen (•O•) of the (Fe-OH)+3 ion. The oxygen is added to the same
bond position on the oxidized carbon.

[Fenton’s original reaction: (Eq. (7)) violates Groves’model because tartaric acid
oxidation follows a different pathway:

C4H6O4 þ FeSO4 þH2O2 þH2O ! C4H4O4 þ 2H2O

Fenton’s First Reaction: Oxidation of Tartaric Acid by FeSO4=H2O2 (7)

Erik Hückel’s double bond resonance theory states that molecules with 4N + 2
unpaired electrons in conjugated (staggered) double bonds are extraordinarily stable.
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In the oxidation of tartaric acid, the abstraction of the first H• from C2 is followed by
ejection of the second H• from C3 to form a C=C bond, because the central C=C bond
is conjugated to the flanking C=O bonds of the terminal carboxylic acids. Thus,
Fenton’s molecule was resistant to further oxidations, allowing him to discover it].

3.4.2 Ferryl-oxo ion oxidization of alcohols

Ferryl-oxo ion [(Fe = O)+2] oxidation of oxygen-containing organic molecules
behaves differently from hydrocarbon oxidations (Figure 2c and d). Carbon and
hydrogen have similar affinity for electrons, therefore the electron pair is shared
equally and in a hydrocarbon, hydrogen-carbon all bonds are about equal strengths.
Oxygen (O) heteroatoms have a higher affinity for electrons than carbon or hydro-
gen atoms, making the C-O bond stronger than a C-C bond, while weakening other
bonds extending from the hydroxyl carbon significantly [19, 60–62].

As an example, when (HO•) oxidizes ethanol, H• abstraction occurs indiffer-
ently from any of the six C-H positions, producing roughly 50% ethylene glycol and
50% acetaldehyde yield. On the other hand, when ethanol is oxidized by (Fe = O)+2

ion, the bond strengths of the methyl C-H bonds are �96 kCal/mole, whereas the
hydroxyl C-H bond strengths are �81.6 kCal/mol and the O-H bond strength is
�104 kCal/mole (60). Because the (Fe = O)+2 ion has the higher probability of
abstracting H• from a hydroxyl carbon (due to bond strength) or hydroxyl oxygen
(due to charge attraction) rather methyl carbons, acetaldehyde will be formed in
preference to ethylene glycol [60, 63–66].

3.4.3 Ferryl-oxo ion oxidation of diols, polyols, and carbohydrates

Following the Coon & White (1977) discovery of the Fe+3-heme core in cyto-
chrome P450 and its ability to sever the O-O bond, and oxidize NADPH2 [67, 68],
Okamoto et al. (1985) mimicked the ability of enzyme P450scc to split a C-C bond of
a diol in 1-, 2-, bis-(4-methoxyphenyl)ethane-l,2-diol using Fe+3 ion, O2, and a
reductant (N-benzyl-3-carbamoyl-1,4-dihydropyridine) [69].

Okamoto et al. (1988) found that Fe+2 + H2O2 could substitute for Fe+3 and O2 to
cleave diols to paired aldehydes. Using various inhibitors and/or substituting ferric
for ferrous ion, the authors concluded that (Fe = O)+2 was created and was the
oxidant that cleaved the 1-, 2-, diols (Figure 2c). The authors also discovered that
when one hydroxyl group was substituted, paired aldehydes formed, but when both
hydroxyl groups were blocked, no aldehydes were produced (Figure 2d) [70].

Sugimoto and Sawyer (1985a) reported that Fe+2 and two moles of H2O2 oxidized
alkenes (hydrocarbons with double bonds) to paired aldehydes formed by (Fe = O)+2.
The authors proposed that Fe+2 ion and H2O2 caused dioxygen addition to a double
bond, forming a dioxetane, that then scissioned to a diol; a second oxidation
(Fe = O)+2 scissioned the diol to paired aldehydes. The authors saw similar oxidative
behavior when CH3-O-O-H and p-Cl-Ph-O-O-H were substituted for H2O2 [71].

Thus 1-, 2-, diols produce the same products when oxidized by either HO• (56)
or (Fe = O)+2 [68] oxidants indicating that the formation of paired aldehydes is
faster than oxygen addition reactions of alkanes. [Though contemporary, the Saw-
yer’s and Oka’s research teams did not appear to be aware of each other, or of
Waters (1946)].

The rationale for asymmetric cleavage of diols (Figure 2c and d) is due to the
additive weakening of the C-C bond between the two hydroxyl groups [19, 60,
61, 65]. When H• is abstracted from a hydroxy oxygen of a diol pair, the weakest
bond of the oxygen-centered (H-C-O•) carbonyl radical is the C-C bond between
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the diol pair (•O-R1CH � R2CH-OH); electron abstraction from the C � C bond
produces paired aldehydes (Figure 2c). However, when H• is abstracted from a C-
H bond of a hydroxyl carbon, the weakest bond of the diol group is the O-H bond
opposite the C• radical (H � O-R1C•); the hydrogen atom is ejected from carbon-
centered (H � O-C•) carbonyl radical to form the carbonyl bond. Abstraction of H•

from a tertiary -OH group can cause ejection of a C• radical to form the C=O bond
(Figure 2d) [60–66].

[Fenton’s oxidation of tartaric acid should have produced two products: 2-, 3-,
dihydroxy-, maleic acid [HOOC-C(OH) = C(OH)-COOH] and glyoxalic acid [HO-
C(O)-C(O)H. Waters (1946), Okamoto et al. (1988), and Sugimoto et al. (1984,
1985a) indicates that Fenton could have discovered both oxidation products].

3.5 Comparison of ferryl-oxo ion and hydroxyl radical oxidizations

Though HO• radical and (Fe = O)+2 ion both create a C• radical, the differences
between the two oxidants is: 1) HO• is a 1 e� oxidant, whereas (Fe = O)+2 ion is a 2 e�

oxidant, thus two independent HO• oxidations are required to make a hydroxyl group;
and 2) reducing agents that trap HO• radicals and thus halt HO•-based oxidations, do
not disrupt ferryl-oxo ion oxidations. Themost likely explanation radical quenching by
the ferryl-oxo ion is the proximate distance of Fe+3-O-H and C• radical is coupled with
likely nucleophile / electrophile attraction, allowing rapid re-reaction to occur [36–38].

The noted crypto-HO• positional effect seen in Fe+2/H2O2 catalyzed oxidations is
likely due to localized binding of Fe+2 ions to a substrate that has O heteroatoms
when it added to the substrate prior to H2O2 [22, 23, 72] addition.

4. Perferryl-oxo ion

4.1 Early history of the perferryl-oxo ion

Fenton conducted Fe+3/H2O2 experiments but did not note any reactions and
assumed that no reaction(s) had occurred [5, 7]. However, on the other side of the
English Channel, Fenton’s contemporaries found contrary evidence.

Spring (1895) mixed H2O2 solutions with different pure chemical substances
noting which substances caused oxygen gas release. Spring noted that both ferrous
and ferric chlorides decomposed H2O2 and released oxygen gas [40].

Ruff (1898) used basic ferric acetate and H2O2 to oxidize gluconic acid to arab-
inose and carbon dioxide, a C1-C2 bond cleavage with oxidations of both C1 and C2,
the reaction now known as ‘Ruff’s degradation’ [73].

Bohnson (1921) noted that a solution of a ferric salt in water, dilute enough to
show only very slight color, turns brightly lavender with ‘1 or 2 drops’ of 30% H2O2

followed by O2 gas release from the solution. After bubbling ends, no residual H2O2

remained in the solution, indicating complete decomposition. The author observed
that when H2O2 is added to Fe+3 salts, a lavender color appears briefly. Bohnson
speculated that the color represented a transient higher Fe oxidation state. Bohnson
trapped the lavender pigment with cold KOH coloring the solution red, then Ba
(OH)2, forming a red gelatinous precipitate. Washing the precipitate with HCl
released chlorine gas. Bohnson determined the empirical formula of the precipitate:
barium ferrate (BaFeO4), thus isolating the Fe+6 oxidation state as FeO4

�2 (ferrate)
ion. Bohnson also prepared potassium ferrate (K2FeO4) by bubbling chlorine gas
through a solution of Fe(OH)3/KOH solution, producing a deep lavender color; addi-
tion of Ba(Cl)2 to the lavender solution again formed the red precipitate: BaFeO4 [74].

Bohnson (1921) also demonstrated direct conversion of ethanol to acetic acid.
Bohnson noted that addition of Fe+3 ions to an H2O2 solution produced oxygen gas,
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but addition of ethanol to the H2O2 solution prior addition of Fe+3 ions disrupted
oxygen evolution, leading the author speculated that ethyl alcohol was oxidized to
acetaldehyde or acetic acid. Bohnson also compared of oxidation by ethanol by Fe+2/
H2O2 vs. Fe

+3/H2O2 and found that Fe+2/H2O2 produces acetaldehyde, then acetic
acid, whereas Fe+3/H2O2 oxidized ethanol to acetic acid primarily, with only trace
amounts of acetaldehyde detected. Bohnson proposed that Fe+3/H2O2 oxidized eth-
anol directly to acetic acid, bypassing acetaldehyde formation [74].

Walton & Christensen (1926) compared the oxidation of ethanol with FeSO4/
H2O2 or Fe2(SO4)3/H2O2 under anhydrous conditions. Separately assaying for acet-
aldehyde and acetic acid, the authors noted that when ethanol is oxidized with
FeSO4/H2O2 acetaldehyde appeared before acetic acid, whereas when ethanol is
oxidized by Fe2(SO4)3/H2O2 acetic acid appears long before acetaldehyde, proving
that Fe+3/H2O2 oxidation exhibits non-Fenton-like behavior, thus confirming
Bohnson (1921) [75].

Wieland & Franke (1928) reported that under strong acidic conditions Fe+3/
H2O2 oxidized formic acid (HCOOH) to CO2 and H2O, and dihydroxymaleic acid
(HOOC-(OH)C=C(OH)-COOH) to 2,3 dioxo-propanoic acid (HOOC-C(O)-C(O)-
COOH) and CO2 [76].

Goldschmidt & Pauncz (1933) investigated the Fe2(SO4)3/H2O2/ethanol reac-
tion and confirmed that ethanol was oxidized directly to acetic acid. The authors
also explained that Fenton & Jackson (1899) and Fenton & Jones (1900) did not
detect aldehydes from aliphatic alcohols because the 1:1 molar ratio of H2O2 and
alcohol was sufficient to oxidize all the alcohol to organic acids [77].

Even as late as 1989, Fe+3/H2O2 oxidation articles appeared noting unusual
oxidations. Sanderson et al. (1989) submitted a patent for co-synthesis of t-butanol and
t-butyl peroxide from t-butane by Fe+3/H2O2, showing addition of either a hydroxyl or
a peroxyl group to the 3° carbon without explanation of mechanism [78].

4.2 Oxidative behavior of the perferryl-oxo ion

White & Coon (1977) summarized the discovery of the mechanism of respiration
by mitochondrial enzyme cytochrome P450. Cytochrome P450 uses a Fe+3 ion
chelated in a heme ring to conduct the reduction: (Eq. (8)) [67, 68].

P450� Feþ3� �þNADPH2 þ 1=2O2 ! P450� Feþ3� �þNADPþ þH2O

Cytochrome P450Reduction of NADPH2with Oxygen (8)

Responding to the discovery that the critical enzyme of respiration forms a
Fe+3 = O intermediate to split the dioxygen molecule, Barton et al. (1983) sought to
mimic the biological reaction using chelated Fe+3 ions and peroxide ion (O2

�2)
instead of oxygen as a new process to oxidize hydrocarbons to alcohols. Working
with alkanes (R1-CH2-R2), Barton expected that pyridine-chelated Fe+3 ions and
potassium peroxide (K2O2) would produce alcohols (Figure 3) [54].

What Barton did not expect was that the reaction produced a mix of alcohols
[R1-HC(OH)-R2] and ketones (R1-(C=O)-R2). Direct oxidation of hydrocarbons to
ketones, a single step 4e� oxidation and oxygen addition, was new to organic
chemistry. For the oxidation of simple alkanes, the oxidation preference of the
Fe+3/H2O

2 oxidant is: 3° H > 2° H > 1 H°. Barton et al. (1983) also found that they
could manipulate the alcohol/ketone ratio by choosing iron chelators with different
N/O ratios.

To understand the reaction mechanism, Barton and co-workers studied the
oxidation of adamantine (C10H16, 4 tertiary, 6 secondary, 0 primary C-H groups).
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Despite the preponderance of secondary carbons, Barton’s reactant favored oxida-
tion of tertiary vs. secondary carbons by a 5:1 margin indicating that the oxidant
behaved similar to the ferryl-oxo ion, but single step ketone addition was never
reported for (Fe = O)+2 oxidations [54].

Sugimoto & Sawyer (1985b) confirmed and extended Barton’s findings by using
Fe+3 and H2O2 to oxidize hydrocarbons molecules with double and triple bonds,
isolating epoxides (R1-C-O-C-R2) and oxetanes (R1-C-O�O-C-R2) [79].

Seven years elapsed until Barton and coworkers resolved the perferryl-oxo
structure and oxidation mechanism (Figure 3).

Couching their model on the accepted behavior of Fe+3 nucleus of cytochrome
P450 [80–82], Barton et al. (1990) proposed (Fe = O)+3 as the reaction product of
Fe+3 and H2O2 or Fe

+2 and O2
• � (superoxide anion) (Figure 3a). [Barton et al.

(1990–8) wrote the structure of the perferryl-oxo ion as [FeV=O]. The (FeV=O(�2))
and (Fe = O)+3 formulas are equivalent for atoms, bonds, and net charge].

Barton et al. (1990): 1) proposed a bifurcated pathway leading either to alcohol
or ketone formation, showing that the alcohol/ketone ratio could be varied with
addition of dianisyl telluride, and 2) determined that both alcohol and ketone
formation occurred in two steps, choosing different non-reversible paths at the
second reaction [83, 84].

Barton and Doller (1992) mapped out steps of the pathway of perferryl-oxo ion
oxidation of hydrocarbons (Figure 3b–d):

Step 1 (Figure 3b): Formation of Fe+4-C-R intermediate. Using diphenyl-
diselenide (Ph-Se-Se-Ph), or phenyl selenol (Ph-Se-H), Barton trapped the
Fe+4-C-R intermediate as a stable (Fe+3-Ph-Se-C-R) intermediate as detected by
mass spectroscopy (structure not specified).

Step 2 (Figure 3c): Oxygen Insertion to form Fe+3-O-O-C-R intermediate. Com-
paring 16O2 and

18H2O2, the authors detected primarily 16O-labeled alcohols and
ketones indicating that O2 (not O2

�2) formed the dioxygen bridge. The authors
proposed that in an anoxic environment, peroxide is oxidized to dioxygen by ferric
ions in sufficient quantities to complete the reaction as follows: [Eq. (9)]

Figure 3.
Perferryl-Oxo ion reactions.
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2Feþ3 þO2
�2 ! 2Feþ2 þO2

Reduction of H2O2 toO2 byFerric Ions (9)

Step 3 (Figure 3d (1 & 2)): Bifurcated Pathways Arise from Differential Cleav-
age of the O-O Bridge. The Fe+3-O-O-C-R intermediate is the branch point between
the 2e- and 4e- oxidative pathways: a) scission of the Fe+3-O-|-O-R bond produces
an alkoxide (R-O―) and the (Fe = O)+3 ion (Figure 3d.1); b) scission of the Fe+3-
|-O-O-R bond produces Fe+3 ion and a peroxyl (―O-O-R) ion which then degrades
to a ketone (R = O), and an oxide ion (O�2) (Figure 3d.2).

Barton and Doller (1992) trapped the ferric-peroxy-carbon (Fe+3-O-O-C-R)
cleavage intermediates with tri-methoxy phosphine (P(OMe)3). P(OMe)3 reacted
with either oxygen (R-C-O*-O-Fe+3 or R-C-O-O*-Fe+3) trapping potential oxygen
bridge cleavage products as R-C-O-P(OMe)3 and R-C-O-O-P(OMe)3 respectively.
Thus Barton and Doller (1992) explained the mechanism of bifurcated production
of alcohols or ketones from alkanes by perferryl-oxo (Fe = O)+3 ion (85). Barton’s
oxidation scheme was confirmed by Schuchardt et al. (2001) [55].

Barton’s perferryl-oxo ion oxidation theory explains Ruff’s oxidation gluconic
acid to arabinose (1898) [71] the one-step conversion of ethanol to acetic acid
observed by Bohnson (1921) [72], Walton & Christensen (1926) [75], Goldschmidt
& Pauncz (1933) [75], and the co-synthesis of t-butanol and t-butyl peroxide from
t-butane by Sanderson (1989) [76].

4.3 Comparison of (Fe = O)+2 and (Fe = O)+3 ion chemistry

Both (Fe = O)+2 (Figure 2) and (Fe = O)+3 ions (Figure 3) abstract H• from the
weakest C-H bond present in a molecule to form ferric (Fe+3OH) or ferryl hydrox-
ide (Fe+4OH) and a C• radical respectively [85].

The electrophilic ferric and ferryl hydroxides react ‘instantaneously’ with the
nucleophilic C• radical, but the resulting intermediates are different. Ferric
hydroxide donates HO• to the C• radical, regenerating the ferrous ion, ending the
cycle [33], however the ferryl atom attacks the C• radical (ejecting the hydroxyl
group) to form the ferryl-carbon (Fe+4-C) intermediate [83]. Oxygen (O2) insertion
into the (Fe+4-C) bond creates the bifurcated oxidative pathways not available to
either ferryl-oxo ion or hydroxyl radical [86].

Sugimoto et al. (1987), using 2H and 18O labeled ethanediols, determined that H•

abstraction by (Fe = O)+3 from the hydroxyl oxygen of a diol group [R1-HC(OH)-
HC(OH)-R2] causes C-C bond cleavage, producing paired aldehydes [R1-
HC=O + R2-HC=O], whereas H• abstraction from the carbon backbone produces
hydroxy-ketones [R1-C(O)-HC(OH)-R2] [87].

5. Mixed Fenton oxidation systems

5.1 Untangling oxidation behaviors arising when Fe+2 ions, H2O2, and H2O are
present

The Fenton reaction (Fe+2 + H2O2 + H2O) has been shown to generate three
powerful oxidants: 1) (HO•) radical [16, 17]; 2) (Fe = O)+2 ion [18]; and 3)
[Fe = O]+3 ion [86, 88].

Sugimoto & Sawyer (1985a & 1985b) proposed that both ferrous and ferric ions
can abstract an •O• atom from H2O2, thus explaining how ferrous and ferric spon-
taneously reorganize to form the secondary oxidants ferryl (Fe = O)+2 and perferryl
(Fe = O)+3 ions, respectively.
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Sugimoto and Sawyer (1984) and (1985b) compared (Fe = O)+2 and (Fe = O)+3

oxidations, respectively, in anhydrous CH3CN or 90% CH3CN/10% H2O with sev-
eral organic and inorganic molecules. In anhydrous CH3CN, ferryl-oxo ions oxida-
tion produced only 2-electron oxidations, primarily dehydrations or hydroxyl
additions, while perferryl-oxo ions produced both 2-, and 4- electron oxidations.
Neither oxidant produced 1- electron oxidations.

In aqueous acetonitrile (CH3CN/H2O), single electron oxidations, characteristic
of HO• were observed including: 1) carbon–carbon fusions; 2) oxidation of Fe+2

ions; and 3) reduction of Fe+3 ions to Fe+2 ions. The authors proposed that HO•
radicals are created by ferryl-oxo and perferryl-oxo ions only when water is present,
implying that H• abstraction from water produces HO• radicals via the formula:
(Fe = O)+2,+3 + H2O• HO• + Fe(+3,+4)OH [59, 61].

Sawyer et al. (1993) tested the oxidizing capability of Fe+2 ions and organic
peroxides (R-O-O-H) 1) under anhydrous conditions in the presence vs. absence of
O2, and 2) under anoxic conditions with anhydrous (Fe+2) or partially hydrated
(Fe+2(H2O)2) conditions. The authors found evidence of 1e― oxidations either
when O2 or H2O2 were present, indicating 1) that (Fe = O)+2 reacted with H2O to
form HO• radicals, or 2) with O2, creating O2• [16], which then reacted with
(R-O-O-H) to generate HO• radicals [39]. On the other hand, Hage et al. (1995)
found that in the conversion of benzene to phenol, if a small amount of H2O was
added, the efficiency of conversion was increased, but other 1e― signature products
were not detected [89].

Sawyer et al. (1996) surveyed the oxidizing abilities of Fe+2,+3, Cu+2, Co+2, and
Mn+2 ions in anhydrous solvents with ROOH, with/out O2. Under an argon atmo-
sphere, only the hydroxyl radical sources produced chain fusion events, none of the
ions did. When air (20% O2) was substituted, all of the ions showed oxidation
patterns consistent with HO• radicals. The authors concluded that the metal ions,
activated by peroxide, reacted with solubilized O2, producing superoxide (O2

•� or
HO2

•), which in turn reacted with H2O2 to generate reactive singlet oxygen (•O•)
which then reacts with R-C-H to produce HO• radicals [41].

Barton et al. (1995, 1996) seconded the research of Sawyer’s group, confirming
that absent H2O, ferryl-oxo and perferryl-oxo ions perform distinct and distinctive
2- (and 4-) electron oxidations without mixing the unique chemistries of either ion
[86, 90].

Mwebi (2005) also confirmed that when Fe+2 ions, H2O2, and H2O are reacted in
aqueous conditions, all three secondary oxidants [(Fe = O)+2, (Fe = O)+3, and HO•]
arise in that either (Fe = O)+2 and (Fe = O)+3 ions can abstract H• from H2O to create
the HO• radical, the HO• radical can oxidize Fe+2 ions to Fe+3 ions, and H2O2 can
reduce Fe+3 ions to Fe+2 ions [51].

5.2 Biological occurrence and utilization of the Fenton reagent

Oceans covered Earth 4.4 billion years ago [91], evidence of bacteria dates back
3.5 billion years ago (92), and evidence of oxygenic photosynthesis 2.3 billion years
ago [91, 92]. From at least that time living organisms have evolved to defend
against, and/or, utilize Fenton chemistry.

The use of the Fenton reagents to kill organisms or degrade biopolymers is
widely distributed in the biosphere. Saprophytic fungi use Fenton reagents to
degrade polysaccharides of woody plant tissues [93], including cellulose [93–96],
callose [97], and hemicelluloses [98].

On the other side of the eukaryote kingdom, mammalian leukocytes and neu-
trophils pump Fe+2 ions [99, 100] and H2O2 into phagosomes to produce oxygen
radicals [101] to effect pathogen killing [102–107]. For both nutrient mobilization
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and pathogen killing, these oxidants target external glycan including cell walls to
cause cell lysis and/or internal glycans such DNA and RNA to facilitate death of
bacteria and eukaryote parasites.

Moore and coworkers incubated Saccharomyces cerevisiae cells with an Fe+2-che-
lating anti-cancer medication. Treated and control cells were stained, fixed, and
thin-sectioned for electron microscopy. While studying chromosome damage the
authors observed damage to the yeast cell walls by the anti-cancer drug [108–110].

Following Moore’s lead, Lipke and coworkers treated 35S -labeled S. cerevisiae cells
with the an Fe+2-binding anti-cancer medication, then compared protein levels
release into growth media from treated and control cells [111], and cell lysis rates of
treated and control cells after adding Arthrobacter luteus (Zymolyase) protease [112].

In Lim et al. (1995), the authors noted that pretreatment with yeast cells with an
Fe+2-binding anti-cancer agent increased cell lysis rates by Zymolyase protease with:
1) Fe+2 + O2 or Fe

+3 + O2, but not Ca
+2, Co+2, Cu+2, Mn+2, Mg+2, and Zn+2 ions; 2)

H2O2 could substitute for O2; and 3) Fe+2/H2O2 and Fe+3/H2O2 alone also accelerated
yeast cell lysis; 4) H2O2 only controls did not accelerate Zymolyase lysis rates [112].

To understand the basis of cell wall weakening by Fe+2/H2O2, Ovalle et al. (2001)
elected to separately test pure analogs of carbohydrates and proteins found in yeast
wall [113]. Ovalle et al. (2001) assumed that partial oxidation of fungal wall mono-
saccharides would oxidize hydroxyl groups to aldehydes and/or carboxylic acids
and developed a method for separating carbohydrates from 0 to 20 glucan units on
polyacrylamide gels. Surveying the available literature of the time, the authors
followed the method of Ahrgren et al. (1975) where dextran was preincubated with
FeSO4 prior to addition of H2O2 [114].

Ovalle et al. (2001) [113] labeled the aldehyde groups of glucose, maltose,
maltotriose and enzymatically digested laminaran with 8- amino, 1-, 3-, 6-, naph-
thalene trisulfonate (ANTS) and NaCNBH3, by the method of Klock & Starr (1998)
[115], to have glucan ladders to estimate degree of polymerization of carbohydrate
chains separated by polyacrylamide gel electrophoresis. Ovalle et al. (2001) modi-
fied the method Klock & Starr (1998) to visualize carboxylic acids and by
quenching aldehydes with NaBH4, then crosslinking ANTS to carboxylic acids with
N-hydroxysuccinamide (NHS) and N-ethyl-N-(3-aminopropyl) carbodiimide

Figure 4.
Comparison of particles of four molecule classes from Laminaran after Fenton oxidation.
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(EDC) [116]. Ovalle et al. (2001) separately visualized de novo aldehydes and de
novo carboxylic acids (after quenching aldehydes with NaBH4) on 10% stacking/
20% running acrylamide gels.

Ovalle et al. (2020) [117] used the method of Ovalle et al. (2001) to determine
if Fe+2/H2O2 would oxidize algal laminaran (d.p. ≈ 50–60 glucose units; 97–99%
β1–3 glu / 1–3% β1–6 glu). To optimize metal ion-carbohydrate interactions,
FeSO4 was incubated with carbohydrate for 1 min prior to addition of H2O2. The
final ratio (glucose monomer: Fe+2: H2O2 = 10:1:1) was chosen to oxidize 10% of
glucose monomers and reduce the likelihood of a secondary oxidation of glucose
fragments to 1% maximum. Unoxidized laminaran did not enter that stacking
gel. NaIO4� oxidized laminaran entered the stacking gel but stopped at the
stacking gel/running gel interface. Fenton-oxidized laminaran produced smears,
when labeled for either aldehyde or carboxylate groups. Enzyme- (Zymolyase)
digested laminaran were used as glucan ladders when labeled for aldehydes or
organic acids.

To label glucan fragments so as to be suitable for positive ion mass spectroscopy
[118, 119], Ovalle et al. (2020) substituted tert-butyl ester of tyrosine (TBT) for
ANTS with no other changes required. Ovalle et al. (2020) observed the elution of
TBT-labeled glucan fragments with masses consistent with six classes of TBT-
labeled molecules: aldoses, dialdoses, uronic acids, hexosuloses, aldonic acids
(unlabeled), and hexulosonic acids (unlabeled) (Figure 4).

6. The authors concluded

1.Aldose / dialdose pairs arose from glucose by H• abstraction from an
unsubstituted hydroxyl groups at O2, O4, or O6, and were mediated by
[Fe = O]+2 ion after Fe+2 ion was bound to a site where it was activated by
H2O2. Diol-splitting reactions are consistent with oxidation by both HO• and
(Fe = O)+2 oxidants, however the ratios of the aldose / dialdose pairs were
uneven, implying bias oxidations, hallmark of the (Fe = O)+2 ion.

2.Uronic and aldonic acids were produced by ketone addition to a hydroxyl
carbon (except at C1). The reaction is consistent with oxidation by Barton’s
perferryl-oxo ion.

3.As ferric ions were not added to the assay, Fe+2 ions must have been oxidized
by HO• radicals.

4.Though present, the biased distribution of fragments excludes HO• radicals as
the primary oxidant, HO• radicals are partially credited for non-zero values of
infrequent carbohydrate fragments. Thus, Ovalle et al. (2020) observed all
three Fenton oxidants directly or indirectly in the aqueous Fe+2/H2O2

oxidation of laminaran.

6.1 Current applications of the Fenton oxidants

The Fenton Oxidants (HO•, Fe = O+2, and Fe = O+3) are being investigated as
molecular scissors for insertion of reactive functional groups into otherwise inert
substrates, such as carbohydrates. Oxidation of hydroxyl groups to carbonyl or
carboxylic acid groups will allow them to act as carriers for various molecules with
ramification in many sectors.
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6.1.1 Hydroxyl radical oxidation of carbohydrates

Neyra et al. (2014, 2015) used a catalytic amount Fe+2 ions to produce HO•
radicals from H2O2 to oxidize hydroxyl groups of acetylneuraminic acid monomers
(2014) and tetramers (2015) to carbonyl and/or carboxylic groups. The goal of the
experiment was to modify the sugars to create anchors for proteins so as to create
vaccine adjuvant platforms [120, 121].

6.1.2 Perferryl-oxo oxidations of carbohydrates

Sorokin et al. (2004), using ‘heme’-chelated Fe+3 ions, oxidized glucose
monomers in starch fibers at C2 and C3 to produce acid / aldehyde pairs without
hydrolyzing the flanking glycosidic bridges. The dual oxidations allow for two
independent modifications of the glucose monomers in the starch chain [122–124].

6.1.3 Ozone-Fenton systems

Ozone (O3) is being considered as an alternative to H2O2. Ozone gas can be
activated by UV (O3!O2 + •O•) to produce oxygen radicals, or by reaction with
iron ions (Fe+2, Fe+3 + O3!Fe = O+2, Fe = O3+ + O2, thus producing each Fenton
oxidant without water as a byproduct.

Pestovsky (2004, 2005, 2006) reacted Fe+2 ion with O3 in aqueous buffer as an
alternative method of creating (Fe = O)+2 ion. The signature of HO• radicals: 1 e�

oxidations, were not detected for the oxidation of several classes of organic mole-
cules [125–127].

Bataineh (2015a), and Bataineh et al. (2012, 2015b) compared the oxidation of
DMSO with Fe+2 and O3 in aqueous phosphate vs. acetonitrile solvents. In acetoni-
trile the primary product was DMSO2, an oxygen addition reaction. In buffered
H2O, ethane and methylsulfinate were the primary products, indicating fragmenta-
tion of DMSO occurred by HO• oxidation [128–130].

Enami et al. (2014) fired microjets of aqueous FeCl2 into sprays of either O2 or
O3/O2 mixed gases. Particles detected by negative ion MS proved that Fe+2 and O3

produces new particles not seen in FeCl2 or FeCl2/O2 sprays [131].

6.1.4 Fenton systems for bioremediation

Fenton oxidants are gaining popularity as agents of bioremediation because of
their ability to mineralize toxic organic molecules without contamination by
ecologically damaging elements (halogens, heavy metal ions, etc.).

6.1.4.1 Ozone (O3) for bioremediation with (HO•) radical or (Fe = O)+3 ion

Turan-Ertas & Gurol (2002) compared ozone (O3) against Fe
+3/H2O2 in the

degradation of diethylene glycol [(HO-CH2-CH2)O], a toxic byproduct of the syn-
thesis of ethylene glycol. The authors compared the diethylene glycol oxidation
profile by O3 and Fe+3/H2O2. Both procedures were effective in degrading diethylene
glycol, however the Fe+3/H2O2 oxidation produced fewer and simpler products [132].

7. Fenton chemistry for beginners

1.In 1894, John HJH Fenton published his discovery that FeSO4 and H2O2

produced oxidations not mimicked by other methods known at the time.
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2.In 1932 & 1934, Fritz Haber & Joseph Weiss proposed the existence of HO•
(hydroxyl radical) and HO2•

― (superoxide anion) as the principal oxidants of
Fenton’s reaction. Merz and Waters (1947) were among the first to propose
that HO• radical oxidizes organic molecules by H• abstraction.

3. In 1932, William Bray & H. M. Gorin proposed (Fe = O)+2 (ferryl-oxo ion) as
the principal oxidant of the Fenton’s reaction. Groves and coworkers proposed
(in anhydrous solvents) oxygen rebound phenomena, to explain abstraction of
H-, followed by addition of HO- to the same carbon to create of alcohols from
alkanes in a single step. The debate raged for decades until umpired by D. T.
Sawyer and coworkers.

4.Though 4e� oxidations by Fe+3/H2O2 were observed by Ruff in 1898, and
thereafter for nearly 100 years, Derek H. R. Barton & coworkers proposed the
structure of the oxidant as (Fe = O)+3 (perferryl-oxo ion) in 1990, and the
bifurcated oxygen addition mechanism in 1992.

5.Donald T. Sawyer & coworkers investigated the behaviors of several transition
metal ions in aqueous and anhydrous systems. Sawyer and coworkers proved:
1) H2O is not a spectator molecule; in the absence of water, Fe+2 and Fe+3 ions
do not produce HO• radicals, thus explaining why Groves saw only 2e―

oxidations in anhydrous media, while Rush and others observed 1e―

oxidations in aqueous systems; 2) in aqueous system HO• radicals can oxidize
ferrous ions to ferric ions; and 3) HO2•

― radicals can reduce ferric ions to
ferrous ions, thus in water all three oxidants are present.

6.Though each oxidant has a singular profile seen in the oxidation of
hydrocarbons, different oxidative behaviors are seen with organic molecules
containing oxygen. Oxygen causes (Fe = O)+2 and (Fe = O)+3 ions to target
hydrogens that are bonded to hydroxyl carbons and hydroxyl oxygens.
Abstraction of H• from an O-H bond in molecules with adjacent hydroxyl
groups causes C-C cleavage of diols for all three oxidants.

7.Because of competition between the oxidants for targets, the order of
addition of reagents alters the outcome of the assay. Fenton’s method was
to begin with substrate, add H2O2, and then FeSO4. In this sequence,
when Fe+2 (or Fe+3) ions are activated by peroxide, ferryl-oxo (or perferryl-
oxo) ions will react with adjacent H2O molecules, producing HO• radicals, that
then diffuse to the substrate, oxidizing H-X bonds by accessibility.

Addition of Fe+2 (or Fe+3) ions first allows the metal ions to associate with
and/or chelate onto the substrate. Addition of H2O2 now creates the ferryl-
oxo (or perferryl-oxo) ions adjacent to the substrate, increasing the
likelihood of in situ oxidation at the ion’s binding site, creating uneven
product profiles, as observed in Ovalle et al. (2020). Allowing binding of
metal ions to substrates before addition of H2O2 can explain observations of
non-canonical “crypto-hydroxyl-” substrate oxidations previously observed
by many authors.

8.This summary is not an exhaustive history, nor is it the full collection of all the
articles I read. However, it took me many years to both acquire and understand
the chemistry of each oxidant. I did not address other metal/peroxide systems
(such as copper-Fenton chemistry) here as it was not relevant to either Ovalle
et al. (2001) nor (2020).
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This article is written as a guide for newcomers so that they have a head start
in finding the papers they need for their research. Welcome to the club!

8. Conclusions

John H. J. H. Fenton did not know that his discovery would enthrall a legion of
researchers, be championed by two Noble laureates, and create three separate fields
of peroxide oxidation chemistry: hydroxyl radicals (HO•), ferryl-oxo ions (Fe = O)+2

and perferryl-oxo ions (Fe = O)+3.
Fenton’s successors required a full century to explain the ramification of these

reactants. These three simple molecules continue to generate novel research investiga-
tions in chemistry, physics, and biology. I am proud to be among Fenton’s successors.
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Chapter 2

Photophysical Detection of Singlet 
Oxygen
Arnab Maity

Abstract

The chemical reactivity of singlet oxygen (1O2) (SO) derives from its electroni-
cally excited state. Being a unique reactive oxygen species SO takes part in many 
important atmospheric, biological physical, chemical, and therapeutic process 
and attracted current research interest. To understand the mechanistic pathways 
in various process the detection and quantification of SO is very important. The 
direct method of detection is very challenging due to its highly reactive nature. Only 
direct method of determination of phosphorescence of SO at 1270 nm has been 
utilised but that also puts some limitation due to very low luminescence quantum 
yield. Indirect method using UV–Vis spectrophotometric, fluorescent and chemi-
luminescent probes has been extensively studied for this purpose. Elucidation of 
various mechanistic processes improvised the use of sophisticated spectroscopic 
detection probe for SO have been discussed in a simple and lucid manner in this 
article through citation of literature examples. Four major spectroscopic methods 
i.e. spectrophotometry, fluorescence, emission and chemiluminescence are elabo-
rately discussed with special emphasis to chemical probes having high selectivity 
and sensitivity for SO.

Keywords: Recative oxygen species (ROS), Singlet Oxygen (SO), 
9,10-Anthracenedipropionic acid (ADPA), 9,10-dimethyl anthracene (DMA), DPA, 
DPBF, DMAX, ATTA-Eu3+, PATA-Tb3+, MTTA-Eu3+, CLA, MCLA, FCLA

1. Introduction

Reactive Oxygen Species (ROS) is broadly used for those which contain oxygen 
radical such as superoxide anions (O2

.−), hydroxyl radicals (HO.), hydrogen peroxide 
(H2O2), nitric oxide (NO), peroxynitrite (ONOO−), hypochlorous acid (HOCl) and 
singlet oxygen (1O2)(SO). These are usually metabolites of molecular oxygen formed 
due to normal or abnormal redox function in human body [1]. Numerous studies 
suggested that ROS can acts as toxins which can reduce the life span by causing 
ageing [2], synovial fluid degradation [3], neurodegenerative disease [4] etc. Singlet 
oxygen is known to be a highly reactive oxygen species that can oxidise a broad range 
of biomolecules including lipids [5], nucleic acids [6, 7] and proteins [8].  

“Old Man’s Advice to Youth: ‘Never Lose a Holy Curiosity.’” LIFE Magazine  
(May 2nd, 1955) p. 64.

Albert Einstein
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The oxidation chemistry of SO provide key mechanism in the regulation of intracel-
lular signalling pathways [9, 10] and eventually connected to human pathophysiol-
ogy. As SO is a very short lived species (τ1/2 = 10−6 to 10−5 s) in the aqueous milieu) 
[11] studies towards the molecular mechanism of 1O2 in vivo has been significantly 
retarded. Direct monitoring of SO phosphorescence also lacks practical utility due 
to very low photoluminescence quantum yields (PLQY≈10−6) [12]. Therefore an 
enormous demand for SO probe with high sensitivity and large dynamic range is 
required. In this article various photophysical techniques and related probes usually 
employed in detecting SO has been delineated in separate paragraph (Figure 1).

2. UV–Vis spectrophotometric detection probes

2.1 9,10-Anthracenedipropionic acid (ADPA)

Ground state of molecular oxygen exists as triplet state with a lowest lying 
excited state being a singlet state. The singlet state of oxygen can be generated in 
solution via energy transfer from excited photosensitizers (S, e.g., humic substance 
or Rose Bengal; Eq. (1)) [17].

 
2O 1

2S S S O∗→ → +   (1)

Figure 1. 
The various photophysical singlet oxygen detection techniques based on absorbance or luminescence 
probes have been described pictorially. From top left clockwise (a) fluorescence detection probe 
(1,3-diarylisobenzofuran, adapted from [13]), (b) UV–Vis absorption based spectrophotometric probe 
(bis-9,10-anthracene-(4-trimethylphenylammonium) dichloride, adapted from [14]), (c) chemiluminescence 
probe (SOCL-phenol-dioxetane species, adapted from [15]) and (d) rare earth photoluminescence probe, 
([4′-(9-anthryl)-2,2′:6′,2″-terpyridine-6,6″-diyl]bis (methylenenitrilo) tetrakis (acetate)-Eu3+ (ATTA-Eu3+) 
(adapted from [16]).
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The idea to detect environmentally relevant concentration prompted develop-
ment of molecular probe that can trap SO and can also be used in studying kinetics. 
Lindig et.al was the first to introduced 9,10-anthracenedipropionic acid (ADPA) as 
a quantitative efficient 1O2 detection probe [18]. The benefit of using ADPA is that it 
is water soluble and reacts rapidly and irreversible with 1O2 to form an endoperoxide 
with the result of photobleaching of absorbance peak approximately at 378 nm 
(Figure 2) [20]. Craig et.al was the pioneer to demonstrate the use of ADPA for the 
quantitative measure of 1O2 from the surface of a series of porphyrin-incorporated 
hydrogels in comparison to the pervious study where ADPA used to ingress into the 
materials under investigation [19].

2.2 9,10-dimethyl anthracene (DMA)

Another derivative of anthracene i.e. 9,10-dimethyl anthracene (DMA) reacts 
almost irreversibly with 1O2 in various organic and aqueous medium with a signifi-
cantly high rate constant (6.8 × 107–5.7 × 1010 M−1S−1) with the result of producing 
non fluorescent 9,10-endoperoxide [21–24]. Elim Albiter et.al reported a facile photo-
sensitized oxidation of 9,10 demethylanthracene with 1O2 in presence of safranin O/
silica composite as a heterogeneous photosensitizer [21] in which they reported that 
oxidation rate does not depend on surface of the composite rather depend only the 
initial concentration of DMA, light intensity and the amount of composite formed. 
Their result correlates with the result if the same reaction performed in homogeneous 
medium. In a similar type experiment Eitan Gross et al. explored DMA inside liposome 
to study the kinetics of DMA with 1O2 in presence of photosensitizer [22].

2.3 9,10-diphenyl anthracene (DPA)

Addition of two phenyl group in 9 and 10 position of anthacene generates a 
stable and specific 1O2 trap, 9,10-diphenyl anthracene (DPA) with higher stability 
of endoperoxide by reaction with 1O2. However, DPA is not a very suitable candidate 
as the detection method is based on decrease in absorbance at 355 nm band [25]. 
V. Nardello et al. enhanced the water solubility of 9,10-diphenyl anthracene (DPA) 
derivative by adding two quaternary ammonium functionality with the phenyl ring 
that do not interfere with 1O2 and also resulting compound [bis-9,10-anthracene-
(4-trimethylphenylamonium) dichloride] BPAA is very much stable with common 
 oxidising agent (Figure 3) [14].

UV–Vis absorption band of BPAA is ranging from 320 to 420 nm which is 
originated from anthracene core structure and once it binds with 1O2 (Figure 3) the 
absorbance band is quenched totally confirming the formation of endoperoxide.

Figure 2. 
The formation of endoperoxide upon reaction of ADPA with 1O2 (adapted from [19]).
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3. Fluorescent probe for the detection of singlet oxygen species

Among the various available techniques to detect ROS the fluorescence based 
methodology is an excellent one because of its high sensitivity, high spatial resolu-
tion in imaging techniques and also simplicity during data collection [26, 27]. 
Fluorescent probes are generally non fluorescent before being oxidised by some 
oxygen species and they are very much specific to some oxidant. Combination of 
1O2 trap and a fluorophores like fluorescein [27, 28] reactive dienes [29] includ-
ing 9,10-disubstituted anthracene [30–33] etc. are the usual method to develop a 
fluorescent 1O2 probe. In fact 1O2 has huge affinity for biomolecules having cisoid-
diene structure and easily undergo [2 + 4] cycloaddition reaction [1, 6, 27]. Thus for 
most of the probes the fluorescent signals were obtained after [2 + 4] cycloaddition 
reaction between the probe and 1O2 (Figure 4).

Figure 3. 
(a) Interaction of bis-9,10-anthracene-(4-trimethylphenylammonium) dichloride (BPAA) with singlet oxygen 
resulting into the formation of water soluble endoperoxide (BPAAO2) and (b) UV–Vis absorption spectra of a: 
BPAA 10−4 M in water and b: the corresponding endoperoxide of BPAA, 10−4 M in water [adapted from [14]].

Figure 4. 
Chemical structure of fluorescence detection probes for 1O2, (a) DPBF, (b) PPBF, (c) PyPBF and (d) StPBF 
(adapted from [13]).
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3.1 1,3 Diphenylisobenzofuran (DPBF)

D. Song et.al [13] synthesized a series of compounds of 1,3 Diphenylisobenzofuran 
(DPBF) which can acts as ratiometric fluorescence detection probe having singlet 
oxygen binding rate constant of 9.6 × 108 M−1S−1 in water [13]. Once DPBF reacts with 
1O2 forms nonfluorescent endoperoxide or 1,2-dibenzoylbenzene thus fluorescence 
signal becomes off. To overcome this practical difficulties they synthesised three 
more derivatives of DPBF namely phenanthrene substituted phenylisobenzofuran 
(PPBF), pyrene substituted phenylisobenzofuran (PyPBF) and 4-(diphenylamino)
stilbene substituted derivative (StPBF) by substituting one phenyl group of DPBF 
(Figure 5) [13].

These 1O2 probes exhibit significant red shift in their emission spectrum as the 
conjugation increases from DBPF to StPBF.

Upon interaction with 1O2 species the fluorescence signal of DPBF is getting turn 
off while PPBF, PyPBF and StPBF demonstrate a blue shift of the emission signal 
with significant ratiometric enhancement of fluorescence as shown in Table 1.

3.2  9-[2-(3-Carboxy-9,10-diphenyl)anthryl]-6-hydroxy-3H-xanthen-3-one 
(DPAX)

In terms of sensitivity issue a fluorescence probe is always better than probes 
which work on the basis of absorbance. Umezawa et.al developed a new sensitive 

Figure 5. 
(a) Fluorescence spectra of StPBF in absence (red in colour) and with gradually increasing concentration of 
1O2. The spectra gets blue shifted from 505 nm to 435 nm and fluorescence intensity increases with concentration 
of 1O2 as directed by arrow in spectra and inset shows the observable colour change from green (in absence) and 
in presence of 1O2 (blue in colour). (b) Graph of observed rate constant (Kobs) vs. concentration of various 1O2 
probe (adapted from [13]).

System λex (nm) λem nm (probe alone) λem (probe +1O2) nm Fl ratio

DPBF +1O2 415 455 Turn off Not determined

PPBF + 1O2 331 476 370 FI476/FI370 = 80

PPBF + 1O2 358 512 398 FI512/FI398 = 352

StPBF + 1O2 350 505 435 FI505/FI435 = 14

Table 1. 
Photophysical data of 1O2 probes [13]
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and efficient fluorescence probe DPAX namely 9-[2-(3-carboxy-9,10-diphenyl)
anthryl]-6-hydroxy-3H-xanthen-3-one, for the detection of 1O2 by fusing a fluo-
rescein moiety, with DPA which serve the characteristics of fluorescence due to 
fluorescein as well as a good 1O2 trap for the presence of DPA [34]. DPAX and its 
derivatives show very low fluorescence intensity in aqueous solution but once 
binding with 1O2 the corresponding endoperoxide (DPAX-ED) shows excellent 
fluorescence intensity with quantum yield in the range of 0.5–0.7 (Figure 6) [35]. 
The DPAX and its derivatives demonstrate excellent selectivity towards 1O2 as the 
fluorescence intensity remains unchanged upon reaction with hydrogen peroxide, 
superoxide and nitric oxide [35]. DPAXs are suitable for application in neutral and 
basic aqueous solution but the fluorescence intensity is known to be decreased 
under acidic condition due to the protonation of phenoxide oxygen atom; thus 
are not suitable for application in acidic conditions [32]. The stability of the fluo-
rescence intensity can be enhanced by incorporating electron withdrawing group 
like Cl, F at 2 and 7 position of the xanthenes moiety leading to generation of two 
derivatives of DPAX namely DPAX-2(Cl derivative) and DPAX-3(F-derivative). 
This structural change lowered the Pka value of the phenolic oxygen atom [34].

Absorption maxima (A), molar extinction coefficient (ε) and emission maxima 
(λem) are more or less same for DPAXs and DPAX-EPs but the quantum efficiencies 
of fluorescence are altered when DPAXs bind with 1O2. The emission maximum of 
DPAX-2-EP is shifted to longer wavelength than the corresponding DPAX-2 com-
pound in comparison to other DPAXs compounds (Table 2) [34].

Figure 6. 
Reaction of 9-[2-(3-carboxy-9,10-diphenyl)anthryl]-6-hydroxy-3H-xanthen-3-ones (DPAXs) with 1O2 to 
produce corresponding DPAX endoperoxides (DPAX-EPs) (adapted from [34]).

Compounds Absorption maxima(nm) ε (×104 M−1 cm−1) λmax (emission) Quantum yield (Φf)

DPAX-1 493 6.1 516 0.007

DPAX-1-EP 494 7.9 515 0.53

DPAX-2 507 5.7 524 0.006

DPAX-2-EP 506 8.9 527 0.66

DPAX-3 493 7.6 514 0.006

DPAX-3-EP 494 6.7 515 0.70

Table 2. 
Absorbance and fluorescence properties of DPAXs and DPAX-EPs (adopted from [36]).
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DPAX-2 can be utilised as an efficient 1O2 sensor in both basic and neutral 
medium. Umezawa et al. used two different 1O2 generation system namely, MnO4

−/
H2O2 and 3-(4-methyl-1-naphthyl)propionic acid endoperoxide (EP-1) which works 
in different pH values (10.5 and 7.4 respectively). In both the cases an increase in 
fluorescence intensity is established when this probe reacts with 1O2 generation 
system (Figure 7).

To confirm the specificity of DPAX-2 towards 1O2, fluorescence experiment was 
performed in presence of hydrogen peroxide, superoxide and nitric oxide but no 
appreciable change was observed for those species. These observations suggest the 
specificity of this probe for 1O2 [34].

3.3  9-[2-(3-Carboxy-9,10-dimethyl)anthryl]-6-hydroxy-3H-xanthen-3-one 
(DMAX)

Following the same approach of Umezawa group, Tanaka et al. synthesised 
another fluorescence probe molecule for the faster and efficient detection of 1O2, 
9-[2-(3-carboxy-9,10-dimethyl)anthryl]-6-hydroxy-3H-xanthen-3-one (DMAX) 
(Figure 8), targeting to achieve great sensitivity and rapid rate of formation of 
endoperoxide compare to already reported one i.e. DPAX (Figure 8) [27].  

Figure 7. 
Emission spectra of DPAX-2 at 505 nm in reaction with 1O2, generated from MnO4

−/H2O2 system. The reaction 
was performed in 0.1 M sodium phosphate buffer medium of pH 10.5 containing 0.1 mM EDTA at 25°C 
(adapted from [34]).

Figure 8. 
Reaction of 9-[2-(3-carboxy-9,10-dimethyl)anthryl]-6-hydroxy-3H-xanthen-3-one (DMAX) with 1O2 to 
produce DMAX-EP (adapted from [27]). λex = 492 nm and λem = 515 nm.
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The crucial point of DMA compound is that it reacts rapidly with 1O2 to give the 
9,10 endoperoxide, DMA-EP with rate constant k = 9.1 × 108 M−1 s−1 in water. This 
observation clearly indicates that DMAX shows much greater sensitivity for 1O2 
than DPAX. Comparing to this reaction, the classical singlet oxygen trap 1,3-diphe-
nylisobenzophuran (DPBF) reacts with 1O2 with a comparable rate constant 
k = 9.6 × 108 M−1 s−1 but DPBF reacts with other reactive oxygen species like hypo-
chlorite, hydroxyl radical to generate the same products.

Both DMAX and its endoperoxide DMAX-EP have similar excitation and emis-
sion wavelength (λex = 492 nm and λem = 515 nm) but DMAX-EP is highly fluorescent 
whereas DMAX itself is practically non-fluorescent (Figure 8). From their study 
Tanaka et al. confirmed that fluorescence intensity of DMAX increases with concen-
tration dependent manner of singlet oxygen generator, 3-(1,4-Dihydro-1,4-epidioxy-
4-methyl-1-naphthyl)propionic acid (EP-1) and a good linear relationship has been 
observed for fluorescence intensity and concentration of EP-1. This enables DMAX 
to use as a quantitative detection probe for 1O2. Figure 9 demonstrate the change of 
gradient of fluorescence intensity of DMAX and DPAX-1 with increasing concentra-
tion of EP-1 having gradient 1.0 and 1.9 × 10−2 (arbitrary unit)s−1[EP-1 (mM)]−1 for 
DMAX and DPAX respectively. This result suggests that DMAX reacts with 1O2 more 
rapidly and sensitivity is 53 times more than that of DPAX [27].

Tanaka et al. further confirmed that DMAX did not show any change in fluores-
cence intensity upon reaction with 1.0 mM H2O2, 0.1 mM nitric oxide and 0.2 mM 
superoxide suggesting the specificity towards 1O2. Further the hydrophobicity of 
DMAX is less than that of DPAXs making it suitable to use for assays in biological 
sample [27].

4. Rare earth chelate based luminescence probes

Rare-earth based chelate luminescence probe can also serve significant role in 
the detection of singlet oxygen. In comparison to organic fluorescence probe rare 
earth based chelate probes exhibits markedly different advantages including long 
luminescence lifetime, sharp emission profile, large Stokes shift, which makes 
them suitable to use in time-resolved luminescence detection of singlet oxygen 
[36]. Large Stokes shift helps to reduce the influence caused by excitation light 
effectively. Time resolved luminescence measurement using rare-earth-chelated 
probe can efficiently reduce the interference originated from the background noise 

Figure 9. 
Initial rate of fluorescence increase of DMAX (in hollow sphere) and DPAX-1(in hollow square) with 
increasing concentration of EP-1 [adapted from [27]].
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associated with biological sample, scattering lights (Tyndall, Rayleigh and Raman 
scattering) and the optical components [16]. Rare earth chelate probes which are 
successfully applied for the detection of singlet oxygen including Eu, Tb and Re 
based chelate complexes are well-known [16, 31, 37].

4.1  [4′-(9-Anthryl)-2,2′:6′,2″-terpyridine-6,6″-diyl]bis (methylenenitrilo)
tetrakis (acetate)-Eu3+ (ATTA-Eu3+)

Bo Song et al. first synthesised the Eu3+ cheleate based phosphorescence probe, 
[4′ -(9-anthryl)-2,2′:6′,2″-terpyridine-6,6″-diyl] bis (methylenenitrilo) tetrakis 
(acetate)-Eu3+ (ATTA-Eu3+) (shown in Figure 9) for the time resolved luminescence 
study. The probe is highly sensitive, selective for 1O2 and water soluble for time 
resolved luminescence detection of 1O2 with a detection limit of 2.8 nM/L [16]. The 
almost non luminescent ATTA-Eu3+ specifically reacts with 1O2 to yield its endoper-
oxide (Figure 10) (EP- ATTA-Eu3+) resulting a great enhancement of luminescence 

Figure 10. 
The chemical structure and the reaction scheme of (a) ATTA-Eu3+, (b) PATA-Tb3+ and (c) MTTA-Eu3+ with 
singlet oxygen (adapted from [16]).
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intensity (luminescence quantum yield of EP- ATTA-Eu3+ is 17 fold greater than 
that of ATTA-Eu3+) as the population of the excited state of Eu3+ was increased 
enormously after formation of endoperoxide [16, 27]. The endoperoxide compound 
EP-ATTA-Eu3+ exhibit favourable chemical stability with a conditional stability 
constant was measured to be 1020 level. Apart from that no decrease in phosphores-
cence intensity was observed even after storage of EP-ATTA-Eu3+ for several days at 
room temperature.

Another advantage of EP-ATTA-Eu3+ is that the phosphorescence intensity of 
EP-ATTA-Eu3+ is stable even at very low pH of 3 whereas in case of fluorescein 
based probe (DPAXs and DMAXs) the rapid decrease of fluorescence intensity is 
reported below pH 7 [16, 27].

4.2  N,N,N´,N´-[2,6-Bis-(3′-aminomethyl-1′-pyrazolyl)-4-(9″-anthryl)
pyridine]tetrakis(acetate)-Tb3+ (PATA-Tb3+)

Mingqian Tan et al. developed another chelate complex of Tb3+, N,N,N´,N´-[2,6-
bis-(3′-aminomethyl-1′-pyrazolyl)-4-(9″-anthryl)pyridine] tetrakis(acetate) Tb3+ 
(PATA-Tb3+), (shown in Figure 10b) is known to be effective fluorescent probe for 
the detection of 1O2 [38]. Because of the presence of 9-anthryl moiety within the 
ligand the compound, PATA-Tb3+ is almost non fluorescent but once it reacts with 1O2 
the corresponding endoperoxide, EP-PATA-Tb3+ becomes strongly fluorescent with 
almost 23 fold enhancement of fluorescent quantum yield [39]. PATA- Tb3+ is known 
to be an excellent fluorescent probe for 1O2 due to the characteristics, including high 
water solubility, wide applicable pH range and long fluorescence lifetime of endo-
peroxide (2.76 ms) which makes it suitable for time resolved fluorescent detection 
with a detection limit as low as 10.8 nM/L [27, 38]. The specificity of PATA- Tb3+ 
towards 1O2 is also confirmed upon reaction with some other reactive oxygen species, 
including hydroxyl radical, superoxide ion, peroxynitrite and hydrogen peroxide, 
the no significant change of fluorescence intensity support its specificity for 1O2.

4.3  [4′-(10-Methyl-9-anthryl)-2,2′:6′,2′′-terpyridine-6,6′′-diyl]
bis(methylenenitrilo)tetrakis(acetate)-Eu3+, abbreviated as MTTA-Eu3+

To improve the selectivity, sensitivity and rapid reaction with singlet oxygen 
species, Bo Song et al. introduced a new chelate complex of Eu3+, [4′-(10-methyl-9-
anthryl)-2,2′:6′,2′′-terpyridine-6,6′′-diyl]bis(methylenenitrilo) tetrakis(acetate)-
Eu3+, abbreviated as MTTA- Eu3+ as a 1O2 probe [39]. MTTA- Eu3+ complex is 
highly water soluble and the reaction rate with 1O2 is much faster in comparison to 
previously mentioned ATTA-Eu3+ (Figure 10a and c) with reaction rate constant of 
1010 M−1S−1. Apart from that this complex can also be applied for a wide pH range 
from 3 to 10 accompanied by the large enhancement of luminescence quantum 
yield from 0.90% to 13.8%. The complex is almost non luminescent and when spe-
cifically reacts with 1O2 to form the endoperoxide it becomes highly fluorescent with 
luminescent lifetime changes from 0.8 to 1.29 ms which makes the complex suitable 
for time gated luminescent measurement. The quantitative detection limit of 1O2 
using MTTA- Eu3+ complex is found to be 3.8 nM/L which is very much comparable 
to the detection limit of ATTA- Eu3+ complex [31, 39].

5. Transition metal based singlet oxygen probe

Though lanthanide based fluorescent probes possess many advantages includ-
ing low background interference, widely applicable pH range, and excellent water 
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solubility; these probes can be expected to utilise for visualising spatial and temporal 
distribution of 1O2 in aqueous system but a major drawback of these probes is that 
they need ultraviolet light for excitation which might cause cell damage, thus limit-
ing their application in biological system. Liu et al. demonstrated a ReI complex, 
Re(CO)3Cl(aeip){aeip = 2-(anthracen-9-yl)-1-ethyl-imidazo[4,5-f] [1, 10], phen-
anthroline, which can be excited via visible light of 410 nm wavelength in aqueous 
medium thus minimising the effect of cell damage (shown in Figure 11) [31]. The ReI 
complex is non-luminescent in the native state probably due to quenching of lumi-
nescence of Re → aeip (M → L) charge transfer transition in the excited state through 
exchange triplet-triplet intramolecular energy transfer by anthryl moiety as men-
tioned in similar type ReI complexes [37]. The strong enhancement of luminescence 
of ReI complex due to the formation of endoperoxide in both neutral and alkaline 
medium is perceived, that due to the termination of electronic coupling between the 
anthryl and the parent ReI complex (Figure 11). In comparison to other fluorescent 
probes of Eu3+ and Tb3+ complexes, ReI complex exhibits higher molar absorption 
at the visible wavelength of 410 nm and fluorescence can also be initiated with this 
wavelength of light [31].

With increasing concentration of 1O2 the luminescence intensity increases as 
shown in Figure 12 and the luminescence quantum yield changes from 8.9 × 10−5 
to 7.1 × 10−4 and 4.7 × 10−5 to 8.7 × 10−4 in neutral and alkaline media [37]. The limit 

Figure 11. 
The ReI complex and the formation of endoperoxide via reaction with 1O2 (adapted from [37]).

Figure 12. 
Changes in the luminescence intensity of ReI complex (λex = 410 nm) with increasing concentration of 1O2 in (a) 
in neutral and (b) in alkaline medium. The inset of these figures show that the sharp change in luminescence 
intensity at 565 nm with gradually increasing concentration of 1O2 (adapted from [40]).
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of detection obtained using ReI complex is found to be 4.9 nM/L and 10.5 nM/L in 
neutral and alkaline medium respectively, which are very much comparable with 
that obtained for Eu3+ and Tb3+ complex [31, 37, 39].

The additional benefit of visible light excitation and long lifetime enable ReI 
complex to be used in biological systems.

6. Chemiluminescence singlet oxygen probe

In the previous discussion, the detection of 1O2 was based upon either decrease 
in the absorbance of singlet oxygen probe or enhancement of luminescence signal 
of fluorescein based probe in presence of 1O2. In this respect Chemiluminescence 
is supposed to be one of the most suitable methods for singlet oxygen detection 
as it does not require any excitation light source, so background fluorescence and 
interference caused by background light can be eliminated. At the same time the 
signal to noise ratio can be improved and the possible damage of living cell caused 
by UV irradiation during fluorescence measurement can be eliminated.

6.1  TTF substituted singlet oxygen probe: 2-methyl-6-phenyl-3,7-
dihydroimidazo[1,2-α]pyrazine-3-one (CLA), MCLA and FCLA

A number of Chemiluminescence probes have been developed in recent years for 
1O2 detection. Among the mostly used Chemiluminescence probes for 1O2 includes 
2-methyl-6-phenyl-3,7-dihydroimidazo[1,2-α] pyrazine-3-one (CLA), and its 
derivatives MCLA and FCLA [41–43] (shown in Figure 13). These compounds are 

Figure 13. 
(a) The chemical structure of CLA and its reaction with singlet oxygen; (b) the chemical structure of MCLA 
and (c) the chemical structure of FCLA (adapted from [41–43]).
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very good in detecting 1O2 and spontaneously emit light but the major drawback 
of these compound is that they not only reacts with singlet oxygen but also with 
superoxide anion; thus lacks the selectivity for 1O2.

Figure 14. 
The chemical structure and reaction scheme of (a) 4,4′(5′)-bis[2-(9-anthryloxy)ethylthio] tetrathiafulvalene, 
(b) 4,5-dimethylthio-4′-[2-(9-anthryloxy)ethylthio] tetrathiafulvalene with with 1O2 and (c) the chemical 
structure of tetrathiafulvalene-anthracence dyad1 (adapted from [40, 44, 45]).

Figure 15. 
Structure of SO chemiluminescent probe SOCL and its chemiexcitation pathway upon reaction with 1O2 
(adapted from [15]).
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Chemiluminescence probe with a strong electron donor tetra thiafulvalenem 
(TTF) and anthracene as a luminophore possess excellent selectivity and sensitivity 
for 1O2 detection. As TTF moiety is a strong electron donor, it enhances the reaction 
between anthracene skeleton to react specifically with 1O2 to form highly lumines-
cent endoperoxide.

Guanxin Zhang et al. reported 4,4′(5′)-bis[2-(9-anthryloxy)ethylthio] tetrathia-
fulvalene (as shown in Figure 14) as selective and sensitive probe for 1O2 with a 
much better response for 1O2, representing better selectivity than CLA [40, 44]. 
4,5-dimethylthio-4′-[2-(9-anthryloxy) ethylthio] tetrathiafulvalene was another 
Chemiluminescence probe with similar functionality [40, 45]. A linear relation-
ships between the Chemiluminescence intensity and the amount of 1O2 was found 
for H2O2/ClO− system and the LOD of 76 nM/L was reported for 1O2. In mixed 
solvent of tetrahydrofuran and H2O, both the probes cannot be applied. However, 
tetrathiafulvalene-anthracence dyad1 (as shown in Figure 13c) dissolve easily in 
methanol and ethanol and permits detection of 1O2 under relatively low polarity 
solvent.

6.2 Stable dioxetene chemiluminescence probe

Dioxetene chemistry offers potential for selective and sensitive detection of 1O2. 
McNeill and co-workers reported “trap and trigger” Chemiluminescence probe for 
1O2 [46] using Schaap’s dioxetene [47] enol ether precursor to trap the 1O2 in the first 
step and in the second step Chemiluminescence was triggered by adding fluoride 
ion. This probe was limited application in organic solvents due to the quenching 
mechanism of the emitting species in water [48]. Nir Hananya et al. developed a 
new Chemiluminescence probe by incorporating an electron withdrawing substitu-
ent at the ortho position of phenol group of Schaap’s dioxetene, namely SOCL-CPP 
[15] (Figure 15). SOCL-CPP reacts with 1O2 to generate a phenol-dioxetene species 
that spontaneously decompose in aqueous medium to generate corresponding 
electronically excited benzoate ester [15].

A green light emission is obtained from excited benzoate ester. The incorpora-
tion of acrylic acid substituent at the ortho position of phenol is to generate a 
donor-acceptor pair that enhances the emissive nature of benzoate intermediate 
[15]. Addition of a chlorine substituents at the ortho position reduces the pKa of the 
phenol and thus enriches the percentage of phenoxy ion that eventually accelerate 
the chemiexcitation kinetics of the phenol-dioxitene species to monitor in real time.

7. Conclusions

Singlet oxygen as a highly reactive form of molecular oxygen plays a vital role 
in many environmental and biomedical processes. Selective and sensitive detec-
tion and quantification of singlet oxygen species provides crucial information for 
understanding its involvement and mechanism in various processes. EPR method 
for the detection of 1O2 has major disadvantage of requiring an expensive instru-
ment and complicated operating procedures. Direct photoluminescence measure-
ment from 1O2 at about 1270 nm is useful for singlet oxygen detection but that also 
suffers drawback due to very low quantum efficiency. UV–Vis absorbance probes for 
selective detection of 1O2 is significant but low sensitivity put some limitation for 
spectrophotometric method. Molecular fluorescence or lanthanide based fluores-
cence probe and Chemiluminescence probe provides high sensitivity and desirable 
selectivity, therefore ensure great potential for singlet oxygen detection. Additional 
benefits of fluorescence probe including the capability of detection of 1O2 among 
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various other reactive oxygen species. The temporal and spatial resolution of these 
probes can provide detailed information on site and the kinetics of singlet oxygen 
production or decay. In comparison to organic fluorescence probe, lanthanide 
complex based time gated luminescence probe possess many advantages such as 
long luminescence lifetime, large Stokes shift and sharp emission profile that makes 
them suitable for time gated detection mode for minimising background lumi-
nescence interference. Chemiluminescence probes does not require any excitation 
light sources, can be applied in certain cases where background fluorescence and 
various light scattering phenomena lower the signal to noise ratio. Furthermore, 
due to high sensitivity of Chemiluminescence detection, only low concentration of 
probe is necessary eventually decreasing the occurrence of artifactual interference 
of secondary reactions. Although, much has been conferred in this concise chapter, 
perhaps these are not all, but the future will invoke more questions and thus newer 
and emerging methods, would help expand the level of our understanding.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 3

Superoxide Dismutase: A Key 
Enzyme for the Survival of 
Intracellular Pathogens in Host
Radheshyam Maurya and Madhulika Namdeo

Abstract

Superoxide dismutase (SOD) is a crucial enzyme required to maintain the redox 
potential of the cells. It plays a vital role in protecting normal cells from reactive 
oxygen species (ROS) produced during many intracellular pathogens infections. 
SOD removes excess superoxide radicals (O2−) by converting them to hydrogen 
peroxide (H2O2) and molecular oxygen (O2). Several superoxide dismutase enzymes 
have been identified based on the metal ion as a cofactor. Human SOD differs from 
the intracellular pathogens in having Cu/Zn and Mn as metal cofactors. However, 
SOD of intracellular pathogens such as Trypanosoma, Leishmania, Plasmodium, 
and Mycobacterium have iron (Fe) as metal cofactors. Iron Superoxide Dismutase 
(FeSOD) is an essential enzyme in these pathogens that neutralizes the free radi-
cal of oxygen (O−) and prevents the formation of Peroxynitrite anion (ONOO−), 
helping the pathogens escape from redox-based cytotoxic killing. Moreover, most 
intracellular bacteria hold MnSOD or FeSOD in their cytoplasm such as Salmonella 
and Staphylococcus, whereas periplasm of some pathogenic bacteria and fungi are 
also cofactors with Cu/Zn and identified as CuZnSOD. This chapter will review the 
various types SOD present in intracellular pathogens and their role in the survival 
of these pathogens inside their host niche.

Keywords: Superoxide dismutase, Intracellular Pathogen, Reactive oxygen species, 
Antioxidant enzyme

1. Introduction

Reactive oxygen species are primarily the result of the by-product of the redox 
process and may also be produced to initiate intracellular signaling and antimicro-
bial activity. The general phenomenon is to maintain the ROS level in the cell by 
antioxidant enzymes and antioxidants molecules present in cells [1]. One of the 
prime sources of ROS in mammalian cells is the respiratory chain in mitochondria. 
It’s well established that ROS generation is an essential modulator of inflamma-
tory reactions in mammals. The enzyme NADPH oxidase induced the oxidative 
burst, leading to a dramatic increase in oxygen consumption and increasing the 
phagocytosis process. Activated macrophage induced the expression of IFN-γ and 
TNF-α cytokines, improving NADPH oxidase activity resulting in ROS production, 
such as oxygen-free radicals (O2

•−) superoxide. The O2
•− species are converted into 

hydroxyl radical (HO•), hydrogen peroxide (H2O2), and peroxynitrite (ONOO−) 
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by spontaneously or enzymatic reaction [2, 3]. Activation of nitric oxide synthase 
(iNOS) or (NOS2) protein in macrophage stimulates the increased secretion of 
nitric oxide (NO) and •NO-metabolite levels within the cell. ROS is the first super-
oxide radicals produced by mitochondria. ROS is a highly reactive oxygen species 
and does not diffuse quickly from cells since the leading site of ROS production is 
in the inner mitochondrial membrane. H2O2 is derived from mitochondrial ROS 
and detoxified by superoxide dismutase. ROS detoxification has been assigned in 
ROS-generating sites in the cell, such as mitochondria, glycosome, endoplasmic 
reticulum, and cytosol. Hydrogen peroxide (H2O2) is not considered a free radical 
by definition since it lacks free electrons. Still, NO is deemed to be free radicals, has 
also been involved in ROS-mediated damage. However, NO has a dual nature, like as 
beneficial as well as vicious [4–6].

Aerobic organisms exhibited two major antioxidant defense systems to minimize 
the ROS-mediated damage occurring due to oxygen-free radicals. The first one is 
enzymatic defense, and the second is low molecular weight antioxidants such as 
vitamins and phytochemicals. In general, cells control oxidative stress by three 
essential antioxidant enzymes which are present in it; (i) Superoxide dismutase is 
a class of oxidoreductase enzymes that contain metal ions in their active site (Fe or 
Mn and/or Cu/Zn) and is responsible for converting superoxide anion into H2O2. 
(ii) glutathione peroxidase is responsible for the reduction of H2O2 into hydroper-
oxides using glutathione as hydrogen donor, and (iii) catalase is responsible for the 
breakdown of H2O2 into O2 and H2O [7]. Since the activity glutathione peroxidase 
is required glutathione as hydrogen donor. Thus, the NADPH-dependent reduction 
of oxidized glutathione to maintain a steady state of glutathione is needed for GSH 
activity [1].

Superoxide dismutase catalyzes the dismutation of oxygen free radical to O2 and 
H2O2 in the cell. SOD enzymes also participate in signaling pathways by controlling 
ROS action and protecting the cells from the toxic effects of superoxide radicals. 
Intracellular SODs mainly restrict superoxide action, which harms the cells by 
damaging the Fe-S cluster-containing enzymes. Extracellular SODs also guard the 
cells from superoxide released by the host or pathogens. For example, extracellular 
SODs of microbial pathogens are protected by ROS-mediated killing of host cells. 
The host cells antioxidant system includes enzymes such as SOD, catalases, and 
peroxidases [8, 9].

2. Superoxide dismutase

The evolutionary history of metalloenzyme superoxide dismutase (SOD) is aged 
and has been there before the differentiation of eubacteria from archaea bacteria. 
It is ubiquitous protein present in all living organisms and plays a vital role in the 
extreme pressure defense against superoxide radicals in the cell. The SOD catalyzes 
the conversion of the two molecules of virulent oxygen free radical (O−) into 
molecular oxygen (O2) and hydrogen peroxide (H2O2) by using two equivalents of 
H+ ions [10]. SOD is marked as a strong free radical scavenger that can eliminate 
the toxic effects of superoxide produced during the reduction of molecular oxygen. 
SODs enzyme family have been classified based on several factors, and one is on the 
metal ion. In general, SODs contain the metal cofactor at their catalytic core and are 
classified into three major groups: copper/zinc (Cu/Zn-SOD) [11, 12], manganese 
(Mn-SOD) [13], and iron (Fe-SOD) [14–16]. SOD containing MnSOD, FeSOD 
and CuZnSOD are encrypted by the gene sodA, sodB, and sodC, respectively. 
Nickel (Ni)- and iron-zinc (Fe/Zn) containing isozymes have also been identified 
in several bacteria [17, 18]. FeSOD has mainly reported in prokaryotes except few 



51

Superoxide Dismutase: A Key Enzyme for the Survival of Intracellular Pathogens in Host
DOI: http://dx.doi.org/10.5772/intechopen.100322

protozoan parasites, whereas MnSOD and CuZnSOD are found in both prokaryotes 
and eukaryotes. All these isoforms were identified based on their diverse sensitivi-
ties to cyanide (CN) and H2O2. The Cu, Zn-SOD is extremely sensitive to CN and 
H2O2 [19]. Mn-SOD is insensitive to CN and H2O2 [20], while Fe-SOD is not sensi-
tive to CN but sensitive to H2O2 [21]. In addition, Mn-SOD and Fe-SOD, both were 
inhibited by chloroform–ethanol, but Cu, Zn-SOD is insensitive [22].

Moreover, SODs of intracellular bacteria are further classified into three groups 
based on their localization; Mn- and Fe-cofactor SODs are found in the cytosol. In 
contrast, the third one of SOD cofactor by Cu-Zn and is attached with periplasm 
or anchored with the lipid of the outer envelope [23, 24]. Cu/Zn-SOD of bacteria 
dismutase superoxide produced by host cell during phagocytosis contributes to 
helping bacterial virulence [25, 26]. Additionally, few families of SODs also use 
a Ni ion as cofactor at their catalytic core to initiate its functions [27]. A study 
has shown that superoxide dismutase from Streptococcus is capable of making a 
cofactor substitution with Fe in place of Mn [28]. On the other hand, Leishmania 
tropica, Trypanosoma brueci, and Crithidia fasciculate have superoxide dismutase, 
which is insensitivity to cyanide but sensitive to azide and peroxide [29]. SODs of 
Trypanosomatids are having Fe as a metal cofactor at their catalytic core and are 
categorized as iron superoxide dismutase (Fe-SOD). Other protozoan parasites 
also have the same Fe-SOD, such as Plasmodium falciparum and Entamoeba histo-
lytica, where enzyme-mediated free radical catabolism is fully Fe-SOD dependent 
[30]. Fe-SOD isoform was first discovered in Escherichia coli in 1973 by Yost and 
Fridovich. Subsequently, the same isoform was characterized in T. cruzi in 1977. 
Like Trypanoredoxin (TR), SODs of T. cruzi differ from the mammalian host. 
Trypanosomatids, other protozoan parasites (P. falciparum and E. histolytica), some 
plants, and Archaea possess only Fe-SOD. However, humans and other mammalian 
hosts contain Cu/Zn-SOD and Mn-SOD as core metal Figure 1 [31].

This chapter will discuss role of superoxide dismutase in various intracellular 
pathogens that are belong to protozoan parasites genus Trypanosoma, Leishmania, 
Plasmodium and Toxoplasma, bacterial intracellular pathogens belongs to genus 
Mycobacterium, Salmonella, Francisella and Staphylococcus and fungal intracellular 
pathogens belongs to genus Cryptococcus and Histoplasma etc.

Figure 1. 
Schematic representation of SOD localization in intracellular pathogens and SOD chemical reaction.  
A) Localization of SOD in bacterial pathogens, B) localization of SOD in protozoan and fungal pathogens 
and C) SOD reaction in mitochondria of protozoan and fungal pathogens.
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3. Role of SOD in intracellular parasites

There are several intracellular protozoan parasites which are causing severe 
illness in human’s beings and if left untreated 100% mortality. These intracellular 
parasites belonging to the genus Plasmodium, Leishmania, and Trypanosoma, caus-
ing a spectrum of diseases like malaria, Leishmaniasis, African sleeping sickness, 
and Chagas disease in humans [1]. Antioxidant defense of pathogenic protozoan 
parasites is significantly distinct from each other as well as compared to their mam-
malian host. Trypanosomatids, as well as Plasmodium species have an Fe-containing 
SOD isoform, which is typically found in bacteria but absent in other eukaryotic 
cells [32, 33]. The main function of Fe-SOD is to neutralizing the O[−] that are 
formed during the generation of the superoxide radical [34]. Parasite persistence is 
determined by a balance between the ability of the immune response and resistance 
against free radicals produced by host cells. Leishmania-infected macrophages are 
able to produce inflammatory cytokines, ROS, and •NO derivatives, which usually 
lead to the killing of the phagocytosed microorganism. However, Leishmania and 
Trypanosoma spp. are few protozoa that can survive and resist cytotoxic environ-
ments within the macrophage, and further, they can able to replicate in such a 
hostile condition Table 1 [4, 5].

3.1 Trypanosomiasis

Chagas is a parasitic disease caused by intracellular parasites Trypanosoma 
cruzi. The prevalence of the disease is around 6–7 million worldwide, mainly in 
Latin America and listed in 17 neglected tropical diseases (NTD) classified by the 
WHO (WHO-2021). The present chemotherapy is relay on two available drugs 
5-nitrofurannifurtimox (NFX) and 2-nitroimidazole benznidazole [65]. T. cruzi 
contains only Fe-dependent superoxide dismutase (Fe-SOD). Parasites have two 
dimeric Fe-SOD isoforms, one mitochondrial and one cytosolic isoform. However, 
Mateo et al. [35] investigated and characterized 4 Fe-SODs in T. cruzi epimasti-
gotes, mainly cytosolic. The level of Fe-SOD increases during the differentiation of 
short stumpy forms of the parasite into dividing procyclic forms [66]. Therefore, 
Fe-SODs could be a promising drug target for the development of anti-chagasic 
drugs because of their exclusivity in T. cruzi. Furthermore, the crystal structures 
of the cytosolic Fe-SOD and the mitochondrial Fe-SOD from T. cruzi suggest that 
each enzyme has two polypeptide chains and two active sites composed of a Fe2+/
Fe3+ ion, respectively. In Chagas disease, phagocytosis of parasites by macrophages 
is the first line of defense against the parasites by the host. Macrophage produces 
superoxide radical (O2 •−), which diffuses into parasitophorous vacuoles, causing 
toxic environments to the parasites. However, T. cruzi is also equipped with an 
antioxidant network to counter the host-derived ROS activity. During infections, 
parasites are internalized into the phagolysosomal compartment and activate the 
NADPH oxidase 2 complex (Nox2) of the host macrophage [67]. Nox2 activity in 
macrophages results in intraphagosomal formation of oxygen free radicals (O2•−) 
and O2•− derived ROS, which is required to neutralize parasite proliferation and 
disrupt its differentiation in the early stage of infection. Macrophages derived from 
Nox2-deficient (gp91phox−/−) mice produced marginal amounts of superoxide 
radical and are more susceptible to parasite infection than those macrophages 
derived from wild-type mice. Nox2-derived superoxide radical plays a crucial role in 
controlling T. cruzi infection in the early phase of a murine model of Chagas disease 
[68]. Inhibition or ablation of the Nox2 enzyme has shown to be detrimental for 
controlling the infection of a number of pathogens in vitro and in vivo [69, 70].



53

Superoxide Dismutase: A Key Enzyme for the Survival of Intracellular Pathogens in Host
DOI: http://dx.doi.org/10.5772/intechopen.100322

In
fe

ct
io

us
 G

ro
up

D
is

ea
se

A
ge

nt
M

aj
or

 m
et

al
 io

ns
Su

b-
cl

as
s o

f S
O

D
Ro

le
 o

f S
O

D
 in

 P
at

ho
ge

ne
si

s
Re

fe
re

nc
e

Pa
ra

sit
ic

 d
ise

as
e

Tr
yp

an
os

om
ia

sis
Tr

yp
an

os
om

a 
cr

uz
i, 

T.
 b

ru
ci

Fe
-S

O
D

SO
D

-B
1 &

 B
2,

 S
O

D
-A

 &
 

SO
D

-C
In

cr
ea

se
 th

e r
es

ist
an

ce
 o

f p
ar

as
ite

 an
d 

de
cr

ea
se

 R
O

S 
m

ed
ia

te
d 

ph
ag

oc
yt

ic
 k

ill
in

g
[3

0,
 3

5]

Le
ish

m
an

ia
sis

Le
ish

m
an

ia
 m

aj
or

, L
. d

on
ov

an
i, 

L.
 tr

op
ica

, L
. m

aj
or

, L
. c

ha
ga

si
Fe

-S
O

D
SO

D
-A

, S
O

D
-B

1 &
 B

2
In

cr
ea

se
 th

e v
iru

le
nc

e o
f t

he
 p

ar
as

ite
s a

nd
 

de
cr

ea
se

 R
O

S-
m

ed
ia

te
d 

ph
ag

oc
yt

ic
 k

ill
in

g
[3

6–
39

]

M
al

ar
ia

Pl
as

m
od

iu
m

 fa
lci

pa
ru

m
, P

. 
ov

al
e, 

P. 
m

al
ar

ia
e, 

P. 
vi

va
x

Fe
-S

O
D

SO
D

-1
 &

 2
Li

m
it 

th
e t

ox
ic

ity
 o

f R
O

S 
pr

od
uc

ed
 d

ur
in

g 
he

m
og

lo
bi

n 
de

gr
ad

at
io

n
[4

0–
43

]

To
xo

pl
as

m
os

is
To

xo
pl

as
m

a 
go

nd
ii

Fe
-S

O
D

SO
D

-B
1,

 S
O

D
2 

&
 S

O
D

3
In

cr
ea

se
d 

th
e i

nt
ra

ce
llu

la
r g

ro
w

th
 o

f 
pa

ra
sit

es
. T

rig
ge

re
d 

th
e h

um
or

al
 an

d 
ce

llu
la

r i
m

m
un

e r
es

po
ns

es

[4
4–

46
]

Ba
ct

er
ia

l d
ise

as
e

Tu
be

rc
ul

os
is

M
yc

ob
ac

ter
iu

m
 tu

be
rc

ul
os

is,
 

M
. l

ep
ra

e
Fe

-S
O

D
, C

u/
Zn

-S
O

D
SO

D
-B

 S
O

D
-C

In
hi

bi
ts

 th
e i

N
O

S 
ac

tiv
ity

, I
FN

-γ
 ex

pr
es

sio
n 

&
 co

nt
ro

l a
po

pt
os

is 
an

d 
TL

R2
 ex

pr
es

sio
n 

an
d 

sig
na

lin
g

[2
5,

 4
7, 

48
]

Sa
lm

on
el

lo
sis

Sa
lm

on
ell

a 
ty

ph
im

ur
iu

m
,

M
n-

SO
D

, C
u/

Zn
-S

O
D

SO
D

-A
 S

O
D

-C
N

eu
tr

al
iz

in
g 

th
e R

O
S 

m
ed

ia
te

d 
ac

tiv
ity

 an
d 

in
du

ci
bl

e n
itr

ic
 o

xi
de

 sy
nt

ha
se

 ac
tiv

iti
es

 an
d 

in
cr

ea
se

 th
e v

iru
le

nc
e

[4
9–

52
]

Tu
la

re
m

ia
Fr

an
cis

ell
a 

tu
la

re
ns

is
Fe

-S
O

D
, C

u/
Zn

-S
O

D
SO

B-
B,

 S
O

D
-C

Li
m

its
 th

e i
ro

n 
re

qu
ire

m
en

t t
o 

pr
od

uc
e t

he
 

hi
gh

ly
 le

th
al

 O
H

· f
re

e r
ad

ic
al

s. 
In

cr
ea

se
 th

e 
vi

ru
le

nc
e o

f b
ac

te
ria

[5
3–

56
]

Bo
ils

 a
nd

 T
ox

ic
 

sh
oc

k 
sy

nd
ro

m
e

St
ap

hy
lo

co
cc

us
 a

ur
eu

s
M

n-
SO

D
 F

e-
SO

D
SO

D
-A

 S
O

D
-M

In
cr

ea
se

 th
e r

es
ist

an
ce

 to
 o

xi
da

tiv
e s

tr
es

s, 
an

d 
in

du
ce

d 
vi

ru
le

nc
e a

nd
 in

fe
ct

io
n

[5
7–

59
]

Fu
ng

al
 D

ise
as

e
Cr

yp
to

co
cc

os
is

Cr
yp

to
co

cc
us

 n
eo

fo
rm

an
s

Zn
-S

O
D

, M
n-

SO
D

SO
D

1 S
O

D
-2

In
cr

ea
se

 th
e v

iru
le

nc
e f

ac
to

r a
nd

 m
en

ad
io

ne
 

re
sis

ta
nc

e
[6

0–
63

]

H
ist

op
la

sm
os

is
H

ist
pl

as
m

a 
ca

ps
ul

at
um

Cu
/Z

n-
SO

D
SO

D
-1

 S
O

D
-3

D
ec

re
as

e t
he

 R
O

S-
m

ed
ia

te
d 

ox
id

at
iv

e 
ki

lli
ng

.
[6

4]

Ta
bl

e 
1.

 
D

ist
ri

bu
tio

n 
of

 su
pe

ro
xi

de
 d

ism
ut

as
e (

SO
D

) 
&

 th
ei

r s
ub

-c
la

ss 
in

 v
ar

io
us

 in
tra

ce
llu

la
r p

at
ho

ge
ns

 a
nd

 th
ei

r r
ol

e i
n 

pa
th

og
en

es
is 

of
 re

sp
ec

tiv
e d

ise
as

es.



Reactive Oxygen Species

54

Trypanosoma brucei is an obligate intracellular protozoan parasite that causes 
sleeping sickness in humans in many countries of sub-Saharan Africa. Various 
sub-species of parasites cause the disease and responsible for more than 90% of 
all trypanosomal diseases in humans [71]. Overexpression of SOD-B1 in T. brucei 
has shown hypersensitivity to a trypanocidal agent such as benznidazole and 
gentian violet. A similar study in L. chagasi revealed that an increase in SOD-B1 
protein leads to resistance toward paraquat and nitroprusside [72]. Deleting one 
copy of Sod-B1 gene in the L. chagasi increased the sensitivity to the drug and a 
significantly decreased the parasites survival within the host macrophage. T. brucei 
serves four SOD isoforms, of which three are iron-dependent, which is typically 
very much similar to prokaryotic SODs. Localization studies reveal that out of four 
SOD, two are predominantly found in the glycosome (TbSOD-B1 and TbSOD-B2), 
and the other two are found in mitochondria (TbSOD-A and TbSOD-C) [30]. 
Overexpression of cytosolic Fe-SOD-B of T cruzi showed more resistance to the 
phagocytic killing of macrophages and increased intracellular proliferation than 
wild-type (WT) parasites. Fe-SOD-B overexpressed mutant parasites showed 
higher infectivity than WT but lost in gp91-phox−/− macrophages, emphasizing 
the role of O2 •− in parasite killing [67]. TcFeSOD-A gene amplification increases the 
TcFeSOD protein expression and enzyme activity in a T. Cruzi induced resistance 
to benznidazole and gentian violet treatments [73]. The reduced expression of 
TbSOD-B leads to rapid accumulation of superoxide anion within the trypanosome 
responsible for detoxifying highly toxic radical in the parasite [74].

3.2 Leishmaniasis

Leishmaniasis is an intracellular protozoan disease caused by Leishmania 
parasites. Leishmaniasis is usually prevalent in tropical and subtropical regions 
of the world [36, 75]. Leishmania parasite infects host macrophages, survives in 
parasitophorous vacuoles of the macrophage, and escapes from the oxidative killing 
of the parasite by neutralizing the ROS activity. Leishmania Fe-SOD can be clas-
sified into two types based on their localization: FeSOD-A isoform is localized in 
mitochondria, and is related to cellular respiration; FeSOD-B1 and FeSOD-B2 are 
localized in glycosomes and reduce the oxidative stress generated from cellular 
reactions [37]. L. major contains Sod-B1, Sod-B2, and Sod-C genes on chromosome 
32 and sod-A gene on chromosome 8. Sod-B1 and Sod-B2 genes are organized in 
tandem in both L. chagasi and L. donovani. Metacyclic promastigote of L. amazo-
nensis, when lacking one allele of the Sod-A gene, failed to replicate in macrophages 
and severely attenuated their ability to established the cutaneous lesions in mice. 
In addition, the reduction of SOD-A expression in parasites resulting in increased 
susceptibility to oxidative damage. The failure of SODA/sod-A functions in promas-
tigotes compromised their differentiation into axenic amastigotes. Hence, SOD-A 
promotes Leishmania virulence by protecting the parasites against oxidative stress 
and initiating ROS-mediated signaling mechanisms, which are required to deter-
mine infective forms [37]. L. chagasi SOD-B1 null mutant parasites are not viable 
inside host macrophages. Furthermore, parasites lacking one SOD-B1 allele have 
markedly reduced their viability [38]. Moreover, WT and SOD-B1/Δsodb1 L. major 
promastigotes have equal capacity to establish infection in murine bone marrow 
macrophages. However, in contrast to WT parasites, L. major SOD-B1/Δsodb1 
deficient parasites are declined in number over time in macrophages. The results 
suggesting its normal level of SOD-B1 is required for L. major endurance in macro-
phages and virulence in mice [76]. The Fe-SOD transcript level and enzyme activity 
are higher in the amastigote than in the promastigote stage of the parasite when 
treated with nitroprusside and parquet in L. chagasi [72]. In Leishmania, FeSOD-A 
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appears to be the first line of defense against ROS and is crucial for parasite survival 
inside macrophages. Antimony (SbIII) resistant L. (Viannia) brazilensis (LbSbR) 
and L. (Leishmania) infantum (LiSbR) lines express higher FeSOD-A specific 
enzyme activity compared to wild type control and showed more resistance toward 
Antimony (SbIII) [77, 78]. Moreover, miltefosine resistant L. donovani are able 
induce the overexpression of LdFeSODA to protects from drug-induced cytotoxic-
ity, reduces superoxide generation, and involves in suppression of oxidative stress-
induced programmed cell death by reducing the phosphatidylserine exposure, DNA 
damage [79, 80]. Increased exposure of L. donovani to miltefosine makes resistance 
due to the release of LdFeSOD-A into the cytosol from mitochondria. This release 
of LdFeSOD-A into the cytosol or the inhibition of LdFeSOD-A import into the 
mitochondria makes the mitochondria even more susceptible to oxidative stress 
due to the accumulation of ROS. Mitochondria of the parasite are more vulnerable 
to ROS, leading to programmed cell death, emphasizing its role in keeping healthy 
mitochondria [39].

3.3 Malaria

Malaria is caused by an intracellular protozoan parasite belongs to the genus 
Plasmodium. Malaria is endemic in most of tropical countries and subtropical 
regions of Asia, Africa, South, and Central America. Plasmodium can differentiate 
and replicate inside hepatocytes, and then released as merozoites into the blood-
stream, which subsequently invades red blood cells (RBCs) [81]. Plasmodium para-
site uses SOD to reduce the toxicity of ROS throughout the intra-erythrocytic stage 
of parasite survival. The SOD activity in Plasmodium falciparum and rodent malaria 
species is characterized as iron-dependent and the first level of the antioxidant 
defense system of the parasite [40, 81, 82]. P. falciparum consists two distinct genes 
coding for different SOD such as PfFeSOD-1 and PfFeSOD-2 [40]. PfFeSOD-1 is a 
cytosolic protein and expressed during the intra-erythrocytic cycle of the parasite 
[41, 83]. FeSOD-1 is also reported in P. ovale, P. malariae, and P. vivax and very close 
apicomplexan parasites such as Toxoplasma gondii [42]. Since FeSOD-1 is a cytosolic 
protein, it is unlikely to act on a superoxide anion in the parasite food vacuole dur-
ing hemoglobin digestion. Thus, it is plausible that parasites might be taking a large 
amount of Cu/Zn-SOD from the host erythrocyte to detoxify the superoxide anions 
in their organelles [84]. Plasmodium parasite utilizes SODs enzymes to limit the 
toxicity of ROS produced during hemoglobin degradation in the erythrocytic cycle. 
These enzymes play a crucial role in parasite persistence and their intracellular 
survival during the intra-erythrocytic stage of the life cycle. FeSOD1 of Plasmodium 
vinckei (PvSOD1) also plays a central role in the oxidative defense of these parasites. 
However, PvSOD1 is inhibited by H2O2 and peroxynitrite, but not by cyanide and 
azide [85]. The FeSOD-2 of P. falciparum is a mitochondrial SOD with an elongated 
N-terminal protein extension, reminiscent of a bipartite apicoplast-localized 
protein [43, 86]. An inhibition study of recombinant P. falciparum FeSOD suggested 
that SOD is a highly selective drug target to designed antimalarial drugs. The study 
further identified many antimalarial drugs which have shown antimalarial activities 
against P. falciparum and even a strain moderately resistant to chloroquine [87].

3.4 Toxoplasmosis

Toxoplasma gondii is an obligate intracellular protozoan pathogen that infects 
nearly all warm-blooded animals. Toxoplasmosis is one of the most prevalent 
parasitic diseases, an estimated one-third of the global population are at risk. Still, 
it is considered a neglected parasitic disease [88]. T. gondii causes life-threatening 
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illnesses in developing fetuses and in persons with immunocompromised [89]. In 
chronic infection, T. gondii spreads in various organs such as the heart and brain 
through the circulatory system [90]. T. gondii RH tachyzoites treated with resvera-
trol and pyrimethamine significantly increased SOD activity to restrain ROS action 
for their survival [44]. Interestingly, human macrophages failed to produced ROS 
during T. gondii-infection [91], possibly due to an immune evasion mechanism 
of parasites. T. gondii targets the host NADPH oxidase enzyme by reducing the 
expression of Nox4 transcript and protein, resulting in diminished the release 
of intracellular ROS. In infected cells, Nox4 gene expression was associated with 
activation of PI3K/AKT signaling [92]. However, superoxide dismutase and catalase 
enzymes might be playing a role in intracellular survival but, it does not have a 
basis for differences in virulence to mice [93]. In T. gondii, SODs are found in nearly 
all developmental stages of parasites, suggesting their importance in detoxifying 
superoxide radicals to protect the parasite. T. gondii contains three types of SOD; 
SOD-B1 (Fe-SOD), different from the Mn-binding SOD of humans. SOD-B1 is a 
cytoplasmic and essential enzyme, and SOD-B1 gene knock-outs lead to be lethal 
for parasites [94, 95]. SOD2 and SOD3 are found in the mitochondria of parasites 
and have conserved residues to bind iron. However, they are very similar in the 
primary sequence to SODs from P. falciparum [45] T. gondii superoxide dismutase 
(TgSOD) also affects the intracellular multiplication of both bradyzoite and 
tachyzoite forms of parasites. A recombinant DNA vaccine containing the antigen 
gene of T. gondii were elicited high levels of antibodies, a Th1 type of immune 
response with significant production of IFN-γ, and low levels of IL-4 or IL-10 in 
BALB/c mice [96]. Moreover, a DNA vaccine containing the TgSOD gene triggered 
potent humoral and cellular immune responses, and it stimulates biased protective 
immunity against acute T. gondii infection in BALB/c mice [46]. SOD-DNA vaccines 
of L. amazonensis immunized mice were partially protected from parasites once 
challenged. Mice showed a mixed immune response, including the production of 
IFN-γ and IL-4 from CD4+ and CD8+ T lymphocytes [69]. In addition, the SOD 
vaccine of Brugia malayi was also shown to trigger a typical Th1 response against 
infective larvae and microfilariae in jirds with filarial infection [97]. The above 
finding reveals that SOD-dependent vaccines have potential vaccine efficacy, either 
by protein or DNA-based vaccines, to control intracellular pathogen by activating 
the protective Th1 type of immune responses in animals.

4. Role of SOD in intracellular bacteria

There are several intracellular bacteria which are causing severe illness in 
human’s beings and if left untreated 100% mortality. Most pathogenic bacteria 
contain MnSOD or FeSOD in their cytoplasm, while CuZnSOD has been found on 
the periplasm of pathogenic bacteria and played an essential role during phago-
cytosis [11, 23]. In addition to their ability to detoxify free radicals during aerobic 
growth, bacterial SODs are also critical in determining the virulence factors. In 
several intracellular bacterial infections, SOD-C acts as a critical virulence factor, 
and its localization to the periplasmic membrane protects bacteria from ROS 
derived from host cells [49, 98–100]. Moreover, many virulent bacteria maintain 
two copies of the sodC gene [101]. The evolutionary maintenance of an extra sodC 
gene copy indicates that SOD is essential for pathogenic bacteria for their survival 
inside the host niche [101]. These pathogens belong to the categories of genus 
Mycobacterium, Salmonella, Staphylocccus and Francisella, causing spectrum of 
disease like tuberculosis, leprosy, typhoid, boils, furuncles, cellulitis and  
tularemia etc. Table 1.
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4.1 Tuberculosis and leprosy

Mycobacterium is an intracellular bacterium, which is causing two distinct 
disease manifestations in humans, such as Tuberculosis and Leprosy. Tuberculosis 
(TB) is caused by M. tuberculosis, a leading infectious agent that claims millions 
of deaths worldwide/year [102]. M. tuberculosis is encountered several exogenous 
and endogenous redox pressures throughout its pathogenic life cycle. Therefore, 
they use various in-house enzymes to detoxify and neutralize the redox potential 
produced by host cells. Catalase–Peroxidase, Superoxide dismutase, and Alkyl 
Hydroperoxidase are the enzymes involved in the clearance of oxidative stress [47].

M. Tuberculosis is a highly pathogenic bacterium contains Fe-SOD and expresses 
93-fold more superoxide dismutase. In contrast, non-pathogenic mycobacterium M. 
Smegmatis has Mn-SOD, and M. Tuberculosis export more enzyme than M. smeg-
matis [48]. Superoxide dismutase (SOD) of M. tuberculosis is a 207-residue enzyme 
with molecular mass of 23 kDa [103]. Treatment with diethyldithiocarbamate, a 
potent inhibitor of SOD, increased M. lepraemurium survival in murine splenic 
macrophages [104], suggesting that SOD protein is required for the long-term sur-
vival of mycobacterium in vivo [104] M. tuberculosis has two distinct SOD proteins, 
SOD-A and SOD-C. SOD-A is one of the main extracellular proteins contains Mn, 
Fe-SOD. SOD-C is much lower protein contains Cu, Zn SOD, and present in the 
outer membrane of the bacteria. SOD-C was upregulated during phagocytosis by 
macrophage, suggesting its importance in protecting the M. tuberculosis membrane 
against damage from superoxide radicals [25]. SOD of M. tuberculosis scavenge 
oxygen free radicals and inhibits the release of NO by inhibiting iNOS activity. 
It impairs acquired by down-regulating the IFN-γ expression as well as control 
the caspase-dependent apoptosis. SOD also inhibits innate immunity by down-
regulating TLR2 expression as well as control the TLR2 dependent signaling in the 
cells [104].

Mycobacterium leprae is the causative agent of leprosy or Hansen’s disease. M. 
leprae is the single known bacterial pathogen that infects superficial peripheral 
nerves. It is an intracellular pathogen that infects both myelinated and nonmyelin-
ated Schwann cells of the nerve and proliferates within the monocyte/macrophage 
series cells. Peripheral nerves are not protected from the immune response of host 
due to the blood–brain barrier [105]. Hence, the advantage of M. leprae is to escape 
from the phagocytosis actions of the macrophage may be a critical factor in its 
pathogenicity [106]. The SOD activity of M. leprae is lower than the other mycobac-
teria species such as M. lepraemurium, M. phlei [107]. Therefore, the ability to clear 
the M. leprae infection via SOD pathway appeared to be a distinct mannerism and is 
not dependent on macrophage activation and differentiation.

4.2 Salmonellosis

Salmonella typhimurium is a facultative intracellular bacterium that resides within 
modified phagosomes in macrophage promotes replication and escape from kill-
ing by ROS [108]. S. typhimurium infects a wide range of hosts, including animals, 
humans, and poultry. S. typhimurium causes acute gastroenteritis in humans and 
typhoid-like disease in mice. If left untreated, 100% fatal [50]. Salmonella infects 
the epithelial wall of the intestine and escapes from the innate immunity and ROS 
activity of the host. The SOD of S. typhimurium protects the bacterium from exces-
sive ROS activity produced outside or inside of the host cell [109, 110]. Thus, SOD 
was considered a critical factor for bacterial survival by neutralizing the ROS activity 
[111]. The sod-A gene inactivation in Salmonella species is connected with limited 
protection from ROS and decreased virulence during mice infection [26, 109]. 
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sod-A-deficient bacterium displayed a slightly lower growth rate compared to the 
wild-type strain. The loss of the sod-A gene in mutant bacteria harms the ability to 
infect the host cell. Consequently, the sod-A mutant bacterium is highly susceptible 
to the bactericidal action of host cells and has also shown attenuated virulence prop-
erties. More specifically, SOD-A plays a vital role in biofilm formation, increased 
resistance against oxidative stress, and overcome from bactericidal complement 
system of serum [51]. Salmonella combats phagocytic free radicals by producing 
the periplasmic superoxide dismutase. Periplasmic Cu, Zn-cofactor superoxide 
dismutase (SOD-C) protects S. typhimurium from extracellular phagocyte-derived 
oxidative damage by host cells. Salmonella deficient sod-C gene has shown abated 
survival inside the macrophage, increased ROS susceptibility, and attenuated 
virulence factor during in-vivo infection. Conclusively, SOD protects periplasmic or 
inner membrane targets by controlling the phagocytosis-dependent oxidative burst 
or inducible nitric oxide synthase activities during in vivo infection [49]. The evo-
lutionary acquisition of the sod-C gene in Salmonella species extends an increased 
virulence trait of bacterium [52].

However, cytosolic Mn-SOD enzyme is essential for detoxifying intracellular 
superoxide radicals but not involved virulence [112]. SOD of Streptococcus suis 
resistant to anti-oxidative stress and ROS-generating herbicides, which is known to 
cause a severe damage to DNA, RNA, and proteins molecules that might contribute 
to its virulence in mice [53].

4.3 Tularemia

Francisella. tularensis is an intracellular pathogen that causes a disease called 
Tularemia. The disease is considered a potential biological threat for humans due to its 
extreme infectivity and substantial capacity to cause severe illness and death. The hall-
mark of the bacterium is their capability to survive and replicate within macrophages 
[113] and other cell types [114, 115]. The bacterium’s survival depends on its ability to 
combat the microbicidal activity of macrophages such as ROS and reactive nitrogen 
species. F. tularensis require oxygen for their growth and possess ROS-scavenging 
enzymes such as super oxide dismutases, peroxidases, and catalases [116, 117].

Like other bacterial pathogens, F. tularensis contains two types of SOD gene: 
FeSOD (sod-B) and CuZnSOD (sod-C). SOD-B plays a dual role in protecting F. 
tularensis from the oxidative stress of the host. SOD-B binds to the iron with high 
affinity and limits the availability of iron requirement to produce the highly lethal 
OH·. Secondly, detoxification of superoxide prevents cellular damage of DNA, pro-
teins, and lipids associated with O2− toxicity [53, 54]. SOD-B dismutation decreas-
ing the reaction of O2 with NO to form peroxynitrite (ONOO) and protect bacteria 
from ONOO- toxicity [55]. ONOO- has been shown to have a significant role in the 
IFN-γ -induced killing of F. tularensis (live vaccine strain) LVS by murine macro-
phages [99, 118]. However, the genome sequence of F. tulrensis LVS has possessed a 
single functional copy of the sod-B gene [117]. Hence, sod-B gene alteration leads to 
reduced SOD-B enzyme expression might be associated with high sensitivity to oxi-
dative stress suggesting that sod-B is essential for bacterial survival under oxidative 
stress conditions. Therefore, increased survival of mice infected with sod-B mutant 
F. tularensis suggesting that SOD-B plays a role in virulence [56].

A recent study suggests SOD-C (CuZnSOD) of F. tularensis also plays a vital role 
in virulence factors. SOD-C is localized in the periplasm to protect from superoxide 
radicals (O2−) derived from host cells. F. tularensis depleted sod-C (∆sodC) mutant 
and F. tularensis ∆sodC mutant with attenuated sod-B gene expression (sodB 
∆sodC) exhibited attenuated intracellular survival in IFN-γ-activated macrophages 
compared to the wild-type F. tularensis LVS. Transcomplementation of the sod-C 
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gene in ∆sodC mutant bacteria or checking the IFN-γ-dependent production of 
O2− or NO enhanced the survival of the sod mutant’s bacteria in macrophage. The 
virulence capacity of the sodB ∆sodC mutant bacteria was significantly more atten-
uated as compared to ∆sodC mutant. Furthermore, lack of IFN-γ, iNOS, or PHOX 
restored the virulence of ∆sodC mutant strains, suggesting that the CuZnSOD of 
the bacterium is playing a critical role in restricting the bactericidal activities of 
ROS and RNS. The ∆sodC and sodB ∆sodC mutants were also significantly attenu-
ated for virulence in intranasally challenged C57BL/6 mice compared to the wild-
type F. tularensis LVS, indicating that SOD-C is required for resisting host-generated 
ROS and contribute to survival and virulence of F. tularensis in mice [119].

4.4 Staphylococcus (boils and toxic shock syndrome)

Staphylococcus aureus is a gram-positive bacterium, which causes a broad spec-
trum of diseases in humans. It is a facultative intracellular bacterium that invades 
and replicates within many types of phagocytic and non-professional phagocytes 
cells, such as endothelial cells, mammary cells, fibroblasts, and osteoclasts [120]. 
Bacterium commonly symptomatically colonizes in one-third of the population of 
the globe and is a leading cause of antibiotic-resistant [121]. Methicillin-resistant 
S. aureus (MRSA) strains are one of the utmost dangerous species and have shown 
resistance to all β-lactam antibiotics as well as other antimicrobials [122]. S. aureus 
is capable of subverting xenophagy and escaping from the cytosol of the host cell 
during intracellular infection [118, 123, 124]. During intracellular survival, S. aureus 
is capable to protects itself from the oxidative burst by numerous mechanisms, 
including enzymes such as SODs that detoxify the action of ROS activity [125, 
126]. S. aureus serves two distinct SODs, SOD-A and SOD-M, both of which are 
cytoplasmic and reported as Mn-dependent [57, 127]. All Staphylococci species are 
contained SOD-A protein, while S. aureus also has a unique protein SOD-M [58]. 
The loss of either SOD-A or SOD-M in a skin model of infection or loss of both 
SODs in a systemic mouse model of infection diminishes the ability of S. aureus to 
cause disease, highlighting the importance of SOD in the virulence [128, 129].

The lack of both SODs in S. aureus shown bacterium is more sensitive to host 
cells during manganese starvation, suggesting the importance of SOD in overcom-
ing nutritional immunity. Mn starvation in host-mediated protein calprotectin 
reduces staphylococcal SOD activity during in vitro and in-vivo infection. Hence, 
Mn deficiency renders S. aureus more sensitive to oxidative stress and neutrophil-
mediated killing [128, 130, 131]. SOD-A protein is essential for countering oxidative 
stress and disease progression when manganese is abundant. At the same time, 
SOD-M is important under manganese-deplete conditions. However, SOD-A is 
strictly manganese-dependent, whereas SOD-M contains either of two or more 
different metal atoms, having similar enzymatic activity when filled with manga-
nese or iron. During host-dependent Mn starvation, S. aureus enables the ability 
of SOD-M to utilize Fe to retain its SOD activity. Subsequently, S. aureus enhances 
the ability to overcome nutritional immunity, resistance to oxidative stress, and 
ultimately induced virulence and infection [59].

5. Role of SOD in other fungal infection

Superoxide of pathogenic fungus are cofactors with Cu/Zn or Mn metals. The 
enzymes are localized in the cytosol as well as in mitochondria and involved in cell 
differentiation and multi-stress conditions. Mitochondrial Mn-SODs prevent the 
damages of oxidative stress, osmotic and thermal stresses in yeast cells. SODs protein 
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has been shown to contribute to the virulence of many intracellular pathogenic fungi, 
such as C. neoformans [60], and H. capsulatum, both are capable to some degree of 
neutralizing the lethal levels of ROS produced by the host cells [64]. C. neoformans 
have Zn-SOD and Mn-SOD, while H. capsulatum has Cu/Zn-SOD. However, some 
fungal pathogens and fungal-like oomycetes have a unique SOD, such as Cu-SODs 
(SOD5). SOD5 are closely associated with the ubiquitous class of Cu/Zn-SODs but 
lack a Zn cofactor [34] and are believed to act on substrate level [132–134]. Unlike 
Cu/ZnSODs, which is found in both intra- and extracellularly, Cu-SODs are found 
exclusively in extracellular, and they appear primarily appended to the GPI anchors 
protein of cell surface [135, 136]. Cu-SODs have been proved to protect pathogens 
from the oxidative burst of the host regulated by immune cells [9] Table 1.

5.1 Cryptococcosis

Cryptococcus neoformans (Cn) is a facultative intracellular fungal pathogen and 
can propagate inside the host macrophages during many stages of experimental and 
human infections [137, 138]. Cryptococcus is a soil fungus that causes life-threatening 
meningitis in immunocompromised patients [139, 140]. Cryptococcus is an encapsu-
lated pathogenic yeast composed primarily of glucuronoxylomannan (GXM). This 
polysaccharide helps the fungus play a defensive and offensive role during pathogen-
esis. It protects the fungus against phagocytosis and promoting intracellular patho-
genesis through the cytotoxic release of polysaccharides into macrophage vacuoles 
[137]. Cryptococcus rarely causes clinically visible infections in healthy hosts, but it can 
be present in latency and persistence inside macrophages [61, 62]. C. neoformans var. 
gattii predominantly infects individuals having a normal immune response, whereas 
var. grubii and neoformans are common in immunocompromised individuals. C. 
neoformans var. gattii hinders macrophage phagocytic response, whereas the other two 
varieties are readily killed by ROS released by phagocytic cells [141, 142].

C. neoformans is resistance to ROS mediated oxidative killing of macrophage by 
inducing the SOD activity and might be playing an important role in virulence of this 
fungus. Exogenous supplementation of SOD significantly controlled the bacterial 
growth by inducing human neutrophil function, suggesting that SOD plays a protec-
tive role during C. neoformans infection [63]. Cryptococcus neoformans var. gattii con-
tains two types of SODs such as copper, zinc-depend SOD (SOD1) and Mn-dependent 
(SOD2) isoenzymes [143]. Both SOD1 and SOD2 are intracellular SODs, and deletion 
of their encoding genes reduces the fungal virulence in vivo model of infection. 
Furthermore, the mutant fungus also increases sensitivity to pharmacologically-
induced intracellular oxidative stress [144]. The sod1 mutant C. neoformans was shown 
three characteristic features 1) highly sensitivity toward oxidative killing by human 
polymorphonuclear (PMN) cells and by the redox cycling agent menadione. 2) The 
sod1 mutant was markedly attenuated in virulence when raising the infection in mice, 
and it also showed significantly susceptibility to in vitro killing by human neutro-
phils. 3) SOD1 deletion also appeared to be defects in the expression of a number of 
virulence factors such as laccase, urease, and phospholipase. Complementation of 
the sod1 gene mutant C. neoformans with SOD1 protein regained the virulence factor 
and menadione resistance. Hence, the antioxidant function of SOD1 is critical for the 
pathogenesis of the fungus during intracellular survival [60, 142, 145].

5.2 Histoplasmosis

Histoplasma capsulatum is an intracellular fungal pathogen structurally similar 
to yeast cells. H. capsulatum successfully infect host cells like neutrophils and 
macrophages. H. capsulatum is prevalent in the Midwestern United States and 
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Latin America. Macrophages efficiently phagocytize the Histoplasma cells, but they 
failed to kill the fungus despite having ample ROS production. Histoplasma cells 
counter the ROS-mediated oxidative stress of the host by three proteins that are 
possibly involved in defending Histoplasma from ROS. sod1 and sod3 gene deficient 
Histoplasma strains shown the spatial specificity of the SOD1 and SOD3 superoxide 
dismutases for internal and external (i.e., host-derived) superoxide, respectively. 
SOD-3 is the primary source of extracellular SODs, and its expression is signifi-
cantly enriched in the pathogenic phase of fungus cells. Histoplasma SOD-3 offers 
higher resistance of fungus against the phagocytic killing of host cells leading to 
increased capacity to cause disease in immunocompetent hosts. In in vivo studies, 
sod-3 gene deficient Histoplasma strains were shown the attenuation in virulence 
in mice. Furthermore, restoration of ∆sod3 mutant Histoplasma virulence in mice 
unable to produce superoxide radicals conclusively proves that SOD3 functions 
in the detoxification of superoxide generated by the host. SOD-3 also prevents 
the superoxide-dependent killing of Histoplasma yeast cells. The host to control 
the infection of Histoplasma requires ROS production. Hence, SOD-3 is a central 
virulence factor of Histoplasma and help to fungus survives under oxidative stress 
produced by host phagocytic cells during infection [64].

6. Conclusion

Superoxide’s are the critical molecules produced by host cells to counter intracel-
lular pathogens during infection. ROS is mainly produced within mitochondria of 
cells as byproducts of normal cell respiration. Defects in oxidative phosphorylation 
in cells could lead to an increase or decrease in ROS production by host cells. ROS-
mediated destruction can directly affect the components of the electron transport 
system of host cells. Therefore, to reduce the ROS activity, host cells are evolved 
with three types of SODs such as NiSOD, Fe or MnSOD, and CuZnSOD to control 
the ROS activity produced by itself. More importantly, the immune cells of the host 
used ROS as defense molecules against various kinds of human pathogens during 
their infection.

Intracellular pathogens are also furnished with all types of SODs such as NiSOD, 
Fe or MnSOD, and CuZnSOD. Pathogens are using these SODs in neutralizing the 
free radicals produced by host cells during infection. SODs of intracellular patho-
gens can modulate the interaction with phagocytic cells at the onset of phagocytosis 
by altering the local concentrations of superoxide anion in parasitophorous vacuoles 
of host cells. SODs of these pathogens are also required to neutralized O2- gener-
ated by IFN-γ-activated macrophages, but not necessary for survival in quiescent 
macrophages. However, the role of SOD in combating other infection does not 
solely depend on the phagocytic ability of macrophages. In conclusion, SODs of 
intracellular pathogens are the key determinants of their survival inside the host 
niche. Furthermore, it also plays a vital role in the severity of disease and virulence 
of these pathogens by protecting them from extracellular host-derived ROS activity.
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Superoxide Dismutase in 
Psychiatric Diseases
Vladimir Djordjević

Abstract

As with many other human diseases, oxidative stress is implicated in many neu-
ropsychiatric disorders, including schizophrenia, bipolar disorder, depression and 
Alzheimer’s disease. Due to high oxygen consumption and a lipid-rich  environment, 
the brain is highly susceptible to oxidative stress or redox imbalance. Both increased 
production of reactive oxygen species and antioxidant defense disorders have been 
demonstrated in psychiatric patients. Superoxide dismutase (SOD) is the primary, 
critical enzyme in the detoxification of superoxide radicals, because they are the 
main ROS, primarily generated in the most biological reactions of free radical 
formation. There are inconsistent data on this enzyme activity in patients with 
different psychoses. Since psychotic disorders are complex and heterogeneous 
disorders, it is not surprising that different authors have found that SOD activity 
is increased, decreased, or unchanged in the same type of psychosis. This review 
examines and discusses some recent findings linking SOD activity to schizophrenia, 
bipolar disorder, depression and Alzheimer’s disease.

Keywords: superoxide dismutase, schizophrenia, bipolar disorder, depression, 
Alzheimer’s disease

1. Introduction

More than 90% of molecular oxygen (which is essential for aerobic lifestyle) 
intaken in the human body is reduced into water by receiving four electrons from the 
electron-transport system in the respiratory chain of mitochondria. A small amount 
of oxygen is incorporated in biological substrates, and rest of oxygen is transformed 
into reactive oxygen species (ROS) that include potentially toxic oxygen free radicals 
[1] and very reactive non-radical species. The reduction of oxygen by one electron 
at a time produces superoxide anion radical (O2

.−), the precursor of most ROS and a 
mediator in oxidative chain reactions. Superoxide is then dismutated either spontane-
ously or by superoxide dismutase into hydrogen peroxide (H2O2). H2O2 can be fully 
reduced to water or partially reduced (in a reaction catalyzed by reduced transition 
metals) to hydroxyl radical (OH.) which is one of the strongest oxidants in nature. 
Except the respiratory chain of mitochondria, enzymatic sources of  superoxide pro-
duction include phagocyte NADPH (nicotinamide adenine dinucleotide  phosphate) 
oxidase, cytochrome P450−dependent oxygenases and xanthine oxidase (XO). 
 Non-enzymatic production occurs when a single electron is directly transferred to 
oxygen by reduced coenzymes or prosthetic groups (flavins or iron sulfur clusters), 
by xenobiotics previously reduced by certain enzymes (adriamycin or paraquat), or 
by mitochondrial redox centres that may leak electrons to oxygen [2].
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Basal cellular metabolism continuously produces ROS that occurs in endog-
enous sources such as mitochondria, peroxisomes, cytochrome P450, inflamma-
tory cell activation and other cellular elements [3], but in vivo the mainly ROS 
 production occurs within the mitochondria [4]. In physiological conditions, when 
the redox status is balanced, ROS are produced in appropriate levels because they 
are  necessary and beneficial for normal physiological functions: they can protect 
the cell from infections [5, 6]; they play a role in the regulation of cardiac and 
vascular cell functioning [6]; they regulate intracellular processes such as calcium 
 concentration, protein phosphorylation/dephosphorylation and transcription 
factor activation. ROS directly interact with critical signaling molecules to initiate 
signaling in a broad variety of cellular processes, such as proliferation and survival 
(MAP kinases and PI3 kinase), apoptosis, ROS homeostasis, and antioxidant gene 
regulation (Ref-1 and Nrf-2) [7].

Maintenance of ROS at the physiological level is enabled by the antioxidant 
system which consists of antioxidative enzymes (superoxide dismutase, per-
oxidase, catalase, glutathione reductase and thioredoxin) and non-enzymatic 
antioxidants including reduced glutathione (GSH), vitamins (A, C, E), thiols, zinc, 
selenium, uric acid, albumin, bilirubin, N-acetylcysteine, and melatonin). Any 
disturbance of the balance between radical production and antioxidant defense 
(the  overproduction of ROS and/or insufficiency of the antioxidant defense 
mechanisms) [8, 9], leads to oxidative stress and the manifestation of toxic effects 
of reactive species. The brain is especially sensitive to oxidative damage because it 
has high capacity to consume large amounts of oxygen (more than 20% of totally 
inhaled oxygen) that directly enhances the production of free radicals [5]; it has 
scarce antioxidant system; low expression of SOD, GPx and catalase; a significantly 
lower concentration of reduced GSH in comparison with other tisses; in some 
regions, the brain contains high concentrations of vitamin C and metals (e.g. iron, 
zinc, copper and manganese) which makes favorable conditions for the produc-
tion of free radicals through the Fenton reaction; it is rich in polyunsaturated fatty 
acids that make it susceptible to oxidative attack. This situation is exacerbated by 
many factors including oxidative potential of monoamines, secondary oxidative 
cell damage induced by neurotoxic effects of excitotoxic amino acids (glutamate), 
and secondary inflammatory response. Due to the inability of neurons to produce 
glutathione which plays the main role in the protection of neuronal tissue from ROS 
[10], and in the modulation of redox-sensitive sites including NMDA receptors [11], 
the brain has the limited capacity to scavenge ROS. Besides, neurons are the first 
cells that can be affected if the concentration of ROS enhances or the concentration 
of antioxidants declines. Increasing body of evidence shows that partially reduced 
oxygen species are involved in the pathogenesis of more than hundred human 
diseases including psychiatric diseases such as schizophrenia, bipolar disorder, 
depression and Alzheimer’s disease.

2. Superoxide dismutase

Superoxide dismutase (SOD; EC 1.15.1.1) is an enzyme that catalyzes the 
 dismutation of the toxic superoxide radical, into either molecular oxygen or 
hydrogen peroxide, thus preventing peroxynitrite production and further  damage 
[12]. Superoxide anion radical (O2

.−) can be formed by one-electron reduction of 
 molecular oxygen or by one-electron oxidation of hydrogen peroxide. It is highly 
effective in the inactivation of some enzymes, but it cannot directly oxidize 
unsaturated faty acids. In biological systems, it is generated accedentally via the 
electron transport systems in either the endoplasmic reticulum or mitochondria via 
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electron leakage from intermediate electron carriers onto oxygen; via autooxidation 
of redox-active chemicals [13]; via glycation of proteins [14]; and via thiol oxida-
tion. By various mechanisms superoxide is generated by oxidases, in particular, 
xanthine oxidase and NADPH oxidase of the phagocytic cells. During phagocytosis, 
neutrophils produce 16 times more superoxide (4.7 nmol/106 cells per minute) than 
that produced in resting cells [15]. The superoxide produced in this manner allows 
phagocytes to kill the microorganisms in the invading host. Vascular endothelial 
cells, fibroblasts, lymphocytes and many other human cells release superoxide 
involved in intracellular signaling in physiological conditions. Xanthine oxidore-
ductase (XOR), which has a key role in purine catabolism, may exists in two forms, 
xanthine oxidase (XO) and xanthine dehydrogenase (XDH). The enzyme originally 
exists in its XDH form, but is readily converted to XO either irreversibly by prote-
olysis or reversibly by oxidation of Cys residues to form disulfide bridges [16, 17]. 
The reoxidation of fully reduced XO yields two H2O2 and two superoxide radicals 
[18], which may lead to the formation more toxic reactive species. However, low 
concentrations of superoxide and hydrogen peroxide are initially used by the cell for 
the mobilization of the antioxidative system.

Since superoxide is the primary ROS produced from a variety of sources, 
its  dismutation by SOD is of primary importance for each cell. Three forms of 
 superoxide dismutase are present in humans: a copper- and zinc-containing 
 superoxide dismutase (CuZnSOD/SOD1) localized predominantly in  cytoplasmic 
and nuclear compartments as well as peroxisomes of all mammalian cells [19], 
a manganese superoxide dismutase (MnSOD/SOD2) localized within the 
 mitochondrial matrix, and a copper- and zinc containing SOD predominantly 
found in extracellular compartments (EC SOD/SOD3). CuZnSOD present in 
eukaryotic cell is found sensitive to cyanide and located in the form of dimer. It 
may be inactivated by hydrogen peroxide, leading to the generation of either Cu 
(II)-OH. or its ionized form Cu (II)-O.- [20]. This enzyme can further catalyze the 
peroxidation of a wide vaiety of compounds.

EC SOD is homotetrameric glycoprotein whose each subunit contains a copper 
and zinc atom, has a high affinity for heparin sulfate and presumably scavenges 
superoxide that is released from the cell surface. Besides EC SOD important role in 
the regulation of extracellular superoxide levels, it is also important as a modula-
tor of NO activity. EC SOD is highly expressed in blood vessels constituting up to 
70% of the SOD activity in both pulmonary and systemic arteries. Its expression is 
mainly regulated by cytokines which increase (IFNγ) or decrease (TNFα and TGFß) 
EC SOD expression [21].

In eukaryotic cells MnSOD is a homotetramer located in the matrix of  mitochondria. 
It is produced constitutively but can also be induced by cytokines (IL-1, TNF) or 
 endotoxin [22]. In addition to cytokines, a wide range of reactive oxygen metabolites, 
both inducible and basal levels, may induce Mn SOD expression in distinct cell types 
[23] that may play a decisive role in the pathogenesis of tissue injury following  oxidative 
stress. There are indices that transcriptional upregulation of MnSOD is mediated 
through the activation of nuclear transcriptional factor κB (NF- κB) by oxidants.

3. Superoxide dismutase and psychiatric diseases

3.1 Superoxide dismutase and schizophrenia

A number of studies noted increases in free radicals, alterations in antioxidant 
defense mechanism, increases in lipid peroxidation products and higher levels of 
pro-apoptotic markers in patients with neuropsychiatric disorders [24–27].
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One of the critical scavenging enzymes that have been reported most commonly 
in schizophrenia is SOD. In 1986 Abdalla et al. [28] noted that both neuroleptic-
treated and untreated schizophrenic patients showed about 60% higher SOD 
activity than those found in control individuals. Later, elevated SOD activity in 
chronic schizophrenic patients has been reported in a number of studies [29–32]. 
Djordjevic et al. [32] also showed that SOD activity was a significantly higher in 
patients who were younger than 34 years. These results showed that erythrocyte 
SOD activity is increased in the early phase of schizophrenia and may be induced 
in response to oxidant stress and that oxidant stress is a primary event and that 
SOD activity abnormalities are its consequence. That is recently confirmed by 
the results [33] which have shown that juvenile antioxidant treatment prevented 
adult deficits in a developmental model of schizophrenia. Higher conversion of 
superoxide might elevate hydrogen peroxide level which, in turn, could inactivate 
SOD [34] leading to the inhibition of the enzyme activity in the later stage of the 
disease. Djordjevic et al. [32] also showed that SOD activity depends on the onset 
of the disease, the number of psychotic episodes, the duration of the disease, and 
medical treatment. The authors suggested the use of antioxidants as the adjuvant 
therapy in the prodromal and early phase of schizophrenia. Activities of SOD and 
levels of malondialdehyde (MDA – commonly known as a marker of oxidative 
stress) in erythrocyte were significantly higher in patients with acute and chronic 
schizophrenia. Further, SOD activity positively correlated with scales and duration 
of disease while erythrocyte MDA concentration, GPx activity and GSH level were 
lower in patients than in controls [35]. In another study, activities of erythrocyte 
SOD, catalase and MDA were all greater in schizophrenics than in controls [36]. 
Wu et al. [31] found that both never-medicated first-episode and chronic patients 
had significantly increased plasma SOD activities compared to controls, and that 
chronic schizophrenic patients on antipsychotic medication had significantly higher 
SOD activities than first-episode schizophrenics. They also showed that SOD activ-
ity negatively correlated with positive symptoms of schizophrenia in first-episode 
patients. Never-treated first-episode patients had significantly higher MnSOD 
and total SOD activities than healthy controls, and bot enzymes showed positive 
correlation with depresivity and general psychopathology [37]. Increased SOD 
activity found in chronic medicated schizophrenic patients at baseline, decreased 
significantly after 45 days and 90 days of supplementation with alpha-lipoic 
acid [38]. Contrary to these results, decreased SOD activity has been observed 
in neuroleptic-naïve first-episode schizophreniform and schizophrenic patients 
[39]. In the study of Dadheech et al. [40] significantly lower SOD and GPx activi-
ties in schizophrenics were associated with high blood MDA levels. The condition 
 worsened with advancing age, smoking, among literate masses and in chronic 
schizophrenics; whereas gender did not show any effect. However, age-dependent 
changes were demonstrated because it was noted a significant negative correlation 
between SOD activity and age [41]. A significant negative correlation was obtained 
between SOD activity and the duration of the schizophrenic disease [32]. In an ani-
mal model it was shown (Wistar rats) that mitochondrial SOD and GPx activities 
remaind unaltered between 12 and 24 months of age, with no difference between 
two genders, while the gender and age-differences were observed in MnSOD 
expression [42]. Schizophrenic patients with tardive dyskinesia (TD) showed 
lower plasma MnSOD activity [43], CuZnSOD activity and total antioxidant status 
levels, but higher MDA levels than those without TD. An increase in CuZnSOD and 
MnSOD in frontal cortex and substantia innominata areas of schizophrenia sub-
jects was also observed [44]. Significantly lower SOD and catalase activities were 
associated with decreased GSH levels in patients with schizophrenia [45]. Among 
the schizophrenic patients, antioxidative enzyme activities were significantly lower 
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in untreated patients than in the treated ones. This finding suggest that the efficacy 
of neuroleptics may in part be mediated by promoting an endogenous  antioxidative 
mechanism [46]. Significantly lower SOD and GPx activities [47] did not show 
any difference between the three patient subgroups treated with closapine, ris-
peridone or typical antipsychotics. Contrary, 12-week treatment with risperidone 
significantly decreased the initially high blood SOD levels as well as symptoms in 
schizophrenia [48]. Significantly lower SOD and catalase activities were also found 
in schizophrenic patients and their unaffected siblings compared to the control 
group, while GPx activity was also lower in the patient group but it was significantly 
higher in their unaffected siblings than in controls [49]. Moreover, a significant 
increase in MDA level has been found associated with significantly decreased level 
of vitamin C and SOD activity [50]. Meta analysis for markers of oxidative stress 
showed that SOD activity was significantly decreased in the disorganized type of 
schizophrenia patients compared to healthy controls [51]. In attempt to explain the 
divergence of findings related to SOD in schizophrenia, some authors have studied 
SOD  polymorphism. However, the investigation of the functional polymorphism 
(Ala-9Val) in the MnSOD gene did not show any significant difference in either 
genotype or allele frequency between the schizophrenic and control group, nor 
between the polymorphism and symptom severity [52]. Another study [53] found a 
decrease in -9Ala (mutant) alele among patients with tardive dyskinesia, suggesting 
that the -9Ala (high activity) MnSOD allele may play a role in protecting against 
susceptibility to tardive dyskinesia in patients with schizophrenia.

The above mentioned studies showed some inconsistent results related to SOD 
activity which might be a consequence of several possible reasons: schizophrenia 
is highly heterogeneous disease; redox dysfunction may be, at least in part, state 
dependent; tissue-specific changes may underlie the pathophysiology [54]. Finally, 
there are suggesstion that the decreased level of SOD activity may have a direct 
implication to the oxidative stress, and that the increased enzyme levels may reflect 
a compensatory effect or a preceding oxidative stress in the cell [55].

3.2 Superoxide dismutase and bipolar disorder (BD)

Bipolar disorder is a highly heritable mental disorder clinically presented 
as unusual shifts in mood, energy and cognitive levels. It is characterized by 
 intermittent episodes of mania or hypomania, usually interlaced with depressive 
episodes and these symptoms may seriously damage relationships, job or school 
performance, and even cause suicide. Similarly to schizophrenia, there is an 
increase in the number of studies related to BD and oxidative stress.

Some evidences support the role of a subtle mitochondrial compromise in 
BD [56]. Post-mortem studies using brain tissue of BD patients demonstrated 
decreased expression of mitochondrial electron transport chain genes [57] and 
increased levels of oxidative stress parameters [58]. The second source of oxidative 
stress might be hyperactivation of the glutamatergic and dopaminergic systems in 
BD. Glutamatergic hyperactivity leads to increased calcium influx which increases 
oxidative stress [59] which in turn increases glutamate [60]. The excessive dopa-
mine production also increases oxidative stress due to the production of reactive 
oxygen species in dopamin metabolism [61]. Oxidative stress further induces dopa-
mine uptake thus increasing dopamine activity in a vicious cycle. It is also showed 
that oxidative stress is associated with decreased γ-Aminobutyric acid release as 
well as with decreased serotonergic function [62].

Up now, evidence suggests elevated oxidative stress among BD patients. 
Several studies have reported that patients with BD have significant alterations 
in  antioxidant enzymes, lipid peroxidation, and nitric oxide levels [63]. There is 
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opinion that individuals who have bipolar disorder typically have lower levels of 
SOD and higher levels of oxidative stress as measured by nitrc oxide. After 30 day 
treatment SOD activity significantly increased but did not reach the control levels 
on the 30th day. Persistent low SOD activity might point out an oxidative imbalance 
in BD depressive patients and may be associated with incapacity of coping with 
oxidative stress [64]. However, previous studies have shown an increase in SOD 
activity in BD patients compared to controls [65, 66], but the phase of the disease 
was not taken into account in these studies. However, both SOD activity and NO 
level were found elevated in euthymic bipolar patients compared to controls, and 
NO levels significantly correlated with the total number of the manic episodes and 
the total number of any kind of mood episodes [67]. Increased antioxidant activity 
may reflect a preceding cellular oxidative stress or serve as a compensatory mecha-
nism, and SOD may increase as a defense mechanism against increased NO levels in 
BD. Later, Gergerlioglu et al. [68] showed that patients in manic episode of bipolar 
disorder had significantly higher NO at first and 30th days after treatment, whilst at 
the same time SOD activities were lower than controls. At first day SOD activity was 
higher than at 30th day. SOD activity at 30th day is negatively correlated with the 
number of previous manic attacks. Contrary to these results, serum SOD activity 
was found significantly increased in manic and depressed BD patients as well as 
in schizophrenics when compared to either controls or euthymic ones. Oxidative 
products were also significantly higher in bipolar euthymic, bipolar manic, bipolar 
depressed patients and schizophrenics compared to control [69]. The results from 
meta-analysis recently published [70] showed a significant increase in SOD and 
a significant decrease in GPX in medication-free BD-mania patients compared 
to controls. After treatment there was no any differences in enzyme activities 
between patients and controls. Increased SOD+Catalase activity was observed in 
patients with a symptomatic affective phase of the disease but not in those with 
euthymia. Thus, the combination of SOD+catalase could be suggested as a state 
marker of affective disease, which is different in euthymia. BD patients also showed 
lower GSH levels and elevated oxidative stress markers. One of the reasons for the 
 discrepancy of the results related to SOD in BD patients may be an involvement 
of patients in different phases of the disease. The second major drawback of the 
most studies was that the patients were using some drugs, such as mood stabilizers, 
antipsychotics and antidepressants, because it would not be appropriate to stop 
the treatment in these patients. Risperidone and olanzapine that are used for the 
 treatment of schizophrenia and BD, have a secondary antioxidant benefit. In patients 
given these drugs SOD levels decreased [71], and levels of GSH and vitamines E and 
C significantly inreased [72]. Another study noted that risperidone, olanzapine and 
clozapine have no effect on SOD activity [73] while Li et al. [74] showed that olan-
zapine increases SOD activity. Later, de Sousa et al. [75] presented a reactive increase 
in antioxidant enzyme levels during depressive episodes in early stage BD with 
minimal prior treatment. Patients with BD depression showed a significant increase 
in catalase and GPX and no changes in SOD activity and lipid peroxidation levels. 
Lithium only induced a decrease in lipid peroxides and SOD levels. Both, lithium and 
valproate have antioxidant and antiinflammatory effects thus protecting brain cells 
from dysfunction and apoptosis and enhancing brain-derived neurotrophic factor 
[70]. Some antidepressants, like amytriptillin and venlafaxine have no effect on SOD 
actvivity at therapeutic doses, while in higher doses they increase SOD activity.

3.3 Superoxide dismutase and depression

Depression is a complex and heterogeneous disorder that has a negative impact 
on quality of life, morbidity/mortality and cognitive function. Except several 
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mechanisms involved in its pathogenesis oxidative stress has been proposed as 
a contributing factor in the pathogenesis of this disease [76]. Increased levels 
of ROS and altered levels of antioxidant defenses have been demonstrated [77]. 
Significantly lower plasma concentrations of several key antioxidants (vitamin E, 
Zn, Koenzyme Q ) as well as lower antioxidant enzyme activity have been reported 
in major depression. Also, an association between depression and polymorphisms 
in genes including manganese superoxide dismutase and catalase has been 
demonstrated [78]. Lower SOD activity is accompanied by increased formation 
of  hydrogen peroxides, which can generate other ROS including the very reac-
tive hydroxyl or metal-associated radicals [79]. However, activity of antioxidant 
enzymes was found controversial in patients with depression. Oxidative stress and 
inflammation may enhance both SOD activity and its de novo synthesis especially 
in early stages of an injury [80]. The meta-analysis conducted by Liu et al. [81] 
reported a trend toward increased SOD levels and oxidative damage products in 
depression and no difference in catalase activity between patients with depression 
and controls. SOD, nitric oxide metabolites and lipid peroxides were found signifi-
cantly higher in major depressive patients than in BD or healthy controls sug-
gesting that biomarkers related to oxidative and nitrosative stress could aid in the 
differentiation of major depressive disorder and BD [82]. This study also showed 
that there were no significant sex-linked differences in SOD or catalase activities 
and that education was inversely associated with SOD activity and lipid peroxides 
formation suggesting that education has a protective effect on the generation of 
ROS. Only mild association was found between nicotine dependence and increased 
lipid hydroperoxide levels, but not between age and measured parameters. Another 
study also showed a significant increase in serum SOD, serum lipid peroxides and 
decrease in plasma ascorbic acid levels in patients of major depression as compared 
to control subjects. The trend reversed significantly after treatment with fluoxetine 
and citalopram [83]. All of these data support the concept that depression is accom-
panied with elevated oxidative stress and that antidepressant treatment may reduce 
oxidative stress, suggesting that augmentation of antioxidant defense is one of the 
mechanisms underlying the neuroprotective effects of antidepressants.

3.4 Superoxide dismutase and Alzheimer’s disease

Alzheimer’s disease (AD) is a progressive neurodegenerative disease 
 characterized by the neuropathological deposition of extracellular amyloid-β pep-
tide (Aβ) plaques and intracellular neurofibrillary tangles of hyperphosphorylated 
τ protein, and neurophil threads, loss of synapses and dendritic spines, cholinergic 
denervation, hypoperfusion and hyperemia [84, 85]. Neurofibrillary tangles 
mainly contain self-aggregated hyperphosphorylated tau [86]. Neurotoxic peptides 
of varying lengths (Aβ42, Aβ40) formed by proteolitic cleavage of amyloid beta 
precursor protein (APP) can also form aggregates. Accumulation in brain tissue of 
Aβ42 aggregates is the major pathogenetic event in Alzheimer’s disease and together 
with τ protein are mediators of the neurodegeneration that is among the main caus-
ative factors. Besides genetic abnormalities, oxidative stress is one of the causes of 
Aβ accumulation in AD. There is evidence of the leading contribution of oxidative 
damage to neurodegenerative disease in contrast to other diseases where oxidative 
stress plays a secondary role. Further, Aβ can be induced by oxidative stress [87], 
and in turn Aβ has the ability to induce oxidative stress. It is believed that oxidative 
stress occurs mainly as a result of overproduction of ROS by mitochondria.

Using the Alzheimer’s disease mouse model in combination with a mouse that 
overexpresses the mitochondrial SOD, Massaad et al. [88] showed that severe 
deficits in the spacial and associative memory of AD mice could be prevented by 
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scavenging of superoxide. MnSOD overexpression also resulted in a reduction in 
Aβ plaque deposition without affecting the levels of soluble and fibrillar Aβ. This 
finding show that quenching mitochondrial superoxide could be a preventive 
approach to the occurrence of AD. On the other hand, MnSOD reduction decreased 
amyloid plaques in the brain parenchyma but promoted the development of 
cerebrovascular amyloidosis, gliosis, and plaque-independent neuritic dystrophy 
suggesting that MnSOD protects the aging brain against Aβ-induced impairmets 
[89]. In  addition, CuZnSOD activity was found significantly increased in fibroblast 
cell lines derived from AD patients [90]. De Leoa et al. [91] showed significantly 
increased CuZnSOD activity in red blood cells as well as the MnSOD mRNA levels 
in lymphocytes of AD patients. Total SOD activity was increased, whereas total 
GPX, catalase and peroxiredoxin activities were decreased in the superior temporal 
gyrus of AD patients, suggesting that hydrogen peroxide accumulates in this brain 
region [92]. It was also found that higher cerebrospinal fluid (CSF) CuZnSOD 
correlated with better, global cognition scores, yet less gray matter, and glucose 
metabolism in AD-sensitive parietal and frontal regions. Higher CSF CuZnSOD 
also associated with more CSF total tau and phosphorylated tau-181, but not 
beta-amyloid 1–42 [93]. These authors hypothesized that CuZnSOD antioxidation 
reflects tau but not amyloid accumulation, which may lead to pro-oxidant-based 
 neurodegeneration and cognitive dysfunction. Morever, Rs2070424 polymorphism 
in CuZnSOD itself might be associated with AD in Chinese han population [94]. 
Further, it was demonstrated that S-adenosylmethionine and SOD supplementa-
tion prevents the exacerbation of AD-like features induced by B vitamin deficiency 
acting  synergistically. They also contrasts the amyloid deposition typically observed 
in TgCRND8 mice [95]. On the basis of these resulta it was suggested that the 
combination of S-adenosylmethionine and SOD could be carefully considered as 
co-adjuvant of current AD therapies.

Similarly, extensive oxidative damage has been reported in mild cognitive 
impairment compared to those of normal aging subjects that is confirmed by 
decreased plasma levels of non-enzymatic antioxidants and activity of antioxidant 
enzymes [96]. These results show that ROS may act as important mediators of syn-
aptic loss and inductors of neurofibrillary tangles and senile plaques formation [97]. 
The accumulation of oxidatively modified biomolecules is a hallmark of brain aging 
and could be an early event in the progression of AD. In 2019 Kelsey McLimans said: 
“In individuals with Alzheimer’s or mild cognitive impairment, SOD1 was related 
to more gray matter, which is significant for memory. However, our results show 90 
percent of this positive association is negated by tau. This bolsters our hypothesis 
that CuZnSOD itself isn’t detrimental; it’s just trying to limit the oxidative damage 
caused by tau” [98].

4. Conclusion

The biochemical characteristics and physiology of the CNS strongly suggest 
that the brain is susceptible to oxidative damage and that oxidative stress is part of 
the pathophysiological mosaic of numerous neurological and psychiatric diseases. 
More importantly, oxidative stress is one of several biochemical mechanisms 
responsible for neurodegeneration in mental disorders, which can be limited as in 
schizophrenia, bipolar disorder, and depression, or reflected in massive apoptosis 
as in Alzheimer’s disease. As the primary enzyme of antioxidant protection, SOD 
plays a significant role in preventing amplification of oxidative stress, production of 
more toxic free radicals and initiation of the internal apoptosis pathway. Although 
the results are inconsistent, in most studies the activity of SOD in major psychiatric 
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illnesses has been altered. The inconsistency of the results may be a consequence 
of the heterogeneity of the disorders themselves, testing at different stages of the 
disease or the influence of psychopharmaceuticals on the enzyme activity and 
expression. In view of all the above, modulation of SOD activity can be considered 
in the light of a potential therapeutic target in major psychiatric illnesses.
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Chapter 5

Reactive Oxygen Species in the 
Development and Resolution of 
Autoimmune and Inflammatory 
Disease
Joshua Banda and Allan K. Chang

Abstract

Reactive oxygen species (ROS) have been associated with a wide variety of 
human diseases and disorders. The ability of these molecules can incapacitate 
antioxidant activity leading to an imbalance between oxidants and anti-oxidants, 
with the latter being more pronounced. ROS are no strangers to immune cell 
relationships and function and consequently the development of autoimmune and 
inflammatory diseases. The collateral damage of excessive ROS (collectively called 
Oxidative stress) to the cells or tissue due to nucleic acid damage and oxidation of 
macromolecules such as proteins and lipids is linked to the manifestation, malfunc-
tion and translation to the disease state of cells. Contrary to this view, recent studies 
have shown that ROS have protective roles in certain autoimmune and inflamma-
tory diseases. Despite significant advances in our understanding of inflammatory 
and autoimmune diseases, therapeutics for these diseases still need further develop-
ment and identification of new targets for improved therapeutic effect. ROS mol-
ecules and inflammation modulators appear before disease development making 
them great therapeutic targets with the potential to inhibit disease manifestation.

Keywords: reactive oxygen species, antioxidants, immune cell, autoimmune, 
inflammatory disease, oxidative stress

1. Introduction

1.1 Reactive oxygen species

Reactive Oxygen Species (ROS) are by-products of chemical reactions that 
involve a one-electron reduction of oxygen, leading to the production of a diatomic 
oxygen radical known as superoxide. Superoxide serves as a precursor for multiple 
ROS generation. The oxygen anion can be produced mainly by enzymatical or 
non-enzymatical means. Enzymes such as Phagocytic Nicotinamide Adenine 
Dinucleotide Phosphate Oxidase (NADPH Oxidase), cytochrome P450–dependent 
oxygenase, and the proteolytic conversion of cytosolic Xanthine dehydrogenase 
can produce singlet-oxygen molecules [1, 2]. The enzymatic generation of super-
oxide is the main generator of superoxide, especially NADPH oxidase. However, 
non-enzymatic generation can also cause a significant increase in reactive species. 
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This occurs mostly in the mitochondria during ATP synthesis. The electron trans-
port chain (ETC) has been reported to consist of centers that can leak electrons 
to oxygen, thereby causing a reduction of the oxygen [1]. Additionally, reduced 
coenzymes and prosthetic groups such as flavins and metal ions can directly trans-
fer an electron to oxygen. The produced singlet-oxygen undergoes dismutation, 
catalyzed by the enzyme superoxide dismutase, to produce hydrogen peroxide, a 
more stable and less reactive molecule. The increased availability of ROS can lead to 
an imbalance between oxidants and antioxidants, resulting in a state that is known 
as oxidative stress [2]. During this state, the various deleterious effects of ROS such 
as disruption of cellular homeostasis, structures and function are manifested in the 
cell. Therefore, ROS overproduction has a pathological role in the development of 
various conditions and diseases, including inflammation and autoimmune disease.

1.2 Inflammation

Inflammation is a none-specific immune response of cells or tissues to a stimulus 
such as a pathogen, cell damage, or toxicity that plays an important role in host 
defense. This response involves the signaling molecules, immune cells and blood 
vessels. The process is marked by the proliferation of inflammatory cells like 
monocytes, neutrophils, and lymphocytes. These cells release various molecules 
such as ROS, pro-inflammatory cytokines and various enzymes that have the ability 
to induce oxidative stress in the target tissues [3]. Therefore, inflammation and 
oxidative stress can co-occur, and one process can induce the other and vice versa.

Inflammatory responses can be complex as they involve multiple interactions of 
many cells and mediators. There are four major patterns of inflammatory response 
that are also common mechanisms of diseases. These patterns depend on the type 
of hypersensitivity. Two or more types of hypersensitivity can occur at once in a 
patient.

1. Type 1: This type of hypersensitivity is mediated by immunoglobulin (Ig) 
E that is found on the surface of mast cells. The interaction between this 
antibody and a respective antigen causes the release of inflammation me-
diators such as serotonin and histamine, among others. The release of these 
molecules causes diminished blood pressure due to vasodilation, increased 
vascular endothelium permeability, and bronchoconstriction [4]. Interesting-
ly, increased activation of mast cells can cause a systemic response that causes 
anaphylactic shock. Mediators that are released by mast cells can also recruit 
inflammatory cells such as eosinophils and increase the production of PAF, 
leukotrienes, prostaglandins and cytokines like TNF-α, IL-1, IL-3 and IL-5 
[5]. This results in a sustained inflammatory response and reduces transient 
respiratory efficiency.

2. Type 2: This type of hypersensitivity is triggered by the binding of antibodies, 
IgG and IgM to the cellular antigens, causing tissue destruction. The binding 
of antibodies results in lysis of the cell via the in-situ fixation complement. 
Ig M is an effective inducer of this process [5]. Fixation of complement is an 
important cause of cell injury, and it can cause opsonization as well as being an 
active recruiter of inflammatory cells.

3. Type 3: This is heavily marked by serum sickness due to increased circulat-
ing immunocomplexes. The deposition of these immunocomplexes can lead 
to injury at the site of deposition (usually vascular beds). This is because the 
complexes are efficient activators of the classical pathway of the complement 
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cascade [6]. The properties of the complexes determine which vascular bed 
they are deposited in. This deposition is precise and distinct in pathophysiol-
ogy of different diseases such chronic autoimmune diseases such as systemic 
lupus erythematosus [5, 6]. Certain inflammatory responses have a confection 
of features of type 2 and type 3 hypersensitivity.

4. Type 4: This type of hypersensitivity usually takes longer to occur after antigen 
exposure and is also referred to as delayed-type hypersensitivity. It is typified 
by antigen-specific T cells activation after 24–48 hours of exposure to antigen. 
The antigens modify cellular proteins and these proteins are targeted by T 
cells. CD8+ T cells interact with the antigen presented by MHC-I and become 
activated [7]. This causes the T cell to kill all the cells that are presenting that 
antigen. Antigen-presenting cells also display antigens via the MHC-II that 
activates CD4+ T cells and causes the release of cytokines [5]. Activation of the 
two T cell activation leads to an increase in antigen-specific response, leading 
to hypersensitivity reaction over time. In some events, an immediate inflam-
matory response is initiated due to a positive response. The positive response 
occurs when the T cells are pre-primed as a result of prior ongoing exposure to 
the pathogenic antigen [6]. During this event, the interaction between the T 
cells and macrophages causes the release of TNF- and IFN, which are respon-
sible for the inflammatory response. Other types of hypersensitivity responses 
that are triggered by cellular components of the immune system can also be 
referred to as type 4 even without being antigen specific (Table 1).

Inflammation is triggered to eliminate harmful agents so as to minimize the 
effects of the injuries. However, minimal inflammation (acute inflammation) 
usually does not inhibit these effects and prolonged inflammation (chronic inflam-
mation) is associated with multiple diseases and conditions [3]. Acute inflamma-
tion is known to be part of the innate immune response as it is the initial response 
to a stimulus. In this phase of inflammation, platelets and granulocytic cells like 
basophils, eosinophils and mast cells are activated. These cells migrate from the 
blood vessels to the site of injury and release molecules that initiate, stimulate and 
attenuate inflammation for a short period [8]. For this to occur, the blood vessel 
becomes more permeable, consequently leading to the escape of proteins, outflow 
of fluids known as exudate and migration of other blood cells from the vessels to the 
site of inflammation, causing a swelling known as edema on the site. Neutrophils 
are the primary cells during this phase and they tend to engulf the foreign materials 
and organisms together with other debris. As neutrophils are short-lived cells, they 
are replaced by monocytes that differentiate into macrophages [8]. The acute phase 
usually resolves after hours or days, or even within a week. The persistent presence 
of monocytic cells due to ongoing and long-term response to stimuli leads to the 
development of chronic inflammation.

During chronic inflammation, there is a continuous accumulation of macro-
phages and lymphocytes at the site of inflammation due a persistent stimulus from 
the immune system [9]. The prolonged inflammatory response that might last for 
a week, months and in some cases a lifetime, will eventually lead to tissue injury. 
This can be induced by viral or certain bacterial infection and in some individu-
als, genetic polymorphism of inflammation mediators and cell receptors can also 
induce and favor extensive chronic inflammation [10]. In addition to the accumula-
tion of macrophages, chronic inflammation is also marked by the proliferation of 
fibroblasts and small blood vessels. In rare cases when the inflammatory response 
encounters an agent that is difficult to eliminate, the response proceeds to granulo-
matous inflammation.
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Granulomatous inflammation is a specific type of chronic inflammation that 
is marked by the presence of crystalline materials embedded into the tissues. 
Macrophages are the predominant effectors and they are recruited by T cells. Th1 
cells have been reported to be the major mediators of granulomatous inflammation 
reactions [11]. Following the activation of Th1 cells by the antigens presented on 
MHC-II on the macrophages, Th1 secretes IFN-γ and other cytokines. These mol-
ecules then transform macrophages into activated tissue macrophages. Although 
the activated macrophages have increased capacity to eliminate foreign pathogens, 
they have a tendency to fuse and form multinucleated giant cells which forms con-
centric nodules that are known as granulomas [12]. Central necrosis can develop in 
these granulomas. This phenomenon has have been observed in infections caused 
by M. tuberculosis and other pathogens [13]. Such a phenomenon has also been 
reported in some autoimmune diseases.

Although inflammation is an essential process to the host defense, it can easily 
induce excessive tissue damage, resulting in acute or chronic tissue damage, organ 
or system dysfunction with fatal outcomes. Studies have shown increasing evidence 
of the involvement of chronic inflammation in autoimmune diseases, including 
but not limited to rheumatoid arthritis (RA), inflammatory bowel disease (IBD) 
systemic lupus erythematosus (SLE), gout, and diabetes [14]. This happens when 
inflammatory activity causes the production of autoimmune molecules and reac-
tive species that sensitizes the immune system to a non-pathogenic component of 
the body.

1.3 Autoimmune diseases

Autoimmune diseases are chronic conditions that result from the loss of immune 
tolerance to self-antigens, causing the immune system to attack the organisms’ 
healthy cells, tissues, and/or organs. Autoreactive T cells and autoantibodies are 
identified as the major attackers of self-antigen [15]. The differentiation and 
activation of these key attackers are still not fully elaborated. These disorders can be 
classified into two major groups, organ-specific autoimmune diseases and multiple 
organs or systemic autoimmune diseases. Different types of autoimmune diseases 
have been found to share common phenotypic features, from clinical signs and 
symptoms to genetic factors and pathophysiology mechanisms [16–18]. However, 
it is likely that some inducing factors may differ as different autoimmune diseases 
target different cells, organs and systems. Additionally, environmental factors also 
play a role in the onset of these diseases.

Factors that are common in different autoimmune diseases include but is not 
limited to the following features.

1. Pathology: The phenotypic manifestation of autoimmune varies, depending on 
the affected or target cell or system. However, the major pathogenic role is con-
tributed by the phagocytic T cells and B cells. Other predominant cells include 
macrophages, neutrophils, and CD8+ T cells. Other cells that also contrib-
ute to the pathogenesis of autoimmune diseases are T helper cells, especially 
Th1, Th9 and Th17 [19]. The array of complex biological functions displayed 
by these cells such as cytokine production, antigen presentation, exosome 
release, the release of neutrophil extracellular traps (NETs), ROS, Arginase 
1 and programmed death-ligand 1 have been implicated in the induction of 
autoreactive T cells and B cells as well as tissue damage and inflammation [20]. 
Abnormalities in the function of cells that participate in the classic immune 
response such as higher expression of IL-6, interferon-α, APRIL and BAFF can 
cause the dysregulation of adaptive immune cells [21]. These cells then go on to 
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cause cell death either directly or indirectly by releasing cytokines, ROS, RNS 
and prostaglandins. Interestingly, specialized pro-inflammatory neutrophils 
with enhanced NETs and inflammatory cytokine production capacity have 
been found in the peripheral blood of patients suffering from different auto-
immune diseases [15]. These cells have a low density due to altered buoyancy 
properties.

Peripheral tissues contain activated regulatory T cells that control inflamma-
tion and autoimmunity responses by eliminating malfunctioning neutrophils, 
lymphocytes and macrophages. Cells such as CD25+ and CD4+ T cells can 
secrete anti-inflammatory cytokines that can reduce Th1, Th9 and Th17 activ-
ity, thereby preventing autoimmune disease development [22]. However, their 
function can be inhibited by environmental agents such as pathogenic toxins 
or smoking.

2. Risk factors

a. Gender: Statistically women are more susceptible to autoimmune diseases 
than men. With nearly 5% of the total global population suffering from 
these diseases, 80% of the reported cases are women [23]. Pathophysiology 
in the progression of autoimmune diseases in women tends to be different 
from men and can cause polyautoimmunity. Factors that contribute to this 
are differences in hormonal orientation and genetic factors [24]. High levels 
of estrogen, progesterone and prolactin have been implicated in the develop-
ment of autoimmune diseases.

b. Age: Diseases like systemic lupus erythematosus (SLE) and type1 diabetes 
mellitus tend to have a high severity when the onset is early [25]. However, 
other autoimmune diseases are not influenced by the time of onset, e.g. 
rheumatoid arthritis and Sjogren’s syndrome.

c. Environmental agents: One of the most crucial environmental autoimmunity 
triggers is infectious agents. Viruses like the Epstein–Barr virus and cyto-
megalovirus have been implicated in multiple autoimmune inductions [26]. 
However certain viruses like the hepatitis B virus have the putative ability to 
protect against autoimmune disease development.

d. Genetics: The genetic risk factors of autoimmune diseases can be divided 
into two groups, the common factors and the specific factors. Autoimmune 
phenotype is determined by a combination of common and disease-
specific alleles interacting with environmental and epigenetic factors [27]. 
Autoimmune phenotypes have also been confirmed to be the outcomes 
of nonspecific diseases genes [28]. Additionally, genetic ancestry can also 
influence the heterogeneity and variation of the clinical manifestation 
disease [29]. Certain population subgroups and races have been associated 
with having a relatively high frequency of autoimmune diseases risk alleles. 
However, genetic risk factors only confer a small risk and can only explain a 
limited proportion of heritability in relation to autoimmune diseases [30]. 
Investigated population and additive and non-additive factors should be 
considered when assessing heritability in autoimmunity.

e. Other autoimmune conditions: People with a history of autoimmunity or 
who have an existing autoimmune infection are at higher risks of developing 



95

Reactive Oxygen Species in the Development and Resolution of Autoimmune and Inflammatory…
DOI: http://dx.doi.org/10.5772/intechopen.99988

another autoimmune disease [31]. Diverse manifestation of disease pheno-
type originating from the same gene causes a condition known as polyau-
toimmunity [17]. The coexistence of more than two autoimmune diseases 
in a patient leads to a syndrome known as multiple autoimmune syndromes 
(MAS). MAS is known to favor the pathogenesis of other autoimmune 
diseases. Dermatological autoimmune disease is present in most MAS. Aside 
the existence of other autoimmune conditions, the development of MAS is 
associated with genetic, immunologic, infectious, and psychological factors.

3. Subphenotype: Signs and symptoms of autoimmunity are shared across a wide 
range of autoimmune diseases. Symptoms such as fatigue, dizziness, arthritis, 
alopecia, and Raynaud’s phenomenon and high levels of cytokines are common 
in most autoimmune diseases [32]. However, these diseases can have a hetero-
geneous spectrum if the disease course is dependent on the patient. Addition-
ally, the disease phases differ from one patient to another and even within the 
same patient [33]. This can increase the challenge in acquiring a better under-
standing of autoimmune diseases because although subphenotypes are similar, 
they can change depending on the diseases activity and duration [34].

4. Recurrence risk: Complex diseases such as autoimmune diseases tend to cause 
phenotype clusters in the family of the infected individual. This aggregation 
usually occurs in a higher frequency than what is observed in the general popu-
lation [29]. The presence of different autoimmune diseases in the members of 
the nuclear family is known as familial autoimmunity. When a specific autoim-
mune disease occurs in the family, it is known as familial autoimmune diseases 
[18]. Familial autoimmunity is common than a familial autoimmune disease 
(Figure 1).

Figure 1. 
Development of autoimmune disease. Following the generation and maturation of immune cells in the bone 
marrow and thymus, the cells undergo a series of processes to produce immuno tolerant cells. A small number 
of T and B cells evade this process and form autoreactive T and B cells. However these cells are harmless until 
acted upon by genetic or environmental factors autoantibody can trigger autoimmunity for long term.
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2. Pathogenic foreign bodies, ROS, inflammation and autoimmunity

Production of ROS in phagocytic cells during the oxidative burst is essential 
to the elimination of pathogens during an immune response. However, it is also 
connected with the promotion of inflammation and tissue damage. Interestingly, 
recent studies have demonstrated that phagocyte derived ROS plays a role in the 
regulation of inflammation as well as providing protection against autoimmunity. 
This is mainly because chronic inflammation in multiple pathologic conditions has 
been associated with ROS deficiency.

The activation of the oxidative burst is highly marked by increased uptake of 
oxygen in the neutrophils. The consumed oxygen is primarily converted to singlet-
oxygen molecules. This leads to an increase of the membrane-permeable hydrogen 
peroxide due to elevated dismutation activity within the phagocytes. This initiates 
the generation of various radical and non-radical ROS molecules via the activity of 
myeloperoxidase. In the events of oxidative burst, the NADPH oxidase complexes 
serve as one of the major generators of ROS but the localization and timing of 
the products depend on the stimulus [35]. Despite the localization and efficiency 
of ROS production, a high concentration of the molecules has been reported to 
cause the inactivation of proteins and enzymes via the adduct formation due to 
lipid peroxidation products [36]. Among the enzymes that are inactivated by this 
mechanism is NOX2, a potent producer of superoxide molecules. To counter this 
inhibition, phagocytic cells recruit cytochrome-b558 from the lysosomal pool via 
the soluble NSF attachment receptor 23 (SNARE) [37]. This enables the continuous 
production of ROS even after the inactivation of NOX2. This mechanism ensures 
the efficient eradication of pathogens and has been reported to potentially play a 
vital role in the regulation of autoimmunity [38]. The failure to move the NOX2 
to the endosomes due to decreased Ncf4 expression in phagocytic cells can cause 
autoimmune responses but without the elimination of pathogenic molecules. 
Notably, increased activity of NOX2 is known to cause the destruction of mem-
branes because of lipid peroxidation and this results in the leakage of the endosome 
contents such as antigens [39]. This process allows the presentation as well as 
cross-presentation of antigens to MHC-I. ROS production is therefore essential for 
the eradication of intracellular pathogens [39, 40].

Some evidence of the role of ROS in the maturation of dendritic cells and the 
increased expression of MHC-II molecules has been proposed, however, this is met 
with conflicting research results that NOX2-ROS production does not play a role 
in the maturation, differentiation and production of cytokines. This is despite its 
important role in the elimination of intracellular foreign stimuli. Nevertheless, ROS 
enables regulated presentation of antigen by MHC-II via the oxidation of cathepsin 
cysteinyl thiols which prevents excessive protein degradation in early phagosomes. 
Intracellular foreign pathogen infections such as bacterial and fungal infections 
have been reported to be persistent in conditions where NOX2 activity is lacking 
[41]. NOX2 is also involved in backup mechanisms of pathogen capturing such 
as the formation of neutrophil extracellular traps (NETs) [42]. NETs are mainly 
composed of chromatin coated in antimicrobial peptides and proteases. During 
NETs formation, ROS are required for the release of elastase while myeloperoxidase 
participates in the formation of azurophilic neutrophils granules that facilitate 
histone degradation in the nucleus [42].

2.1 ROS in inflammatory and autoimmune development

Oxidative damage caused by ROS can generate deleterious byproducts consist-
ing mainly of proteins and lipids that are modified into peroxides. These molecules 
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play important roles in the pathogenesis of several diseases. These molecules have 
also been implicated in the pathophysiology of cell death and tissue damage. Some 
of these have the ability to cause immunogenic reactions by inducing pathogenic 
antibody release in diseases such as systemic lupus erythematous, alcoholic liver 
disease, diabetes mellitus, inflammation, degenerative diseases, and rheumatoid 
arthritis. Aldehydic by-products that form adducts with proteins make up two-
thirds of molecules that have been implicated in these conditions.

Stress-induced by ROS or any other factor compromises the antioxidant activ-
ity within a cell can lead leading to an imbalance in the pro-oxidant/antioxidant 
balance. The prevalence of this phenomenon has been shown to increase lipid 
peroxidation. Lipid peroxidation is the degeneration of polyunsaturated fatty acids 
by free radical activity. The process involves three steps: initiation, propagation and 
termination. In the first step, a reactive radical extracts a hydrogen molecule from 
the methylene group. This leaves an unpaired electron on the carbon that combines 
with molecular oxygen in the propagation phase which then forms reactive peroxyl 
radicals that react with other lipids thereby forming hydroperoxides. Notably, 
peroxyl can produce fatty acid radicals and this can cause a chain reaction that 
causes lipid peroxide toxicity. Lipid peroxidation can also be induced by incidences 
of exacerbated conjugated dienes, 4-hydroxyl-2-nonenal modified proteins, 
malondialdehyde modified proteins and 4-hydroxynonenal among other molecules. 
Products of lipid peroxidation such as 4-hydroxy-2-alkenals can form the an adduct 
with the amino groups of proteins, leading to ROS induced protein modification. 
Modified proteins that gain the function of an aldehyde are highly immunogenic. 
ROS-induced lipid peroxidation and protein modification are likely to co-occur, and 
the two processes can mutually induce each other. Some products of these processes 
can avidly react with antioxidants including glutathione and cofactors of ketogluta-
rate dehydrogenase causing further damage to the antioxidant response.

Lipid peroxides are not bystanders when it comes to the destruction of cellular 
membranes, cell-matrix and the accelerators in the development of conditions 
such as atherosclerosis in arthritis especially rheumatoid arthritis. The destruction 
of the cell membrane can cause the leakage of cellular content, thereby induc-
ing an inflammatory response as the phagocytic cells attempt to clean the debris. 
The process of debris clearance can percussively cause tissue damage. During this 
process two sets of macrophages are activated, the first set is M1 which is classically 
activated, and the second set is M2, which is alternatively activated. M1 is known 
for excessive production of toxic production which M2 tries to resolve by produc-
ing molecules like EVG and VEGF. The difference in function is made vivid by the 
distinction in the cytokine profile of the two sets. M1 releases excessive proinflam-
matory cytokines IL1, IL6 and ROS which ultimately causes cell death by activating 
death receptors and/or caspases. M2 on the other hand releases anti-inflammatory 
cytokines like IL-4 and IL-10. In situations that lead to excessive tissue injury, 
there is little to no anti-inflammatory response as compared to proinflammatory. 
Aside from this, oxidation of low-density lipoproteins can cause the upregulation 
of chemokines, adhesion molecules and glycan end-products, thereby inducing an 
increased inflammatory response. Inflammation in the presence of oxidative stress 
is known to result in the nonenzymatic degradation of proteins through glycoxida-
tion. Glycoxidation of immunoglobins produces modified immunoglobins which 
can induce a systemic inflammatory response. Neo-epitopes created by protein 
modifications can be recognized by toll-like receptor-4, advanced glycan end-
product receptors, and scavenger receptors as invasive and can induce pathogen-
associated molecular patterns in the immune system that will ultimately lead to 
autoimmunity. Additionally, there is a correlation between ROS-altered biomol-
ecules and the severity score of autoimmune and inflammatory diseases.
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2.2 Examples of inflammatory and autoimmune diseases and the ROS

2.2.1 Systemic lupus erythematosus

SLE is a complex autoimmune disease that affects at least 0.04% - 0.2% of every 
100,000 people. The disease has a high prevalence in childbearing age women. 
This disease is marked by the increased presence of autoantibodies that target 
nuclear components and inflammation. This usually occurs in organs like the lungs, 
kidney, and joints. Although the exact cause of SLE remains not fully understood, 
a genetic predisposition that promotes the formation of lupus has been purported. 
Additionally, single nucleotide polymorphism in the Ncf2 gene that causes reduced 
ROS production is known to increase the likelihood of SLE occurrence. The promot-
ing role of ROS deficiency in lupus-like phenotype has been demonstrated in mice 
where mutation of the Ncf1 shows high levels of anti-DNA, anti-histone, and anti-
RNA antibodies with elevated deposits of Ig G and complement C3 in the glomeruli 
[43]. This contributes to the development of clinical signs of Arthritis, lung hemor-
rhage and enhanced glomerulonephritis. Increased risk of atherosclerosis is another 
feature of SLE. Atherosclerosis is developed due to endothelial dysfunction which is 
linked to a diminished bioavailability of nitric oxide and an increased generation of 
ROS. Studies in lupus-prone mice have shown increased activity of NADPH oxidase 
coupled with elevated systolic blood pressure and renal disease, a typical symptom 
of lupus [44]. ROS in SLE can play a double role depending on the stage of the 
disease. On one hand, it can be essential in the prevention of autoimmune diseases 
during the early stage, but it may exacerbate damage during the late stage of the 
disease.

2.2.2 Type 1 diabetes (diabetes mellitus)

Type 1 diabetes is a metabolic disease that results from the dysregulation of 
insulin due to the autoimmune destruction of β-cells in the pancreas. The dis-
ease emerges at an early age and is manifested as high levels of blood sugar. The 
hyperglycemia-induced onset of diabetes has been linked to excessive oxidative 
stress damage. Mouse model-based experiments have demonstrated that ROS 
plays a key role in disease development of the disease [45]. For example, non-obese 
diabetic mice that produce is prone to type1 diabetes, contrary to their ROS defi-
cient counterparts [46]. Reducing the ROS levels is known to help in transforming 
macrophages to M2 phenotype. Unlike M1, M2 is not a proinflammatory phenotype 
and does not cause diabetes mellitus. Cells taken from diabetic patients have been 
found to exhibit increased production of singlet oxygen molecules and a depletion 
of antioxidants or loss of antioxidant enzymes activity. Hyperglycemia coupled 
with oxidative stress can lead to macromolecule damage such as protein damage, 
DNA, and lipids. Islet β-cells are highly susceptible to this damage, which displaces 
the activation of signaling pathways [47].

2.2.3 Rheumatoid arthritis

Rheumatoid arthritis is an autoimmune and inflammatory disorder charac-
terized by persistent joint inflammation, which can result in the production of 
autoantibodies, destruction of the bone and cartilage at the site of inflammation. 
Mutations in the genes that encode components involved in oxidative stress have 
been found to play a role in the progression of rheumatoid arthritis. By using 
murine-induced arthritis, pristine-induced arthritis (PIA), gene regions that 
are involved in the regulation of different phases of the disease and its severity 
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have been identified using mouse models [48]. The loss of NOX2 function due to 
polymorphism of the Ncf1 gene is associated with the manifestation of the arthritis 
phenotype. Recovery of NOX2 function shows protection against the development 
of the disease. Sever collagen-induced arthritis with excessive cartilage destruc-
tion has also been found in mice with a mutated Ncf1 gene [43]. Additionally, 
female mice with a mutated Ncf1 gene develop spontaneous arthritis postpartum. 
Autoimmune responses that target cartilage-derived molecules play a vital role in 
the development of arthritis. The recognition of type II collagen bound to MHC-II 
by T cells is important for disease initiation. However, this alone is not enough to 
break the immune tolerance. When the recognition of type II collagen by T cells is 
coupled with the dysregulation of NOX2, chronic collagen-induced arthritis is initi-
ated [49]. Notably, tolerance break can still occur by modulation of T cell activation. 
Single nucleotide polymorphism in genes that encode for components of NADPH 
oxidase complex such as Ncf4, Ncf2, and Rac2 and genes of antioxidants enzymes 
have been linked to arthritis incidence. Low copy numbers of the Ncf1 gene are a 
common occurrence in patients with rheumatoid arthritis. Therefore, an increased 
copy number of the gene can lead to protection against the development of rheuma-
toid arthritis.

The protective role of ROS in rheumatoid arthritis seems to oppose its destruc-
tive role in joint inflammation. During arthritic inflammation, reactive species 
can exacerbate inflammation while contributing to tissue damage via collagen 
degradation. Overproduction of ROS is also known to cause cartilage degradation in 
osteoarthritis. This is achieved by inducing apoptosis in the chondrocytes, cells that 
are essential for the formation and function of the cartilage [50]. The prevalence 
of ROS coupled with inflammation causes the disruption of tissue homeostasis 
and depletion of antioxidants. Hydrogen peroxide and hydroxyl species react with 
membrane lipids, causing lipid peroxidation and promoting cartilage degeneration 
while inhibiting self-repair [51]. Cartilage degeneration is achieved by affecting 
the structures of the structural proteins found on the joint, such as collagen and 
proteoglycan, causing the chondrocytes to enter the stage of senescence or cell 
death, which can eventually lead to subchondral sclerosis and meniscal and liga-
ment damage. ROS and inflammatory cells are contained in the synovial fluid in the 
joint. Their intense activity not only causes the thinning of the proteoglycan layer 
and collagen fiber but can also cause functional impotence to the DNA mismatch 
repair system. This activates the NF-kB and the overproduction of metalloprotein-
ase and DNA adducts such as 8-oxo-hydroxy-7,8-dihydro-2′-deoxyguanosine there 
by contributing to DNA damage and cell arrest. With reduced antioxidant activity, 
arthritis progression is favored.

2.2.4 Chronic granulomatous disease

Chronic granulomatous disease (CGD) also known as Bridges-Good or Quie syn-
drome is a rare inheritable immunodeficiency disorder that affects phagocytes such 
as neutrophils, monocytes and macrophages. These phagocytes lose their capability 
to form reactive oxygen compounds such as superoxides, and their capability to 
eliminate invasive pathogens will therefore, become greatly reduced. CGD is char-
acterized by recurrent bacterial or fungal infection and other dysregulated inflam-
matory responses, leading to the formation of granulomatous and development of 
other inflammatory disorders such as colitis. Clinical manifestation of CGD includes 
pneumonia, adenitis, subcutaneous and hepatic cellulitis, lymphadenitis, osteomyeli-
tis, and sepsis. Clinical studies have also shown the involvement of the genitourinary 
system and gastrointestinal tract in granulomas [52]. CGD is caused by a reduction in 
ROS production due to defective activity of the NADPH complex’s NOX2. The defect 
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is a result of mutations in the NOX2 catalytic subunit gene gp91phox. About 70% of all 
reported CGD cases are found in males and they are X-linked. Mutations in the Ncf1 
and Ncf2 which are recessive autosomal inherited account for a large number of cases 
[53]. These mutations can cause reduced ROS production and disable the ability to 
form NETs, leading to reduced efficiency in pathogen elimination. Interestingly, CGD 
patients have reduced long term memory immunity. A reduced long term memory 
in CGD patients and mice may can be due to the relation between the number of 
neutrophils, NOX2 normal activity and percentage of memory B cells. ROS is known 
to directly influence the process of memory B cells, and hence a loss of function of 
NOX2 will reduce this process. Contrary to a reduced number of memory B cells, 
Cd19+ B cells and immature Ig, the D + CD27- B cells availability increases in patients 
[54]. ROS also plays a role in the activation and proliferation of B cells. According to in 
vitro studies, the neutralization of ROS in B cells is associated with the attenuation of 
B cell receptor signaling. CGD patients with Ncf1 mutation have increased expression 
of type 1 IFNs, which is comparable to 1 IFNs in SLE patients. Type 1 IFNs are known 
to cause autoimmune disease by inducing the differentiation of dendritic cells capable 
of presenting organisms own materials to the phagocytic immune cells [55]. This puts 
CGD patients at a high risk of developing SLE and other autoimmune diseases, includ-
ing juvenile idiopathic arthritis, antiphospholipid syndrome, and IgG nephropathy.

2.2.5 Sepsis

In septic patients, the loss of redox balance is usually the common cause of 
severe inflammatory response syndrome. The inflammation is caused by the 
reactive species from neutrophils and macrophages. The inflammation phase of the 
disease is marked by reduced mitochondrial ATP synthesis and continuous uptake 
of antioxidants by affected cells. The antioxidants aim to fight the deleterious activ-
ity of ROS and RNS such as reversible and irreversible oxidative modifications of 
nucleic acids, lipids, and proteins. The oxidative modification of complex lipids of 
the mitochondrial inner membrane such as cardiolipin worsens the mitochondrial 
dysfunction by causing the release of cytochrome c [56, 57]. This causes further 
reduction of ATP synthesis while elevating the production of reactive species. 
Excessive and persistent ROS in turn inhibits the translocation of Nrf2, which 
jeopardizes the antioxidant response mechanism.

2.2.6 Psoriasis

Psoriasis is an immune-mediated chronic inflammatory skin disease that speeds 
up the growth cycle of skin cells. The disease comprises numerous comorbidities 
and the multifactorial etiology of cardiovascular diseases, metabolic syndrome, 
and type 2 diabetes [58]. The pathogenesis of psoriasis is heavily marked by oxida-
tive stress. However, ROS is reported to have protective effects in psoriasis. In mice 
models with induced psoriasis, elevated levels of ROS will increase the functional-
ity of T regulator cells as well as the expression of indoleamine 2,3-dioxygenase. 
Increased functionality of T regulator cells results in the reduction of circulating 
Th17 cells [20]. The protective effects of ROS are further supported by evidence 
showing the exacerbation of Psoriasis in Ncf1 mutated mice [59]. This suggests that 
the normal functionality of NOX2 plays a role in the attenuation of psoriasis.

2.2.7 Gout

Gout is one of the most understood and manageable systemic rheumatoid 
diseases. It is a disorder of purine metabolism that results in the formation of 
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monosodium urate crystals that are deposited in and around the joints. This is 
mostly due to longstanding hyperuricemia. The urate crystals can induce the release 
of inflammatory cytokines from monocytes and neutrophils, which cause immense 
inflammation [60]. The onset of gout attack can last for at most 10 days and then 
disappear, but the crystals remain present in the joint area. These crystals can 
induce the formation of large NETs aggregates that end up trapping and degrading 
the pro-inflammatory mediators. This in turn will limit and resolve the inflamma-
tion [61]. The formation of NETs in gout is dependent on the availability of ROS, 
and a deficiency in ROS can result in a chronic state for the disease. Therefore, a 
functional oxidative burst is critical for the maintenance of immune tolerance and 
the resolution of inflammation in gout.

3. ROS in inflammation resolution and autoimmune regulation

The effects of ROSs autoimmunity appears to be more complicated than previ-
ously anticipated. ROS is thought to be solely a by-product of the process involved 
in the cellular response to inflammation or infectious stimuli. However, recent 
findings have attributed ROS to have vital roles in cellular regulatory and inflam-
mation restraining processes. As their role in numerous cell functions is elaborated, 
it is now understood that these functions cannot occur without the presence of 
ROSs. Despite this, the tissue, cell type and time point on which ROS act as anti-
inflammatory and immunoregulators are not yet elucidated.

The deficiency of NOX2 has been found to play a key role in the induction 
of multiple autoimmunity conditions. This is true even in severe bacterial and 
fungal infections. Inflammatory and autoimmune diseases such as Corhn-like 
inflammatory disease, idiopathic arthritis and CGD can co-occur. Animal model 
experiments as well as genome-wide studies have shown a relationship between the 
polymorphism of Ncf1 and the occurrence of many arthritic diseases [62]. Ncf1 is 
a cytosolic subunit of NOX2 whose polymorphism signifies diminished production 
of superoxide. Mutation in the Ncf1 gene which results in loss of NOX2 function has 
been reported to increase susceptibility to T cell autoreactive activation, cartilage 
oligomeric matric protein-induced arthritis, and collagen-induced arthritis among 
others [28]. Additionally, NOX2 derived ROS have been found to have regulatory 
roles in T-cell dependent nervous system diseases such as multiple sclerosis and 
Guillan-barre syndrome. Interestingly, NOX2 is also a regulator of autoantibody 
production and autoimmune inflammation. Therefore, NOX2 activity, especially 
ROS generation has a crucial preventative effect on the development of autoim-
munity and can regulate chronic inflammation [63]. However, it is important that 
NOX2 is viewed not as a regulator of disease susceptibility but as a regulator of 
disease severity.

The protective role of ROS in inflammatory and autoimmunity is not universal. 
In type 1 diabetes, ROS deficiency is associated with safeguarding from diseases, 
especially in non-obese diabetic animal model. Thayer et al. reported the essential 
role of macrophage ROS in mediating effector function for CD4+ T cells autore-
activity and autoimmune diabetes pathogenesis [64]. NOX2 generated ROS is also 
vital in the execution of islet reactivity. However, mutations in the Ncf1 gene which 
eventually leads to NOX2 malfunction and reduced ROS availability has been found 
to significantly alter the effector function of macrophages and T-cell subsets [43]. 
Additionally, collagen antibody transfer which develops independently of phago-
cytic immune cells can induce arthritis. This phenomenon can be exacerbated by an 
increase of Ncf1 gene expression. Furthermore, non-classical autoimmune diseases 
such as monosodium urate crystal-induced inflammation and zymosan show signs 
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of increased inflammation even in the absence of NOX2 and ROS [41, 63]. This 
shows that certain cases ROS deficiency can be linked to the protection against 
disease.

4. Conclusion

The development of autoimmunity is defied by a wide range of mechanisms, 
regulatory cells and tolerance mechanism, which when not properly functioning 
or are inefficient, fail to decelerate the effects of the interplay of environmental, 
genetic, and immunological factors. Faults in the immune tolerance mechanism 
consequentially leads to inappropriate cell death or survival or failure to clear debris 
which are involved in the pathogenesis of autoimmune diseases. The failure of these 
systems and the eventual development of autoimmune diseases is aided by inflam-
matory modulators. Interestingly, this process occurs before the full development 
of diseases, making the modulators a potential therapeutic target. As such, they 
can also be used as control points to prevent the exacerbation of the autoimmune 
diseases. Targeting inflammatory modulators can, therefore, offer opportunities for 
the development of novel diagnostic methods and effective therapy in the future.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Reactive Oxygen Species (ROS)
in the Pathophysiology of
Rheumatoid Arthritis (RA)
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Abstract

Free radicals are highly reactive molecules that are unstable and have extremely
short-short half-life. They are derived from either oxygen (reactive oxygen species,
ROS) or nitrogen (reactive nitrogen species, RNS) in mitochondria, plasma mem-
brane and endoplasmic reticulum due to oxidative stress and damage. ROS/RNS are
physiologically useful at low concentrations and are responsible for the activation of
redox-sensitive signaling pathways, phagocytosis of infected cells and removal of
abnormal and aging cells. The endogenous sources of ROS are the electron transport
chain, the respiratory burst of phagocytes and oxidation of lipids. These radicals
react with biomolecules such as DNA, proteins and lipids and may cause patho-
physiological conditions such as autoimmunity, carcinogenesis, and neurodegener-
ative diseases. The role of ROS in autoimmune response remains complex and they
have been implicated in the initiation, generation and amplification of novel epi-
topes. ROS also appears to play a critical role in rheumatoid arthritis (RA), a
systemic autoimmune disease of the joints also known as inflammatory arthritis
(IA). ROS are involved in the initiation of various signaling pathways and have a
significant role in the pathophysiology of RA.

Keywords: ROS, RNS, RA, autoimmunity, free radicals, rheumatoid arthritis

1. Introduction

A free radical is a “molecule containing one or more unpaired electron(s) and
which is capable of independent existence”. Free radicals are highly reactive species
and are involved in several metabolic processes including oxidative reactions in
mitochondria, and ‘oxidative burst’ of phagocytes, etc. In excess, free radicals
lead to diseases including autoimmune, cardiovascular, neurodegenerative, cancers
and must be reduced to minimize these pathological conditions. Reactive oxygen
species (ROS) and reactive nitrogen species (RNS) are two types of free radicals
formed in the body and consist of both radical and non-radical moieties [1]. Under
normal conditions, living organisms utilize respiration to survive, they undergo a
process of reduction of oxygen molecules through the addition of four electrons
resulting in the formation of water. This process produces molecules such as super-
oxide anion (O2d�), hydrogen peroxide (H2O2) and hydroxyl radical (OH�) as a
byproduct. During energy transduction via electron transport of molecular oxygen,
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O2d� is formed intracellularly within the mitochondria, which may potentially lead
to the development of a variety of pathophysiological conditions. [2, 3] (Figure 1).

The O2�– is converted into stable non-radical H2O2 by the enzyme superoxide
dismutase (SOD). Catalase (CAT) and glutathione peroxidase (GPx) convert H2O2

to H2O and O2. Further, H2O2 is converted by myeloperoxidase (MPO) in the
neutrophils to hypochlorous acid (HOCl), which is a strong oxidant acting as a
bactericidal agent in phagocytic cells. The reaction of HOCl with H2O2 yields singlet
oxygen (1O2) and water. Finally, H2O2 is converted in a spontaneous reaction
catalyzed by Fe2+ (Fenton reaction) to the highly reactive �OH (Table 1). The �OH
causes oxidative damage to biological molecules such as lipid, protein and DNA
leading to the etiopathogenesis of autoimmune disorders [5]. The excess generation
of OH� and peroxynitrite (ONOOd) causes oxidative damage to cell membranes
and lipoproteins leading to lipid peroxidation resulting in the formation of harmful
compounds such as malondialdehyde (MDA) and thiobarbituric acid reactive sub-
stances (TBARS) [6]. ROS/RNS damage nucleic acids leading to change in the
function and conformation of DNA resulting in the formation of strand breaks,
nitrogenous base damage-causing mutations [1]. The ROS are also produced from
other sources such as NADPH oxidase (NOX) inactivated phagocytes and endothe-
lial cells, macrophage and polymorphonuclear cells (PMN), lysosome and micro-
somes. ROS is also involved in inflammatory reactions through the activation of
nuclear transcription factor kappa B (NF-κB), leading to upregulation of pro-
inflammatory cytokines and leukocyte adhesion molecules (LAM) [5].

Oxidative stress results from reactive species from the biochemical reactions
within the body including NADPH oxidases (NOXs), nitric oxide synthase (NOS),
nitrate reductase (NR), mitochondrial electron transport chain (ETC) and the
hydrogen sulphide (H2S) producing enzymes cystathionine-β synthase (CBS) and
cystathionine-γlyase (CSE). Superoxide undergoes a dismutation reaction to gener-
ate H2O2 which, in the presence of transition metal ions (e.g., ferrous ions), forms
the �OH. MPO, produces HOCl MPO is a heme-containing peroxidase expressed
mainly in neutrophils and to a lesser degree in monocytes. MPO, in the presence of
H2O2 and halides, catalyzes the formation of ROS such as HOCl. The MPO/HOCl
system plays an important role in microbial killing by neutrophils. Moreover, it has
also also been shown to be a local mediator of tissue damage and the inflammation

Figure 1.
Pathways of ROS/RNS in the body. NADH, nicotinamide adenine dinucleotide; NADPH, nicotinamide
adenine dinucleotide phosphate; GSH, glutathione; GSSG; glutathione disulfide; SOD, superoxide dismutase;
NOS, nitric oxide synthases; MAO, monoamine oxidase; MPO, myeloperoxidase (reprinted from [3]).
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in various inflammatory diseases. When ROS production exceeds the physiological
antioxidant defense, oxidative stress occurs consequently leading to oxidative
modification of proteins. This protein alteration may lead to the formation of
neoepitopes resulting in the formation of autoantibodies [7, 8]. The pathogenesis of
autoimmune diseases (ADs) such as RA is characterized by the loss of peripheral
tolerance to autoantigens, excessive activation of T and B cells, which leads to
increased levels of cytokines and autoantibodies (rheumatoid factor, RF; anti-cyclic
citrullinated peptide antibodies, ACPA; etc.) [9].

Studies have shown that anti-carbamylated proteins anti-CarP and anti-type II
collagen antibodies can serve as a promising diagnostic such diagnostic tool in such

Equations

Oxygen radical generation

NADPH oxidase: 2O2 þNADPH ! 2O∙�
2 superoxideð Þ þNADPHþ þHþ

Spontaneous conversion: 2O∙�
2 þ 2Hþ ! 2HO∙

2 hydroperoxyl radical
� �� � ! O2 þH2O2

Superoxide dismutase: 2O∙�
2 þ 2Hþ ! O2 þH2O2

Myeloperoxidase: Cl� þH2O2 ! OCl� oxidised halideð Þ þH2O

Reactive oxygen species secondary products

H2O2 þ Fe2þ ! OH� þOH∙ hydroxyl radical
� �þ Fe3þ

Fe3þ þO∙�
2 ! O2 þ Fe2þ

O∙�
2 þHOCl ! O∙�

2 þOH∙ þ Cl�

H2O2 þOCl� ! 1O2 singlet oxygen
� �þH2Oþ Cl�

NH3 þHOCl ! NH2Cl chloramineð Þ þH2O

R � CHNH2 � COOH

amino acidsð Þ
þHOCl !

R � CHNHCl� COOH

chloraminesð Þ
þH2O

!
R � CHOþ CO2 þNHþ

4 þ Cl�

aldehydes
� �

Nitrogen radical generation and secondary reactions

Nitric oxide synthetase: arginineþO2 þNADPH ! NO∙ þ citrullineþNADPþ

NO∙ þO∙�
2 ! ONOO– peroxynitrite

� �

ONOO– þHþ ! ONOOH peroxynitrous acid
� �

ONOOH peroxynitrous acid
� � ! NO�

3 nitrate ionð Þ

ONOOH ! NOþ
2 nitronium ionð Þ

ONOOH ! NO∙
2 nitrogen dioxide radicalð Þ

ONOOH ! OH�

ONOOH ! OH∙ hydroxyl radical
� �

Lipid peroxidation: LHþ Radical∙ ! L∙ þ RH

L∙ þO2 ! LOO∙ lipid peroxyl radical
� �

LHþ LOO∙ ! L∙ þ LOOH leading to lipid propagationð ÞLOO∙

þTocOH α � tocopherolð Þ
! LOOHþ TocO∙ chain terminationð Þ

Table 1.
Equations showing products generated by oxygen/nitrogen radicals (reprinted from [4]).
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ADs. The activation of endogenous cellular antioxidant defense systems (e.g.,
nuclear erythroid 2-related factor 2; Nrf2-dependent pathway), inhibition of
ROS/RNS source (e.g., isoform-specific NOX inhibitors), etc., may become the
potential future strategies for redox-based therapeutic compounds [7].

2. Pathophysiology of free radicals

When there is an imbalance between free radical production and removal, causing
oxidative and resulting in aberrant metabolic processes in the body. To neutralize and
eradicate the free radicals, enzymatic and non-enzymatic antioxidants such as vita-
min E (tocopherols and tocotrienols), SOD, CAT, GPx, vitamin C (ascorbic acid),
beta-carotene (β-carotene), coenzyme Q10 (CoQ10), play an important role in the
body's defense system against these toxic species. Thus, these biological molecules
demonstrate an essential role in the quenching or removal of harmful free radicals.
Antioxidants such as polyphenolic compounds can reduce the concentration of ROS
by scavenging them, and hence potentially averting any deleterious oxidative damage
to macromolecules [2]. Several degenerative conditions such as cardiovascular, neu-
rological, diabetes, ischemia-reperfusion injury and aging have been shown to be
caused by pathophysiology of free radicals. Autoimmune diseases (ADs) such as
systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA) are prominent
examples where free radical-induced damage occurs in cells and tissues [10]. The
diseases, which are caused by free radical, are usually characterized into two catego-
ries: one relating to cancer and diabetes involving “mitochondrial oxidative stress”
and occur due to impaired glucose tolerance while the second category involves
inflammatory oxidative conditions resulting in atherosclerosis and chronic inflam-
mation. Mutation in DNA, which more often occurs due to oxidative damage is
strongly correlated to the etiology of cancer, and is one of the initiators of carcino-
genesis in which elevated levels of DNA lesions become apparent in many tumors.
ROS-induced changes are also found in various diseases of the heart such as cardio-
myopathy, ischemic heart disease, hypertension, atherosclerosis, and heart failure
[1]. Several studies have established the key role of oxidative stress in the pathology
of the joints which includes inflammatory infiltration, synovial proliferation, and
angiogenesis [11, 12].

3. Rheumatoid arthritis

RA is a systemic AD of the joints also known as inflammatory arthritis (IA), in
which several additional organ systems are known to be involved, including the
pulmonary, cardiovascular, ocular, and cutaneous systems. However, the presence of
IA, defined as tenderness and swelling consistent with underlying synovitis is the
hallmark for the clinical diagnosis of RA. It is characterized by persistent joint inflam-
mation with accompanying bone and cartilage damage and the formation of autoan-
tibodies [13] (Figure 2). Most of the RA patients have rheumatoid factor (RF,
autoantibody against the Fc portion of IgG) and anti-citrullinated peptide antibodies
(ACPA) [14–16]. The exact cause of RA is still not completely understood, although
there is a strong evidence of the genetic involvement in disease process. The class II
major histocompatibility complex (MHC) molecules, HLA-DR1 and HLA-DR4 are
regarded as the major genetic risk factors in the etiopathogensis of RA [17–19].

Several studies suggest that oxidative stress leads to defective redox signaling
and damage to biomolecules in the pathogenesis of RA [12]. The mutations in genes
that encode inflammatory and enzymatic molecules involved in the oxidative burst
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are responsible for the development of RA. In arthritic inflammation, ROS acts as
an inflammatory mediator and contributes to destruction of collagen tissues and
the overproduction of ROS is associated with damage leading to cartilage
degradation. The damaged chondrocytes, which are essential for the structure and
function of cartilage, are stimulated to undergo apoptosis. Fewer chondrocytes are
unable to self-repair the cartilage and therefore promote the breakdown of the
extracellular matrix in joints. Furthermore, H2O2 leads to chondrocyte lipid
peroxidation which is also linked to protein oxidation and degradation of cartilage
matrix [20].

Figure 2.
a. Rheumatoid arthritis. The oxidative stress and local inflammatory mediators manifest mainly in the joint
resulting in pain and pain and inflammation which may lead to and joint damage and disability at a later
stage (reprinted and modified from [13]). b. Oxidative stress and inflammation in rheumatoid arthritis
(reprinted and modified from [13]).
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Additionally, the functional genetic analysis showed that the single nucleotide
polymorphisms (SNPs) in the neutrophil cytosolic factor 1 (Ncf1) coding region is
associated with genetic susceptibility to RA [21]. The patients with chronic granulo-
matous disease (CGD) also have amplified susceptibility to RA [21, 22]. Furthermore,
a study of NOX2-deficient mice revealed that the absence of ROS averts resistance to
autoimmune arthritis. A collagen-induced arthritis model produced by Ncf1 mutation
in mice has more acute symptoms, higher anti-CII IgG levels, and stronger T helper
type 1 (Th1) responses than wild-type mice. Interestingly, the study also found that T
cells from Ncf1-mutated mice reacted more actively to antigen presenting cells
(APCs) [23]. Mice with mutated collagen (MMC) have increased resistance to arthri-
tis mediated by a mutated immunodominant epitope in collagen type II that binds to
the MHC class II molecule. When these MMC mice are bred with NOX2-deficient
mice, their immune tolerance to arthritis disappears, and they display increased
autoimmune T cell and higher levels of anti-CII IgG levels [24]. Therefore, the
pathophysiology of ROS in RA is an imbalance in homeostasis between pro- and
antioxidative and pro and anti-inflammatory conditions, which may lead to the
damage of connective tissues, multiple joints and other organs in the body.

4. Conclusion

In ADs, the immune system recognizes and attacks its tissues i.e., self-
destruction. Activation, proliferation, and apoptosis of immune cells are dependent
on the controlled production of ROS. However, under chronic inflammatory con-
ditions, large amounts of ROS generated are responsible for the pathophysiology of
many human disorders. A characteristic feature of ADs is the presence of autoanti-
bodies and inflammatory conditions and cells such as mononuclear phagocytic
system, autoreactive T lymphocytes and autoantibody-producing B cells (plasma
cells). RA is a systemic autoimmune disease of the joints with underlying synovitis
and is also known as inflammatory arthritis. Increased apoptosis and decreased
clearance of apoptotic cells observed in systemic autoimmunity may be a be con-
tributing factors in autoimmune disorders such as RA and SLE. Since ROS have
been implicated in the initiation and progression of autoimmunity, their role in
autoimmunity remains complex. The pathophysiology of ROS in RA though not
well understood but could be understood as an imbalance in homeostasis between
pro- and antioxidant conditions and pro and anti-inflammatory states, which may
become chronic leading to led to damage of connective tissue and multiple joints
and other organs in the body. Moreover, it is important to consider the therapeutic
development of antioxidants and selective ROS inhibitors as a tool that could be
used in the prevention and treatment of a broad range of ADs.
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Skin Aging: Implications of UV 
Radiation, Reactive Oxygen 
Species and Natural Antioxidants
Bristy Ganguly, Manisha Hota and Jyotsnarani Pradhan

Abstract

Skin aging is an inescapable phenomenon that leads to a functional decline of the 
skin along with emergence of characteristics features such as coarse skin, wrinkles, 
loss of elasticity and an overall aged appearance. While chronological aging is 
inevitable occurring with time, photoaging is contributed by Ultraviolet radiation 
and reactive oxygen species principally which can boost the skin aging process. 
These processes can however be ameliorated with the help of treatment strategies, 
one of them being supplementation with antioxidants. This chapter summarizes 
diverse mechanisms underlying skin aging with regards to Ultraviolet radiation and 
reactive oxygen species along with role of antioxidants in impeding these processes. 
Further, it provides a glimpse towards possible future explorations and challenges 
dominating the field of skin aging.

Keywords: Skin aging, Chronological aging, Photoaging, Ultraviolet Radiation, 
Reactive Oxygen Species, Antioxidants

1. Introduction

It is common for an individual to aspire a young-looking healthy skin. 
Nowadays, skin care routines have become an integral part of people’s lives belong-
ing to different age groups. People have come to realize it as an essential investment 
for maintaining a flourishing skin free of aging cues and skin related ailments. But 
since aging does occur over time, the signs can be coped with by regular care and 
practicing a conscious approach towards acknowledging skin aging [1].

People grow old with advancing age. As a result of this, the skin also shows aging 
indications. This phenomenon, where skin aging occurs over time refers to chrono-
logical aging. However, these very people are also exposed to external factors that 
they encounter in the environment. Aging prompted due to these external factors is 
known as extrinsic aging. If the external factor is Ultraviolet radiation (UVR), then 
resulting aging process is called photoaging. Thin parched skin and fine wrinkles 
generally occur during chronological aging. In contrast, photoaged skin is charac-
terized by thickened epidermis and coarse wrinkles [2]. These skins have uneven 
pigmentation and often show presence of lentigines and freckles [3]. Although 
underlying routes for both the aging processes differ, but many overlaps can exist. 
The fundamental reason behind this is that while people experience certain stage of 
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chronological aging, they also undergo photoaging due to exposure to some amount 
of UVR on daily basis [4].

The focus of this book chapter is to discuss the importance of studies related to 
aging especially photoaging, their various underlying mechanism, role of antioxi-
dants in ameliorating the aging signs along with recent advances and challenges 
associated with skin aging.

2. Significance of photoaging studies

The concept of aging has piqued the curiosity of many people from generation 
to generation and as a result, huge advances have been made. Among the various 
scopes of the particular field, recently, the phenomenon of photoaging has grabbed 
the limelight not only because of limited knowledge about underlying mechanism 
but also because of connection with associated pathways in other skin related 
diseases. Possession of a healthy skin has now become of utmost value not only 
for esthetic reasons but also due to its functional relevance. Simply put, it is like a 
mirror reflecting our overall health. But for this, the general public needs to have 
adequate awareness about photoaging, skin cancer and other related skin diseases 
especially those which are influenced by UVR. In the past, immense amount of 
research has been performed which have established skin type and UVR exposure 
as prominent risk factors associated with photoaging and skin cancer development. 
However, despite such crucial advances, a suitable and effective treatment has been 
lacking.

3. Role of ultraviolet radiation

The demonization of UVR has occurred due to several investigations conform-
ing its deadly role in eliciting different skin cancers. Consequently, it has been 
declared as a ‘Type I carcinogen’ by International Agency for Research on Cancer 
(IARC). Particularly of concern include UV-A and UV-B radiations. Major contri-
bution of these radiations results in formation of photolesions such as cyclo-butane 
pyrimidine dimers (CPDs), (6–4) photoproducts (6–4 PPs) together with Dewar 
isomers through direct or indirect mechanisms [5]. CPDs generally stop advance-
ment of cell cycle by activating the repair machinery whilst 6–4 PPs can prevent 
apoptosis from occurring [6]. UV-B halts maximum cells in S phase of cell cycle and 
triggers both p95 and p53. This does not seem to take place for UV-A which halts 
the cell cycle at S phase only for a limited time. Thus, lesions arising considering 
UV-A have a higher potential of causing mutation due to lack of active p53 which is 
vital for stimulating XPC, GADD45 and p48 that are required in turn to induce the 
Nucleotide excision repair pathway [7, 8].

Moreover, UVR act to dissociate Helicase and DNA polymerase during replica-
tion in the S-phase of cell cycle. Consequently, although Helicase keeps on generat-
ing ssDNA regions, DNA polymerase stops on encountering a lesion. If a 6–4 PP 
formation occurs in these ssDNA regions it can both slow repair process while 
stimulating ATR-Chk-1 pathway. Given the benefits of activating this pathway, one 
problem still resides which is the elevation of mutation level. Thus, unchecked 6–4 
PPs can promote existence of cells portraying higher mutation [9].

Formation of these UV induced photoproducts is not equally distributed 
throughout the genome, but depends on several factors. Formation of CPDs and 
6–4 PPs rely upon nucleosome structure, nucleosomal DNA rotational setting, 
binding of proteins to transcription factor binding site, chromatin states and 
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particularly certain hypersensitive sites [10]. Telomeres can function as an excel-
lent example of hypersensitive sites prone to UVR. They portray several repeats of 
TTAGGG sequences and end in the single stranded form at the 3′ end. This end folds 
and forms a T-loop in assistance with proteins at the ending of a chromosomes thus 
inhibiting fusion with other chromosomes [11]. Formation and further accumula-
tion of CPDs in such distinct sequences can be high due to near about absence of 
damage repair [12].

Another factor involves the differential penetration of UVR through the skin 
layers. As skin embodies numerous cells, so CPD formation could alter with cellular 
functions. This analysis can be proved as occurrence of 8-oxo dGua and CPD were 
observed more in fibroblast as compared to keratinocytes under UV-A irradiation. 
Explanation for this could be as of disparity in endogenous antioxidant activity and 
distribution of molecules that act as photosensitizers [13, 14]. UVRs particularly 
UV-B are also held accountable for strand breaks and inception of modified bases 
such as cytosine photohydrate, thymine glycol 5,6 dihydro thymine and 8-oxogua-
nine among others [15].

4. Role of reactive oxygen species

An eminent feature of UVR is rise of ROS and reactive nitrogen species. They 
can either constitute of free radicals or other molecules that are highly toxic or 
mutagenic to the cell. A free radical is an atom or molecule which contains unpaired 
electrons in its outer orbit. Due to this property some free radicals are highly 
unstable and react with other surrounding molecules. They snatch an electron via 
reacting with another molecule and convert them into a free radical. This free radi-
cal generated performs the same process thus initiating a string of events. Among 
the ROS present, the ‘red alert’ species include hydroxyl radical, hydrogen peroxide, 
singlet oxygen, nitric oxide radical and superoxide radical [16].

Main pit for ROS production is the mitochondria. Till now, ten sites have been 
claimed in mitochondria to form ROS. Multiple sites are either linked to Electron 
Transport Chain or the Kreb cycle. Complex I has two sites for superoxide for-
mation 1) the Flavin in NADPH oxidizing site 2) the ubiquinone reducing site. 
Complex III has one site for superoxide production, the quinol oxidizing site. 
Certain enzymes also take part in ROS generation such as glycerol-3 phosphate 
dehydrogenase, 2-oxoglutarate dehydrogenase and xanthine oxidase [17]. ROS 
production inside the cell also results during endoplasmic reticulum (ER) stress. 
ER is of high priority as it controls protein folding, attachment of additional groups 
after translation and regulating protein trafficking, to name a few. ROS mediated 
protein-alterations converts them into displaying an unusual protein structure 
which can get deposited in the lumen of the organelle. Consequently, this could 
inhibit translation of mRNA into proteins to limit the damage [18].

ROS concentration is also modulated by pH. Conventionally, the pH in stratum 
corneum approximates around 4.5 [19]. This value increases and at subsequently 
deeper layers a pH of about 7.0 is established [20]. Maintenance of this pH gradient 
is crucial as for its participation in specific skin functions such as defense against 
microbes, recovery from injuries and activities of various proteases. This balance 
is however impaired with aging especially in people eighty years old or above [21]. 
Imbalance in pH gradient has a detrimental effect on skin from both chronological 
and photoaging perspective as it influences the photosensitizers contributing to 
ROS levels. For example, many photosensitizers such as riboflavin, porphyrins, 
quinones among others comprising of a carbonyl group employ type II mechanism 
of photosensitization for ROS production wherein energy absorbed by them is 
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transferred directly to a O2 molecule. From this reaction, rise singlet oxygen and 
superoxide anion [22]. Other sources for ROS generation include 3-hydroxypyri-
dine, N-alkyl 3 hydroxy pyridine and their respective derivatives such as pyridox-
ine, pyridoxal, pyridoxamine including others. They catalyze reactions by following 
type I mechanism of photosensitization [23].

Significant contribution towards ROS generation is lent by NADPH oxidase. 
Irradiation with UV increases the Ca2+ ions concentration in the cell. This increase 
in the Ca2+ ions level triggers NADPH oxidase to generate ROS species apart from 
activating Protein kinase C which can phosphorylate Rho GPIα thus permitting 
Rac to migrate towards the plasma membrane where it could bind to Nox1, NoxO1 
and NoxA1 complex. This binding results in stimulating Nox1. Interestingly, UV-A 
irradiation can produce ceramides in keratinocytes. The underlying mechanisms 
have not been figured out yet but it is hypothesized that ceramide could activate 
PI3K which stimulates Rac1 by guanine nucleotide exchange factor β-Pix [24, 25]. 
Furthermore, leukotriene B4 (LTB4) is also associated with lysophosphatidic acid 
stimulated ROS level elevation in keratinocytes. LTB4 is synthesized from arachi-
donic acid by action of several enzymes including 5-lipoxygenase (5-LO). It behaves 
as a ligand and binds to receptor BLT2 which is expressed ubiquitously in all cells. 
Moreover, elevation of expression of LTB4 and BLT-2 takes place in keratinocytes 
under UV-B. BLT-2 triggers ROS levels by activating Nox-1. This event is ensued by 
stimulation of p38/JNK pathway in keratinocytes [26].

Lipid peroxidation involves lipid molecules reacting with free radicals to pro-
duce lipid peroxyl radicals along with hydroperoxides. Other significant outcomes 
include hexanal, 4-hydroxynonenal (4-HNE) and malondialdehyde (MDA). 4HNE 
exhibit electrophilic properties and thus react with nucleophiles such as lysine’s 
amino group, imidazole group of histidine and sulfhydryl group of cysteine. 
Certain metal ions like iron are of significance as lipid hydroperoxides on interact-
ing with transition metals can form lipid peroxyl radicals or lipid alkoxyl radicals 
[27]. Un-chelated iron produce hydroxyl radical from hydrogen peroxide which can 
help initiate the lipid peroxidation process [28]. Further irradiation with UV-A has 
pointed towards elevation of intracellular peroxide levels. Fatty acids, specifically 
arachidonic acid serve as prime target of these radicals [29, 30]. The iron driven 
fenton reaction generates hydroxyl radicals along with many lipid peroxides which 
through the JNK-2 pathway elevate various matrix metalloproteinases (MMPs) [31]. 
4 HNE is responsible for elastin modification which could potentially lead to actinic 
elastosis. 4HNE and acrolein are deposited on elastin fibers which decreases elastin 
fiber digestion by the elastase released by leukocytes [32].

5. Matrix metalloproteinases: the ECM scissors

Cells are required to maintain a specific collagen turnover. This delicate balance 
is crucial for remodeling activities while preventing surplus collagen deposition 
[33]. However, this balance is threatened by numerous agents. Pathways exist for 
intra as well as extracellular collagen degradation. One of the means of extracellular 
degradation involve MMP activity.

MMPs come under the Matrixin subfamily which belongs to Zinc metalloprote-
ase family. They play a vital role in tissue reconstruction, cell migration, carcino-
genesis, damage recovery and photoaging [34]. Since MMPs function to degrade 
ECM, their activities are heavily scrutinized by a cell [35]. MMP functioning can 
be inhibited by α-microglobulin as well as Tissue inhibitor of metalloproteinases 
(TIMPs). Further, many MMPs are produced as inactivated proenzymes [36]. UV 
triggered AP-1 expression tends to elevate MMP-1, MMP-3 and MMP-9 levels. 
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Production of activated MMP-9 from human keratinocyte along with MMP-2 can 
digest type IV collagen found in the basement membrane. Further, they can also 
digest type V and VII collagen together with elastin [37]. MMP-1 can digest type I 
collagen which results in cell migration and damage recovery. MMP 14 (membrane 
bound MMP) can interact with TIMP-2 and pro-MMP-2 resulting in its activation 
[38]. Certain amount of collagen digestion also occurs due to MMP-8 released from 
neutrophiles [39]. Human macrophage elastase or MMP-12 acts on elastin fibers 
after which the degraded products accumulate in the epidermal layer resulting in 
solar elastosis and keratosis, the distinguishing features of photoaging [40].

6. Signaling routes: manipulation by UVR and ROS

UV induced cell signaling is ligand independent. Therefore, how the cell per-
ceives UVR is still not well defined. A particular study has revealed that Opsin-3 
expressed by dermal fibroblast might help sense UVRs. Opsin comes under the 
GPCR family of receptors. Upon activation they lead to increase in intracellular 
calcium ion levels which further activate CAMKII. Activated CAMKII can in turn 
phosphorylate ERK, JNK, p38 and CREB. This event is ensued by rise of MMP-1, 2, 
3 and 9 actions [41].

Initially studies conducted concentrated on activation via cytokine or growth 
factor receptor [42]. Epidermal growth factor receptor belongs to receptor tyrosine 
kinase (RTK). It is managed by protein tyrosine phosphatase (PTP). PTP bears 
a cysteine moiety in its active site which is originally employed for catalyzing a 
phosphohydrolase activity and ceasing the cell signaling cascade. This cysteine 
moiety can be targeted by ROS which would activate RTK for a prolonged period 
till ROS are dealt by cellular antioxidants [43]. Activation of receptors leads to 
recruitment of adaptor proteins for example Src homology-2 [SH2] domains and 
Src homology 3 domain [SH3]. SH2 interacts with phosphorylated tyrosine residue 
of the active RTK. SH3 in turn interacts with a phosphorylated proline residue on 
other targeted proteins. Through this they lead to stimulation of other downstream 
molecules [44]. Ras near the cell membrane is a guanine nucleotide binding protein 
that shuttles between GTP/GDP bound form. The GTP bound form interacts with 
and activates Raf [45]. Raf sequentially activates MAP kinase kinase/MEK via 
phosphorylation. This is ensued by origination of active ERK [46]. These MAPKs 
can interact with several proteins and activate them. Interactions are mostly formed 
with conserved landing sites on the substrate. Jun D has two domains, a D domain 
and DEF domain. D domain is bound and phosphorylated by JNK under stress 
while DEF domain is phosphorylated by ERK which is activated by growth factors 
binding to EGFR receptor [47]. In presence of UVR and/or hydrogen peroxide, 
overexpression of c-Fos/Jun D or Jun D alone could prevent apoptosis by lowering 
Caspase-3 levels. Expression of c-Fos plus Jun D also activates AP-1. Transcription 
factor AP-1 is a dimer of basic region leucine zipper protein which may constitute 
of Jun [c-Jun, Jun B and Jun D] and Fos [c-Fos, Fos B, Fra-1 and Fra-2] subfamilies 
in the cell. This complex is further joined by proteins from ATF and JDP subfamilies 
[48, 49]. AP-1 and TGFβ/Smad signaling cascade control procollagen synthesis. 
TGFβ are cytokines that allow pro-collagen formation by binding to their recep-
tors, TβRI and TβRII. Upon meeting of TGFβ with their receptors, Smad 2 and 3 
are activated which complex with Smad 4 to form a heteromeric molecule. This 
complex enters nucleus and helps in transcription of TGFβ regulated genes. In 
contrast, AP-1 inhibits procollagen formation coupled by destruction of existing 
collagen fibers by upregulating MMPs [50]. Interestingly, effects of AP-1 are subject 
to participating dimer proteins. Theoretically, AP-1 can appear as 18 different homo 
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and hetero dimer and this can influence its activity. It is hypothesized that this 
could be as of differential DNA binding along with different transcriptional activ-
ity. Furthermore, the differentiation status of cell also influences the properties of 
different AP-1 transcription factor forming proteins [51].

Besides this pathway, other cascades such as JNK and p38 MAPK Pathway are 
also stimulated. c-Jun NH2 terminal kinases [JNK] are activated upon receiv-
ing stress signals such as cytokines, ROS, and UVR. A specific stimulus activates 
the MAP3Ks. The MAP3K catalyze phosphorylation of MAP2K. MAP2K has two 
isoforms, MKK4 and MKK7. Active MKK4 and MKK7 interact and generate active 
JNK. Some of its targets comprise of nuclear proteins like AP-1, Elk-1 and c-Jun. p38 
MAPK is stimulated under stress [52, 53]. p38 MAPK is switched on by upstream 
lying MKK3 and MKK6 kinases. If JNK pathway is initially active then MKK4 of the 
JNK pathway can activate p38 MAPK. Apart from this, p38 can also undergo auto-
phosphorylation. p38 MAPK is noteworthy as of its high interactivity with multiple 
nuclear proteins along with protein kinases [54]. Although many investigations 
involving UVR and cell fate have taken place, there are still certain gaps. A molecu-
lar switch exits between p38 and p53 proteins. If damage due to UV radiation is less, 
the cell opts to repair and survive. Under this situation p38 and p53 are activated 
separately. p53 stimulates p21waf1/CIP which stops cell cycle from advancing ahead 
by regulating Cdc25A/B. This leads to arrest in G1/S and G2/M phase. But if cellular 
damage is too high then p38 phosphorylates p53 resulting in active p53 that initiates 
apoptosis [55].

Recently it was shown that p38 MAPK can stimulate HIF when keratinocytes 
are irradiated with UVR. p38 activates HIF-1 which in turn activates Noxa. Active 
Noxa catalyzes degradation of Mcl-1. Mcl-1 controls differentiation and survival 
of keratinocytes. Therefore, its degradation leads to apoptosis. This cascade might 
be affected by ROS as ROS can stimulate Ask/p38 MAPK pathway. Again, HIF-1 is 
also responsive towards redox status in the cell [56]. Secretion of cytokines like IL-8 

Figure 1. 
Schematic diagram showing the important signaling pathways involved in Photoaging.
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can stimulate the three MAPK pathways. Its activation can turn on ATF-2 nuclear 
protein which induces elevated secretion of MMP-3 in fibroblast [57].

Since UVR amplifies ROS generation, a prime pathway activated under such 
conditions is the NFκB pathway. NFκB pathway activation leads to transcription 
of numerous genes coupled with immunological and inflammatory responses. 
NFκB family constitutes of 5 proteins that is p65 (Rel A), Rel B, c-Rel, p50 
(NFκB 1) and p52 (NFκB 2). Stimulation of suitable receptors upon ligand bind-
ing activates IKK (IκB kinase). IKK constitutes of IKKα, IKKβ and IKKγ. The 
IKK molecule phosphorylates IκBα. After phosphorylation, IκBα is poly-ubiqui-
tinylated at lysine moieties which marks it for degradation by proteasome. The 
resulting active NFκB is then transported to nucleus for transcription of specific 
genes. Some of the prime signaling events are illustrated in Figure 1 [58, 59].

7. Effects of aging on extracellular matrix

ECM comprises of a network of numerous molecules and primarily functions 
to provide support to cells. It presents the cells with growth factors which in turn 
bind their respective receptors to influence response of the cells to various stimu-
lus. Moreover, the matrix present around a cell also protects it from any possible 
mechanical injury [60, 61].

Depending upon specific function and anatomical position, ECM organization 
may differ. Exposure to UVR can adversely affect this particular organization. One 
instance involves the fragmentation of long collagen fibrils into short chains along 
with accumulation of unstructured elastin containing material which terminates 
in decreased skin durability [62]. Deposition of fragmented collagen fibrils can 
further result in decreased formation of type I procollagen [63]. Another effect 
UVR have is the production of MMPs that function as ECM scissors. Continued 
exposure to UVR results in elastin fiber injury which can terminate in wrinkle 
formation. In skin, elastin fibers are classified as oxytalan fibers, elaumin fibers 
and dermal elastin fibers depending upon their structure and position [64]. They 
form a network that is prone to elastase secreted from UV exposed fibroblasts 
and neutrophils. Fibroblast elastase can digest elaumin and oxytalan fibers while 
neutrophil elastase is able to digest all three elastin fibers which is crucial especially 
during inflammation and damage recovery. But since the numbers of neutrophils is 
low in dermis, major damage is contributed by fibroblast elastase which culminate 
in wrinkles [65, 66].

Another hallmark of photoaging involves decreased proteoglycan content [67]. 
Hyaluronan degradation in UV irradiated skin occurs due to increased HYBID pro-
tein activity. Large hyaluronan molecules bought inside the cell in clathrin coated 
vesicles are broken down into smaller components and released into the external 
surrounding. These hyaluronan components act as inflammatory signals and can 
additionally lead to wrinkle formation [68].

ECM remodeling generally involves uptake of degraded collagen fibers inside 
fibroblasts via receptors like integrin α2β1 and Endo180 receptor. Endo180 recep-
tor belongs to type I membrane protein occurring in the plasma membrane. It 
binds to type I, IV and V collagen to internalize them inside the cell. Few studies 
regarding endo180 receptor and photoaging have shown that cells exposed to UVR 
have low endo180 receptor expression which ultimately results in decreased inter-
nalization of collagen fragments. Additionally, IL-1α secretion from keratinocytes 
under UV exposure blocks endo180 receptor expression. Further investigations 
regarding endo180 receptor expression in photoaged skin are worth undertaking 
in the future [69, 70].
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8. Natural antioxidants: role against aging

Role of antioxidants in quenching ROS has been appreciated for a long time. 
Recently, a 15 yearlong study showed that ROS formation could be lessened by 10% 
in people aged 45 or above by simply having an antioxidant rich diet [71].

Antioxidants are compounds that quench the free radicals by providing an elec-
tron and generating stable compounds that are less harmful to a cell. In this manner 
they inhibit the train of events that occur when free radicals oxidize other biomol-
ecules. Antioxidants can be classified into different categories based on enzymatic/
non-enzymatic activity, occurrence, solubility although other miscellaneous 
molecules displaying antioxidant properties have also been reported. Examples of 
certain regular antioxidants found in a cell involve Superoxide dismutase (SOD), 
Glutathione peroxidase (GPx) and Catalase (CAT). Non-enzymatic antioxidants 
include Vitamin E, C, thioredoxin, glutathione and melatonin. Further antioxidants 
such as minerals (Cu, Zn, Mn, Se), other vitamins, polyphenols and carotenoids are 
also derived from regular diet [72].

Usually, cells maintain a fine balance between ROS formation and their 
quenching by resident antioxidants. But, UVR shift the balance towards ROS 
formation resulting in a phenomenon called ‘Oxidative stress’, where resident 
antioxidants become incapable of quenching the high amount of ROS formed 
[73]. This state can however be circumvented by additional antioxidant supple-
mentation. Drawbacks of synthetic antioxidants such as toxicity, low solubility, 
cost and a presumed negative outlook towards chemical products have increased 
the demand for natural antioxidants [74]. These antioxidants are naturally 
available in numerous sources like vegetables, fruits, spices, herbs, edible mush-
rooms among others [75]. Furthermore, beverages derived from these sources are 
also rich in antioxidants and have gained increased populace especially among 
younger generation.

Till date, several pure phytochemicals and plant-based compounds have been 
reported for their antioxidant and anti-photoaging activity. We have tried to 
summarize some important phytochemicals as potential antioxidant and anti-
photoaging agents in Tables 1 and 2.

8.1 Beverages as source of antioxidants

Various beverages, specifically mixed juices have abundant antioxidants as they 
are made using various fruits and vegetables [86]. Other beverages like coffee and 
tea also include antioxidants and can help alleviate photoaging signs. Green tea is 
enriched in bioactive compounds like methyl-xanthins, flavon-3-ols and catechins 
such as (−)-epicatechin (EC), (−)-epicatechin-3-gallate (ECG), (−)-epigallocate-
chin (EGC) and (−)-epigallocatechin-3-gallate (EGCG). EGCG can inhibit ery-
thema and neutrophil infiltration in the skin induced by UVR [87]. Drinking Green 
tea can ameliorate other photoaging markers like increased numbers of dermal 
cysts, sebaceous glands enlargement, vacuole formation and increased epidermal 
thickness. Green tea polyphenols are also elemental in decreasing MMP-2, 3, 7 and 
9 levels along with reduced oxidation and carbonylation of proteins upregulated 
under UVR [88, 89]. Polyphenols and Chlorogenic acid found in coffee can help 
avoid free radical associated diseases. Reduction in pigmentation spots induced 
under UV was seen in Japanese women who consumed coffee at a higher rate [90]. 
Coffee Arabica leaf extracts are rich in caffeic acid, chlorogenic acid and phenols. 
These bioactive compounds help lower MMP-1, 3 and 9 expressions while elevating 
type I procollagen production. Further, a decrease p-ERK, p-JNK and p-p38 levels 
has also been shown thereby effectively blocking UV induced activation of key 
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signaling pathways [91]. A diterpenoid, Atractyligenin found in Coffee silverskin 
has been shown to decrease ROS levels by 62% post UV treatment, modulate MMP-
1, 2, 3 expressions, inhibit activation of MAPK pathways and increase Endo180 
receptor expression [92].

8.2 Animal sources for derivation of antioxidants

Antioxidant peptides derived from Pinctada fucata protein have been shown to 
improve collagen fiber density by increasing hydroxyproline level besides inhibiting 
lipid peroxidation [93]. Similar observations have also been observed with Oyster 
(Crassostrea gigias). Additionally, it could modulate AP-1 transcription factor, 
regulate MAPK signaling and consequently block MMP expression. It could also 
stimulate TGFβ/SMAD pathway enhancing collagen synthesis [94].

Usually, fish industries generate various waste products such as fish head, 
internal organs, scales and skin. But several investigations have shown that uti-
lization of these resources for treatment of photoaged skin could be propitious 
especially in terms of waste management. One such example involves the use 
of gelatin polypeptides from COD fish (Gadus microcephalus) skin. The gelatin 
polypeptides contain key amino acids that are essential for collagen synthesis. 

Name of 
antioxidant 
molecule

Source of 
radiation

Main observations Ref.

Upregulation of Downregulation of

Neferine UV-A
UV-B

• SOD and GPx activities • Wrinkle emergence

• collagen destruction in 
dermis

[76]

Quercetin Solar UV 
light system

• collagen breakdown

• transcription factors such 
as AP-1 and NFκB

• pERK, pJNK, pAkt and 
pSTAT3 levels

• PKCδ and JAK2 activity

[77]

3,5-dicaffeoyl-
epi-quinic acid

UV-B • SOD-1, HO-1 antioxidant activ-
ity with pronounced Nrf-2 level 
manifestation

• production of ROS

• TNF-α, COX-2, IL-6 and 
IL-1β levels

[78]

Ursolic acid UV-B • antioxidant activity of SOD-1, 
GPx, CAT and GSH

• Bcl-2 levels inhibiting apoptosis

• ROS production and lipid 
peroxidation

• Apoptosis by reducing Bax 
and caspase-3 levels

• TNF-α activity and NFκB 
level

• MMP-2 and MMP-9 
activity

[79]

Decanal UV-B • cAMP and PKA Cα levels

• mRNAs for COL1A1, COL1A2, 
COL3A1 for collagen production

• mRNA for hyaluronic acid syn-
thase 2 required for hyaluronic 
acid production

• activated MAPKs such as 
p-ERK, p-JNK and p-P38

• AP-1 dimers that is p-c-Jun 
and p-c-Fos

• mRNAs for MMP-1, 
MMP-3 and MMP-9

[80]

Table 1. 
Pure phytochemicals and their anti-photoaging properties.
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They help elevate hydroxyproline level and collagen synthesis. Beside these, they 
are able to decrease MDA levels and improve antioxidant activities of SOD, CAT 
and GPx. In this way they help inhibit photoaging [95]. Similar results have also 
been observed for antioxidant collagen peptides obtained from Jellyfish umbrella 
and Silver carp (Hypophthalmicthys molitrix) skin [96, 97]. Tilapia (Oreochromis 
niloticus) gelatin peptides have been shown to possess hydroxyl radical scavenging 
property. This is crucial as hydroxyl radicals are prime ROS species that result in 
strong oxidative stress [98]. In a study, peptide from Tilapia gelatin hydroxylates 
was shown to reduce ROS levels and inhibit oxidative damage to DNA besides 

Name Source of 
radiation

Main observations Ref.

Upregulation of Downregulation of

Melaleuca 
leucadendron L

UV-B • antioxidant levels of 
SOD, CAT, GPx

• number of cells present 
in G0/G1 phase

• ROS production

• activated Caspase-3 action

[81]

Rosa multiflora 
Thunb

UV-B • procollagen I produc-
tion at both mRNA and 
protein levels

• ROS production

• cytokines such as IL-6 
and IL-8

• MMP-1 conc. at both 
mRNA and protein level

• levels of p-ERK, p-JNK 
and p-P65 (NFκB protein)

[82]

Carica papaya UV-B • TGF-β cytokine levels 
required for collagen 
formation

• mRNA levels for 
procollagen type I

• ROS production up to 
60%

• activated MAPKs such as 
p-ERK, p-JNK and p-P38

• AP-1 dimers that is p-c-
Jun (44%) and p-c-Fos 
(89%)

• MMP-1 and MMP-3 levels 
along with IL-6 levels

[83]

Dioscorea alata
(purple sweet 
potato)

UV-B • antioxidant levels of 
SOD, CAT and GSH-Px

• Of hydroxyproline 
levels with diminished 
collagen breakdown

• ROS production and lipid 
peroxidation

• activated MAPKs such 
as p-ERK, p-JNK, p-P38 
levels and NFκB protein 
levels in nucleus

• inflammation markers 
such as TNF-α and IL-6

• skin tissue associated 
changes occurring under 
UV

[84]

Nypa fruticans 
Wurmb

UV-B • collagen content fol-
lowing elevated levels 
of COL1A mRNA levels

• ROS levels

• MMP-1, MMP-8 and 
MMP-13 mRNA levels

• p-JNK and p-P38 levels 
followed by diminished 
levels of active NFκB and 
AP-1 protein (p-c-Jun)

[85]

Table 2. 
Plant-derived phytocompounds having antioxidant and anti-photoaging activity.
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elevating antioxidant levels (SOD, GSH). More significantly, the peptide inhibited 
MMP 1 and MMP-9 expression along with regulating MAPK and NFκB pathways 
[99]. Similar results were also observed in another study where additionally the 
authors pointed out the role of C-terminus of peptide terminating with GLY-LEU in 
impeding MMP-1 activity [100].

8.3 Derivation of antioxidants from marine sources

Till now, different algal species have been utilized for numerous investigations 
aiming towards analysis of molecules effective against photoaging. Tetraselmis 
suecica microalgal extract was found to reduce MDA level while increasing SOD 
and GSH levels. Further, the extract could improve type I procollagen production 
and lower MMP-1 expression [101]. Fucoxanthin, a carotenoid found in Undaria 
pinnatifida inhibits wrinkle formation by blocking MMP-13 expression [102].

Recently, another compound known as Mycosporine like amino acid (MAA) 
has come into limelight. They consist of cyclic rings of aminohexenimine or ami-
nocyclohexenone and can vary among themselves with respect to amino acids and 
groups attached to them [103]. They are mostly found in algal species belonging 
to orders Bangiales, Gracilariales, Ceramiales and Gigartinales where their prime 
function is to provide UV protection [104]. Production of MAA is affected by 
numerous factors like salt concentration, UV, amount and type of nutrient available 
among others [105, 106]. Recently, two MAA, Shinorine and Porphyra-334 were 
reported to prevent photoaging by reducing MDA levels upto ≈56% and restoring 
antioxidants like SOD, GSH-Px and CAT. Additionally, a reduction in NFκB, IL-1β 
and IL-6 was also found [107]. Porphyra-334 can further be helpful by increas-
ing procollagen production and blocking UV induced MMP production [108]. In 
another study where human keratinocytes were treated with UVR, expression pro-
filing along with functional network analysis portrayed that miRNAs regulated by 
porphyra-334 could modulate various genes associated with UV affected processes 
such as cell proliferation, apoptosis and translational elongation [109]. Another 
compound that has attracted the interest of many researchers is Scytonemin. It 
is found in polysaccharide sheath of cyanobacteria and like MAA functions as an 
UV protectant [105]. Like MAA, its production is increased under photo-oxidative 
stress, elevated temperature osmotic stress and UVR. Recently, scytonemin from 
Rivularia sp. HKAR-4 was tested for analyzing its photoprotective function. Here, 
scytonemin successfully reduced intracellular ROS production along with thymine 
dimer formation [110]. In future it is expected that more such molecules will be 
revealed as research deepens in these areas with time.

9. Other compounds used for treatment of photoaged skin

Apart from use of antioxidants as the treatment strategy for photoaged skin, 
various other compounds are also used. Among these, Retinoids and alpha-hydroxy 
acids (AHA) hold a significant track record. Retinoids are Vitamin A derivatives 
that can be naturally occurring or synthetic. Dietary forms of Vitamin A, Retinol 
and retinyl esters undergo transformations by enzymes alcohol dehydrogenase and 
microsomal retinol dehydrogenase to yield Retinaldehyde. Retinaldehyde, in turn, 
is converted in to Retinoic acid by suitable retinaldehyde dehydrogenases. These 
retinoic acids show their effects via interacting with suitable intranuclear retinoic 
acid receptors (RARs) [111]. Among these, all-trans-retinoic acid (Tretinoin) 
serves as key retinoid for treatment of photoaged skin. However due to tendency 
of tretinoin to cause skin irritation, there has been a switch to more effective 
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alternatives like Adapalene which is a synthetic retinoid [112]. Adapalene has been 
shown to be effective against photoaging, solar lentigines and actinic keratosis 
treatment. A recent study has compared the efficacy of Adapalene and Tretinoin for 
treatment of cutaneous photoaging. Through various experiments, it was estab-
lished that Adapalene 0.3% was equally effective as Tretinoin 0.05% and thus could 
be employed as a future treatment for moderate photoaging [113].

While the first line approach for treatment mostly involves application of topi-
cal creams, the second line approach consists of use of chemical peels. This is where 
AHA play a crucial role. AHAs are a group of naturally available organic acids such as 
glycolic acid, lactic acid, critic acid, malic acid among others where hydroxyl groups 
(1 or more) are attached to alpha carbon atom that in turn is bonded to first carbon 
atom after acid group. AHAs are employed in peels for treatment of melasma, age 
spots, hyperpigmentation among others. But use of AHAs for treatment of skin photo 
damage is still controversial. Moreover, it has been reported that AHA function may 
depend on concentration as well as properties of the compound used [114]. A very 
recent study tested the efficacy of TCA- Lactic acid chemical peels for treatment of 
photoaging. It showed that the peels were able to inhibit tyrosinase, collagenase and 
elastase activity in in-vitro experiments. Further, an increased expression of COL1A, 
COL3B, elastin and fibronectin genes were shown to occur when peel solution was 
used for 3D human skin model [115]. Another study compared the efficacy of AHA-
ReT cream (double conjugated retinoid cream) with 1% retinol cream and 0.025% 
Tretinoin cream for treatment of photoaging. Here, they found that AHA-ReT cream 
was more effective in reducing wrinkles, erythema and increasing hydration coupled 
with less irritation on application. Thus, such methods are expected to open new 
avenues in photo-damaged skin treatment [116].

10. Future perspective and challenges

Recently, role of cathepsins with respect to photoaging has been pursued to a 
greater extent. Cathepsins have important functions in ECM maintenance, apop-
tosis, cell proliferation and differentiation among others. Thus, cells maintain a 
tight regulation of cathepsins that is hampered during the photoaging process. 
A study reported diminished levels of cathepsins B, D and K whereas cathepsin 
G was upregulated in the photoaged skin. Cathepsin G in turn could increase 
various MMP expression [117]. Such imbalance in cathepsin regulation can have 
strong adverse effects on the autophagy process. Several studies have shown that 
autophagosomes of photoaged cells display an upregulation of p62, downregulation 
of cathepsin L, limited degradation of LC3II protein and an unchanged expression 
of Beclin-1. All these changes hint towards the reduced lysosomal ability towards 
degradation of unwanted products [118].

Another area that has received abundant attention involves formation of 
advanced glycation end products (AGE). They are produced when various proteins 
undergo oxidation followed by glycation and get accumulated in tissues with 
advancing age, although they are also found in UVR exposed skin. This occurs as a 
result of decreased cathepsin D levels which is essential for AGE degradation inside 
the cell [119, 120].

With advancement in molecular field, several investigations have also concen-
trated on miRNA expression in terms of chronological aging and photoaging [121]. 
Specifically, sharp changes in miR-34 and miR-29 family regulation have been 
reported. For instance, increased miR-34b-5p expression in aged dermis has been 
reported for decreased COL1A1 and elastin expression together with increased 
MMP-1 expression [122].
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These investigations mentioned above, only portray a fraction of the whole story 
required for understanding the aging process including both intrinsic and extrinsic 
aging. Various questions yet await their answers regarding aging. Due to the blurred 
line between photoaging and chronological aging, differentiating characteristics 
of these two aging types is often approached with confusion. This occurs because 
variation with respect to skin aging in different individuals is often subject to pho-
toaging locations, natural skin pigmentation and exposure time period among the 
other factors. Challenges concerning antioxidants have also been proposed by many 
authors. Antioxidant level in the skin is affected by oxidative stress along with diet 
of an individual. To alleviate the signs of photoaging, exogenous supplementation 
of antioxidants can be given either by extrinsic application in the form of topical 
creams or intrinsic/systemic application in the form of tablets or capsules. Both the 
forms of supplementation have their own set of drawbacks and advantages [123]. 
Moreover, in case of plant derived antioxidants, different parts of the plant have 
different expression levels of a particular bioactive compound that acts as antioxi-
dant. This forms an important factor while extracting particular antioxidants.

Apart from these challenges, a more daunting analysis that can be made is that 
radiation whether UV, visible or infrared can adversely affect the skin. To combat this 
problem various sunscreen formulations are used. But till now, most sunscreen formu-
lations provide protection against specific wavelength ranges of UV region only. This 
shows the need for formulation of sunscreens which provide a broader protection [124].

11. Conclusions

Aging is a part of life. It is a complex process, affected by both intrinsic and extrin-
sic factors. Further addition of photoaging process induced by UVR makes studying 
aging and taking protective measures against it more complex. Therefore, alleviating 
aging signs is still in requirement of more innovative ideas that are expected to be 
developed with more knowledge about the various mechanisms involved under aging 
and important investigations that can further shed light onto this phenomenon.
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Abstract

Ageing is characterized by the maintaining deterioration of homeostatic  
processes over time, leading to functional decline and increased risk of disease 
and death. Several distinct mechanisms underlying ageing have been reported and 
mounting shreds of evidence have shown that histone methylation, an epigenetic 
marker, regulates gene expression during ageing. Recently, SET-domain genes have 
gained attentions and have been identified as histone methyltransferase involved 
in ageing process. Deletion of these genes extends lifespan and increased oxida-
tive stress resistance in Caenorhabditis elegans depends on the daf-16 activity in the 
insulin/IGF pathway. In this chapter, we propose to investigate the role of histone 
methylation in the process of ageing and oxidative stress with an emphasis on the 
role of set-18 gene in ageing process.

Keywords: SET-domain, ageing, oxidative stress, set-18

1. Introduction

Ageing is considered as a complex and multi-factorial biological process driven 
by diverse molecular pathways and biochemical events shared by all living organ-
isms [1]. It is characterized by the deterioration in the maintenance of homeostatic 
processes over time, which leads to functional decline and the increased risks of 
diseases and death [2]. It is also known as a general and complex biological process 
that predisposes humans to many complex diseases, including neurodegenerative 
diseases, type 2 diabetes, and various types of cancers.

Numerous studies have focused on the decipherment of the hallmarks of ageing 
in order to identify potential therapeutic targets to mitigate the ageing process. 
These hallmarks include stem cell exhaustion, altered intercellular communication, 
senescence, genomic instability, and recently epigenetic deregulation [3]. The end 
result of epigenetic changes alters the local accessibility to the genetic material, 
leading to aberrant gene expression, reactivation of transposable elements, and 
genomic instability. DNA accessibility is a determinant of genetic expression in the 
human genome. Strikingly, certain types of epigenetic information can function in 
a transgenerational manner to influence the lifespan.
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In eukaryotes, the physiological and cellular mechanisms of ageing are con-
served. However, various molecular mechanisms of ageing come from a variety of 
eukaryotic models, like Saccharomyces cerevisiae, Caenorhabditis elegans, Drosophila 
melanogaster, Mus musculus, mammalian tissue culture and human premature 
ageing [4]. Several distinct mechanisms underlying this process have been reported. 
Among them, the genetic screening and naturally occurring mutations have 
identified hundreds of genes involved in different pathways that affect ageing, of 
which insulin-like growth factor 1 (IGF-1) signalling, target of Rampamicyn (TOR) 
signalling, autophagy pathway, mitochondrial respiration signalling pathway, and 
hypoxia-inducible factor 1 (HIF-1) pathways [5].

Recently, researchers have tended to hold a comprehensive view to explain the 
complex interaction of genetic and environmental factors. Epigenetics, which 
can be defined as the study of stable genetic modifications that result in changes 
in gene expression and function without a corresponding alteration in the DNA 
sequence [6], has been found to be a necessary component to establish the overall 
understanding of ageing. Evidences have shown that epigenetic alterations can be 
regarded as a trigger of ageing pathway mechanisms, namely [7] histone modifica-
tions, which are supposed to be the essential component of epigenetic regulation 
and broadly studied. Nowadays, histone methylation occupies a crucial role during 
the development of organisms. Regulators of histone methylation have been mainly 
associated with ageing in worms and flies [8]. By RNAi screening of C. elegans 
genes, histone methyltransferase and demethylase genes have been identified as the 
key modulator of lifespan. These modifications are involved both in gene silenc-
ing, generally associated with transcriptional repression (H3K27me3), and in gene 
activation, associated with gene expression (H3K4me3) [9, 10], among them are 
SET-domain genes.

Since their discovery, SET-domain genes have attracted significant interest 
in multiple areas of biology and medicine, including endocrinology, growth, 
metabolism, nutrition, ageing, and oncology. The signalling pathways elicited 
by SET-domain genes have been extensively characterized in biochemical and 
molecular terms over the past years. However, fundamental questions regarding 
basic differences between the mechanisms of action of SET-domain genes and the 
closely related role in ageing are yet to be resolved. More recently, a study car-
ried out by Su et al. 2018 [11] observed that a SET-domain protein, set-18, which 
is presented as a novel H3K36 dimethyltransferase in C. elegans, is specifically 
expressed in muscle, and its expression level is gradually increased during ageing. 
The mutation on this gene extended C. elegans lifespan and increased its oxidative 
stress resistance. However, the mechanism in which this gene is implicated remains 
unknown [4].

This chapter will provide a collection of information dealing with the role of epi-
genetic modifications involved in ageing process and highlights the significant role 
of histone methylation of SET-domain with an emphasis on the set-18 gene. Among 
all the epigenetics modifications affecting organism lifespan, the histone methyla-
tion and demethylation stand out as a highly conserved and critical mechanism.

2. The effect of histone modification in ageing regulation

Although many studies have shown the molecular mechanism of ageing and the 
regulatory pathways, it appears that just in the past decade scientists have begun 
to understand that dynamic histone modification may be involved in the regula-
tion of the ageing process of organisms. Histone proteins, in contrast to DNA, are 
subject to a huge number of modifications that contain methylation, acetylation, 
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ubiquitination, and phosphorylation [8]. Researchers have observed that histone 
modifications undergo alterations during the ageing process. Although these 
alterations are the causes or consequences of ageing are still debatable, it is widely 
accepted that there is a certain connection between them as shown in Figure 1.

Recent findings revealed that epigenetic factors that regulate histone  
methylation, a type of chromatin modification, can affect the lifespan of organ-
isms. While acetylation of histone tails is largely ephemeral in nature. Histone 
methylation is widely observed to be a mark that confers long-standing epigenetic 
memory [12, 13]. This histone modification is accomplished by the catalysis of 
histone methyltransferase (HMT). According to the different methylation sites, 
it is mainly divided into histone lysine modification and arginine modification. 
Histone lysine methylation occurs at three different levels: monomethylation 
modification, dimethylation modification, and trimethylation modification. This 
modification is highly conserved between single-celled organisms and different 
species of mammals [4].

Most of the known targeted lysine of histone methyltransferase occurs on 
histone H3, which thereby serves as a conduit of epigenetic regulation. Mostly, lysine 
methylation at histone H3, lysine 9(H3K9), H3K27 or H4K20 act as gene silencing, 
whereas H3K4, H3K36 or H3K79 are associated with the actively transcribed genes 
[14]. Histone methylations, especially histone 3 lysine 4 trimethylation (H3K4me3) 
activation and H3K27me repressing, are epigenetic modifications with close ties to 
transcription and have been directly linked to lifespan regulation in many organisms 
[15]. These alterations are not only hallmarks to monitor and evaluate the course of 
ageing, but also the potential targets of anti-ageing treatments.

The age-dependent variations of histone marks increase the instability of the 
genome and influence the expression of corresponding genes, and the accumulated 
genomic instability in old cells can lead to oxidative stress and lifespan reduction.

Mounting evidence has reported the correlation between oxidative stress, ageing 
and epigenetic modifications. To date, histone methylation is a classic epigenetic 
mark recognized to be involved in gene expression and has key functions in ageing 

Figure 1. 
The interplay between histone modifications, oxidative stress, and ageing.
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control [16–19]. By RNAi screening of C. elegans, histone methyltransferases and 
demethylases have been identified as key modulators of lifespan. These include 
H3K27 demethylase UTX-1. H3K9 trimethyltransferase set-26 and H3K4 trimethyl-
ation complex set-2/ASH2/WDR-5 [11] are SET-domain proteins.

3. Oxidative stress and ageing

Free radicals are highly considered as reactive atoms or molecules having one or 
more unpaired electron(s) in their external shell. These radicals are produced by 
losing or accepting a single electron, therefore acting as oxidants or reductants [20]. 
The terms reactive oxygen species (ROS) refer to reactive radical and non-radical 
derivatives of oxygen. They are produced by all aerobic cells in the mitochondria 
and play an important role in cell immunity, in ageing as well as in age-related 
diseases [21] and they are also known to cause oxidative damage to cells and mol-
ecules. This, in turn, is widely recognized as a determinant of both lifespan and 
health span.

Ageing, over time, is considered as a progressive loss of tissue and organ 
function. It is generally regarded as an endogenous, irreversible and deleterious 
process poorly understood biologically [22]. However, in spite of considerable 
research efforts, the endogenous causes of ageing remain elusive. More recently, 
the free radical theory of ageing, later termed as oxidative stress theory of age-
ing, has been postulated. This theory is based on the structural damage-based 
hypothesis that age-associated functional losses are the result of the accumulation 
of oxidative injury to macromolecules such as lipids, DNA, and proteins by ROS 
[22]. The theory was later refined by Harman himself to emphasise the role of 
mitochondrial ROS, as the majority of free radical oxygen species (ROS) produc-
tion originates in the mitochondria of mammalian cells, and was termed as the 
mitochondrial theory of ageing (Figure 2). Even though the exact mechanism 
of oxidative stress-induced ageing has remained unclear, however, scientists are 
agreed that the increased ROS levels lead to cellular senescence, a physiological 
mechanism that stops cellular proliferation in response to damages that occur 
during replication [23].

Figure 2. 
Oxidative stress implication in ageing.
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4. SET-domain protein implication in ageing

SET-domain is a short name for a highly conserved 130 to 140 amino acid motif 
characterising a group of proteins known to methylate histones on lysine. The 
function of SET-domain proteins is to transfer a methyl group from S-adenosyl-L-
methionine (AdoMet) to the amino group of a lysine residue on the histone or other 
protein [24].

Initially, the SET-domain proteins were associated exclusively with the regula-
tion of developmental genes in metazoan. However, the finding of SET-domain 
genes in the unicellular yeasts Saccharomyces cerevisiae and Schizosaccharomyces 
pombe suggested that SET-domain proteins regulate a much broader variety of 
biological programmes [25]. By performing a targeted RNAi screen in fertile worms 
with selected genes that encode known worm methyltransferases, proteins contain-
ing the enzymatic domain of methyltransferases (SET-domain), or orthologues of 
regulators of histone methylation, the results depicted that set-9 and set-15 knock-
down extended lifespan and also set-2 and set-4 knock-down extended fertile worm 
lifespan as previously reported by many investigators [8].

The authors also investigated whether the known histone lysine methyltrans-
ferase regulates lifespan and screened genes encoding the SET domain in C. elegans 
by RT-qPCR, and the results revealed that the mRNA levels of set-2 and set-15 
increased significantly on day 11; both genes had been reported to promote ageing. 
In addition to these two genes, they found that the mRNA levels of set-10, set-18, 
set-32 and F54F7.7 were also upregulated in nematodes, and these genes have not yet 
been reported to be involved in lifespan regulation [11].

Focusing on set-18, results revealed that this gene expression increases according 
to animal age and is highly expressed in muscle. The mutation on this gene revealed 
a lifespan extension and oxidative stress resistance compared to the wild-type 
worms. It is important to note that, when there is increased exposure to reactive 
oxygen species (ROS), the cell enters the state of chronic oxidative stress. The more 
a cell is growing, the more oxidative stress damages are increasing; thus, this has an 
influence on longevity [3].

Studies have shown that there is a close relationship between the survivals of 
the mitochondrial and that of the cells due to the central role of mitochondria in 
programmed cell death (apoptosis) as well as the important involvement of ROS 
produced at 90% in mitochondria. High levels of ROS and calcium, acting together, 
can trigger the mechanism of cell death via apoptosis or necrosis. For several years, 
plenty of researches aimed to understand the adverse effects of ageing and were 
conducted out on a wide range of model organisms, and nine general hallmarks of 
ageing in living organisms have been identified. These hallmarks affect the organ-
ism at different scales. Some occur at the molecular level within cells, while others 
impact tissues (muscles) and even beyond at the level of an organ or the entire 
organism [3]. These mechanisms have been revealed to influence longevity partially 
dependent on daf-16, a prominent longevity gene that encodes the worm orthologue 
of the highly conserved forkhead transcription factor forkhead box O (FOXO).

Sequence analysis showed that set-18 has high homology to the mammalian his-
tone methyltransferase SMYD family, which contains a SET-domain split into two 
segments by a myeloid, nervy, and DEAF-1 (MYND) domain [11]. set-18 contains 
a conserved SET-domain that encodes proteins homologous to human SMYD1, 
SMYD2, and SMYD3 [26, 27]. The human homologue SMYD1, SMYD2, and SMYD3 
of set-18 have been reported to have the activity of histone methyltransferase. The 
SMYD family encloses five discrete proteins, of which SMYD1-5, with reported 
functions in both normal and pathologic conditions (ageing diseases). The key 
feature of all SMYD family members has been established to be the methylation of 
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Figure 3. 
Possible action of set-18.

H3K4. For many SMYD family members, the SET-domain contains two sections: 1) 
the S-sequence, which may work as a cofactor binder as well as for protein–protein 
interactions and 2) the core SET-domain, which functions as the primary catalytic 
location [28, 29]. In close relation to the SET domain are two other domains: 1) the 
post-SET and 2) the SET-I, which assist in cofactor binding, substrate binding, and 
protein stabilization [30, 31].

5. set-18 gene involvement in ageing and lifespan regulation

C. elegans set-18 gene was identified as a histone H3K36 dimethyltransferase. The 
deletion of set-18 increased lifespan and oxidative stress resistance depending on 
the daf-16 activity in the insulin/IGF pathway. Muscle-specific expression of set-18 
increased in aged worms, resulting in elevation of global H3K36me2 and inhibition 
of daf-16a expression and, consequently, decreased longevity. These results suggest 
that H3K36me2 and H3K36me3 modification have distinct functions in regulating 
ageing [11].

The FOXO family of transcription factors are highly conserved key converg-
ing points of several longevity pathways. C. elegans has a single FOXO orthologue, 
daf-16, and mutants with daf-16 deficiency exhibit shortened lifespan compared with 
wild-type animals. Very recent studies showed that daf-16 functions downstream of 
a histone modifier to influence lifespan. daf-16 lifespan epistasis analyses suggest that 
the set-18 gene works through daf-16 to modulate lifespan. As daf-16 transcript levels 
are not affected by set-18 status in worms and that set-18 regulates global histone 
modifications, an interesting possibility is that set-18 acts as a cofactor of daf-16 in 
target gene regulation via changes in local chromatin accessibility.

However, it is also possible that like UTX-1, set-18 modulates the lifespan by regu-
lating the expression of components of daf-16-dependent longevity pathways. Several 
well-known longevity pathways impinge on daf-16, including the daf-2/insulin 
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pathway (insulin and IGF-1 signalling), the germline pathway, and the energetic 
metabolism pathway. Lifespan and oxidative stress tolerance are promoted by the 
FOXO daf-16 and suppressed by its upstream IIS pathway genes such as the exclusive 
insulin-like growth factor receptor daf-2 [32, 33].

The insulin and IGF-1 signalling (IIS) pathway are so highly conserved to 
modulate ageing and longevity. The IIS pathway is a signal transduction cascade 
that consists of insulin-like peptides (ILPs), an insulin/IGF-1 receptor (daf-2), a 
phosphoinositide 3-kinase (AGE-1/AAP-1/PI3K), serine/threonine kinases (PDK-1, 
AKT-1 and AKT-2) and the pivotal downstream forkhead box O transcription factor 
(daf-16) in C. elegans. This cascade in turn phosphorylates the FOXO/daf-16 and 
prevents it from entering the nucleus to trigger anti-ageing genes, such as the genes 
conferring resistance to heat, oxidative stress resistance and DNA damage [24–27] 
as presented in Figure 3. daf-16/FOXO receives phosphorylation from the direct 
upstream AKT kinases mediated signal transduction response to insulin or IGF and 
is subsequently sequestered in the cytoplasm by 14-3-3 proteins [34–36], which 
antagonises FOXO and negatively regulates the longevity [27, 32].

6. Conclusion

As ageing is inevitably a biological process associated with the deterioration of 
functional activities and resistance to hazards of individuals, researchers are always 
interested in investigating the relevant factors affecting the ageing process. The 
continued combination of functional studies and molecular analyses in different 
age groups, different organisms, and different tissue types will hopefully provide 
the details necessary to comprehend this evolutionarily conserved fundamental 
process and to facilitate the development of therapeutic interventions to counteract 
age-induced complications or to explore the direction of anti-ageing or rejuvena-
tion. Our chapter revealed the role of epigenetic modification in ageing. Changes in 
epigenetic status have been shown to associate with ageing in many organisms. We 
focused on the role played by various histone modifications especially on histone 
methylation to lifespan modulation. Much more attention was on the SET-domain 
containing genes, set-18; further, we have shown that this gene regulates lifespan 
through daf-16, which is implicated in various mechanisms underlying ageing and 
oxidative stress. We demonstrated that set-18 as an H3K36 dimethyltransferase is 
expressed specifically in muscle. Hence, their exact role in ageing and its underlying 
mechanism has yet to be explored, thus providing more directions and strategies for 
the rejuvenation of ageing and the recovering of age-related diseases.
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Abstract

Neurodegenerative diseases are debilitating disorders which compromise motor 
or cognitive functions and are rapidly becoming a global communal disorder with 
over 46.8 million people suffering dementia worldwide. Aetiological studies have 
showed that people who are exposed to agricultural, occupational and environ-
mental toxic chemicals that can interfere and degenerate dopaminergic neurons 
are prone to developing neurodegenerative diseases such as Parkinson Disease. The 
complex pathogenesis of the neurodegenerative diseases remains largely unknown; 
however, mounting evidence suggests that oxidative stress, neuroinflammation, 
protein misfolding, and apoptosis are the hallmarks of the diseases. Reactive oxygen 
species (ROS) are chemically reactive molecules that have been implicated in the 
pathogenesis of neurodegenerative diseases. ROS play a critical role as high levels 
of oxidative stress are commonly observed in the brain of patients with neuro-
degenerative disorders. This chapter focus on the sources of ROS in the brain, its 
involvement in the pathogenesis of neurodegenerative diseases and possible ways to 
mitigate its damaging effects in the affected brain.

Keywords: oxidative neuronal damage, neuroinflammation, oxidative stress

1. Introduction

Neurodegenerative diseases are debilitating disorders which compromise motor 
or cognitive functions and are rapidly becoming a global communal disorder with 
over 46.8 million people suffering dementia worldwide. They are characterised by 
progressive damage in neural cells and neuronal loss. Common neurodegenerative 
diseases include amyotrophic lateral sclerosis, Parkinson’s disease, Alzheimer’s 
disease, Huntington’s disease, and spinocerebellar ataxia [1]. These diseases repre-
sent major health challenges especially in the ageing population [2]. For instance, 
PD is the second most prevalent neurodegenerative disease affecting 1 to 2% of the 
population above age of 65 while AD is ranked the top 6 leading causes of death in 
the United States [3, 4].
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It is estimated that more than 10 million individuals with the disease will be 
domiciled in the top 10 most populous nation in the world by 2030. In Nigeria, the 
most populous nation in Africa, neurodegenerative disease related cases have a 
significant impact on the overall hospital frequency of neurological cases reported 
[5]. Some of the characterised clinical features of these diseases include bradyki-
nesia, rigidity, postural instability, resting tremor, prolonged reaction times, and 
freezing of gait, which may degenerate to tightened facial expression and uncon-
scious facial movement [6, 7]. Aetiological reports have documented that individual 
who are exposed to industrial, occupational and environmental toxic chemicals 
that can interfere with the functions of the central nervous system and degenerate 
dopaminergic neurons are prone to developing neurodegenerative diseases such as 
Alzheimer’s disease, Parkinson disease [8, 9].

The complex pathogenesis of the neurodegenerative diseases remains largely 
unknown; however, mounting evidence suggests that oxidative stress, neuroinflam-
mation, protein misfolding, and apoptosis are the hallmarks of the diseases (Figure 1). 
ROS may play a critical role as high levels of oxidative stress are commonly observed in 
the brain of patients with neurodegenerative conditions [10]. Reactive oxygen species 
(ROS) are chemically reactive molecules that have been implicated in the pathogenesis 
of neurodegenerative diseases. They are naturally generated within the biological 
system, playing significant functions in mediating cellular activities including stressor 
responses, cell survival, and inflammation. They also play pivotal role in the pathogen-
esis of many diseases such as cancer, allergy, muscle dysfunction, and cardiovascular 
disorders [11, 12]. Due to their reactivity, Presence of ROS in high quantity may lead 
to oxidative stress and ultimately cell death if left uncontrolled or treated. Oxidative 
stress is defined as the disruption of balance between pro-oxidant and antioxidant 
levels in biological systems [11].

A number of experimental studies have been carried out to elucidate the signifi-
cances of oxidative stress in neurodegenerative diseases [13, 14]. ROS may not be 
sufficient itself to induce neurodegenerative diseases but they appear to exacerbate 
the diseases’ progression through oxidative macromolecule damage and interac-
tion with mitochondria [10]. Interestingly, neuronal cells have been identified to 

Figure 1. 
Possible involvement of oxidative stress, apoptosis, and neuroinflammation in pathogenesis of 
neurodegenerative diseases.
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be vulnerable to oxidative damage due to their high oxygen consumption, high 
polyunsaturated fatty acid content in membranes, and weak antioxidant defence 
[15]. Under basal or unstressed physiological conditions, free radicals and ROS 
generated from mitochondria, NADPH oxidase (Nox), and xanthine oxidase are 
kept at relatively low levels by endogenous antioxidants [11]. Nevertheless, abnor-
mal mitochondrial function and/or neuro-inflammation can alter the redox status 
and interrupt the balance [15]. Accumulation of misfolded proteins is part of the 
hallmark of pathogenesis of some neurodegenerative diseases such as Alzheimer 
disease and Parkinson disease (Figure 2). The aggregation of these misfolded or 
modified proteins can in turn triggers inflammatory response in the brain, which 
induces marked ROS release and subsequent oxidative stress [16]. Mitochondrial 
dysfunction with concomitant aberrant ROS secretion is strongly associated with 
neurodegenerative disorders [17]. For instance, mutant huntingtin (mHTT) in HD 
may directly interact with mitochondria causing compromised and alteration in 
energy supply and increased production of ROS [18].

Another key player in the pathogenesis of neurodegenerative diseases is neuroin-
flammation. The existence of neuroinflammatory processes in human brain has also 
been confirmed during autopsy on a molecular basis. Mogi and colleagues reported 
an increase in concentrations of TNFα, β2-microglobulin, epidermal growth factor 
(EGF), transforming growth factor α (TGFα), TGFβ1, and interleukins 1β, 6, and 
2 in the striatum of patients with Parkinson’s disease [19–22]. TNFα, interleukin 
1β, and interferon γ were also detected in the effects indirectly. Proinflammatory 
cytokines, such as TNFα, interleukin 1β, and interferon γ, can induce the expression 
of the inducible form of nitric oxide synthase (iNOS) [23, 24] or cyclooxygenase 
2 (COX2) [25]. These enzymes produce toxic reactive species. Other enzymes 
involved in neuroinflammatory processes mediated by oxidative stress such as 
myeloperoxidase, NADPH oxidase, and COX2, also have increased concentrations 
in neurodegenerative diseases [26].

Apoptosis has been implicated as the major pathway involved in the progressive 
neuronal cell death/loss observed in neurodegenerative diseases. Degeneration of 
one or more nerve cell populations is a major feature in many acute and chronic 
neurological diseases. Many criteria for apoptotic cell death are also fulfilled during 
the course of chronic neurodegenerative diseases. Therefore, the development of 

Figure 2. 
Molecular mechanisms underlying pathogenesis of Parkinson’s disease and Alzheimer’s disease.
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new therapeutic strategies for the treatment of neurodegenerative diseases requires 
an understanding of the molecular mechanisms underlying neuronal apoptosis. 
Extrinsic and intrinsic apoptosis pathways and several possible avenues for cross-
talk between them can be distinguished. Whereas the extrinsic pathway is initiated 
by cell surface activation of cytokine receptors of the tumour necrosis factor (TNF) 
family, the intrinsic pathway depends on the integrity and function of mitochon-
dria within the cell [27].

Various evidences from biochemical, genetic, cellular, and neuropathological 
studies have shown that protein misfolding, oligomerization, and accumulation in 
the brain are the main events triggering pathological abnormalities responsible for 
neurodegenerative diseases [28, 29]. The proteins most commonly implicated in 
the accumulation of cerebral misfolded aggregates in neurodegenerative diseases 
include: amyloid-beta (Aβ) in Alzheimer disease; tau in Alzheimer disease, fron-
totemporal dementia, corticobasal degeneration, progressive supranuclear palsy, 
argyrophilic grain disease, and chronic traumatic encephalopathy; alpha-synuclein 
(α-Syn) in PD, multiple system atrophy, and dementia with Lewy bodies; TAR 
DNA-binding protein 43 (TDP-43) in amyotrophic lateral sclerosis and frontotem-
poral frontotemporal dementia; and prion proteins in PrDs (i.e., Creutzfeldt–Jakob 
disease (CJD), bovine spongiform encephalopathy, chronic wasting disease, and 
scrapie). Despite the fact that the protein aggregates involved in distinct neurode-
generative diseases are different, the process of protein misfolding, its intermedi-
ates, end-products, and main features are remarkably similar [30].

Considering the pivotal roles of oxidative stress, neuroinflammation, protein 
misfolding, and apoptosis in neurodegenerative diseases (Figure 1), the manipula-
tion of major key players in each of the pathological mechanisms may represent a 
promising treatment option to slow down neurodegeneration and alleviate associ-
ated symptoms. This chapter examine the role of reactive oxygen species (ROS) and 
oxidative stress in the pathogenesis and progression of neurodegenerative diseases. 
This chapter focus on the sources of ROS in the brain, its involvement in the patho-
genesis of neurodegenerative diseases and possible ways to mitigate its damaging 
effects in the brain.

2. Role of oxidative stress in pathogenesis of Parkinson’s disease (PD)

PD is the second most common neurodegenerative disorder, characterised by the 
degeneration of dopaminergic neurons in the brain’s substantia nigra pars compacta 
[31]. PD affects around 1–2 percent of the population over the age of 65, and the 
prevalence rises to 4% in people over the age of 85 [32]. Overabundance of ROS or 
other free radicals has been linked to the pathological mechanism underlying dopa-
minergic neuron degeneration. Mitochondrial dysfunction or inflammation may 
both cause excessive ROS production [10]. The proper role of redox-sensitive signal-
ling proteins in neuron cells, as well as neuronal survival, is dependent on maintain-
ing redox homeostasis [33]. Mitochondria in neurons and glia are the main sources 
of ROS in the brain [10]. The production of these free radicals is exacerbated in PD 
due to neuroinflammation, dopamine degradation, mitochondrial dysfunction, 
ageing, GSH depletion, and high levels of iron or Ca2+ [10].

Consequently, when people with PD are exposed to environmental factors 
including pesticides, neurotoxins, and dopamine, ROS deposition may be exac-
erbated [34]. This is supported by a strong link between pesticide exposure and 
an increased risk of Parkinson’s disease [34]. ROS have been shown to contribute 
significantly to dopaminergic neuronal loss [10]. Other research has indicated that 
the loss of dopaminergic neurons is linked to the existence of neuromelanin, since 
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highly pigmented neurons are more vulnerable to damage [35]. The formation of 
neuromelanin appears to be related to dopamine auto-oxidation, a process induced 
by ROS overproduction [35].

Neurodegeneration produces reactive oxygen species (ROS), which can destroy 
key cellular proteins and disrupt lipid membranes, leading in oxidative stress. 
Mitochondrial dysfunction increases free radical generation in the respiratory chain 
[10]. Parkinson’s disease has been linked to deficiencies in mitochondrial complex 
I in particular. Certainly, a significant portion of the unfavourable neuronal apop-
tosis seen in Parkinson’s disease is due to a complex I deficiency [36]. A mutation in 
the PTEN-induced putative kinase 1 gene is associated to this impairment (PINK1). 
PINK1 is a protein found in all human tissues that plays a key role in keeping 
mitochondrial membrane potential and preventing oxidative stress [36]. The PINK1 
mutation is linked to the onset of Parkinson’s disease [36]. Mutations of leucine-rich 
repeat kinase 2 (LRRK2), parkin, alpha-synuclein, and DJ-1 have all been linked to 
the pathogenesis of Parkinson’s disease. These mutations may impair mitochondrial 
function, resulting in an increase in reactive oxygen species (ROS) production and 
oxidative stress vulnerability. Mutant parkin may play key roles in the development 
of autosomal recessive PD due to its involvement in lowering ROS and limiting the 
production of neurotoxic proteins produced by ubiquitination [36]. Additionally, 
alpha synuclein aggregation has been demonstrated to disrupt mitochondrial com-
plex I activities, causing ATP production impairment and mitochondrial malfunc-
tion [37]. Proteasomal dysfunction which is exacerbated by dopamine-derived ROS, 
has been linked to neurodegeneration in Parkinson’s disease [37].

Currently, there is no effective cure for the treatment of Parkinson’s disease, 
however, deeper insights into the role of ROS in the disease pathogenesis (initia-
tion and progression) should lead to more effective treatments for PD symptoms. 
Many neuroprotective approaches have been discovered to minimise mitochondrial 
oxidative stress in dopaminergic neurons. Free radicals damage has been proven to 
be reduced by antioxidants [38]. GSH, ascorbic acid and tocopherol are essential 
antioxidants that the antioxidant lipoic acid can recycle. Secretion of GSH which 
enhance reduction of lipid peroxide is one of the mechanisms by which lipoic acid 
offered beneficial effects against oxidative damage in oxidative stress-induced 
mitochondrial dysfunction [39]. In an animal study, it was discovered that treat-
ment with lipoic acid enhanced motor coordination and ATP efficiency resulting 
in neuroprotection [40]. Furthermore, treatment of lipoic acid in a rotenone rats’ 
model of parkinsonian rats showed enhanced motor performance and marked 
reduction in neuronal lipid peroxide in the brain [40]. Neuroprotective ability of 
phytochemicals and antioxidant substances including polyphenols, Ginko biloba, 
docosahexaenoic acid (DHA), tocopherol, ascorbic acid, and coenzyme Q10, and 
have all been studied in animal experiments with remarkable findings [41–46]. 
However, no convincing evidence of their neuroprotective benefits has been found 
in human [47]. Failures of such antioxidant medications should provide future 
recommendations for treating PD patients with combination therapies aimed at 
limiting ROS production in the brain and improving mitochondrial function [48].

3. Role of oxidative stress in pathogenesis of Alzheimer’s disease (AD)

Alzheimer’s disease (AD) is the most common neurodegenerative disease, 
characterised by gradual declines in memory, behaviour, and functionality that 
severely limit day-to-day activities [49]. The pathophysiology of Alzheimer’s disease 
is primarily linked to the formation of extracellular amyloid beta (Aβ) plaques and 
intracellular tau neurofibrillary tangles (NFT) [50]. Plaques in the endoplasmic 
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reticulum (ER) can deplete calcium ions (Ca2+) storage, resulting in cytosolic Ca2+ 
overload. Endogenous GSH levels are reduced in response to an increase in cytosolic 
Ca2+, and ROS will accumulate within the cells [51]. ROS-induced ROS overpro-
duction is believed to play a critical role in the aggregation and secretion of Aβ in 
AD, and oxidative stress is emerging as a significant factor in the pathogenesis of 
AD [52]. Mitochondrial dysfunction can result in increased production of reac-
tive oxygen species (ROS), decreased ATP production, altered Ca2+ homeostasis, 
and excitotoxicity. All these alterations may be implicated in the development of 
AD [53].

Overactivation of N-methyl-D-aspartate-type glutamate receptors (NMDARs) 
can cause severe oxidative stress in Alzheimer’s patients. NMDAR activation has been 
showed to trigger excessive Ca2+ influx by increasing cell permeability and resulting 
in the production of neurotoxic levels of reactive oxygen and nitrogen species (RNS) 
[54, 55]. JNK/stress-activated protein kinase pathways can be mediated by reactive 
oxygen species (ROS). The hyperphosphorylation of tau proteins and Aβ-induced cell 
death have both been linked to the activation of these cascades [56]. Furthermore, 
Aβ proteins can directly cause formation of free radicals by inducing NADPH oxi-
dase [57]. The activation of p38 mitogen activated protein kinase (p38 MAPK) by 
Aβ-induced ROS overproduction modifies cellular signalling pathways and initiates 
tau hyperphosphorylation. Intracellular NFT formation may be caused by an abnor-
mal aggregation of hyperphosphorylated tau proteins [58, 59]. Consequently, Aβ has 
been shown to play a key role in the induction of cellular apoptosis [60]. Aβ may boost 
the activity of calcineurin, which then activates the Bcl-2-associated death promoter, 
causing mitochondrial cytochrome c release [61]. Aβ can also interact directly with 
caspases, resulting in neuron apoptosis [61].

Environmental stress, ageing, inflammation, and certain dietary factors (e.g., 
redox-active metals) may all trigger an increase in Aβ output by inducing addi-
tional oxidative stress [62]. Oxidative stress is more common in the elderly, which 
helps to explain why older people are more susceptible to Alzheimer’s disease [62]. 
Increased expression of cytokines, ROS levels, and cellular toxicity are all caused by 
inflammation, which accelerates the development of Alzheimer’s disease [63]. Aβ 
deposition results in microglial activation [64]. It’s becoming clear that sustained 
activation of microglia results in the release of pro-inflammatory cytokines, trig-
gering a pro-inflammatory cascade and leading to neuronal loss and damage [65]. 
Environmental factors such as toxins, chemicals, and radiation may cause oxidative 
stress [66]. The production of reactive oxygen species (ROS) increases, where there 
are excess iron deposits [66]. Aβ itself can interact with metal ions to generate free 
radicals, therefore methionine 35 plays an important role in these reactions [67]. 
Cu2+/Zn2+-bound Aβ has been showed to have a structure identical to superoxide 
dismutase (SOD), suggesting that it could have antioxidant properties [68]. As a 
result, Cu2+ and Zn2+ supplementation has been considered as a novel strategy to 
reduce Aβ-induced ROS generation and metal catalysed Aβ deposition [68].

Drugs for Alzheimer’s disease are aimed at lowering Aβ oligomers and phosphor-
ylated tau levels, lowering oxidative stress, and regulating epigenetic changes [69]. 
The majority of Alzheimer’s disease therapies depend on compounds with neuro-
protective, anti-inflammatory, and antioxidant properties [70]. Medications that 
target ROS-mediated cascades like JNK and NF-B (e.g., tocopherol, resveratrol, and 
rutin) have demonstrated some promising results in vitro and in vivo [49]. When 
using antioxidants, significant factors including reaction kinetics and bioavail-
ability (permeability, retention in the targeted region, distribution, and transport) 
must be taken into account [70]. Several ROS-related neuroprotective therapeutic 
techniques have shown great promise in the treatment of Alzheimer’s disease. The 
antioxidant response element (ARE) pathway regulated by nuclear factor erythroid 
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2-related factor 2 (Nrf2) is known to be an important conditioned response against 
oxidative stress [71]. The binding of Nrf2 to ARE activates the expression of several 
antioxidant genes in a synchronised manner that can work together for oxidative 
detoxification. Weakened Nrf2-ARE pathways were observed in the brains of trans-
genic mice with AD symptoms, while the enhancement of Nrf2-ARE cascades using 
adenoviral Nrf2 gene transfer has shown protective effects against the toxicity of Aβ 
deposition [71]. As a result, transcriptional modulation of endogenous antioxidants 
could hold great promise in the treatment of Alzheimer’s disease symptoms [71].

4.  Role of oxidative stress in pathogenesis of spinocerebellar  
ataxia disease

Spinocerebellar ataxia is a progressive neurodegenerative illness caused by 
an autosomal dominant gene. Cognitive impairments, dysarthria, osculomotor 
abnormalities, and ataxic gait are all well-known signs of spinocerebellar ataxia, 
which can lead to mortality. Based on genetic descriptions, about 20 forms of spi-
nocerebellar ataxia have been identified [72, 73]. The main pathogenic mutation in 
spinocerebellar ataxia has been linked to the expansion of repeated CAG trinucleo-
tides [74]. The mutant ataxin 1 (ATXN1) protein, which has an enlarged polyglu-
tamine, is overexpressed as a result of the mutation from expansion of repeated 
CAG trinucleotides. RAR-related orphan receptor alpha, which plays a key role in 
Purkinje cell activities, can be affected by mutant ataxin 1. Reduced RAR-related 
orphan receptor alpha gene expression has been linked to cerebellar hypoplasia and 
ataxia [75].

Majority of spinocerebellar ataxia are thought to be genetic disorders linked 
to ATXN mutations, however, different pathogenic pathways involving mito-
chondrial malfunction have been hypothesised [75]. Hakonen et al. [76] reported 
mitochondrial DNA depletion and respiratory complex I deficiency in the brain of 
infantile-onset spinocerebellar ataxia patients. Small concentration of ROS has been 
documented to be beneficial for cellular activities including cell signalling, none-
theless, higher concentration is dangerous to the brain being neurotoxic and have 
been established to cause neurodegeneration [49]. A study conducted by Stucki et 
al. have reported marked mitochondrial alterations and excessive accumulation of 
oxidative stress in the Purkinje cells of Spinocerebellar ataxia 1. It was suggested 
that there exists a connection between oxidative stress mediated mitochondrial 
impairments and the progression of spinocerebellar ataxia [75]. Similarly, the 
study evaluated the possible neuroprotective roles of MitoQ (a mitochondrial 
antioxidant) in a spinocerebellar ataxia mouse model. The result revealed long-term 
treatment of MitoQ markedly improved mitochondrial morphology and enhanced 
its functions in Purkinje cells resulting in amelioration of spinocerebellar ataxia 
1-related symptoms including motor incoordination [75]. This report demonstrated 
the neuroprotective potential of mitochondria-targeted antioxidants as a potential 
treatment for spinocerebellar ataxia 1.

Similar to previous neurodegenerative diseases discussed, pathogenesis of spino-
cerebellar ataxia is associated with mitochondrial dysfunction [77]. For instance, 
Friedreich ataxia, is characterised by the absence of frataxin, an iron transporter 
protein located on the mitochondrial inner membrane. Decrease in the level of 
frataxin, leads to increase in concentration of iron in the mitochondrial matrix, thus 
stimulating the Fenton reaction which convert of H2O2 to ˙OH. The highly reactive 
˙OH molecules can compromise the efficiency of energy production in neuron cells 
by causing oxidative damage to mitochondria [77]. Therefore, antioxidant supple-
mentation, such as coenzyme Q10 and tocopherol, has been proven to increase 
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energy production in many Friedreich ataxia patients by decreasing oxidative stress 
and restoring mitochondrial activity [78].

Because the brain contains so many mitochondria, mitochondrial malfunction 
can have a considerable deleterious impact on the nervous system. ROS are created 
spontaneously by the mitochondrial respiratory chain and are vital for sustaining 
mitochondrial function as well as brain cell resilience. However, there has been little 
study done to determine the potential involvement of ROS in spinocerebellar ataxia 
illnesses and establish optimum therapy options. More research is required to better 
understand the redox mechanisms driving various forms of spinocerebellar ataxias, 
with an emphasis on ROS-targeted therapy.

5. Role of oxidative stress in pathogenesis of Huntington’s disease (HD)

Huntington’s Disease, a neurological disorder is associated with unstable ampli-
fication of cytosine, adenine, and guanine (CAG) repeats in the HTT gene [79]. 
Development of CAG repeats within exon 1 of the huntingtin (HTT) gene results 
in a mutation that causes the polyglutamine tract to elongate, resulting in an HTT 
protein product that is prone to aggregation [79]. The mutant huntingtin (mHTT) 
aggregates are accrued throughout the brain of the affected persons, which can 
disturb transcription process and protein quality control. Those alterations are 
potentially responsible for the impaired cognitive functions and aberrant motor 
observed in HD are caused by mutant huntingtin aggregations and concomitant 
alterations om transcription process and protein quality control [79]. Currently 
available meditations for HD is palliative as it only inhibits the degree of severeness 
of symptoms. No meditation/remedy has effectively treated or markedly reversed 
or arrested the progression of the disease [79]. The mutant huntingtin has been 
demonstrated to suppress the expression of peroxisome proliferator-activated 
receptor-coactivator-1 and reduce the concentration of striatal mitochondrial [79, 
80]. Similarly, mutant huntingtin has been documented as mutant of HD which has 
been implicated in the development of neuronal nuclear inclusion in HD as a result 
of excessive accumulation of cytoplasmic plaque [81]. Notwithstanding the well-
proven connection between HD and OS, researches focused at providing treatment 
for the disease using antioxidant approach have not been successful [82].

A number of studies have documented that there exists link between irreversible 
neuronal damage and elevated oxidative markers [83]. The concentrations of well-
established indicators of oxidative damage in HD such as neuron-specific enolase 
(NSE) and 8-hydroxy-2-deoxyguanosine (8-OHdG) have been monitored in one 
study to determine the benefits of neuro rehabilitation exercise [84]. Furthermore, 
Cu/Zn-SOD (SOD1) was documented as a possible peripheral indicator of neuronal 
oxidative damage, with levels considerably higher in HD patients compared to 
controls, implying a compensatory response to increasing oxidative levels in HD 
patients [84]. Nevertheless, consideration of SOD1 as an oxidative biomarker in HD 
remains undecided due to varied results obtained displaying different activity and 
concentration levels of SOD in HD [85]. After the end of the three weeks regimen 
neurorehabilitation exercise program, significant reduction in the levels of 8-OHdG 
and NSE were documented while SOD1 level remained high, indicating the possible 
neuroprotective role of SOD1 as an antioxidant enzyme mitigating against oxida-
tive stress and scavenging free radicals [84]. Taken together, physical exercise was 
suggested for HD patients as it may possibly inhibit the disease progression and 
enhance redox homeostasis [86].

The consequence of HD on brain energy levels has stimulated researchers’ 
interest. In HD patients, reduced glucose consumption and higher lactate levels 
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have been observed, supporting the theory that HD reduces energy levels [81]. 
According to new researches, oxidative damage is connected to reduced expression 
of the glucose transporter (GLUT)-3, which consequences lead to lactate build-up 
and glucose uptake inhibition [87]. Most of ATP synthesis take place via the pro-
duction of proton motive force through processes of the electron transport chain 
[88]. mHTT has been demonstrated to perform a crucial function in mitochondrial 
dysfunction. Panov et al. [89] used electron microscopy to detect that the interac-
tion between mitochondrial membranes and the N-terminal of mHTT leads to 
mitochondrial calcium abnormalities. Furthermore, mHTT inhibits respiratory 
complex II in a direct manner [90]. This alteration of the mitochondrial electron 
transport could lead to over production ROS with concomitant reduction in produc-
tion of ATP [90].

According to a new mechanism hypothesised in 2015 for mitochondrial damage 
in HD, oxidative stress could incapacitate glyceraldehyde-3-phosphate dehydroge-
nase catalytic activities. The incapacitated glyceraldehyde-3-phosphate dehydroge-
nase is linked with impaired mitochondria which serve as a signalling molecule to 
initiate the damaged mitochondria towards lysosome engulfment through selective 
degradation. However, in the existence of mHTT, incapacitate glyceraldehyde-
3-phosphate dehydrogenase can react unusually with the long polyglutamine 
of mHTT at the mitochondrial outer membrane, which result in the inhibition 
of degradation pathway mediated by incapacitate glyceraldehyde-3-phosphate 
dehydrogenase. As a result, impaired mitochondria are unable to be engulfed by 
lysosomes resulting into excessive accumulation of mHTT-expressing cells, thus, 
facilitating cell death [91]. ROS and mitochondrial alterations can both encourage 
the positive feedback loops, exacerbating neuronal loss in the cortex and striatum 
and increases oxidative stress [79]. Excessive generation of ROS and mitochondrial 
alterations have been implicated in the pathogenesis of HD, however, the event that 
occurred first remain elusive [92].

3-nitrotyrosine, thiobarbituric acid reactive substances (TBARS), and protein 
carbonyls are some of the other oxidative biomarkers often used in HD models [93]. 
Likewise, elevated levels of F2-isoprostane have been reported in the cerebrospinal 
fluid and brain tissue of Alzheimer’s disease and HD patients. As a result, measur-
ing F2-isoprostane could be a useful way to assess the relevance of oxidative stress 
in HD patients. It’s worth noting that F2-isoprostane levels between the HD and 
control groups may overlap in the early stages of HD development [94]. Thus, 
interpretation of modifications of oxidative biomarkers in HD should be done with 
caution due to involvement of oxidative stress in other pathological conditions such 
as ageing, cancer, and soon. Additionally, oxidative biomarkers alterations levels 
may not reveal adequate evidence on whether the oxidative alterations perform a 
significant role on the neuronal cell death or disease pathogenesis [94]. The use 
of more sensitive and specific indicators or biomarkers would be essential to give 
detailed information and elucidate the specific functions performed by free radi-
cal and oxidative stress in pathogenesis of neurodegenerative diseases, which will 
provide a mechanistic approach to finding a suitable drug candidate for the effec-
tive treatment of HD.

6.  Role of oxidative stress in pathogenesis of amyotrophic  
lateral sclerosis

Amyotrophic lateral sclerosis is a disease in which motor neurons in the anterior 
horn of the spinal cord gradually diminish [95]. Depending on whether there 
is a strongly outlined inherited genetic factor, amyotrophic lateral sclerosis is 
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characterised as familial or sporadic. Sporadic amyotrophic lateral sclerosis usu-
ally appears between the ages of 50 and 60 [96]. Because the cause of sporadic 
amyotrophic lateral sclerosis is unknown, finding causal genes and environmental 
variables has been difficult. About 20% of instances of familial amyotrophic lateral 
sclerosis were caused by mutations in the SOD1 gene [97]. SOD1 has many activi-
ties, including posttranslational modification, energy consumption, controlling 
cellular respiration, and scavenging superoxide radicals (O2 •–) [98]. Despite the 
fact that SOD malfunction results in a loss of antioxidant capacity, research sug-
gests that genetic ablation of SOD1 in mice does not result in neurodegenerative 
diseases [14]. In divergence, the gain-of-function of mutant SOD1 protein has been 
markedly documented in the motor neuron diseases [14]. For example, a study has 
exhibited that mutant SOD1 can altered the amino acid biosynthesis of cells in a 
yeast model and induced cellular destruction, responsible for the neural degenera-
tion in amyotrophic lateral sclerosis [99].

Rac1 is directly regulated by SOD1 via endosome connection, which then acti-
vates Nox. Redoxosomes which as Nox-containing endosomes play an essential role 
in NF-kB-mediated regulation of proinflammatory signals. Nox converts molecular 
oxygen into O2 •–, which has vital functions in antibacterial activity, enzyme 
control, and cell signalling (Li et al., 2011). The ratio of reactive oxygen species to 
antioxidative molecules is balanced under normal physiological conditions. On the 
other hand, during pathological conditions, there is always rapid fluctuations in 
ROS levels and disturbances in antioxidant function, which result in elevated level 
of apoptosis, lipid peroxidation, and DNA damage during disease states [49]. SOD1 
is an enzyme which convert O2 •– into hydrogen peroxide (H2O2) and molecular 
oxygen. SOD1 mutants increase Nox2-dependent ROS generation, which is assumed 
to be the cause of motor neuron death in amyotrophic lateral sclerosis [100]. SOD1 
that has been oxidised or misfolded has been found to cause mitochondrial dys-
function, which has been linked to the aetiology of sporadic amyotrophic lateral 
sclerosis [101].

Mutant SOD1 may enhance the progression of familial amyotrophic lateral 
sclerosis via the alterations of signal transduction pathways in motor neurons and 
in the activity of supportive glial cells [100]. SOD1, for instance, is regarded to be a 
key cell-signalling molecule with neuromodulatory functions. SOD1 is secreted via 
the microvesicular secretory pathway, according to studies in vitro and in transgenic 
mice models. SOD1 secreted into the environment binds to muscanaric receptors 
on nearby neurons, increasing intracellular Ca2+ concentration and ERK/AKT 
signalling [102]. SOD1 preserves motor neuron integrity by activating ERK/AKT 
signalling, and it has been demonstrated that SOD1 secretion can be enhanced in 
neurons under oxidative stress conditions [103]. Propofol conditioning treatment 
was demonstrated to protect the spinal cord against ischemia–reperfusion injury in 
rats by boosting PI3K/AKT signalling, which could be mediated by enhanced SOD1 
activity [104]. Furthermore, oxidative stress can cause neuron cell death by block-
ing the neuroprotective IGF-I/AKT pathway, implying that the role of AKT signal-
ling in neurodegeneration should be investigated further [105].

In conclusion, over secretion of ROS in the brain leads to oxidative stress which 
if not suppressed or inhibited could lead to oxidative damage of essential compo-
nents of the central nervous system. This can also initiate or enhance some reactions 
which may have detrimental effects on the physiological functions and health of the 
brain. These reactions such as neuroinflammation, progressive neuronal cell loss via 
apoptosis if not abated can exacerbate protein misfolding and formation of protein 
aggregates resulting into neurodegeneration and associated neurobehavioural 
incompetence. Considering the pivotal roles of oxidative stress, neuroinflamma-
tion, protein misfolding, and apoptosis in neurodegenerative diseases (Figure 1), 
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the manipulation of these major players in each of the pathological mechanisms 
may represent a promising treatment option to slow down neurodegeneration and 
alleviate associated symptoms.
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Metal Ions-Mediated Oxidative
Stress in Alzheimer’s Disease
and Chelation Therapy
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Abstract

Alzheimer’s disease (AD), ranked as the seventh leading cause of death world-
wide, is one of the most incidental neurodegenerative disorders. AD patients expe-
rience irreparable damages to the brain, indicated as progressive, insidious, and
degenerative. Past research has discovered that the amyloid cascade hypothesis best
describes the pathophysiological etiology of AD, designating amyloid-β plaques and
neurofibrillary tangles as the ‘hallmarks’ of AD pathology. Furthermore, accumu-
lating evidence show that the oxidative stress state, the imbalance between reactive
oxygen species (ROS) production and antioxidation, contributes to AD develop-
ment. This chapter describes the oxidative stress process in AD. It mainly tackles
the correlation of metal-catalyzed ROS production with amyloid-β and how it
oxidatively damages both the amyloid-β itself and the surrounding molecules,
potentially leading to AD. Additionally, both the role of metal chelation therapy as a
treatment for AD and its challenges will be mentioned as well. This chapter specially
focuses on how metal ions imbalance induces oxidative stress and how it affects AD
pathology.

Keywords: Alzheimer’s disease, Amyloid-β, Reactive oxygen species, Oxidative
stress process, Metal ions, Metal chelation therapy

1. Introduction

Past research has tried to find the pathogenesis and etiologies regarding
Alzheimer’s disease (AD). Recent studies show that reactive oxygen species (ROS)
are linked with the progression and development of AD, especially superoxide
anion, hydrogen peroxide, and hydroxyl radical. Reactive oxygen species have been
found as the by-products of metal-catalyzed oxidation associated with amyloid-β.
These findings are crucial for the treatment of AD, as they provide the underlying
mechanism for metal chelation therapy, which involves the use of metal chelators
for metal removal.

This chapter discusses both past and current research with regards to AD
pathology and treatment in the following order: Alzheimer’s disease, reactive
oxygen species, oxidative stress and Alzheimer’s disease, metal chelation therapy,
and challenges of metal chelation therapy.
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2. Oxidative stress and Alzheimer’s disease

2.1 Alzheimer’s disease

Alzheimer’s disease (AD) is one of the most common neurodegenerative diseases
characterized as insidious, progressive, and degenerative. It accounts for 70% of all
dementia cases in people aged 65 years and older [1]. The World Health Organiza-
tion revealed that AD ranked as the seventh leading cause of death worldwide from
2000 to 2019. Although it is assumed that AD is triggered from genetics, environ-
ment, and dietary factors, the exact causes of AD are still not fully understood [2].

Patients with AD experience irreversible damage to the brain which leads to
cognitive and behavioral deterioration, shrinkage of brain tissue, and progressive
memory loss [3]. Aβ and NFTs are considered as the two key factors in the
neurodegeneration of AD patients. The forebrain cholinergic neurons are damaged
due to neurofibrillary tangles (NFTs) of P-tau and the accumulation of senile
plaques composed of amyloid-β(AβÞ in the hippocampus, neocortex, amygdala, and
basal nucleus of Meynert [4].

Although still debated, the amyloid cascade hypothesis best explains the pathol-
ogy of AD. The Aβ protein, a 36 to 43 residue polypeptide (in several studies, 39 to
43 residues/38 to 43 residues), is generated in the process of amyloid precursor
protein (APP) enzymatic proteolysis, a transmembrane protein responsible for
neuron growth and repair. Among the two main pathways for disposal of APP, a
non-amyloidogenicα -secretase-mediated pathway and an amyloidogenic β-and γ
-secretase-mediated pathway, the neuropathology of AD derives from the latter, in
which Aβ peptide is produced [5].

APP consists of both a cytoplasmic C-terminus and an extracellular
glycosylated N-terminus. In the amyloidogenic pathway, APP is initially cleaved
by a β-secretase creating a membrane bound 99-amino-acid C-terminal fragment.
The C-terminal fragment, now acting as a substrate, is serially cleaved by a γ-
secretase, resulting in a full length Aβ, mainly the 40-amino-acid Aβ40 and the
42-amino-acid Aβ42 [6, 7].

Due to the insolubility in AD patients, the Aβmonomers abnormally aggregate
into higher order assemblies, oligomers, protofibrils, and fibrils, which ultimately
deposit into senile plaques. Amyloid senile plaques spread throughout the brain,
eventuating in the interference of intercellular communication and the activation
of immune cells which provoke inflammation. Neurological brain damage
induced from amyloid plaques are commonly detected in the neocortex of AD
patients [7, 8].

NFTs, another factor regarded as a key contributor of AD, is linked with Aβ as
well. Microtubules (MTs) in neurons work as directional highways between the
axon and dendrites for organelle transport such as nutrients, neurotransmitters,
motor proteins. The MT arrays also act as architectural elements that stabilize the
structure and shape of the neuron [9]. The firmness of MTs depends on tau, a
microtubule-associated protein (MAP), which plays a vital role in regulating the
dynamic network and assembly of MTs [10].

There is accumulating evidence that Aβ peptide induces tau hyperpho-
sphorylation, which reduces the MT-tau affinity. Tau, no longer able to bind to
MTs, start to aggregate forming tau clumps. Consequently, due to the decreased
stability, MTs start to disintegrate. Separated tau cluster into tau oligomers, which
eventually develop into neurofibrillary tangles (NFTs) [11]. With the breakdown of
the MT system, neurons are incompetent to transmit organelles, resulting in the
neurodegeneration of nerve cells which explains the memory loss and cognitive and
behavioral decline of AD patients.
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2.2 Reactive oxygen species

Reactive oxygen species (ROS) are unstable, highly reactive molecules and rad-
icals which are derived from molecular oxygen. ROS production takes place in
aerobic organisms that utilize mitochondrial electron transport for respiration or
undergo oxidation catalyzed by metals and intracellular enzymes [12]. In normal
settings, ROS play a crucial role for cell signaling such as cell cycle regulation,
enzyme activation and apoptosis. Yet, under oxidative stress conditions, the
immoderate production of ROS has detrimental effects on cells causing protein,
DNA, and lipids damage and eventually, cell death [1].

When a molecular oxygen goes through a monovalent reduction, superoxide
anion radical (O��

2 ), a precursor compound of ROS, is formed [13]. O��
2 , due to its

unstable state, react with other radicals such as nitric oxide (NOÞ, forming highly
reactive peroxynitrite (ONNO�). 0��

2 also propagates further oxidative chain reac-
tions, producing hydrogen peroxide (H2O2Þ with the help of superoxide dismutase
(SOD). H2O2 are sequentially reduced either to hydroxyl radical (OH�), one of the
most reactive oxidants, or fully reduced to water [14, 15].

ROS generation, mainly in forms of O��
2 , H2O2, OH�, are induced by both

endogenous and exogenous pathways. The endogenously produced ROS are mainly
byproducts of mitochondrial respiratory chain and phagocytic nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase, circumstances in which the
reduction of oxygen is enabled (Figures 1 and 2). Transition metals and numerous
intracellular enzymes such as, Xanthine oxidase (XO), Lipoxygenases (LXO), and
Cyclooxygenase (COX) are also principal endogenous ROS generators
(Figures 3–5) [16].

ROS are produced in response to exogenous or environmental factors as well,
such as radiation, air pollutants, diet, tobacco smoke, drugs and xenobiotics, che-
motherapy, and pesticides [16, 17]. Exposure to UVR from solar radiation develops
high concentrations of ROS, which causes an imbalance between ROS and cellular
antioxidants, thus provoking oxidative stress [17]. Tobacco smoke, another notable
factor of ROS production, consists of 1014-1016 free radicals per puff which can
potentially produce H2O2 and OH� [16].

The right duration, quantity, and location of ROS production is required for
normal physiological processes. In cases where the appropriate conditions are not
met, both insufficient and excessive ROS production, ROS-related diseases can arise
[15]. Such medical conditions include glucolipotoxicity, insulin resistance, diabetes

Figure 1.
Amyloidogenicβ -and γ-secretase-mediated pathway of APP disposal In the amyloidogenic pathway of APP
disposal, APP is first cleaved by a β-secretase yielding SAPPβ and CTF99/89. Subsequently, CTF99/89 is
cleaved by a γ-secretase creating AICD and Aβ.
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mellitus, mitochondrial dysfunction, cancer, autoimmune disorders,
cardiovascular, neurological, and psychiatric disease [15, 18].

Antioxidants work as the defense mechanism against ROS induced damage. Its
role is to maintain the effective functions of ROS while at the same time, regulate its
level. Oxidative stress is attenuated by both endogenous antioxidant system and the
exogenous intake of antioxidants [19, 20]. The former includes enzymes such as
SOD, glutathione (GSH), catalase and glutathione peroxidase (GPx) [19]. Mean-
while, the essential exogenous antioxidants are absorbed through vegetables, whole
grains, fruits, and omega-3 fatty acid containing diet. Vitamin C, vitamin E,
β-carotene, selenium, carotenoids, and polyphenols represent exogenous
antioxidants [19, 20].

2.3 Oxidative stress and Alzheimer’s disease

Majority of current research show that oxidative stress, the imbalanced state of
ROS production level and antioxidative level, is related to the pathogenesis of neuro-
degenerative diseases, representatively AD [21]. This chapter approaches mainly the
association of oxidative stress with AD, mostly regarding the correlation between Aβ
and ROS production and how it affects the neighboring neural molecules.

As previously stated above in the Alzheimer’s Disease section, amyloid plaques and
NFTs are regarded as the ‘hallmarks’ of AD. Overwhelming evidence show that
amyloid plaques are highly concentrated in metal ions, such as copper Cuð Þ, iron Feð Þ,

Figure 2.
Aβ plaques formation abnormal aggregation ofAβmonomers into oligomers, protofibrils, fibrils, and ultimately
plaques can be seen in AD patients.

Figure 3.
NFTs formation Aβ peptide induces tau hyperphosphorylation, which reduces MT-tau affinity. Separated tau
develop into oligomers and eventually NFTs.
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zinc Znð Þ and calcium Cað Þ, which are present in the synaptic areas. Such metal ions
are interconnected with the amyloid cascade reaction and NFT formation [22].

Metal ions imbalance induces oxidative stress which triggers ROS production.
Increased production of ROS leads to secretases imbalance and phosphatases
imbalance, each interconnected with the formation of Aβ and P-tau. Accordingly,
Aβ and P-tau production increases, which eventually leads to neurodegenerative
diseases including AD [23]. Thus, the Aβ toxicity, NFTs, oxidative stress, and
ultimately neuronal cell death depend on the existence of redox metals [24]. This

Figure 4.
ROS production pathways endogenous and exogenous pathways of ROS production include mitochondrial
production, NADPH oxidase, peroxisome, and xanthine oxidase. Through such pathways, O��

2 , ONNO�,
H2O2, and OH� are yielded.

Figure 5.
Mitochondrial ROS production complex Iand complex III of the inner mitochondrial membrane create O��

2
through oxidative phosphorylation. O��

2 , through further reactions, can also yield H2O2, and OH� .
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chapter mainly discusses the correlation of metal-catalyzed ROS production with
Aβ (Figure 6).

2.3.1 Copper

Among the metal ions, copper is considered the most redox reactive. The asso-
ciation of copper ions with Aβ can be described as a three-step process. First,
endogenous reductants bind with the copper, followed by the reduction of Cu(II) to
Cu(I). The reductive state of copper triggers the reduction of molecular oxygen as
well, producing ROS [25]. Copper directly interacts with Aβ, promoting increased
aggregation of Aβ and the toxicity of amyloid oligomers and plaques [22, 26].

Histidine His6,His13,His14ð Þ and Tyrosine (Tyr10) amino acid residues modulate
the binding of copper to Aβ:Cu(II) is reduced to Cu(I), after its chemically binding to
Aβ(higher affinity to Aβ1- 42 compared to Aβ1- 40), generating hydrogen peroxide
as a byproduct which has high potential to be reduced to hydroxyl radical. Accord-
ingly, the complexation of copper in Aβ elevates the neurotoxicity, now endowed
with enlarged reduction potential [24]. The Cu- Aβ couple correspondingly assists the
further process of ROS production. The copper- Aβ-mediated oxidation of reductant
species such as ascorbate, which are abundant in the brain, induces generation of
ROS: hydrogen peroxide, hydroxyl radical and superoxide anion [25].

2.3.2 Iron

Iron, as a redox active metal, is also significantly linked with AD pathology.
However, unlike copper, iron ions do not directly interact with and bind to Aβ [27].

Figure 6.
Metal ions imbalance, increased ROS production, and neurodegeneration imbalance of metal ions, such as
copper, iron, zinc, and calcium, creates oxidative stress condition. This is followed by increased production of
ROS, and consequently Aβ and NFTs, which eventually provokes neurodegenerative diseases including AD.
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Iron exists in both in redox-inactive forms Fe3þ
� �

and redox-active forms Fe2þ
� �

within the brain. They are also found in zero-oxidation-state Fe0
� �

or as ionic
compounds such as magnetite Fe3O4ð Þ as well. All forms are possible inducers for
Aβ aggregation, prompting the iron redox cycle and ROS production [28, 29]. Iron
concentration and increased free radical production had been noticed in the cere-
bellum and glia cells of AD patients [23].

After iron’s indirect interaction with Aβ, the redox cycle of Haber-Wiess and
Fenton reaction is triggered, yielding ROS in forms of hydrogen peroxide, hydroxyl
radical and superoxide anion, as in the process of copper-mediated oxidation. The
resulting ROS effects Aβ aggregation and other oxidative damages in local organ-
elles as well. Research results based on high-resolution transmission electron
microscopy (HR-TEM) and synchrotron-based X-ray absorption studies support
the storage of iron within Aβ and the iron-catalyzed ROS production [27, 29].

During the process of the metal-catalyzed ROS production in correlation with
Aβ, both the Aβ peptide itself and the surrounding molecules undergo oxidative
damages. The amino acid residues of Aβ, cysteine, methionine, arginine, histidine,
lysine, phenylalanine, tryptophan, and tyrosine, are oxidated as well, chemically
changed, and impaired. The ROS produced through metal-mediated oxidation also
cause protein carbonylation and nitration, lipid peroxidation, and protein modifi-
cation. The mitochondria of nearby cells also experience oxidation, leading to
increased mitochondrial and nuclear DNA &RNA damages which all potentially
lead to the etiology of AD [30].

2.3.3 Zinc

The impact of zinc Zn2þ
� �

in AD is rather controversial [23]. Some research
suggests irregularly high concentration of Zn2þ have been investigated in AD
patients’ brains, inferring the linkage between imbalance of Zn2þ homeostasis with
AD pathogenesis [31]. One study indicated that Zn2þ promotes both Aβ40 and Aβ42
aggregation, but only at the early stage [32]. In another study, high concentration of
Zn2þ was shown to induce NADPH-oxidase reaction and ROS production (espe-
cially mitochondrial ROS production) in AD pathological state. Excessive zinc
therefore prompted Aβ cascade reaction [23]. On the contrary, other research
analysis show significant decrease of Zn2þ in AD patients [33].

2.3.4 Calcium

Calcium Cu2þ
� �

elevation also significantly contributes to Aβ production in AD
patients. Sequentially, increased Aβ level in turn promotes an increase in Cu2þ level
by triggering the opening of voltage-dependent Cu2þ channels. Moreover, high
degree of Cu2þprovokes further influx of Cu2þ by enabling overexpression of
L-type calcium channel subtype (Cav1.2). Excessive Cu2þ consecutively
stimulateAβ production and aggregation [23].

2.4 Metal chelation therapy, a potential treatment for Alzheimer’s disease

Based on the thesis that AD pathology relates to the interplay between metal ions
and Aβ, treatments for AD have been proposed established on this characteristic.
Metal chelation therapy has been raised as a method to agitate metal- Aβ interac-
tions to treat AD in a lot of research [27]. Metal chelation therapy is initiated by
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injection of chelators (chelating agents) into the bloodstream which bind to the
targeted metals and excrete them [34].

Studies show that metal chelating agents must satisfy the following conditions to
manipulate as prospective treatments for AD.

1.Low molecular weight

2.Target certain: must be able to selectively attach to targeted metal ions bound
to Aβ

3.Free or poor charge: must be able to cross blood brain barrier (BBB)

4.Low toxicity

5.Low possibility of side effects

Metal chelators content with above properties will successfully affix to aimed
metal ions associated with Aβ, engendering their break-up and removal [27].

Among the various chelator drugs, only a few are suitable for AD; drugs that
fulfill the properties stated above. The common chelator drugs adopted for AD
treatments that have shown favorable results include desferrioxamine (DFO),
bathophenanthroline, bathocuproine (BC), trientine, penincillamine, bis
(thiosemicarbazone), tetrathiomolybdate (TTM) [35–37].

In one clinical trial in 48 patients with AD, DFO has shown its positive effects.
Using trace-metal analysis, the research team confirmed that DFO decreased the
aluminum level in neocortical brains of AD patients dosed with DFO;125 mg per
injection, twice a day, five days a week [38]. Although it showed outcomes regard-
ing aluminum, one research insisted that, considering the affinity DFO has for iron,
the result might have also been due to the elimination of iron [39]. In addition to
iron, DFO also shows binding affinity towards copper [40].

Penincillamine, bathophenanthroline, bathocuproine (BC), and trientine have
also been proven to be effective copper chelators. In one research test, these agents
showed interaction with Cu- Aβ couple, deleting copper and improving Aβ solubil-
ity. Furthermore, BC has been proved to be the most efficacious, showing constant
results across the broad range of AD brain tissue samples [37].

It has been suggested that the bis(thiosemicarbazone) compounds can regulate
the concentration of copper in Aβ as well [41]. In one study, chemical compounds
of the bis(thiosemicarbazone) metal complex family have shown successful treat-
ment for animal models with AD [42]. Similar results have been noticed in another
study using APP/PS1 transgenic AD mice model as well. Bis(thiosemicarbazone)
enhanced the soluble Aβ level by deleting copper and led to the restoration of
cognitive activity [43].

The effect of tetrathiomolybdate (TTM) as a copper chelator has been demon-
strated as well. In one experiment, TTM was applied to Tg2576 transgenic mice
model for five months. Positive effects were derived, showing that TTM lowered
both the level of Aβ and Aβ plaques present in the brain [44].

2.5 Challenges of metal chelation therapy

Although the above-stated metal chelating agents have shown positive effects in
reducing Aβ levels in AD patients, there are still challenges surrounding the metal
chelation therapy.
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First, in addition to the originally aimed effects, metal chelating agents can
induce undesirable outcomes as well. One study revealed that the application of
divalent chelators, such as Cu,Fe and Zn, to severe AD patients lessened the
requisite divalent metals that were already in their appropriate levels, as well as the
targeted metal ions. Accordingly, the depletion of essential metals aggravated rather
than treated AD pathology [45].

Furthermore, as stated in Metal Chelation Therapy, a Potential Treatment for
Alzheimer’s Disease, metal chelating agents have been proved to lowerAβ level
through solubilization. However, it is still rather controversial whether metal che-
lators can not only solubilize but reverse the Aβ plaques to any forms of intermediates
such as monomers, oligomers, protofibrils, short fibrils, or extended fibrils [27, 45].

Finally, there are remaining questions concerning the efficacy of certain metal
chelating agents. For instance, clioquinol (CQ), aCu - Zn chelator capable of agitat-
ing Aβ aggregation has been used in numerous clinical trials. However, the clinical
and experimental results show that the effectiveness of CQ is yet contentious
[45, 46]. In one experiment, the utilization of CQ perturbed Cu and Zn homeostasis
which elevated metal ion concentrations, which is contradictory to the predicted
results. CQ also showed side effects, arising astrogliosis, spongiosis, and brain
edema to the mice model [47].

For further development of metal chelation therapy, such disadvantages should
be improved.

3. Conclusion

Aβ and amyloid plaques are determining symbols of AD. Metal ions, especially
copper and iron, interact with Aβ in AD patient’s brain which generates ROS, such
as superoxide anion, hydrogen peroxide, and hydroxyl radical. This process pro-
motes the aggregation Aβ and increases the toxicity of Aβ plaques. ROS induces
damages to both Aβ itself and the surrounding molecules leading to protein, lipid,
DNA, and RNA impairment. Metal chelation therapy has been proposed as method
to agitate metal- Aβ interactions for AD treatment. Metal chelators injected into
the bloodstream will target metals associated with Aβ and eliminate them,
cutting off the activity of causative substances. The metal chelating agents that have
shown positive effects towards AD so far include desferrioxamine (DFO),
bathophenanthroline, bathocuproine (BC), bis(thiosemicarbazone), tetrathio-
molybdate (TTM), trientine, and penicillamine. However, there are ongoing chal-
lenges facing the metal chelation therapy. The remaining questions regarding the
efficacy of chelating agents and the precise mechanism of chelation therapy should
be solved.
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Appendices and nomenclature

Aβ amyloid-β
AD Alzheimer’s disease
APP amyloid Precursor Protein
BBB blood brain barrier
Cav1.2 L-type calcium channel subtype
COX cyclooxygenase
CQ clioquinol
DOS desferrioxamine
GPx glutathione peroxidase
GSH glutathione
HR-TEM high-resolution transmission electron microscopy
LXO lipoxygenases
MAP microtubule-associated protein
MT microtubules
NADPH phagocytic nicotinamide adenine dinucleotide phosphate
NFT neurofibrillary tangle
ROS reactive oxygen species
SOD superoxide dismutase
TTM tetrathiomolybdate
XO Xanthine oxidase
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Abstract

Regulation of cellular redox homeostasis determines the fate of the cell. 
Perturbation in redox status is known to elicit multiple cellular pathways. Role of 
oxidative stress modulation in channelizing the cell towards apoptosis or rescuing 
the cell by activating pro-survival pathways, depends on the levels of generated 
oxidative stress. High levels of generated oxidative stress induce cell death path-
ways whereas mild and low levels are known to elicit the cell survival pathways. 
Generation of ROS for a short duration of time inducing Redox ticking also triggers 
the pro-survival pathways inside the cell. Nrf2 is the redox sensitive prosurvival 
transcription factor which acts as master regulator of redox equilibrium. Nrf2 and 
its dependent genes including HO-1, GCLC, NQO1 etc. are involved in maintain-
ing the cellular redox homeostasis. Role of Nrf2 as dual edges sword has been 
highlighted in past decade. The cross talk between the Nrf2 and NF-κB is at the 
focal point of building the redox response network. The present chapter is aimed at 
providing the insight on the role of Nrf2 and NF-κB as redox sensitive transcription 
factors in regulating cellular redox status. Further, the chapter brings in light the 
therapeutic potential of targeting Nrf2 under multiple clinical settings.

Keywords: redox homeostasis, Nrf2, NF-κB, therapeutic potential, cancer, 
neurodegeneration

1. Introduction

An equilibrium between the oxidants, reactive oxygen species and antioxidants 
attained by cell is defined as redox status of the cell, In case of any kinds of diseases or 
pathological conditions which disrupt this equilibrium thus creating an oxidized state, 
termed as oxidative stress [1]. This redox system essentially works in maintaining 
cellular homeostasis and cell survival. Reactive oxygen species (ROS) consist of reac-
tive species like superoxide (O2−) and hydroxyl radical (HO), along with nonradical 
species such as hydrogen peroxide (H2O2). Reactive nitrogen species (RNS) contains 
nitrogen containing reactive species including nitric oxide (NO) and peroxynitrite 
(ONOO−). Agents that contribute to formation of these ROS/RNS may be exogenous 
sources like Chemicals (e.g., PCB), irradiation (i.e., UV irradiation, x-ray, gamma-
ray) or atmospheric pollutants or they may be endogenous the mitochondria, where 
O2

− is generated by electron leakage from complex I and III of the electron-transport 
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chain, membrane-associated NAD(P)H oxidase, cytochrome c oxidase, and xanthine 
oxidase. In case of any oxidative stress experienced by the cell various enzymatic 
and non- enzymatic antioxidant systems present in the cell are ready to combat. A 
major class of enzymatic antioxidant systems include multiple isoforms of SOD, 
(SOD1, SOD2, SOD3) found in the extracellular matrix, cytoplasm, mitochondrial 
intermembrane space, nucleus, and lysosomes. Another enzymatic system which 
is responsible for conversion of reduced glutathione (GSH) to oxidized glutathione 
(GSSG), catalyzed by glutathione peroxidase (GPX) [2]. Non enzymatic systems 
include chemical antioxidants like glutathione (GSH), α-tocopherol (vitamin E), and 
ascorbic acid (vitamin C). GSH act as a cosubstrate in the reduction of H2O2 by GPx. 
It might also react with oxygen-free radical directly, similarly, vitamins E and C also 
reduce oxygen-free radicals. They act by trapping hydroxyl radicals and other reactive 
radicals and thus break radical chain reactions and form new less reactive radicals 
[3]. Reactive oxygen species (ROS) are reported to be involved in different cellular 
processes ranging from apoptosis and necrosis to cell proliferation and carcinogenesis. 
Reports confirm the ECS (endocannabinoid system), may play an important role in 
the regulation of cellular redox homeostasis [4]. Endocannabinoids such as AEA are 
also known to mediate some of their cellular responses by targeting the non-selective 
cation channel TRPV1, whose activation has been linked to increased ROS produc-
tion, AEA has also been reported to target the PPAR family of nuclear receptors, 
whose activation is known to induce the expression of antioxidant enzymes, including 
catalase and glutathione peroxidase 3 [5]. Thioredoxins (Trx), function as hydrogen 
donors to thioredoxin-dependent peroxide reductases. These have a Cys-Gly-Pro-Cys 
active site, which is indispensable for redox regulatory functions of thioredoxins. Two 
isoforms of Trx have been observed, these are Trx1 (expressed in the cytoplasm and 
the nucleus) and Trx2 (expressed in the mitochondria), which are very crucial for cell 
survival. This implicates its protective role against reactive oxygen species [6].

Cellular Redox Homeostasis is determined by the ability of a cell to maintain 
the balance between the magnitude of generated oxidative stress and the rate of its 
detoxification [7] Maintaining the redox balance is important for proper function 
and responses of cells. Any disturbance in the redox homeostasis induces oxidative 
stress mediated signaling cascade that could lead to cell death or induce adap-
tive survival responses. Outcome of perturbation in the redox balance depends 
on the magnitude of oxidative stress induced inside the cell [8]. The intracellular 
“redox homeostasis” or “redox buffering” capacity is maintained primarily by 
glutathione (GSH oxidized / reduced) and thioredoxin (TRX oxidized/reduced) 
redox couples. GSH/GSSG ratio represents the major cellular redox buffer and it is 
therefore used as an indicator of the redox environment of the cell. GSH, Trx and 
glutaredoxin rectifies the thiol modifications due to oxidative stress. GSH reductase 
and Trx reductase reduces the GSSG and oxidized Trx at the expense of NADPH. 
The reducing nature of GSH and Trx is pivotal for the clearance of peroxides by 
peroxidase and peroxiredoxin [9]. Basal levels of reactive oxygen species (ROS) are 
endogenously produced in the mitochondria due to partial reduction of oxygen, 
inflammatory reactions and enzyme linked reactions viz. NAPH oxidase, Xanthine 
oxidase, cytochrome c oxidase [10]. Induction of mild oxidative stress activates 
redox sensitive pro-survival pathways like Nrf2 that protects against the oxidative 
damage. High oxidative stress leads to induction of apoptosis. Owing to their high 
reactivity, high levels of generated ROS react with the molecule including proteins, 
carbohydrates, lipids and DNA in the vicinity non-specifically (Figure 1).

This further results in impaired functioning of key cellular components direct-
ing the cell towards apoptosis [11]. However, generation of low levels of ROS acts as 
secondary messenger and activates numerous redox-sensitive pro-survival signaling 
pathways [12]. Spatio-temporal generation and regulation of ROS underlines their 
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potential to contribute as secondary messenger from cell surface to the nucleus [13]. 
Scavenging of endogenous ROS can impair normal cellular response like production 
of cytokines and growth factors by T cells. Redox state of many proteins plays an 
important role during immune responses [14]. Critical cysteine residues present 
on proteins act as redox sensors and are prone to oxidation into sulfenic acids or 
disulphide formation or glutathionylation resulting in the modulation host immune 
responses [15]. The effect of oxidative stress on functions of these proteins depends 
on the concentration, duration and location of ROS generated inside the cell. A 
number of transcription factors and families have been identified which work in 
events of redox homeostasis or signaling, namely AhR, AP1, β-catenin, Egr-1, 
FOXO, HIF-1α, p53, NF-κB, Nrf2, Sp1, TTF. The present chapter is aimed at narrat-
ing the role of Nrf2 and NF-κB in redox environment and their redox regulation. 
Nrf2 being the master regulator is further detailed as putative target with therapeu-
tic potential under multiple clinical settings.

2. NF-κB: redox sensitive transcription factor

NF-κB plays an important role in regulating the immune and inflammatory 
response. NF-κB is a ubiquitous transcription factor [16]. p52/p100, NF-κB p50/
p105, C-REL, RELA/p65 and RelB constitute the Nuclear factor-κB (NF-κB) family 
of transcription factors. These factors mediate the transcription of target genes by 
binding to a specific DNA element, κB enhancer, as various hetero- or homo-dimers 
[17]. They also regulate the various biological responses such as immune responses, 
cell differentiation, cell proliferation, survival, stress response and inflammation. 
But the most studied and well-known function of NF-κB is in the inflammation, 
regulating the pro inflammatory cytokines, activation, differentiation and effector 
functions of T cells [18]. NF-κB has the ability to detect the stimuli such as infectious 

Figure 1. 
Cellular redox homeostasis: Electron transport chain in mitochondria, endoplasmic reticulum and oxidases 
enzymes like NADPH oxidases and xanthine oxidase induces the generation of superoxide and peroxide 
radicals. The increase in hydrogen peroxide elevates the redox balance towards oxidative stress. Spatial-
temporal regulation of the generated oxidative stress determines the cellular fate in term of apoptosis or 
cytoprotection. Activation & expression of transcription factors leading to the replenishment of antioxidant 
and cytoprotective machinery of the cell leads to restoration of redox balance.
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agents, UV radiation, ROS, Tissue injury, lipopolysaccharide (LPS), and free radicals 
which activate NF-κB [19]. The basic mechanism involves the tissue injury which 
activates NF-κB, dissociates IκB as a result of which the NF-κB enters the cell nucleus 
and activate the DNA to enhance the inflammatory cytokines [20]. Regulation of 
NF-κB activity is achieved through various post-translational modifications of the 
core components of the NF-κB signaling pathways. There are two pathways by which 
NF-κB is regulated; the canonical and the alternative pathway [21]. The canonical 
pathway is responsible for the installation of pro inflammatory cytokines, chemo-
kines and other inflammatory mediators which directly engage into inflammation 
and act indirectly. Activation of the non-canonical NF-κB pathway involves different 
signaling molecules and leads to the predominant activation of the p52/RelB dimer. 
An “alternative” NF-κB pathway is activated by TNF-family cytokines—lympho-
toxin b (TNFSF3) CD40 ligand (CD40L and TNFSF5), B cell activating factor (BAFF 
and TNFSF13B), and receptor activator of NF-κB ligand (RANKL and TNFSF11).

2.1 The canonical pathway

The canonical pathway is provoked by the pro-inflammatory cytokines, ligands 
of varied immune receptors and involves the rapid and transient activation of IκB 
kinase [22]. NF-κB activity at sites of inflammation is associated with activation 
of the canonical pathway and RelA- or cRel-containing complexes [23]. In the 
pathway, NF-κB/Rel proteins are tethered which are inhibited by IκB proteins. Pro 
inflammatory cytokines, lipopolysaccrahaide, growth factors and antigen receptors 
activate the IKK complex (IKKβ, IKKα and NEMO) [24]. The complex then phos-
phorylates IκB proteins which lead to ubiquitination and proteasomal degradation, 
freeing NF-κB/Rel complex. Active NF-κB/Rel complex is further activated by post 
transcriptional modifications and translocate to the nucleus, where either alone or 
in combination with other transcription factors including AP-1, Ets and STAT and 
induce target gene expression [25].

2.2 The alternative pathway

NF-κB2 p100/RelB complexes are inactive in cytoplasm. Signaling in LTβR, CD40, 
BR3 activate kinase NIK [26] which in turn activate IKKα complex that phosphorylate 
C terminal residue in NF-κB2 p100 which leads to ubiquitination and proteasomal 
processing to NF-κB2 p52 and translocate to nucleus to target gene expression [27]. 
The pathway regulates important aspects of immune functions, including lymphoid 
organ development, the cross-priming function of dendritic cells, B cell survival and 
germination center reactions, generation and maintenance of effector and memory 
t cells, antiviral innate immunity [28]. The pathway is responsible for inflammatory 
disease, kidney inflammation, metabolic inflammation and central nervous system 
inflammation [29]. Recent evidence suggests that NF-κB also has a role in regulating 
the activation of inflammasomes. Dysregulated NF-κB activation is a hallmark of 
chronic inflammatory diseases. Therefore, a better understanding of the mechanism 
that underlies NF-κB activation and pro-inflammatory function is of great signifi-
cance for therapeutic strategies in the treatment of inflammatory diseases.

3. Redox modulation of NF-κB

Imbalance in redox state is redox modulation. The redox state of cells controls 
the activation and inhibition of NF-κB, as in the state of oxidative stress that can 
both activate and inhibit NF-κB by targeting the upstream kinases [30]. Activation 
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of NF-κB by regular signaling is well known, however NF-κB activation also 
depends on redox state of cells in three possible ways: (i) many NF-κB -activating 
substances cause the production of reactive oxygen species (ROS) superoxide, H2O2, 
lipoxygenase products or act as oxidants on their own, (ii) NF-κB activation can 
be caused by superoxide H2O2 or organic hydroperoxide in some cell lines when 
no physiological stimulation is present, and (iii) A wide range of NF-κB inhibitors 
inhibit NF-κB – activation and antioxidants that are chemically unrelated. These 
observations have led to a consensus that NF-κB activation is related to some oxida-
tive reaction. Molecules like thioredoxin, escalates the activity of NF-κB to bind 
DNA under oxidative stress [31]. A component of dynein motor complex LC-8 also 
participates in redox regulation of NF-κB. It activates NF-κB on exposure of TNFα 
and results in ROS production which oxidizes LC-8 and its dissociation from IκBα 
thus leading to NF-κB activation. Reportedly, NF-κB activation has anti- oxidant 
and pro-oxidant roles, the former involves the suppression of ROS accumulation, 
autophagy promotion, Inhibition of JNK activation and increased anti-oxidant 
targets whereas the pro-oxidant role includes the induction of pro-oxidation genes. 
One of the most important molecules in regulating redox modulation is hydrogen 
peroxide, it has been a question of debate, if H2O2 is involved in redox activation of 
NF-κB. As indicated in literature, TNFα induced activation of NF-κB mediated by 
H2O2. TNFα is a strong activator of NF-κB, that induces superoxide formation in 
mitochondria. As in Wurzberg cells where H2O2 directly activates NF-κB. The find-
ings were found to be inefficient when lymphoblastoid cell lines, Jurkat cells showed 
no results of NF-κB activation by H2O2 [31, 32]. Various exogenous and endogenous 
sources can enhance the redox reaction. Redox reactions play a huge role in inflam-
mation specifically in lung inflammation where oxidative injury is most common 
due to its structure and function. ROS production is an immune response against 
inhaled pathogens and pollutants like cigarette smoke, automobile exhaust. Excess 
production of endogenous ROS leads to chronic inflammatory lung disease such as 
chronic obstructive pulmonary disease, asthama and pulmonary fibrosis. Oxidative 
stress produced by cigarette smoke activates NF-κB by activating IKK complex 
which interferes with the chromatin modifications that escalate the transcription of 
pro-inflammatory genes [33].

4. Nrf2: the master regulator

The nuclear factor erythroid 2 (NFE2)-related factor 2 (Nrf2) is a member of 
the cap ‘n’ collar (CNC) subfamily of basic region leucine zipper (bZip) transcrip-
tion factors including nuclear factor erythroid-derived 2 (NFE2) and NRF1, NRF2, 
and NRF3. There are seven conserved NRF2-ECH homology (Neh) domains within 
NRF2 gene, with different functions to control NRF2 transcriptional activity. The 
bZip in the Neh1 domain acts to activate gene transcription by forming dimer with 
small musculoaponeurotic fibrosarcoma proteins (sMAF). Neh2 domain mediates 
NRF2 ubiquitination and degradation as it contains ETGE and DLG motifs which 
act together with Kelch domain of Kelch-like-ECH-associated protein 1 (KEAP1) 
[34]. The Neh3-5 domains find their role as transcriptional activation domains, 
Neh6 domain works to mediates Nrf2 degradation in cells experiencing oxidative 
stress. Neh7 domain mediates interaction with retinoic X receptor alpha (RXRα), 
which represses Nrf2 activity. It is involved in the control of development of labial 
and mandibular segment of Drosophila by basic leucine zipper DNA binding 
domain (bZip) homeotic gene [35].

Removal of Nrf2 alters the defense machinery of the cell against oxidative stress. 
Knocking out Nrf2 has no effect on the mortality of the mice. Basal level expression 
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of Nrf2 in the cytoplasm ensures the production of cytoprotective proteins to exert 
normal physiological redox homeostasis [36]. Modulation in redox status is known 
to activate prosurvival redox sensitive Nrf2 pathway. Under normal condition Nrf2 
is sequestered in cytoplasm by the inhibitor KEAP-1. Abrogation of KEAP-1 binding 
leads to translocation of Nrf2 to the nucleus mediated by nuclear localization signal. 
In nucleus Nrf2 forms a heterodimer with the co-transcription factor MAF. The 
heterodimers bind to the corresponding antioxidant response element and induces 
the expression of downstream cytoprotective and antioxidant enzymes [37]. The 
Nrf2 system is considered to be a major cellular defense mechanism against cellular 
oxidative stress. Nrf2 plays an important role in cellular defense and in improving 
the removal of ROS by activating downstream genes that encode phase II detoxify-
ing enzymes and antioxidant enzymes, such as GCLM, NQO1, HMOX1, GPX, 
and glutathione S-transferases (GST) [38]. Nrf2 controls the expression of key 
components of the glutathione (GSH) and thioredoxin (TXN) antioxidant system, 
as well as enzymes involved in NADPH regeneration, ROS and xenobiotic detoxifi-
cation, heme metabolism, thus playing a fundamental role in maintaining the redox 
homeostasis of the cell. Excessive ROS production causes oxidative stress to increase 
mitochondrial DNA damage, further promotes the activation of oncogenes or the 
inactivation of anti-oncogenes, which facilitates its tumorigenic signaling pathways 
and tumor progression. Nrf2/ARE pathway protects cells against oxidative stress 
via regulating the expression of Sestrin 2 gene as evident by monitoring the expres-
sion of downstream antioxidants. Sestrin 2 has strong antioxidant capacity and can 
provide cell with cytoprotective against various harmful stimuli. Sestrin blocks 
mTOR expression and mitigates the accumulation of ROS [39].

5. Redox regulation of Nrf2

Redox regulation underlines the cellular homeostasis. Regulation of redox 
sensitive transcription factors play a pivotal role in determining the cellular fate. 
Nrf2 being a master regulator is at the focal point of maintaining and regulating 
the cellular redox equilibrium. Perturbation in redox equilibrium is known to 
modulate the Nrf2 activation and hence effect the cellular fate [19]. Spatio-temporal 
generation of oxidative stress determines the graded activation of redox sensitive 
mediators. Mild oxidative stress is known to activate Nrf2 pathway and increases 
the cytoprotective proteins. Redox based activation of Nrf2 is attributed to the 
presence of more than 20 critical cysteine residues present in the KEAP-1 protein 
(Figure 2) [40]. 273 and cys288 have been shown as critical for abrogating KEAP-1 
mediated inhibition of Nrf2. Mutation in these residues render activation of Nrf2 
by inhibiting the Cul3-E3-KEAP-1 mediated degradation of Nrf2. The mutation did 
not had any effect on the detachment of the KEAP-1:Nrf2 complex, thus allow-
ing the nuclear translocation of free Nrf2. Further, cys151 was also implicated in 
redox modulator-based activation of Nrf2 pathway. Perturbation in cellular redox 
status by prooxidants have been shown to induce cellular oxidative stress and 
increase the glutathionylation of proteins. 1,4 Naphthoquinone treatment induced 
glutathionylation of KEAP-1 for inducing Nrf2 pathway owing to its prooxidant 
nature. Apart from the cytoprotective nature of Nrf2, its role as a redox sensitive 
anti-inflammatory transcription factor has been well documented. Multiple reports 
have highlighted redox modulation based modulating role of Nrf2 in ameliorat-
ing immune-pathologies [41]. Nrf2 knockout mice exhibited increased bronchial 
inflammation, prolonged inflammation, high susceptibility for autoimmune 
syndrome, elevated lymphocyte proliferation and impaired redox homeostasis. 
Nrf2 dependent proteins including HO-1 inhibits the cytokine secretion, leukocyte 
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migration, adhesion and suppressed LPS induced production of tumor necrosis 
factor-a (TNF-a) and nitric oxide (NO) in murine macrophages. Ablation in HO-1 
protein increases the susceptibility towards autoimmune diseases [42].

6. Therapeutic potential of Nrf2

Excessive reactive oxygen species are threat to cells redox homeostasis which 
are major cause of oxidative stress leading to maladies like cellular dysfunction in 
aging, cardiovascular disease, renal dysfunction, diabetes, cancer is some to name 
a few. Antioxidant therapies play an important role in combating the progress of 
these diseases but the results are not satisfactory therefore there is an urgent need 
for a solution which activates endogenous antioxidant defenses. The redox-sensitive 
transcription factor NF-E2 related factor 2 (Nrf2) plays a significant role in syn-
chronizing cellular antioxidant defenses and maintaining redox homeostasis [43]. 
Nrf2 is the “master regulator” of the antioxidant response, it modulates the expres-
sion of many genes, that include antioxidant enzymes, immune and inflammatory 
responses, tissue remodeling and fibrosis, carcinogenesis and metastasis. NRF2 
activation by Keap1 binding is one of the major pathways that senses the oxidative 
stress, particularly there are Four reactive cysteine residues identified in Keap1 
are most likely nominees for being the direct sensors of oxidative stress, various 
alternative mechanisms for Nrf2 activation were discovered, which are dependent 
upon kinase pathways, these include mitogen-activated protein kinases (MAPK), 
phosphatidylinositol-3 kinase and atypical protein kinase(s) C. Cell culture experi-
ments report many compounds which show the ability to activate Nrf2. Large 
number of Nrf2 activators are principally naturally-occurring and plant-derived 
such as sulforaphane and curcumin and found in foods, but synthetic compounds 
have also shown to act as activators for instance bardoxolone methyl [44].

The Therapeutic potential of Nrf2 and its activators have been studied in various 
diseases. Some of them are as follows:

Figure 2. 
Redox regulation of Nrf2 pathway. Under non-stressed condition, Nrf2 is sequestered by its inhibitor KEAP-1 
in the cytoplasm by inducing ubiquitin mediated Nrf2 degradation. Increase in ROS and electrophiles induces 
oxidative stress which results in oxidation of critical cysteine residues in the redox sensitive transcription 
factors. Cysteine residues of KEAP-1 are oxidized to release Nrf2 which translocates to the nucleus to express the 
downstream genes of antioxidant and cytoprotective potential. Thus, redox perturbation and tickling induces 
the Nrf2 pathway that act as master regulator for maintaining cellular redox equilibrium in turn governing the 
cellular fate.
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6.1 Diabetic nephropathy

It is the leading cause of chronic kidney disease, some mechanisms contribute 
to the onset and pathogenesis of diabetic nephropathy, including genetic and 
hemodynamic factors, oxidative stress, and cytokine signaling. Diabetes triggers 
oxidative stress through different ways, such as advanced glycation end-product 
accumulation and activation of polyol pathway, protein kinase C pathway, and 
renin angiotensin-aldosterone system. Loss or decrease in expression of SOD or 
glutathione in renal diseases are overcome by restoring and check the progression 
of disease. Nrf2 regulates expression of genes through ARE (antioxidant response 
elements) in their promoters to neutralize free radicals and accelerate removal 
of environmental toxins. Protective role of Nrf2 against renal damage has been 
demonstrated on streptozotocin induced diabetic rats, wherein it was shown 
that it slows the progression of diabetic nephropathy, Nrf2-mediated protection 
works through the negative regulation of TGF-b1 and p21/WAF1Cip1 (p21) [45]. 
Reports suggest the Nrf2-dependent anti-oxidative and anti-inflammatory effects 
of digitoflavone in streptozotocin-induced diabetic nephropathy, in vitro using 
SV40-transformed mouse mesangial cells (SV40-Mes13), results showed that 
Digitoflavone activated Nrf2, reduced oxidative damage, inflammation, TGF-β1 
expression, extracellular matrix protein expression and mesangial cell hyperplasia 
[46]. Enhancement of NRF2 activity in the renal tubules considerably improves 
damage related to kidney injury and prevents its progression to chronic kidney 
disease (CKD) by reducing oxidative stress. KEAP1-NRF2 system along with Nrf2 
activators have also been proposed to be a target for renal defense, wherein KEAP 1 
inhibitors like CDDO-methyl ester, a synthetic triterpenoid are the main targets for 
the study as they work by inhibiting KEAP1-Nrf2 bonding which lets stabilized and 
free Nrf2 to translocate to nucleus and activate downstream genes [47]. Another 
strategy employed is suppressing the degradation of Nrf2 via inhibiting proteasome 
activity by inhibitors like minocycline, Increasing of Nrf2 concentrations within the 
cells have been found to be effective against the renal damage, reports suggest that 
Zinc helps elevating the Nrf2 protein level within the nucleus and upregulated the 
expression of Nrf2 downstream enzymes by encouraging inhibition of Nrf2 nuclear 
promoter Fyn mediated by Akt/GSK-3β, Resveratrol and its analogue (polydatin) 
have reported to activated Nrf2/ARE pathway through upregulating Sirt1 (NAD-
dependent histone deacetylase in the nucleus) in glomerular mesangial cell [48].

6.2 Cancer

Systematic studies of carcinogenesis specify an important role of endogenous 
oxidative damage to DNA, and an imbalance of cellular redox homeostasis that is 
balanced by elaborate defense and repair processes [49]. Pancreatic cancer is the 
most fatal diseases, it has very high rate of metastasis, Keap1-Nrf2 pathway is an 
emerging target for PC prevention and therapy. Certain modulators like UHRF1 
(ubiquitin-like containing PHD and RING finger domains 1) is overexpressed in 
pancreatic cancer and are correlated to tumor growth. UHRF1 suppresses Keap1 
expression by promoter methylation, this leads to Nrf2 activation. MBD 1 and p62 
have been reported to inhibit ROS and promote tumor growth and drug resis-
tance by inducing Nrf2 accumulation, nuclear translocation and activation. Nrf2 
activation by a has also been found to inhibit PC cell growth and induce apoptosis 
by upregulating HO-1 [50]. The compound D3T (3H-1,2-dithiole-3-thione) has 
been shown to increase the nuclear accumulation of Nrf2, Honaucin A, natural 
marine-based compound, obtained from cyanobacteria, forms a covalent bond 
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with the sulfhydryl groups on KEAP1, resulting in the activation of Nrf2, phe-
nol, polyphenol, or triterpenoid majorly form class of compounds that activate 
Nrf2. Sulforaphane is highly electrophilic molecule, it non-covalently binds to 
sulfhydryl groups of KEAP1 resulting in Nrf2 activation. Sulforaphane can also 
activate antioxidant response elements (AREs) associated with Nrf2. Micro 
RNA’s (miRNAs) miR-141, miR-432-3p, miR-200a, have also shown to modulate 
the activities of KEAP1 and NRF2 in ovarian carcinoma cell lines, breast cancer, 
esophageal squamous cell carcinoma (ESCC), endometrial cancer tissues, miR-7, 
directly targeted KEAP1 mRNA in neuroblastoma SH-SY5Y cells, where it activated 
NRF2-dependent transcription of the antioxidant genes HMOX1 and GCLM [49]. 
Aberrant Nrf2 activation with in cancer cells may be due to somatic mutations 
within the Nrf2, KEAP1, or CUL3 genes, or the increase of KEAP1 interacting 
proteins, such as p62/Sqstm1 and p21, or it may be due to cysteine modification by 
oncometabolites such as fumarate all of the above activities may confer resistance to 
cancer cells and hence form the major targets for the cancer therapies. Nrf2 induc-
ers are reported to hasten the detoxification of carcinogens (often electrophiles) 
from the cell and hence protect from chemical carcinogenesis Nrf2 inhibitors like 
brusatol work as protein synthesis inhibitors, ML385, a thiazole-indoline compound 
binds to Neh1. Therefore, Nrf2 inducers and Nrf2 inhibitors may function as 
anticancer drugs, with different effects on different targets, Nrf2 inducers work in 
order to protect normal cells from carcinogens, whereas Nrf2 inhibitors suppress 
the proliferation of cancer cells that have acquired aberrant Nrf2 activation or Nrf2 
addiction [51]. Keap1-deficient mice showed upregulation of detoxifying enzymes, 
including GST and NQO1, and higher Nrf2 activation [52]. Various epigenetic 
regulations like hypermethylation, histone modifications control the expression of 
Nrf2 and hence may form targets to different therapeutic strategies [53].

6.3 Pulmonary fibrosis or lung injury and inflammation

Pulmonary fibrosis is a progressive and irreversible disease; it is characterized 
by an increase in differentiation and of fibroblasts to myofibroblasts and excessive 
accumulation of extracellular matrix in lung tissue. A study reports antifibrotic 
function of sulforaphane (SFN), an NRF2 activator, was largely dependent on a 
long noncoding RNA [54]. Therapeutic potential of thymoquinone (TQ ) in bleo-
mycin-induced lung fibrosis (BMILF) were also investigated and it was seen that it 
decreases expressions of Nrf2, Ho-1 and TGF-β. Nrf2/Ho-1 signaling pathway is a 
principal target for TQ protective effect against BMILF in rats [55]. The protective 
role of Nrf2 is mediated by PPARγ in hypoxia-induced Acute Lung Injury (ALI). 
Reports reveal that overexpression of Brg1 increases Nrf2 activity and reduces ROS 
and inflammatory factors in lung tissues. In lipopolysaccharide (LPS)-induced 
lung inflammation the defensive role of the PI3K/Akt-dependent activation of 
the Nrf2-HO-1 pathway was revealed in mice treated with desoxyrhapontigenin. 
Nrf2 knockout resulted in a worsening of asthma symptoms. Protective role of 
Nrf2 in emphysema induced mice can be correlated by its activation in alveolar 
macrophages. The role of Nrf2 dysfunction in COPD may be the result of loss of 
DJ-1. DJ-1 overexpression activates Nrf2 and inhibits apoptosis of alveolar type II 
cells that are undergoing Cigarette smoking-induced oxidative stress and inflamma-
tory response. DJ-1 induces the activation of Nrf2 and increases the expression of 
downstream antioxidant machinery to reduce the oxidative stress. The underlines 
anti-inflammatory effects are attributed to the expression of HO-1. These findings 
highlight the role of DJ-1 as putative target for cigarette smoking induced lung 
diseases [56].
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6.4 Neurodegeneration

Neurodegenerative conditions may be results of various primary causes which 
include including expression of certain gene alleles, toxicant administration, 
aging, protein aggregation, proteasomal or autophagic dysfunction, inflammation, 
neuronal apoptosis, oxidative stress, mitochondrial dysfunction, and interactions 
between neurons and glia. The earliest degenerative condition to be associated 
with oxidative stress was aging. Some diseases characterized as neurodegenera-
tive are Parkinson’s disease, amyotrophic lateral sclerosis (ALS), and Alzheimer’s 
disease, Huntington’s disease, Friedrich’s ataxia, multiple sclerosis, and stroke. Nrf2 
activation provides neuroprotection against oxidative stressors and mitochondrial 
toxins, including hydrogen peroxide, tert-butyl hydroperoxide, 6-hydroxydopa-
mine, 3-nitropropionic acid (3-NP), 1-methyl-4-phenylpyridinium (MPP), and 
rotenone [57]. In various studies conducted water derivative of artemisinin namely 
artesunate and lipid soluble derivative artemisinin, artemether both show to 
enhance the activation of Nrf2 via increasing its nuclear translocation and bind-
ing to downstream antioxidant response elements, as well as through suppressing 
ROS-dependent p38 MARK and NF-κB pathways [58]. Report suggests that SFN, an 
isothiocyanate compound that occurs naturally and can be derived from cruciferous 
vegetables such as broccoli is capable of activating Nrf2, Results show that SFN is 
able to cross the blood brain barrier, activate Nrf2-dependent gene expression in the 
basal ganglia, eventually protecting nigral dopaminergic neurons from cell death 
induced by MPTP. Wide variety of bioactive compounds like resveratrol, curcumin, 
naphthazarin, genistein, and carnosic acid and berberin have been reported as Nrf2 
activators that show positive effects in neurodegenerative disorders by protecting 
dorsal root ganglion (DRG) neurons from glucose-induced injury also by antioxi-
dant activity in primary spinal cord astrocytes exposed to H2O2 [59].

7. Conclusion

Cellular redox equilibrium is pivotal for normal cellular functioning and 
responses. Impairment in regulation and maintenance of redox homeostasis under-
lines the pathogenesis of multiple associated diseases. Thus, identifying the key play-
ers in redox regulation is of prime interest. Nrf2 and NF-KB are the two most pivotal 
and embroiled redox sensitive transcription factors that underlines the maintenance 
of redox balance. Thus, the two pathways are at the epicenter of investigation with 
clinical significance. The Nrf2 is the master regulator of cellular redox status. The 
Nrf2 and its dependent genes are responsible for cytoprotection, immunoregulation, 
maintaining cellular antioxidant levels, reducing drug toxicities etc. Presence of mul-
tiple critical cysteine residues in KEAP-1, inhibitor of Nrf2, renders redox sensitivity 
in activation of Nrf2 pathway. Aberrant expression and regulation of Nrf2 pathway 
has been implicated in various pathologies including cancer, diabetes, neurodegenera-
tion etc. Multiple researchers have demonstrated the targeting of Nrf2 as key strategy 
to curb inflammation and associated disorders. Apart from Nrf2, another redox sensi-
tive transcription factor is NF-κB. Aberrant activation of NF-κB pathway has been 
implicated in inflammation, immunity, differentiation, cell growth, tumorigenesis 
and apoptosis. NF-κB also contains cysteine residues which act as sensors for redox 
modulation. Recent advances have highlighted the cross talk between Nrf2 and NF-κB 
as putative target for strategic drug development. Further, in depth clinically relevant 
exploration of the cross talk is warranted. The triangulate interplay of cellular redox, 
Nrf2 and NF-κB have immense potential to generate the therapeutic benefits via serv-
ing a putative target for discovering and developing novel drugs.
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Abstract

Plants respond to various stresses during their lifecycle among which abiotic
stress is the most severe one comprising heat, cold, drought, salinity, flooding, etc.
which take a heavy toll on crop yield worldwide in every corresponding year. ROS
has a dual role in abiotic stress mechanisms where, at high levels, they are toxic to
cells while at the same time, the same molecule can function as a signal transducer
that activates a local as well as a systemic plant defense response against stress. The
most common ROS species are Hydrogen peroxide (H2O2), Superoxide anions
(O2-), Hydroxyl radicals (OH-), and Singlet oxygen (1O2) which are results of
physiological metabolism often controlled by enzymatic and non-enzymatic anti-
oxidant defense systems. ROS generally accumulate in plants during abiotic and
biotic stress conditions resulting in oxidative damage which ultimately leads to
programmed cell death. Many ROS scavenging pathways have been well studied
against stress responses. Through careful manipulation of ROS levels in plants, we
can enhance stress tolerance in plants under unfavorable environmental conditions.
This chapter presents an overview of ROS regulation in plants and the essential
enzymes involved in the abiotic stress tolerance mechanisms which are thoroughly
discussed below.

Keywords: Plants, ROS, Abiotic stress, Signal transducer, antioxidants

1. Introduction

Drought, temperature, salinity, flooding and heavy metal toxicity are the exam-
ples of abiotic stressors. These multiple abiotic stressors sometimes occur at the
same time [1, 2] and cause significant reduction in crop production. To satisfy the
demands of food security for sustainable development in the era of a rising popula-
tion and climate change, scientists predict a vital need for a "second green revolu-
tion" to produce higher yield and yield stability under non-optimal and adverse
growing conditions through a combination of approaches based on recent
advances in functional genomics [3, 4]. Plants have evolved a range of biological
and biochemical responses to coping up with adverse climatic conditions, including
the activation of many stress-responsive genes and the synthesis of different
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structural proteins via complex signaling pathways, to confer resistance to
abiotic stress conditions [5]. Reactive oxygen species (ROS) are byproducts of plant
metabolic processes and are produced in a range of cellular compartments including
chloroplasts [6], mitochondria [7], and peroxisomes [7, 8]. ROS not only cause
irreversible DNA damage and cell death, but they also serve as important signaling
molecules, regulating growth in plants under stress conditions. This suggests that
ROS plays a dual role in vivo depending on their level of reactivity, production site,
and ability to penetrate the cell membrane [9]. Reactive oxygen species (ROS),
which include hydrogen peroxide (H2O2), superoxide radical (O2•-), hydroxyl
radical (OH•), and singlet oxygen (1O2), are harmful byproducts of basic metabolic
processes in living organisms [9, 10]. In plants, oxygen (O2), the source of all ROS,
is stable and not very reactive [11]. Many excellent reviews have focused on ROS
metabolism [9, 12], ROS sensory and signaling networks [9, 13, 14], and the
involvement of ROS in developmental and stress response processes [12, 13].
The majority of these reviews, however, provided an overall retrospective for the
model plant Arabidopsis [15]. They discussed enzymatic and non-enzymatic antioxi-
dants and their roles in abiotic stress responses. However, the anti-oxidant system's
regulation mechanisms, or even the key components involved in ROS regulation and
abiotic stress resistance, has yet to be compiled in crop plants. In this chapter, we
provide insight into current knowledge on the regulation of ROS homeostasis in crop
plants. The genes that have been recognized in ROS homeostasis regulation affecting
abiotic stress tolerance in crop plants were summarized in particular.

2. ROS role in plant growth and development

Despite the continuous efforts and gains made in agriculture development
during recent decades, many stress factors continue to harm the crop growth and
productivity. Most of the crop plants thrive in suboptimal environmental sur-
roundings. Stressful conditions are the main factor preventing them from exhibiting
their maximum genetic competence in terms of growth and reproduction, and as a
result, plant productivity suffers as an outcome of these aberrant circumstances
[15–17]. These pressures resulted in significant productivity and economic declines
around the world. These stresses might be either biotic or abiotic. Pathogens
(viruses, bacteria, and fungi), insects, herbivores, and rodents are all examples of
biotic stresses. On the other hands, drought (water scarcity situation), salinity (high
concentration of salt), cold (chilling and frost), heat (high temperature), flooding
(water excess), radiation (high-intensity ultraviolet and visible light), contami-
nants, and toxins (heavy metals, pesticides, and aerosols), and soil nutrient depri-
vation are all examples of abiotic stresses [16, 18]. Any of these conditions either
separately or in combinations may have varying degrees of influence on plant
growth and development (Table 1).

Environmental factors influence plant growth and development through mor-
phological, physiological, biochemical, and molecular alterations. The plant organ-
elle metabolic paths are vulnerable to variation in environmental factors [13].
Tolerance can be attained by plant breeding or cultural activities that mitigate
damages and require knowledge of the plant's stress response and how it affects
individual plants and plant processes [42]. Various mechanisms linked with abiotic
stress instruct plant cells to develop oxygen radicals and their derivatives referred to
as reactive oxygen species (ROS). Furthermore, the development of reactive oxy-
gen species (ROS) is a crucial mechanism in higher plants, since it is used to relay
cellular signaling information in reaction to fluctuating environmental conditions.
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Stress type Plant Sp. Stress condition Loss result Reference

Salinity Soybean (Glycine max
L.)

Application of (0, 33, 66
and 99 mM NaCl)

Significantly ↓ shoot
length by 24%, 32% and
47% , and shoot and dry
weight by 46%, 61%
and 80% and 44%, 65%
and 83% at 33, 66 and 99
mM NaCl respectively
and root fresh, dry
weight by 23%, 20% and
53%, 53% at 66 and 99
mM NaCl respectively

[19]

Miscanthus � giganteus NaCl concentrations (0,
2.86, 5.44, 7.96, 10.65,
14.68, 17.5, 19.97 and
22.4 dS m�1

Significantly ↓ biomass
yield by 50% at 10.65 dS
m�1 NaCl, root dry
weight reduced by 61%
at 22.4 dS m�1 NaCl

[20]

Maize 0, 60, 120, 180 and 240
mM NaCl

Significantly ↓ in
germination percentage
(77.4%), germination
rate (32.4%), length of
radicle (79.5%) and
plumule (78%), seedling
length (78.1%) and seed
vigor (95%) are
obtained in highest level
of salinity (240 mM)

[21]

Tomato 1% and 3% NaCl Significantly reduction
in germination
percentage 77.60% at
3% NaCl,

[22]

Egg plant cultivars -
Lagra Negra (LN),
China-A2 (CH) and
Black Beauty (BB)

NaCl (0, 50, 100, 150
and 200 mM)

Significantly ↓ survival
of cultivar at 100 (50,
40, 30%), 150 (15, 0, 0)
and 200 (0, 0, 0% or no
survival of the plants)

[23]

Lentil (Lens culinaris
Medik.)

100 mMNaCl for 4 days Significantly ↓ the
growth (33%) and
seedling fresh weight
(44%)

[24]

Water
logging

Maize var. DH605 and
ZD958

Waterlogging for 3 and
6 days at third extended
leaf stage (V-3, V-6), six
extended leaf stage (V-
3, V-6) and 10th day
after flowering stage
(10VT-3, 10VT-6), no
waterlogging (CK)

Grain yields of DH605
in treatments V3-3,
V3-6, V6-3, V6-6,
10VT-3 and 10VT-6 are
18.6 %, 30.3 %, 12.6 %,
18.8 %, 5.7 % and 13.9 %
lower than in the
control (CK),
respectively. ZD958
yields in treatments
V3-3, V3-6, V6-3, V6-6,
10VT3 and 10VT-6 are
lower than CK yields by
15.6 %, 30.4 %, 13.0 %,
21.4 %, 5.9 % and 12.8
%, respectively

[25]

Wheat Waterlogging for 14
days at 22 days after
sowing

Shoot dry weight ↓ by
37% and grain yield by

[26]
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Stress type Plant Sp. Stress condition Loss result Reference

32% compared with the
non-waterlogged plants

Mung bean (Vigna
radiata) var. MH–1K–
24

Waterlogging at
vegetative stage (30
days after sowing) for 3,
6 and 9 days

Photosynthetic loss at 3,
6 and 9 days are 43, 51,
and 63 %, respectively,
while grain yield loss
was 20, 34 and 52 %
respectively.

[27]

Chinese kale (Brassica
oleracea var. alboglabra)
and Caisin (Brassica
rapa subsp.
parachinensis)

Waterlogging or water
deficit for 19 days in
case of Chinese kale and
14 days in case of Caisin

Significantly ↓ plant
fresh (90%) and dry
weight (80%), leaf area
(86%) and leaf number
(38%) in Chinese kale;
no impact on leaf
number in Caisin but ↓
plant fresh and dry
weights and leaf area by
60–70%

[28]

Drought/
Water
deficit

Wheat Plants are kept at
normal day/ night (21/
15°C) temperature and
moisture content was
maintained at 30% field
capacity

Grain yield reduced by
53.05% compared to
control

[29]

Eggplant cultivars -
Lagra Negra (LN),
China-A2 (CH) and
Black Beauty (BB)

Drought stimulated by
PEG (0, 3, 8 and 10%)

↓ survival of cultivar at
3 % (90, 75, 70%), 8%
(60, 45, 40%) and 10%
(10, 0, 0% survival)

[23]

Black gram (Vigna
mungo L.) cultivar T9,
KU-301 and green gram
(Vigna radiata L.)
cultivar Pratap, SG21-5
SG 21-5

A temporary rain shed
are constructed in the
field with PVC
(polyvinyl chloride)
film (of about 0.15 mm
thickness and 85% of
transmittance) to avoid
rainfall

↓ Seed yield
(T9-31.28%, KU 301-
48.52%, Pratap-37.12%,
SG 21-5- 56.98%)

[30]

Tomato genotypes viz.,
LE 1, LE 27, LE 57, LE
114, LE 118, LE 125, CO
3, PKM 1, TH CO 2 and
TNAU TH CO 3

25 days old seedlings
were transplanted and
drought was imposed at
first day after
transplanting onwards
based on IW/CPE, 0.5
IW/CPE for drought
stress and 1.0 IW/CPE
for control are
maintained by irrigation
the field at regular
interval based
cumulative pan
evaporation.

Overall yield loss of
tomato fruits up to 52
per cent under field
condition, highest yield
loss of 83.18 and 81.51
per cent are shown by
LE 125 and LE 1
respectively.

[31]

Toxic/
heavy
metals

Wheat CdCl2 .H2O (98%) @ 0,
5, 20, 50 and 80 mg L�1

Significantly ↓ in root
length (70.4%), shoot
length (81.2%), percent
germination (68%) and
germination index
(76.8%) at 80 mg L-1 Cd
compared to control

[32]
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Stress type Plant Sp. Stress condition Loss result Reference

Maize CuSO4�5H2O @ 0, 1, 10,
100, 1000, 5000, 10000
μmol/L in Hoagland
culture medium

Significantly ↓ root
activity in 1 μmol/L
(18.3%), 10 μmol/L
(62.7%), and then
decrease slowly-slowely

[33]

Maize (Zea mays L.)
cultivars Run Nong 35
and Wan Dan 13

Cd (0, 75, 150, 225, 300,
375 μM)

Grain yield is reduced in
the range of 4–11 %
under different Cd
toxicity levels

[34]

Tomato (cultivar
PKM –1)

ZnSO4.7H O (0, 50,
100, 150, 200 and 250
mg kg�1 soil)

Significantly ↓ in root
length 21.86, 25.40 and
33.3 and shoot length
7.46, 26.73, 31.72%, leaf
area 29.53, 45.79, 48.02,
root dry weight 27.46,
37.20, 54.37 and shoot
dry weight 16.78, 32.91,
41.86% @ 150, 200, 250
mg/kg�1 respectively

[35]

Pepper (Capsicum
annuum L.)

0.1mM PbCl2 and 0.1
mM CdCl2

Significantly ↓ in total
dry mass, root dry mass
and shoot dry mass
under both heavy metal
and in combination
compered to control

[36]

Bean (Phaseolus
vulgaris)

Pot soil contaminated
with As (III) 20, 50 mg/
kg and As (V) 20, 50 mg
/kg

Significantly ↓ in shoot
dry weight (40.85%) in
As (V), shoot biomass in
As (III) 49.3% & As (V)
63.88%, Dry matter
yield of roots in 20 mg/
kg As (V) 34.42, 46.18,
59.87 and 50 mg/kg As
(V) 43.82, 56.09, 71.67%

[37]

Heat stress/
High
temperature

Maize In pot trial 32/22 °C
(max/min temperature,
control), 36/26 °C, and
40/30 °C for 14
consecutive days
bracketing flowering

At 40/30 °C grain yield,
seed-set, and grain
number significantly ↓

by 73.6, 76.4, and 77.6%

[38]

Wheat In field condition during
hot area in Iran

Significantly ↓ in grain
yield (46.63%), 1000-
kernel weight (20.61%)
and grain filling
duration (20.42%)

[39]

Soybean Double crop growing
season in field

Significantly ↓ seed
yield (29.5%) compare
to previous year

[40]

Field pea (Pisum
sativum L.);

Field pea crop exposed
three distinct windows
normal, moderately and
late sowing to heat
stress environment

Significantly ↓ in seed
set (7–14%) and 100-
seed weight (6–16%)

[41]

Table 1.
Effect of various abiotic stresses on plant growth, development and production.
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As the crop yield is depending on the plant's capability to respond to various
forms of environmental stresses, most of which causes oxidative stress and
increases concentration of reactive oxygen species (ROS). Increased ROS accumu-
lation is closely related to increased environmental stress. A variety of biotic and
abiotic factors can disrupt the balance between ROS production and the scavenging
process, and responsible for raising their levels in intra-cellular [10]. All of these are
accountable to cause serious oxidative injury to the plants, limiting their growth
parameters and revenue ultimately (Figure 1).

Reactive oxygen species (ROS) also play a role in a variety of processes, includ-
ing cell growth, production, and comeback to biotic and abiotic environmental
inducements, as well as programmed cell death and signal transduction. Stressors,
hormones, growth, and a variety of additional metabolic pathways can all arouse
ROS formation, which can then trigger other pathways or serve as direct defense
compounds in the plant body [43]. But, when ROS synthesis exceeds cellular scav-
enging potential, it disturbs the cellular redox homeostasis and produce ROS
[44, 45]. To counter these stresses, plants have antioxidant pathways that scavenge
excess ROS and avoid cell damage. Thus, plant synthesis and quenching are out of
equilibrium, resulting in yield losses due to oxidative disruption. Though, it is
difficult to identify this drop to oxidative damage due to the many processes
involved in ROS synthesis; however, stresses and oxidative damage are
interconnected and are liable for yield reduction [46].

Therefore, understanding the oxidative appliances in plants might be an aid in
the growth of plants that are best suited to their surroundings. Plants stimulate
antioxidant defense mechanisms in response to stress, which helps in the continua-
tion of cell constituent’s structural integrity and, potentially reduces oxidative
injury. Plant defense is aided by several antioxidant enzymes. As a result,
maintaining a high antioxidant ability to abolish toxic levels of ROS has been
concurrent to improved crop plant capacity towards stress tolerance.

Manipulating ROS scavenging enzyme organizations is a likely method for
producing transgenic plants that are more tolerant to a variety of stress situations;

Figure 1.
Effect of oxidative stress on plant growth. ROS (Reactive oxygen species),AOX (Antioxidants).
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however, more research is needed for this since many enzymes and isoforms are
involved, and ROS is only one of the promising issues of plant tolerance to envi-
ronmental and biotic stresses [47].

2.1 Plant antioxidant defense system overview

To minimize possible harm to cellular components, as well as to sustain growth,
metabolism, development, and total yield, the balance between ROS generation and
removal at the intracellular level must be closely controlled and/or competently
processed. Antioxidants scavenge ROS and/or regulate ROS development, either
directly or indirectly [48]. This antioxidant defence system comprises low-
molecular-weight non-enzymatic antioxidants and some antioxidant enzymes [49].
Non-enzymatic components include tocopherol, carotenoids, phenolic compounds,
flavonoids, alkaloids, and non-protein amino acids, besides cellular redox buffers
like ascorbate (AsA) and glutathione (GSH) [50–52].

Numerous antioxidant enzymes, like superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GPX), peroxidase (POX), polyphenol oxidase
(PPO), peroxiredoxins (PRXs), Thioredoxins (TRXs), and ascorbate-glutathione
(AsAGSH) cycle enzymes, such as ascorbate peroxidase (APX), monodehy-
droascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR), and glu-
tathione reductase (GR) are the parts of the enzymatic components of the
antioxidant defense organization [53–56]. The above non-enzymatic antioxidants
function in combination with antioxidant enzymes to keep the balance between
ROS synthesis and detoxification [52, 54].

3. ROS involvement in plant stress responses

The disruption of the equilibrium between the formation of reactive oxygen
species (ROS) and antioxidant defense systems, resulting in an unsustainable accu-
mulation of ROS and oxidative stress induction in the plant body, is one of the most
imperative effects of environmental stresses. Both enzymatic and non-enzymatic
antioxidant defense systems maintain the balance between reclamation and ROS
generation when exposed to extreme environmental conditions [57]. Based on their
concentration in plants, reactive oxygen species (ROS) can play both harmful and
advantageous functions. ROS are unwelcome and dangerous byproducts of natural
cellular metabolism at elevated amounts. But, serve as a second messenger in intra-
cellular signaling flows that facilitate a variety of retorts in plant cells at low con-
centrations. It causes oxidative destruction to lipids, proteins, and DNA, resulting in
changes in intrinsic membrane features such as fluidity, ion transfer, enzyme
activity loss, protein crosslinking, protein synthesis inhibition, and DNA damage,
all of which contribute to cell death. Thus, ROS disrupt biomolecules and cause
genetically programmed cell death events at high concentrations. Higher plants
have an extensive and very robust plant ROS setup, which is made up of antioxidant
enzymes and antioxidant particles, that keeps ROS levels under control to avoid
oxidative harm. Environmental factors like heat [58], cold [59], drought [60], Al
toxicity [61], organic pollutants (OPs) [62], and pathogens [63, 64] have all been
revealed to bring ROS production in plant cells.

On the other hand, changes in ROS levels over time and space are inferred as
signals for a variety of biological events, including growth, development, resistance
to abiotic stress factors, appropriate response towards pathogen, and cell death. The
molecular communication connected with ROS arbitrated signal transduction,
which leads to gene expression management, is one of the essential early stress
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responses in the plant's acclamatory output. By altering the cell's redox equilibrium,
ROS might function as a "second messenger," modifying the actions of particular
proteins or gene expression. At any level of plant growth, the network of redox
signals composes metabolism to regulate energy generation and consumption,
interfering with primary signaling agents (hormones) to respond to evolving envi-
ronmental nods. The consequence or fine-tuning of biological reactions to changed
ROS levels is determined by interactions with other signaling molecules. Despite the
recent identification of several constituents of the ROS signaling system, under-
standing how ROS-derived signals are incorporated to ultimately control biological
processes like plant growth, development, stress adaptability as well as
programmed cell death remains a challenge. To offset the negative impacts of
oxidative stress, plants engage their antioxidant defense mechanism. Antioxidant
defense ability, instead, vary according to plant species and genotype, stress kind,
and period of exposure.

3.1 ROS involvement in water stress

Water stress is a common environmental restriction that plants frequently faced
during their lives, restricting survival, reproduction, and ultimately productivity.
Drought stress causes stomata closing, decrease CO2 entrance, and compromised pho-
tosynthetic rate, as well as discrepancy in the light acquire and usage and changed
photochemistry in chloroplasts, triggering ROS excessive formation [49, 65]. The pro-
duction of reactive oxygen species (ROS), which is assumed to lead to cellular injury, is
one of the main and serious alterations due to drought stress. Though, a signaling
function for ROS in activating the ROS scavengingmechanism, which might award
defence or resistance to stress, has recently been discovered. This scavenging system is
made up of antioxidant enzymes including SOD, catalase, and peroxidases, as well as
antioxidant substances such as ascorbate and reduced glutathione; the oxidative load is
largely governed by the balance between ROS formation and scavenging. Drought
stress undoubtedly causes ROS production as a primary plant reaction, which might be
regulated by hormones such as ABA and ethylene, which may also perform a down-
stream function. Unless ROS scavenging by antioxidant systems is disrupted, a high
amount of ROSmight exacerbate stress made harm to most cellular components [66].

3.2 Plant antioxidant defense against drought

According to Nahar et al. [67], a drought exposed V. radiate seedlings had lower
AsA/DHA and GSH/GSSG ratios, but higher APX, GR, GPX, and GST activities,
compared to control, which added to drought, persuaded oxidative loss tolerance.
Rady et al. [68] reported raised H2O2 (26.2 percent) and O2 (51 percent) production,
as well as elevated SOD, CAT, and APX activities by 110 percent, 66 percent, and 77
percent, respectively and also considerably amplified AsA, GSH, and -tocopherol
level, in S. Lycopersicum cv. Login 935 treated to drought stress (60 percent FC for 20
days). Improved tolerance for drought stress via the antioxidant framework regula-
tion has also been demonstrated in several chemical priming techniques. Antoniou
et al. [69], who found that pre-treatment of M. sativa plants with melatonin led to
enhanced CAT activity and lower H2O2 amount relative to untreated plants.

3.3 ROS involvement in salinity stress

Salinity carries oxidative stress by striking various impediments like ion toxicity,
osmotic stress, nutritional deficiency, and toxicity, all of which leading to ROS
overproduction and oxidative stress [70].
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Rehman et al. [71] identified a 2.5- and 3-fold rise in H2O2 generation, as well as
a 2- and a 3-fold upsurge in thiobarbituric acid reactive substances (TBARS) con-
centration, under 100 and 200 mM sodium chloride (NaCl) salinity conditions,
respectively, compared to control which exhibits salt-induced oxidative stress.

3.4 Plant antioxidant defense against salinity

Many plant studies have revealed that regulating the antioxidant mechanism
reduces the impact of salt stress in various plant species. Researchers have shown
that antioxidant enzyme activity varies according to salt level, exposure length, and
plant developmental stages [72, 73]. Vighi et al. [74] found a difference in response
between salt-tolerant (BRS Bojuru) and salt-sensitive (BRS Pampa) rice cultivars
and established that the OsAPX3, OsGR2, OsGR3, and OsSOD3-Cu/Zn genes were
the main differentiator markers among these two genotypes. Alzahrani et al. [75]
revealed elevated SOD, CAT, GR, and AsA stages in faba bean genotypes, when
H2O2 levels rose beyond 90% under salinity stress, indicating the control of anti-
oxidant response during salt stress and its alleviation.

Alsahli et al. [76] observed that a 2-fold increase in SOD, CAT, and APX activity
and lowered 3-fold H2O2 in comparison to untreated control plants when salicylic
acid (SA) was applied under salt-stressed in wheat.

Similarly, the antioxidant responses under salt stress conditions were controlled
in sour orange through exogenous application of polyamines as reported by Tanou
et al. [77], whereas in sorghum with simultaneous treatment of jasmonic acid (JA)
and humic acid boosted APX activity, resultant in salt tolerance revealed by
Ali et al. [78].

3.5 Plant antioxidant defense against high temperature

Plants' antioxidant defense mechanisms are triggered in response to high tem-
perature (HT) stress [79, 80] although antioxidant capability varies amongst species
as well as resistant and susceptible genotypes [81]. Reduced SOD and CAT activity,
as well as repressed OsSOD, OsCAT, and OsAPX2 expression resulted in a 1.27-fold
increased H2O2 accumulation in germinating rice seeds in high-temperature stress,
according to Liu et al. [82]. Sarkar et al. [83] discovered increased CAT and POX
activities in wheat genotypes during high-temperature stress (30oC).

3.6 Plant antioxidant defense against low temperature

Low-temperature stress causes plants to activate their antioxidant defense
appliance to counteract negative consequences. Cucumber (C. sativus cv. Xinyan 4)
seedlings were open to low-temperature stress (15/8oC day/night) for the period of
8 days and reported that 3- and 2-fold increased Cu-ZnSOD and Fe-SOD activities,
respectively, in response to increased H2O2 and O2*-production [84]. Besides, after
low-temperature stress, Cynodondactylon, Capsella bursa pastoris, and Citrus
reticulata showed considerably enhanced CAT activity [85–87]. Higher APX activity
was seen in Jatropha macrocarpa in reaction to increase H2O2, which enhanced low-
temperature stress tolerance, but lower APX activity (>6-fold) in J. curcas was
connected to enhanced sensitivity under low-temperature circumstances [88].
Cheng et al. [89] studied Citrulluslanatus by exposing low-temperature stress (10/5
0C, 7 days) and found that the antioxidant defence system was activated, with
GSH/GSSG and AsA/DHA ratios increasing considerably just a day after exposure in
comparison to the control trial. Wang et al. [90] reported increased AsA and GSH
levels in transgenic apple seedlings under low temperature stress in response to
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elevated H2O2 concentration (8oC, 12 hours). Han et al. [91] subjected 14-days old
rice seedlings to low temperature (12oC, 6 days) stress and found increased H2O2
content and O2*- accumulation, as well as enlarged SOD and CAT activity and also
increased GSH/GSSG ratio.

3.7 Plant antioxidant defense against flooding

Numerous crop species have displayed their capability to continue under the
flooded or waterlogged situation for brief or even extended durations through
triggering antioxidant defense mechanisms. An experiment was conducted by Li
et al. [92], using18 maize genotypes which were subjected to waterlogged condi-
tions and revealed that after 2 days of stress, 12 genotypes had 19–57 percent greater
SOD activity, 13 genotypes had 19.16–106.96 percent greater POD activity, and only
9 genotypes had 26–57 percent greater CAT activity. In sesame seedlings under
waterlogged conditions, lower AsA content, while higher GSH and GSSG content,
as well as H2O2 content, was detected in a time-dependent way [93]. During
extended (8 days) WL stress, although, AsA-GSH cycle enzymes were not
controlled similarly, with considerably increased APX and MDHAR activity and
considerably decreased DHAR and GR activity.

Furthermore, Park and Lee [94] found that when the Antarctic plants. antarctica
was exposed to waterlogged (for 7 days), it accumulated about 52 percent more
H2O2 and had 91 percent more CAT activity than controls.

3.8 Plant antioxidant defense against toxic metals

Metal toxicity tolerance is favorably coupled with improved antioxidant activity
towards ROS detoxification and metal chelation [95, 96]. GST, one of the most
important antioxidants, aids GSH in reducing metal toxicity by conjugating with
them [97]. GSH also acts as a cytosolic predecessor of phytochelatins (PC), which
are metal binders and catalyse the shuttle of metal ions and other xenobiotic that
expedites the compound passage into the cell vacuole [81, 98]. The undertaking of
cytosolic metals/metalloids ions into the vacuole in passive form lessens cellular
toxicity [95]. Furthermore, both GST and GSH play a role in the accumulation of
certain flavonoids (anthocyanin), which are metal binders and might follow a
similar path to the vacuole [99, 100].

4. ROS generation and removal in the plants

Reactive oxygen species (ROS) are a broad term that includes the radical and
non-radical form of species, formed due to incomplete oxygen metabolism. Radical
species include superoxide radical (O2•_), hydroxyl radical (•OH), alkoxyl (RO•)
and peroxyl (ROO•) while non- radical species contains hydrogen peroxide (H2O2),
singlet oxygen (1O2), ozone (O3), and hypochlorous acid (HClO). Oxygen is a
fundamental element found in the Earth’s crust that evolved billions of years ago.
Oxygen molecules (O2) are not only crucial for metabolism and respiration but also
support life forms on the Earth. O2 are mainly evolved through the photosynthetic
activities of cyanobacteria in ancient times. ROS are partially reduced or activated
derivatives of oxygen molecules that are highly reactive and toxic and can cause
potential damage to the plants which includes cellular destruction, damage to plant
metabolism and growth along with damage to DNA, RNA, proteins, and lipids.
Plants perform various metabolic processes viz., namely photosynthesis, respiration
which leads to the production of reactive oxygen species in various cell organelles
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like mitochondria [7], peroxisomes [8], chloroplasts [6], etc. They are an unavoid-
able phenomenon that leads to the production of oxidative stress in plants. ROS can
also be produced during abiotic and biotic stress responses in plants. Besides this,
the presence of free metals (Fe, Cu, Mn) derived from the metallo-protein complex
phenomenon also contributes to ROS production. The production of ROS is stimu-
lated by many factors namely physiological responses in the plant cell organelles,
hormonal signaling, pathogen attack, gravitropism which produces free radicals
inside plants [101]. The stoichiometry of ROS reveals that oxygen contains two
unpaired electrons in their outermost shell having similar spin quantum numbers.
However, oxygen molecules can accept a single electron at a time in its outermost
orbit due to spin restriction, resulting in the formation of ROS which is highly
reactive and active in subsequent reactions [102]. ROS are atoms or groups of atoms
that possess at least one unpaired electron. Oxygen is an indispensable part of
aerobic reactions in the plant system and molecular reduction of O2 leads to the
formation of reactive oxygen species various cell organelles which are highly reac-
tive as of molecular oxygen. Photosynthesis is a crucial metabolic process
performed by the plants in the chloroplast of plant cells due to the localization of
photosynthetic apparatus in the chloroplast. Although the photosynthetic process is
highly influenced by the generation of ROS (O2.-&1O2), the formation of superox-
ide radicals is associated with PSI. The photolysis of water molecules is a crucial
phenomenon in the PSII system of photosynthesis which produces O2 thus favoring
superoxide radical formation reaction in PSI of photosynthesis. Also, auto-oxidation
of Iron-sulfur protein results in O2.- production in the subsequent process due to
abundant Fred and low NADP. Furthermore, reduced Fd reacts with superoxide
radicals to form H2O2 in the illuminated chloroplast [103]. However, the regulation
of ROS production during photosynthetic processes has been enunciated in several
studies [53, 58, 104]. Singlet oxygen is also produced in PSII during photosynthetic
processes. However, the root and stems of rice plants mainly produced O2-Which
might relate to their subsequent environment for adaptation [105]. Additionally,
superoxide radicals can be generated during PSII by auto-oxidation of PSII electron
acceptors and PQ [106]. The ROS formation in illuminated chloroplast occurs
mainly due to stress conditions followed by the closing of stomata. The partial
reduction of O2 molecule in the respiratory chain occurs in chloroplast which
consists of NADPH dehydrogenase and terminal oxidase is termed as chlorore-
spiration. This phenomenon is also a major source of ROS production in the chloro-
plast. The peroxisomes also mediate the formation of O2.-through ETC using
NADH as an electron donor. Peroxisomes are single membrane-bound organelle
that performs certain major functions in the plants like fatty acid β- oxidation,
regulation of glyoxylate cycle, photorespiration, metabolism of ROS & ureides, etc.
[107–109]. Additionally, peroxisomes also regulate the generation of ROS via vari-
ous metabolic functions. For instance, H2O2 production in the peroxisomes facili-
tated the regulation of the photosynthetic carbon oxidation cycle in C3 plants.
During the carbon oxidation cycle, oxygenation of RuBP (mediated by RuBisCO)
regenerates NADP+ and harbors a major sink of electrons which in turn prevents
photoinactivation of PSII in the case when CO2 concentration is lacking. Due to
which RuBisCO stimulates oxygenation in place of carboxylation as temperature
elevates. The glycolate thus generated by oxygenation of RuBisCO suffers oxidation
upon translocation to peroxisomes from chloroplast produces H2O2 as a by-product
in the cells [102, 110]. Photorespiration is a metabolic process that occurs in chlo-
roplast, mitochondria & peroxisomes. It includes phosphoglycolate metabolism
which involves light-dependent O2 uptake & CO2 release with peroxisomal
glycolate oxidase generating (H2O2) in the cells. The mitochondrial metabolism
generated a considerable amount of ROS like H2O2, hydroxyl radicals, superoxide,
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etc. In the plants, mitochondria regulate aerobic respiration includes ETC (electron
transport chain), which formulates ROS production in the mitochondrial mem-
brane. However, the mitochondria bestow the limited ROS production in plants
possibly due to the presence of alternative oxidase (AOX) that catalyzes the tetra-
valent reduction of O2 by ubiquinone [10]. The series of metabolic reactions in
mitochondria leads to the formation of ROS inside the organelle. The flavoprotein
region of NADH dehydrogenase encourages the production of O2- anions during
mitochondrial electron transport (MET). One of the effective inhibitors of MET
antimycin A enhances the ROS production by blocking electron flow after ubiqui-
none and the reduced ubiquinone undergoes auto-oxidation by contributing elec-
tron to O2, forming O2- [111]. Additionally, researchers studied that ubiquinone
also contributes to H2O2 production in MET [112, 113]. Several mitochondrial
enzymes like aconitase and 1-galactono-γ lactone dehydrogenase (GAL) also con-
tribute to ROS generation. Furthermore, the O2- also gets converted into stable
form H2O2 by the mitochondrial form of SOD (Mn- SOD). H2O2 is further
transformed to (OH.) through Fenton reaction which is removed by ascorbate-
glutathione cycle enzyme in plant system. Such OH molecules are liable to muta-
tions in ETC of the mitochondrial genome. ROS generation in mitochondria also
possesses negative effects on proteins by oxidation, cleavage, degradation of back-
bones [106]. Mitochondrial dysfunction due to excessive ROS production under
unfavorable circumstances induces PCD (programmed cell death) and necrosis in
the plants. The respiratory burst oxidase homologue (RBOH) synonymous with
membrane-bound NADPH oxidase (NOX) in the plants also contributes to O2.-
formation through electron through from intracellular NADPH across the plasma
membrane to O2 in apoplast [103]. NADPH oxidase has a well-established role in
stress responses in plants. Neill et al, 2002 studied that RBOH- dependent O2.—
generation enunciates lipid peroxidation, PCD. NADPH oxidase induces membrane
damage, favors oxidative burst, and reduces plant metabolic and growth-related
activities under certain undesirable conditions. The plant cell wall is a site of redox
reactions which enables the H2O2- dependent reactions and consists of malate
dehydrogenase and NADH oxidase. NADPH-dependent microsomal electron trans-
port is also a potential source of superoxides in the plant system. O2– formation in
microsomes is mainly progressed by auto-oxidation of cytochrome P-450 reductase
and/or auto-oxidation of oxycytochrome –P-450 complex [114]. Thus, the plant
system involves efficient methods of ROS production in different responses. Dif-
ferent cellular compartments enunciate constant ROS production as a byproduct of
redox and aerobic reactions. It is interesting to know that under favourable condi-
tions plant maintains redox homeostasis and counteract with ROS production strat-
egies within its system. The system of higher plants is complex and posses various
regulatory processes. It is important to understand that controlled ROS generation
and oxidative burst can be a fundamental part of the plant signaling and defense
mechanism. Future acknowledgments and researches should be directed towards
the detailed study of ROS production in various aspects in plants with its signaling
implications with references to various molecules present in the plant system.
Plants possess a peculiar ROS scavenging system to maintain ROS homeostasis and
redox signaling in their system during oxidative stress. However, disrupted protec-
tive mechanisms in response to oxidative burst may affect ROS-mediated redox
homeostasis and cause cell death in the plants [11]. It is well-acquainted fact that
plant produces a considerable amount of ROS during various metabolic processes in
several cell organelles like chloroplast, mitochondria, plasma membrane and many
more. They are an inexorable part of plant metabolism which play important role in
redox signaling under environmental stresses [115]. To accomplish ROS removal
from plant system plants consists of several ROS scavenging system which can be
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categorized into enzymatic and non-n enzymatic defense mechanism. Plants con-
tain various antioxidant enzymes to mediate ROS scavenging mechanism which
includes superoxide dismutase (SOD), ascorbate peroxidase (APX), glutathione
peroxidase (GPX), catalase (CAT), monodehydroascorbate reductase (MDHAR or
MDAR), dehydroascorbate reductase (DHAR or DAR) and glutathione reductase
(GR) (Figure 2). These antioxidant enzymes ensure plant survival by minimizing
the deleterious effect of ROS and prevent its overaccumulation. SOD (1.15.1.1) is a
ubiquitous enzyme that plays a significant role in plant protection against oxidative
stress. It catalyzes the dismutation of O2—to O2 and H2O. SOD has several isoforms
and can be categorized as FeSOD, MnSOD, NiSOD, Cu/Zn SOD based on metal
cofactors associated with the enzymes. The Arabidopsis genome contains three
FeSOD (FSD1, FSD2, FSD3), one MnSOD (MSD1), and three Cu/Zn SOD (CSD1,
CSD2, CSD3) type of genes [116, 117]. Similarly, the tomato genome consists of four
Cu/Zn SOD, three FeSOD, and one MnSOD [118]. SOD gene family also have been
discovered in many plant species like Musa acuminate, Sorghum bicolor, Populus
trichocarpa, potato, pea, wheat, etc. However, transgenic approaches have also
been described to study SOD responses in plants [10]. SOD isozymes have also been
compartmentalized into mitochondria [119], peroxisomes [9], cytosol [116, 120],
thylakoids [116, 121]. In plants, SOD is found in roots, leaves, fruits, and seeds
where it functions significantly in the environment and oxidative stresses [122],
photooxidative stress [123, 124], lateral root growth [119], germination [120], chlo-
roplast development and flowering [121, 125]. Catalases (CAT) (E.C. 1.11.1.6) are a
versatile antioxidant that helps in ROS scavenging mechanism in plants. They are

Figure 2.
Enzymatic and Non enzymatic Antioxidant mechanism to defend oxidative stressEnzymatic and non-
enzymatic antioxidants in algae.ASC(Ascorbate),APX,(Ascorbate peroxidase),CAT Catalase, DHA
Dehydroascorbate,GSH (Glutathione), GR Glutathione reductase , GSSG (Glutathione disulfide ),MDHA
(Monodehydroascorbate ),SOD (Superoxide dismutase ),DHA (Dehydroascorbate).
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ion containing homotetrameric proteins that catalyze the decomposition of H2O2 to
H2O and O2 during the photorespiration process along with detoxification of H2O2
[126]. Catalases are involved in antioxidant defense mechanism have been enunci-
ated in many studies [127–132]. They also mediate in various physiological processes
[45, 133–135]. The oxidative stress in plant cells can be maintained by enzymes of
ascorbate- glutathione cycle. Ascorbate peroxidase (APX) (E.C.1.11.1.11) is another
class of antioxidant enzyme that plays a vital role in scavenging H2O2 in chloroplast
and cytosol in the plants. They are categorized into various forms based on their
localization which is mainly chloroplast stromal soluble form (sAPX), chloroplast
thylakoid bound form (tAPX), cytosolic form (cAPX) and glyoxisome membrane
form (gmAPX) [136, 137]. They are heme-containing peroxidases possessing nine
putative APX genes identified in Arabidopsis in cytosolic, chloroplast and peroxi-
somal regions of plant cells [138, 139] and sAPX in mitochondria [140]. They
detoxify H2O2 through electron transfer from ascorbate to form monodehy-
droascorbate (MDHA). APX possesses several metabolic functions in H2O2 scav-
enging, plant responses to environmental stress, photoprotection, and plant
development [115]. Another enzyme of ascorbate- glutathione cycle MDHAR (E.
C.1.6.5.4) catalyzes the reverse reduction of MDHA to ascorbate in the presence of
NAD(P)H [141] Foyer & Noctor, 2011). MDHAR is mainly localized in the cytosol,
peroxisomes, mitochondria, and chloroplast. MDHAR is involved in stress toler-
ance, plant physiological processes, senescence, interaction, with endophytes has
been explored in various studies [115, 142, 143]. DHAR is another enzyme that
brings about the regeneration of ascorbate from DHA. DHARs (E.C.1.8.5.1) are
monomeric enzymes that are identified in the Arabidopsis genome as DHAR1 and
DHAR2 (cytosol), DHAR3 (chloroplast) [144]. Similar to APX, DHAR is also
involved in the regulation of defense against environmental stress in various species
[145, 146]. Glutathione reductase (GR) (E.C.1.6.4.2) is another potent enzyme
mainly localized in chloroplast, mitochondria and cytosol. It catalyzes the reduction
of glutathione and contains FAD-binding domain & NADPH- binding domain
which carries out an enzymatic activity. Isozymes of GR have been widely
studied in Arabidopsis which plays a vital role in various plant physiological
responses [115].

The non-enzymatic antioxidant defense mechanism includes several low molec-
ular mass ROS scavenging molecules like glutathione, ascorbic acid (AsA), flavo-
noids, carotenoids, tocopherols, alkaloids which aid in the removal of H2O2, singlet
oxygen, and other ROS molecules. The antioxidant defense mechanism of AsA
during oxidative burst has been well acquainted through several studies. AsA
(commonly known as Vit C) is water-soluble, localized in many plant cell organelles
stimulates the quenching superoxide hydroxyl radicals and singlet oxygen produced
during oxidative stress. Despite these, it also reduces H2O2 to H2O via ascorbate
peroxidase reaction [147]. AsA regulates antioxidant defense mechanisms in
response to various environmental stresses [148]. The non-enzymatic antioxidant
system functions along with an enzymatic system to counteract the negative effect
of ROS in plants. Reduced glutathione (GSH) is another class of low M.W thiol
tripeptide antioxidant molecule commonly dominated in the cytosol, ER, mito-
chondria, chloroplast, vacuoles, peroxisomes & apoplast. GSH mediates multiple
functions in plants. It plays a vital role in plant physiological functions like cell
differentiation, growth, senescence, and many more. Precisely, it is also known for
its antioxidant defense system in oxidative stress. It scavenges H2O2, 1O2, OH.,
O2.–, and reduces them to produce GSSG as a by-product. GSSG can also be
generated through GSH. GSH plays a crucial part in regenerating AsA via the
ascorbate- glutathione cycle. GSSG gets converted to GSH through denovo synthe-
sis or by GR. Similar to glutathione another potential antioxidant molecule also
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includes proline, amino acids, alkaloids, polyamines, terpenes, amines, phenolics
like compounds that scavenge ROS in plants. Carotenoids, on the other hand, are a
group of lipophilic antioxidants that are present in a wide variety of organisms
including plants. They have a well-established role in photosynthesis and protect
photosynthetic machinery in response to ROS production. They scavenge 1O2, thus
preventing generation by reacting with 3Chl* and excited Chl (Chl*), regulates the
xanthophylls cycle. Similar to carotenoids, α- tocopherol is also a protector of the
cell membrane in response to ROS production. α- tocopherol quench excess energy,
safeguard lipids, and scavenges ROS formed during photosynthesis. It usually reacts
with lipid radicals RO., ROO. And RO* at membrane- water interface and gets
reduced to TOH. Which is then interacts with GSH & AA [149]. Flavonoids like
flavonols, flavones, isoflavones, and anthocyanins are diverse in the plant kingdom
and also plays a crucial role in the various physiological process mainly pigmenta-
tion in flowers, fruits, and seeds. They mitigate the negative effects of ROS pro-
duced in plants during photosynthesis. Additionally, they also scavenges1O2 along
with repairing chloroplast membrane [150].

5. ROS regulation with genes and tolerance to abiotic stress tolerance in
crops

Plants are evolved with multiple signaling pathways to control various sets of
genes for generating different classes of protein to cope up with abiotic stress. These
highly regulated genes play a very important role in ROS activation and regulation.
Functional genomics helps us to identify more than 1000 stress-responsive genes in
plants [151]. These genes have been characterized into different classes such as
protein kinases and phosphatases, transcription factors, enzymes, molecular chap-
erones, and other functional proteins. The different genes involved in the regulation
of ROS homeostasis and response to abiotic stresses have been categorized in plants
(Figure 3; Table 2).

5.1 Protein kinases and phosphatases

Mitogen-activated protein kinases (MAPK) are the important gene groups in
ROS signaling and regulation. Many studies have been conducted in plants on
MAPK cascades [174]. In cotton, two MAPK kinases (MAPKKs) have been charac-
terized (GhMKK1 and GhMKK5) which are responsible for the homeostasis of ROS
and abiotic stress tolerance [152]. Due to overexpression of GhMKK1 in tobacco,
tolerance to salt and drought stresses have been observed by exhibiting ROS scav-
enging along with activities of antioxidant enzymes [175]. In transgenic tobacco
plants, when BnMKK1 gene has been introduced, it triggers ABA signaling and leads
to drought sensitivity and water loss [158] whereas GhMKK5 gene reduces salt and
other abiotic stresses [152]. Plants showing overexpression of GhMKK5 leads to the
up-regulation of ROS-related genes resulted in hypersensitive reaction with an
accumulation of H2O2 [176]. In another study, a gene called GhMKK3 helps in
regulating drought tolerance. Overexpression of this gene in tobacco induces sto-
matal closure due to activation of ABA-responsive gene along with a reduction in
stomatal numbers [153, 177]. In some cases, two or more genes (GhMKK3 and
HgPIP1) work together in connection with HgMPK7 gene for the production of
drought and ABA-activated MAPK modules [178]. A drought-hypersensitive
mutant1 (DSM1) of MAPK gene has been identified in rice which shows the sensi-
tive response to oxidative stress [154]. In rice plants, two calcium-dependent pro-
tein kinase (CDPK) genes, OsCPK12 and OsCPK4 enhance tolerance to salt and
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drought stress respectively [155]. CBL-interacting protein kinase (CIPK) gene
TaCIPK29 in wheat also is salt tolerance with ROS regulation mechanism (Table 3).

In transgenic tobacco, activities of ROS- scavenging enzymes have been
increased along with the expression of transporter genes which leads to abiotic
stress (salt stress) tolerance [156]. Another CIPK gene (MdSOS2L1) showed abiotic
stress (salt tolerance) tolerance in crops like tomato and apple. Increased antioxi-
dant metabolites (malate, procyanidin) and ROS scavenging enzymes are the
mechanisms found after molecular characterization of MdSOS2L1 gene [157]. In
many cellular functions, protein phosphatase plays a crucial role in signal transduc-
tion with a process called dephosphorylation. A protein phosphatase gene, OsPP18
(PP2C) has been identified in rice crops, which shows drought resistance response
via ABA-independent pathways and regulating ROS homeostasis [158]. PPC2 genes
have been identified and characterized in the genome of Medicagotruncatula [201].
Genome studies in Brassica [202] maize, tomato, and Arabidopsis also indicated the
presence of PP2C gene families, responsible for abiotic stress tolerance [203, 204].
Among the two subfamilies of PP2C, subfamily A is used in ABA-dependent stress
responses and B subfamily is MAPK regulators [205].

5.2 Transcriptional factors

Transcriptional factors (TFs) play an important role as a regulatory protein that
could change the expression of stress-responsive genes and enhance tolerance to
abiotic stress in plants. There are many studies on transcription factors that show
their role in abiotic stress management in plants [206–208]. In-plant abiotic stress
responses, members of AP2/ERF, zinc finger, NAC, and WRKY families have been
identified and characterized to play a major role in the regulation of ROS homeo-
stasis [209–211]. AP2/ERF (APETALA2/ethylene response factor) group of tran-
scription factors regulates various abiotic stress responses and are found in certain

Figure 3.
Representative diagram showing several major genes/factors involved in ROS regulation and provides abiotic
stress tolerance response in plants. Abbreviations: calcium-dependent protein kinase (CDPK); calcineurin B-
like protein-interacting protein kinase (CIPK); mitogen-activated protein kinase (MAPK); protein kinase
(PK); similar to RCD one (SRO).
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Stress condition Experimental
condition

Plant sp. Management
strategy

Result Reference

For salt stress
plants are applied
12 dS m�1 NaCl
after 2 weeks of
germination

Pot Maize Se application (20
mg/L)

Improved shoot
fresh and dry
weight compared
to control

[179]

For salt stress
each pot pre-
treated with 150
mM of NaCl for
four weeks before
AM fungus
treatment

Pot Rice AM fungus
Claroideoglomus
etunicatum
(isolate EEZ 163)
@ 700 infective
propagules per
pot at sowing
time just below
rice seedlings

Significantly ↑

shoot dry weight
(156%), root
length (63%)
under 150 mM
NaCl
concentration
compared to un-
inoculated control
plants

[180]

For salt stress
seedling are dip
into Hoagland’s
medium
containing 200
mM salt solution

Pot Wheat Seedling allowing
in Hoagland’s
medium
containing 200
mM salt solution
and 5 ml PGP
bacterial solution
(Bacillus sp.
(EN1),
Zhihengliuella sp.
(EN3), S. succinus
(EN4), Bacillus
gibsonii (EN6),
Oceanobacillus sp.
(EN8),
Halomonas sp.
(IA), and
Thalassobacillus
sp. (ID),
Halobacillus sp)
@ 1 � 109 cfu
mL�1

Significantly
↑growth rates of
the plants are
67.5%, 64.4%,
62.2%, 76.3%,
70.6%, 73.5% and
78.1% for EN1,
EN3, EN4, EN6,
EN8, IA and ID as
well as ↑ total
fresh weight and
length of root and
shoot of wheat
seedlings
compared to
control

[181]

Irrigated by saline
water with 5
salinity levels: S1:
2 dS m�1, S2: 4 dS
m�1, S3: 6 dS m�1,
S4: 8 dS m�1, and
S5: 10 dS m�1

Pot Tomato Nano-fertilizer
consisting of
79.19% CaCO3

and 4.62%
MgCO3%
areapplied
through foliar
spraying in three
concentrations:
N1: 0.5 g L�1, N2:
0.75 g L�1, and
N3: 1 g L�1.

Significantly ↑

average number
of clusters and
flowering, fruit
set (especially in
N1/S1: 65%),
yield of fruit
compare to
control (N0/S1:
26% fruit set)

[182]

Marigold
seedlings were
exposed to four
levels of drought
stresses (100%
(D0), 75% (D1),
50% (D2), and
25% (D3)
according to

Pot Marigold The inoculum (5 g
of soil containing
spores of AM
fungi Glomus
constrictum
Trappe) are
placed 3 cm below
the surface of the
soil (before

Significantly ↑

plant height (7.7,
4.9, 5.5 and
16.2%), dry
weight of shoot
(19.14, 25.6, 5.88
and 31%) and
flower (42.6, 9.6
and 21.8%,

[183]
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Stress condition Experimental
condition

Plant sp. Management
strategy

Result Reference

water holding
capacity of the
soil

sowing) to
produce
mycorrhizal pants

respectively)
compared to non-
AM inoculated
plant

For water stress
plants are
supplied 50%,
75%, 100% water
after germination

Pot Sorghum Surface sterilized
seeds are dipped
in inoculums
(Streptomyces
laurentii EU-
LWT3-69 and
Penicillium sp.
strain EU-DSF-
10) for 2 h and
sown in pot

Significantly ↑

plant root and
shoot length, dry
weight of biomass
compared to un-
inoculated plants

[184]

Exposure of
inoculated plant
to a 8-week
drought-stress

Pot Timothy
(Phleum
pratense L.)

At 3 weeks post
seeding, each
seedling was
inoculated by
pipetting 0.5 mL
of phosphate
buffer containing
106 CFU of B.
subtilis strain B26

Significantly ↑ in
shoot and root
biomass by 26.6
and 63.8%
compared to un-
inoculated plants

[185]

For salt stress, 150
mM NaCl applied
after 5 weeks of
transplantation or
at 5 to 6 leaf stage,
and For drought
stress, plant
supplied of half of
the water
required for
normal irrigation

Pot Cucumber
(Cucumis
sativus) (cv.
Cador, cv.
Venus)

Foliar spray with
Si (2.25 mM) as
K2SiO3 to stressed
plant at 10 days
interval

Significantly ↑ in
the R/S ratio by
> 20 % in Cador
and about 15 % in
Venus cultivars

[186]

For flooding
stress, 8 weeks
older plants are
flooded with
deionised water
for 15 days

Pot Ocimum
sanctum

Seedling treated
with ACC
deaminase-
containing
rhizobacteria
bacterial
inoculum of Fd2
(Achromobacte
rxylosoxidans),
Bac5 (Serratia
ureilytica), Oci9
(Herbaspirillum
seropedicae) and
Oci13 (Ochrobac
trum
rhizosphaerae) @
108 CFU/ml
before imposing
stress

Significantly ↑ in
fresh weight Fd2
(46.5%) followed
by Oci13 (45.1%),
Bac5 (26.5%) and
Oci9 (16.6%),
root weight in Fd2
(37%), shoot
length 76.3, 41.1,
31.3 and 19.7%,
number of leaves
is 41.9, 37.7, 16
and 11%, number
of nodes in Fd2
(72%) Bac5
(66%), Oci9
(33%) and Oci13
(27%)
respectively.

[187]

For flooding
stress, 5 month
older plants are
induced flooding/

Pot Muscadine
Grape
(Muscadinia

control (aerated
plants), aerated +
Si (250 ppm),
aerated + SiNP

Si significantly ↑

the dry weight of
root, shoot, and
total weight 20,

[188]
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Stress condition Experimental
condition

Plant sp. Management
strategy

Result Reference

hypoxia stress by
limiting the
oxygen supply to
the nutrient
solution in
hydroponic units

rotundifolia
Michx.)

(250 ppm),
hypoxia stress,
hypoxia stress + Si
(250 ppm), and
hypoxia stress +
SiNPs (250 ppm)

30 and 15%, Si +
hypoxia stress ↑
125, 120 and
125%, SiNPs +
control ↑ 30, 46
and 20% and
overall
improvement is
155% compared to
untreated control

Heat stress
treatment
imposed on plants
after 4 weeks of
emergence and
raised
temperature by 2°
C each day to
avoid osmotic
shock until the
desired
temperature level
(45�2°C) are
achieved

Pot Tomato Plants are sprayed
45 days after
sowing with
sulphur (S) @ 2,
4, 6, and 8 ppm
for 2 times at 15
and 22 days after
heat induction

In thermo
tolerant cultivar
@ 6 ppm S
significantly ↑

maximum shoot
(38.3 cm) and
root (12.3 cm)
length, shoot
fresh (46.65g)
and dry (14.57g)
weights, average
root fresh
(12.21g) and dry
(6.44g) weight,
and in thermo
sensitive cultivar
fresh weight of
fruit (42.1g),
shoot fresh
(42.14g) and dry
(13.16g) weight,
root fresh
(12.21g) and dry
(5.3g) weight
compared to @ 2,
4, 8 ppm and
untreated control

[189]

Heat stress
treatment in Pot:
at squaring,
flowering and ball
formation
Field: April
(medium
temperature),
early May (high
temperature) and
mild-June
(optimum
temperature) at
squaring,
flowering and boll
formation stage

Pot and field Cotton Foliar spray of K,
Zn and B @ 1.5,
0.2 and 0.1 % one
day before heat
treatment

Pot: Significantly
↑ seed cotton
yield (SCY) in K
(21%) Zn (16%)
and B (7%) and
average ball
weight compared
to control
Field:
Significantly ↑

seed cotton yield
(SCY) in April
(15%) and May
(17%) thermal
regimes and
average ball
weight compared
to control in both
year

[190]

For heat stress
treatment at V3

Pot Soybean 2 days after
transplantation,

Significantly ↑ in
shoot length

[191]
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Stress condition Experimental
condition

Plant sp. Management
strategy

Result Reference

stage plants are
exposed for 5 and
10 days

50ml of freshly
diluted Bacillus
cereus SA1 culture
(109CFU/mL) are
inoculated to each
pot and repeated
further 2 times
after 5days

(15.08%), root
length (14.63%),
fresh and dry
weight (27.28 and
12.39%,
respectively)
after 5and similar
pattern followed
by 10 days

1 week after
bacterial drench
treatment, each
pot are watered
with 20 ml tap
water and then
heat and drought
stressed by
withholding
watering for 5-7
days at 35°C in a
growth chamber

Pot Chinese
cabbage

Seedlings (four-
leaf stage) were
drenched with
bacterial
suspensions
(Bacillus
aryabhattai H26-2
and H30-3) @ 107

cells/ml, 1 ml/g of
potting mixture

Significantly ↑ in
fresh weight
(2.4% in H30-3)
and number of
lateral root (10.95
and 1.5% in H30-3
and H26-2,
respectively)
compare to
control

[192]

For drought stress
pots are irrigated
with 80, 60 and
40% of water
holding capacity
for 60 days

Pot Common
bean
(Phaseolus
vulgaris L)

Before sowing
seeds are treated
with H2O2 for 4
hour

Significantly ↑ in
root (8.15, 2.72%)
and shoot (21.09,
10.52%) length,
root fresh (25,
10%) and dry
(31.25, 15.38%)
weight, shoot
fresh (21.12,
6.6%) and dry
(21.68, 5.79%)
weight in 60 and
40% WHC,
respectively.

[193]

Drought stress
induced in the
pots artificially by
irrigating the pot
with a PEG-6000
(g/L of water)
nutrient solution

Pot Black gram
and garden
pea

Seed treatment
with bacterial
inoculum in
individual with
RJ12, RJ15 and
RJ46 and in
consortium with
RJ12+RJ15, RJ12+
RJ46, RJ15+RJ46
(1�108 CFU�1)

Significantly ↑ in
germination
percentage (3-13,
7.7-17%), root
length (21.15-55,
48.27-64.7%) and
shoot length
(26.66-35.67,
13.33-22.15%)
varies in both
crop plant
respectively

[194]

For cold stress
treatment pot are
kept at 8�2°C for
60 days

Pot Wheat Seed treatment
with charcoal
based inoculum of
the bacterial
(Pseudomonad)
culture 108 cfu
g�1

Significantly ↑ in
shoot
(4.7-26.1%), root
length (27.9–
70.5%), root
(1.04–2.04-fold),
and shoot biomass
(1.25–1.66-fold)
as compare to
control

[195]
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rice varieties. They can acclimatize in stress conditions and minimize the energies
consumed via gibberellin and ethylene responsiveness [212]. Although in the early
stage of abiotic stresses, ROS levels act as an adaptation signal but the key compo-
nents of ROS signaling are still unknown. In rice, ERF transcription factor SERF1
plays a very important role in molecular signaling (H2O2 mediated response) dur-
ing the resistance response against salinity tolerance [159]. Another factor SUB1A

Stress condition Experimental
condition

Plant sp. Management
strategy

Result Reference

For cold-stress 40
day old seedlings
are transferred at
15/10°C (day/
night) for two
weeks

Pot Cucumber Each pot
inoculated with
10 g of the AM
fungi R. irregularis

Significantly ↑

shoot (7%) and
root (25%) dry
matter per gram
compared to
control

[196]

Heavy metal
stress of Cad
mium
(CdSO4�8H2O)
treatments (0,
100 and 200 mg/
l)

Pot Mustard SA (1.0 mM) are
sprayed in the
evening (10 ml/
plant) to plants
mixed with twee
n-20 every
alternate day
from the 1st day
of treatment up to
day 45

Significantly ↑

shoot (7%) and
root (5%) fresh
weight and Shoot
and root dry
weight (5%) @
200 mg/l and 1
mM SA
concentration
compared to
control

[197]

For heavy metal
stress of Cr,
plants after 30
days of
germination, both
soil and sand pots
are irrigated with
Cr as K2Cr2O7
solution (500 ml
pot�1) of 0, 0.25,
and 0.5 mM in 7-
day interval

Pot Wheat Glycinebetaine in
0.1 % Tween-20
solution are
applied at 0 and
100 mM on the
leaves until runoff
at both tillering
and booting
vegetative stages

Significantly ↑

plant height, root
length, kernel
length, and
number of tillers
per plant
compared to
control

[198]

For heavy metal
stress of Hg,
seedlings are
treated with
HgCl2 at 60 and
100 μM
concentration for
7 days

Pot Rice Application of
different
combination with
HgCl2 of SNPs @
100, 200 μM or
KNO2 @ 200 μM
or K4Fe(CN)6 @
200 μM or TIBA 1
μM

Significantly ↑

shoot and root
length compare in
all treatments to
Hg treated plant

[199]

For heavy metal
stress of Al, plants
are treated with
Al (500 μM) +
salicyclic acid at
different
concentration for
2 weeks in
Hoagland solution

Pot Tomato var.
SIRI and
GOWRI

Application of
salicyclic acid
(SA) @ 100, 250
and 500 μM
concentration on
seedling which is
mix in Hoagland
for 2 weeks

Significantly ↑

plant growth in
SIRI (65-85%)
and GOWRI
(20-55%)

[200]

Table 3.
Various management options to control various abiotic stresses in plants
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reduces gibberellin response and ethylene production in submerged rice genotypes
and conserves carbohydrates for future use. After the flooding subsides, plants go
through severe leaf desiccation [204] which leads to ROS accumulation in plant
tissues [206]. SUB1A boosts submergence tolerance by activating ROS-scavenging
genes and also induces ABA responsiveness while activating stress genes [160, 213].
The JERF3 gene was also found to be involved in abiotic stress tolerance in tomato
(S. Lycopersicum) by modulating ROS regulation and also influence the expression
of genes involved in oxidative, osmotic stress responses which ultimately reduces
ROS accumulation [161].

Zinc finger domains(s) were reported to be one of the most important tran-
scription factors used in ROS regulation for abiotic stress tolerance in Arabidopsis
and other plant species [214]. Based on the location and number of protein residues,
zinc finger proteins are classified into several groups such as C2H2, CCCH, C2C2,
and C3HC4 [211]. Gene DST accumulates H2O2 in the guard cell of the rice plant
and enhances abiotic stress (drought and salt) tolerance while increasing the closure
of stomata [162]. In rice crops, two other zinc finger proteins (ZFP179 and ZFP36)
also help in the regulation of ROS homeostasis and abiotic stress tolerance
[163, 215]. Another protein OSTZF1 enhances the expression of ROS-scavenging
enzymes and genes responsible for redox homeostasis which helps in modulating
abiotic stress resistance [164].

TF families also include the NAC group, which is one of the largest TF families
with approximately 300 members among rice and Arabidopsis [216, 217]. This
group of TFs helps in abiotic stress tolerance through ROS regulation. In Soybean,
GmNAC2 transcription factor involves in signaling pathways of ROS and modulate
the expression of ROS-scavenging genes [218]. Another NAC TF gene-SNAC3 has
been identified in rice crops which regulates positively during drought stress and
high temperature enhances abiotic stress tolerance by controlling ROS-related
enzymes [219].

Another TF family WRKY is widely involved in Arabidopsis and Rice which
has more than 100 genes only in these two plants [208]. These WRKY genes
regulate both biotic and abiotic stress responses [220]. The WRKY transcription
family is consists of a highly conserved region WRKYGQK heptapeptide at the C
terminus and at the N- terminus a zinc-finger motif is present. These WRKY
domains bind to W-box in the promoter regions and regulate various physiological
responses [201, 221]. In rice WRKY genes reduces the oxidative stress tolerance
effects by enhancing ROS and ABA functions. In transgenic soybean, the
GmWRKY27 gene enhances drought and salt tolerance response by reducing
ROS levels [165]. Another WRKY gene-GhWRKY17 in cotton involves abiotic
stress tolerance by regulating ROS level and also by modifying ABA signaling
pathways [167].

5.3 SRO proteins

SRO proteins which are also known as SIMILAR TO RCD ONE, are character-
ized as plant-specific proteins. Their domain characterization shows that they con-
tain a C-terminal RCD1-SRO-TAF4 (RST) domain, N-terminal WWE domain, and
a poly (ADP-ribose) polymerase catalytic (PARP) domain. In rice, the OsSRO1c
gene targets abiotic stress (drought) related transcription factor (SNAC1), accu-
mulates H2O2 in plant cells which leads to a reduction in water loss by reducing
stomatal aperture [168]. OsNAC5 and ONAC095 have also been found to enhance
drought and oxidative stress tolerance in rice [7]. In wheat crops, overexpression of
the Ta-sro1 gene helps in cellular homeostasis with the regulation of ROS (through
ROS-mediated enzymes) and provides salinity tolerance [208].
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5.4 ABA metabolism-related proteins

Abscisic acid (ABA) plays an important role as a phytohormone that induces
abiotic stress tolerance response in plants. In rice during drought condition, mutant
gene dsm2 have been identified which synthesize β-carotene hydroxylase which is a
precursor of ABA. Overexpression of DSM2 enhances stress-related ABA-
responsive gene expression and increases xanthophylls which lead to resistance
response in abiotic and oxidative stresses [169]. In ABA catabolism, another
hydroxylase-encoding gene-OsABA8ox3 is involved and controls oxidative stress
under abiotic stress conditions [209]. In transgenic tobacco plants, overexpression
of the SgNCED1 gene (9-cis-epoxycarotenoid dioxygenase gene from Stylosanthes-
guianensis) increases ABA content and provides tolerance response to salt and
drought stresses. This tolerance response is associated with the inducing production
of NO and H2O2 along with the activation of ROS-scavenging enzymes [170].

5.5 ROS-scavenging proteins/enzymes

The presence of ROS-scavenging enzymes such as SOD, APX, and CAT in every
cellular compartment of crop plants helps in ROS detoxification and protects
against several abiotic stresses [52]. In water scarcity condition, improved yield and
survival rate is observed in transgenic alfalfa crop due to the presence of MnSOD
gene [171]. In transgenic rice plants under cold stress conditions, APX gene-
OsAPX1 shows an increased percentage of spikelet fertility whereas overexpression
of OsAPX2gene increased drought stress tolerance as compared with wild-type
plants [172].

5.6 Ca2+ transporters and binding proteins

For the growth, development, and stress tolerance in plants, Calcium (Ca2+)
controls several signaling pathways. P-type Ca2+ATPases or antiporters maintain
the basal cytosolic level by regulating the influx and efflux of Ca2+ across the
membranes. In rice crops, OsACA6 gene has been isolated and characterized. In
tobacco plants, overexpression of the OsACA6 gene reduces ROS accumulation and
induces expression of stress-responsive genes which leads to drought and salinity
tolerance [173]. In transgenic lines, this gene controls cellular ion homeostasis and
ROS-scavenging pathways which give tolerance response to Cd2+ stress [222].

6. Conclusion and future prospects

In the field of plant stress and ROS production, key sources, mechanism and
various antioxidant enzymes to counteract the ROS are well reported. However,
ROS homeostasis, signal transduction and interaction among various cellular com-
partments towards signaling are largely unknown and need to be addressed. Many
studied reported that many antioxidant remain involve in ROS regulation but their
inter and intra compartmental coordination to adjust ROS during stress condition is
poorly understood. Therefore, to develop a conceptual and comprehensive frame-
work, a combination of transcriptome, proteome, and metabolome approaches is
required to understand ROS development, signaling pathways and their
management.

Plants need robust and comprehensive adaption mechanisms to combat under
stress conditions. For better stress resistance and ROS homeostasis many specific
genes responsible for stress resistance has been identified in rice and transgenic
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plants. However, most of the ROS associated genes are studied for the expression of
antioxidant enzymes activity and large field scale testing of transgenic plants for
stress tolerance is very limited. Thus, in order to improve the abiotic stress tolerance
by homeostasis of ROS, functions of associated genes and mechanism to control the
ROS signaling pathways require detailed investigation. In future, these ROS associ-
ated genes and QTLs can be used in breeding and genetic engineering programme
for the development of abiotic stress resistance cultivar.
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Chapter 13

Reducing Compounds Roles in
Oxidative Stress Relieving of
Human Red Blood Cells
Giuseppe Gallo

Abstract

Oxidative stress is the consequence of an imbalance between pro-oxidant and
antioxidant processes. Antioxidants that counteract reactive oxygen species do not
all work the same way. Both resveratrol and the more powerful 4-hydroxytyrosol
are excellent reducing agents. Polyphenol treatment (red wine polyphenols, resver-
atrol and catechin) is associated with a significant increase in anion permeability for
chloride compared with control and 2.20-azobis-2 amidinopropan dihydrochloride
affected cells. Treatment with polyphenols was associated with a significant reduc-
tion in mean � standard error of the mean membrane lipid peroxidation compared
with control and 2.20-azobis-2 amidinopropan dihydrochloride treatment. Hemoly-
sis data are also obtained in the previously described conditions. 4-hydroxytyrosol
is shown to significantly protect red blood cells from oxidative damage by 4-
hydroxynonenal. But there are paradoxical effects like uric acid and creatinine. The
obtained data evidence that both creatinine and uric acid levels have influence on
the ratio of both malondialdehyde/protein and 4-hydroxynonenal/protein content
on red blood cell ghosts, demonstrating their possible protective role against
oxidative stress at low concentrations in blood and oxidizing power at higher con-
centrations. Finally, polyunsaturated fatty acids do not have all this reducing power.

Keywords: reactive oxygen species, resveratrol, 4-hydroxytyrosol, uric acid,
creatinine, polyunsaturated fatty acids

1. Introduction

Chemical stress induced by the presence, in a living organism, of an excess of
reactive chemical species, generally centered on oxygen (reactive oxygen species),
secondary to an increased production of the same and / or to a reduced efficiency of
the physiological systems of antioxidant defense. There are many antioxidants,
among these there is resveratrol. The history of resveratrol (the red wine and
pomegranate juice are rich in this substance, chemically it is a triidrostilbene “a
derivative stilbenic”, synthesized from the vine of red grapes.) 10 20 times more
potent than Vitamin E and Glutathione is the most powerful of those produced by
the body (prevents arteriosclerosis, cancer and recently even Alzheimer’s and
delays the appearance of the characteristic signs of old age and can extend life by as
much as 30%.). Another powerful antioxidant is hydroxytyrosol. The
hydroxytyrosol (1- (2-hydroxy) ethyl-3,4-dihydroxybenzene) is classified as a
phytochemical compound expressing strong antioxidant properties. The index
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ORAC (Oxygen Radical Absorbance Capacity, or the oxygen radical absorption
capacity) for hydroxytyrosol totaled 40,000 μmolTE / g, about ten times greater
than green tea at least twice compared to CoQ10. In nature, hydroxytyrosol is found
in high concentrations in olive vegetation water and also in lower concentrations in
the olive leaf. Olives, leaves and olive pulp contain much higher amounts of
hydroxytyrosol compared to olive oil. One study showed that a low dose of
hydroxytyrosol in rats reduces the consequences of the side effects of oxidative
stress induced by smoking [1]. Among the paradoxical antioxidants is creatinine.
Creatinine (from the greek κρέας, Kreas, “flesh”) is an intermediate of energy
metabolism synthesized by the liver about (1 g / day) from arginine, S-adenosyl
methionine and glycine and is used in mammalian muscles to regenerate ATP
during the first seconds of muscle contraction. Recent reports showed that creati-
nine displays antioxidant activity which could explain its beneficial cellular effects.
Some authors [2] have evaluated the ability of creatinine to protect human eryth-
rocytes and lymphocytes against oxidative damage. Erythrocytes were challenged
with model oxidants, 2, 20-azobis (2-amidinopropane) dihydrochloride (AAPH) and
hydrogen peroxide (H2O2) both in the presence and absence of creatinine. Incuba-
tion of erythrocytes with oxidants alone increased hemolysis, met-hemoglobin
levels, lipid peroxidation [3] and protein carbonyl content. This was accompanied
by decrease in glutathione cellular levels. Antioxidant enzymes and antioxidant
power of the cell were compromised while the activity of membrane bound scav-
enger enzymes were lowered [2]. In a recent paper [4] authors demonstrated that
hypertriglyceridemia affects Red Blood Cell (RBC) membrane oxidative status
(increase of [malondialdehyde (MDA)] and [4-hydroxynonenal (HNE)] to mem-
brane protein ratio) is increased by high levels of blood cholesterol, but selectively
by hypertriglyceridemia [4, 5]. It is known that creatinine protects the erythrocytes
by attenuating the AAPH and H2O2 induced alterations [5]. This protective effect
was confirmed by electron microscopic analysis which showed that oxidant-
induced cell damage was attenuated by creatinine. Thus, creatinine can function as
a blood antioxidant, protecting cells from oxidative damage, genotoxicity and can
potentially increase their lifespan. Another paradoxical antioxidant is uric acid. Uric
acid is an organic molecule of natural origin. Urate is formed as a byproduct in
living mammalian organisms higher in purine metabolism. It belongs to the group
of oxypurines and is formed from a pyrimidine ring (α) condensed with an imidaz-
ole ring (β). Uric acid, despite being a major antioxidant in the human plasma, both
correlates and predicts development of obesity, hypertension and cardiovascular
disease, conditions associated with oxidative stress [6]. While one explanation for
this paradox could be that a rise in uric acid concentration represents an attempted
protective response by the host, we review the evidence that uric acid may function
either as an antioxidant (primarily in plasma) or pro-oxidant (primarily within the
cell). We suggest that it is the pro-oxidative effect of uric acid, that occurs in
cardiovascular disease and may have a contributory role in the pathogenesis of this
condition. Then finally there are the Polyunsaturated fatty acids. Polyunsaturated
fatty acids (PUFAs) are fatty acids that contain more than one double bond in their
backbone. This class includes many important compounds, such as essential fatty
acids and those that give drying oils their characteristic property. Fatty acid com-
position and susceptibility to lipid peroxidation induced in vitro by (AAPH) were
evaluated in human RBC membranes on days 30 and 180. n-3 PUFA treatment
increased eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) concen-
trations in RBC membranes in a time-dependent manner in all of the n-3 PUFA
groups. These modifications occurred with concomitant dose- and time-dependent
increases in the membrane unsaturation index. After 30 d of treatment with n-3
PUFAs, significantly increased in RBC membranes of the intermediate- and high-
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dose groups. Because of the higher concentration of this antioxidant in these
groups, the susceptibility of RBC membranes to peroxidation was decreased. How-
ever, after 180 d of treatment, to baseline values and AAPH-induced lipid peroxi-
dation increased in a dose-dependent manner. These results show that high doses of
dietary n-3 PUFAs, as well as long-time treatments, affect human RBC susceptibil-
ity to lipid peroxidation by changes in fatty acid composition content [7].

2. Study on powerful antioxidants

2.1 Study on resveratrol

The reducing agent treatment efficacy was observed by evaluation of anion
permeability for chloride, lipid peroxidation and hemolysis in RBCs. Anion perme-
ability for chloride is an indicator of membrane protein damage and is evaluated in
RBCs by the specific absorption of methemoglobin (CM) at 590 and 635 nm after
treatment of heparinized blood with NaNO2. The measurement of the membrane
lipid degradation is obtained by the determination of MDA. The lipid peroxidation
susceptibility is observed after the oxidative stress induced by AAPH. The hemoly-
sis assays are conducted on blood samples in phosphate buffer saline. To evaluate in
human RBC the in vitro effects of AAPH and the antioxidant activity of polyphenols
from red wine (resveratrol, catechin and naturally red wine), authors start the
research evaluating RBC anion permeability for chloride. Figure 1 shows the values
of membrane anion permeability for chloride in both groups (controls and AAPH-
treated RBCs). The statistical analysis of data shows that AAPH in vitro treatment
lowers the parameter in comparison to all controls. Furthermore, the reducing agent

Figure 1.
RBC membrane anion permeability for chloride. Data are mean � standard error of the mean on 10
determinations. *P < 0.05 according to one-way analysis of variance and Bonferroni post-hoc test coupled data
at each time were performed. C = control sample,T = treated sample [8] C1 = control; C2 = control + red wine
5, 2 mM (reducing power equivalents of gallic acid); C3 = control + resveratrol 5 μM; C4 = control + Catechin
50 μM; T1 = AAPH 60 mM; T2 = AAPH 60 mM + red wine 5,2 mM (reducing power equivalents of gallic
acid); T3 = AAPH 60 mM + resveratrol 5 μM; T4 = AAPH 60 mM+ Catechin 50 μM.
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treatment (T2-T4) also significantly recovers the activity up to values higher than
AAPH treatment. The recovery of anion permeability for chloride is always lower
than control data. Anion permeability for chloride values were slightly higher after
red wine and resveratrol treatments (as reducing agents) in both experimental
groups (controls and AAPH-treated RBCs), corresponding to a preserved architec-
ture and anion permeability for chloride of the human erythrocyte membranes. To
confirm the efficacy of oxidant and reducing treatments on human RBC in vitro
authors evaluated lipid peroxidation, hemolysis and RBC morphology. In Figure 2,
MDA levels are described in membranes from several varieties of treated and
untreated RBC with AAPH, under the action of reducing agents or without treat-
ment. On the contrary, as described in Figure 2, AAPH-induced increases of MDA
levels are partially recovered by natural reducing agents at levels almost comparable
to control the group. C2-C4 results always slow down MDA levels in RBC mem-
branes, but catechin is less effective. Red wine, among them, is almost as powerful
as resveratrol alone in both groups (controls and AAPH-treated RBCs). As shown in
Figure 3 time courses of RBC hemolyses are described at several incubation times
(60, 120, 180 and 240 min) either under the action of natural oxidative pathways or
by treatment with radical donor AAPH (60 mM). This experiment shows also the
natural reducing agents partially recover the effect of both oxidative and reducing
agent treatments. As described in all experiments, AAPH-induced hemolysis is
more relevant than in other treated samples. As described in previous experiments
(Figures 1 and 2) resveratrol and red wine polyphenol treatments are more efficient
than catechin in preserving RBC membrane structural recovery at 60 and 120 min
of incubation. In the present study, polyphenol (resveratrol and red wine) treat-
ment is associated with an improvement in erythrocyte anion permeability for
chloride-related with cell membrane derangements. The cell system exchange of
Cl� for HCO3

� represents a target of membrane oxidative damage and is evaluated
in RBCs by the specific CM at 590 and 635 nm after treatment of heparinized blood
with NaNO2. According to our research, the in vitro action model of artificial agent
AAPH on RBC plasma membranes shows that anion permeability for chloride

Figure 2.
Effects of lipid peroxidation and induced by 2.20-azobis-2 amidinopropan dihydrochloride (60 mM)
(t = 60 min) on the malonyldialdehyde levels of human RBC membranes. Data are mean � standard error of
the mean on 10 determinations. Column labels are according to *P < 0.05 and **P < 0.01 according to one-
way analysis of variance and Bonferroni post-hoc test for coupled data at each time were performed
(Figure 1).
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Figure 3.
Effect of 2.20-azobis-2 amidinopropan dihydrochloride-induced hemolysis in sportive human RBCs at several
times. Data are mean � standard error of the mean on 10 determinations. Column labels are according to
incubation times a = (60 min); b = (120 min); c = (180 min); d = (240 min). *P < 0.05, ** P < 0.01 and
*** P < 0,001 according to according to one-way analysis of variance and Bonferroni post-hoc test for coupled
data at each time were performed (Figure 1). C = Control sample,T = Treated sample (Gallo et al., 2013) C1
= Control; C2 = Control + Red Wine 5, 2 mM (reducing power equivalents of gallic acid); C3 = Control
+Resveratrol 5 μM; C4 = Control + Catechin 50 μM; T1 = AAPH 60 mM; T2 = AAPH 60 mM + Red Wine
5,2 mM (reducing power equivalents of gallic acid); T3 = AAPH 60 mM + Resveratrol 5 μM; T4 = AAPH 60
mM+ Catechin 50 μM. Of course C1 and T1 are a = (60 min). And so on, saying the others.
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(evaluated by CM [9]) decreases after treatment and is partially recovered after
administration of either resveratrol or red wine polyphenols extracts. Our data
confirm those on LDL peroxidation [10] with AAPH by MDA, hemolysis and RBC
morphology study from our laboratory [8, 11]. Moreover in the present work all
previous results are compared, so that a relationship among them is evident and
correlate each other, so that the action of red wine polyphenol extracts are demon-
strated as effective reducing agents both alone and in mixture. MDA, hemolysis and
RBC morphological study confirmed the resveratrol and red wine efficacy on
improvement of RBC membrane integrity against in vitro oxidative stress damages.
The described damages could be linked to the erythrocyte membrane framework, so
a lack of adequate lipid organization can significantly influence ion permeability.
The alteration of membrane fluidity consequent to lipid oxidation represented by
MDA level increase can reflect the change of the structure and function of mem-
brane lipids and proteins. The permeability is another important property of eryth-
rocyte membrane. Depending on the exchanger (Cl� $ HCO3

�), that transports
anions across the membrane, it is related to the framework of erythrocyte mem-
brane. To sum up, the alteration of anion permeability can reflect the change of
erythrocyte membrane protein framework. Moreover, our results could describe
the overall effect of the three described alterations together.

2.2 Study on 4-hydroxytyrosol

The assay (ALDetectTM Lipid Peroxidation assay kit) is designed to measure
either MDA alone (in hydrochloric acid) or MDA in combination with 4-
hydroxyalkenals (in methanesulfonic acid).

So we have TOT = MDA + HNE and then TOT-MDA = HNE. The assay is based
on the reaction of a chromogenic reagent, N-methyl-2-phenylindole (R1) with
MDA and 4-hydroxyalkenals to yield a stable chromophore with maximal absor-
bance at 586 nm at 45°C. One molecule of either MDA or 4-hydroxyalkenal reacts
with 2 molecules of reagent R1 to yield a stable chromophore with maximal absor-
bance at 586 nm. For simultaneous determination of MDA and 4-hydroxyalkenals,
one must use the procedure utilizing methanesulfonic acid (MSA) as the acid
solvent. The procedure in which HCl is used will only detect MDA, since the 4-
hydroxyalkenals do not form a chromophore with reagent R1 under those condi-
tions. Interestingly, in addition to the 586 nm chromophore, 4-hydroxyalkenals
gave a second chromophore with maximal absorbance at 505 nm and alkanals
produced a single chromophore with maximal absorbance at 505 nm. The concen-
tration of reducing agent is chosen according to literature data [12]. Reducing agent
is provided from Sigma Chemical Co. (St. Louis, MO, USA) and used at the final
concentration of 80 μM for 3 h at 37°C.In vitro 4-hydroxytyrosol treatment to
evaluate the membrane lipids reducible by this phenol. As described in Figure 4a
and b the level of oxidation products of membrane lipids are referred as μM of MDA
or HNE. MDA levels are always ten times those of HNE as referred in right-hand
scale. In Figure 4a and b the scales are quite different (for instance: 0.00 /0.85 in A
and 0.000/0.033 in B for MDA). We can also observe that MDA levels of patholog-
ical samples are slightly higher than control ones but HNE levels of pathological
samples are four times those of control ones. After the 4-hydroxytyrosol action both
lipid metabolites substantially decrease. The mean values of total membrane protein
levels in our casuistry are described in Figure 4. It is evident that for the two dosed
substances each group of data is significantly different (P < 0.001) from the other
ones. In Figure 5 are reported the total levels of MDA + HNE per milligram of total
membrane proteins of RBC ghosts. As described the total oxidized lipid levels in
RBC ghost membranes almost doubled in pathological samples in comparison to
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control ones. This shows that even if total membrane proteins dramatically increase
in hypertriglyceridemic patients, also total oxidized lipids sufficiently increase in
such samples so that ratio between patients RBC oxidized lipids to membrane pro-
teins is always doubled. Such partial compensation of lipids in comparison to pro-
teins from RBC membrane could be explained as an attempt of RBC metabolism to
partially compensate ghost structure damages by oxidative stress. The ratio of total
oxidized lipids to membrane proteins before and after 4-hydroxytyrosol treatment
are referred in Figure 5. After 4-hydroxytyrosol treatment, the ratio of oxidized

Figure 4.
Human RBC membrane concentration of MDA and HNE (μM absolute concentration in membrane samples)
from controls and hypertriglyceridemic patients (A) and the same samples treated with 4-hydroxytyrosol
(80 μM) (B). It is evident that for the two dosed substances each grouped data are significantly different for
P < 0.001 by two ways ANOVA and Bonferroni post hoc test. *P < 0.05; **P < 0.01, and ***P < 0.001.
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lipids to total membrane proteins decreases even more, but the values in our con-
trols are always lower than in hypertriglyceridemic patients. The mean values of
ratio of oxidized lipids (MDA + HNE) and membrane proteins in our casuistry are
described in Figure 5. It is evident that the two groups of data are significantly
different (P < 0.001). Neither Vitamin E nor Vitamin C are used because their
ultraviolet–visible (UV–Vis) spectra superimpose to HNE determination method
interfering with their evaluation. The structures most exposed to the damaging
action of radicals are the lipid structures constituting the cellular and nuclear mem-
branes that are subjected to destructuring. One of the most sensitive sites to damage
caused by ROS is the plasma membrane, in particular the target is at the level of
polyunsaturated fatty acids. The oxidation by ROS of lipids is called peroxidation.
Alkenals are products of lipid peroxidation while hydroxytyrosol is a powerful
reducing agent. This explains the decrease in the parameters of alkenals.

According to our data in RBC, ghosts are present both HNE and MDA products
[13]. As demonstrated by higher levels of HNE in comparison to MDA, according to
Sommerburg et al. [14] The RBC membrane preparations are obtained increasing
the efficiency of Fe2+ removal with an higher concentration of EDTA (100 mM).
Spectrophotometric method [15] to measures free HNE in human RBCs is opti-
mized for the determination of alkenals in membranes. Other kinds of reducing
agents, such as Vitamin E, are not tested because their UV–Vis spectra superimpose
to N-methyl-2-phenylindole product spectra. In membranes of hypertrigly-
ceridemic patients, the levels (triglycerides, total membrane proteins, total alde-
hydes and their ratio) are higher than in control samples. All the data decrease
relevantly (P < 0.001) after the 4-hydroxytyrosol treatment, especially those of
alkenals. In summary, lipid peroxidation is divided into two stages. Lipid Hydro-
peroxide is produced in the Early stage while Aldehydes (4-HNE, MDA) is pro-
duced in the Late stage. Lipid peroxidation consists of the radical peroxidation of a
polyunsaturated fatty acid, with the formation of the lipoperoxide radical and its
subsequent fragmentation into short-chain aliphatic and malondialdehyde com-
pounds. The oxidation of arachidonic acid occurs by means of two enzymes:
lipooxygenase and cyclooxygenase. The reaction sequence can take place under
physiological conditions involving the arachidonic acid, contained in the membrane

Figure 5.
Ratio of oxidized lipids (MDA + HNE) and membrane proteins. It is evident that all comparisons for the two
dosed substances, each group of data is significantly different for P < 0.001 by two-ways ANOVA and
Bonferroni post hoc test. *P < 0.05; **P < 0.01 and ***P < 0.001 from the others.
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phospholipids, and is triggered by the superoxide anion, which is transformed into
water producing the C-13 radical of arachidonic acid, which is followed by the
radical in C-11. This, in the presence of oxygen, generates the radical peroxide or,
by transferring the radical nature to another molecule, is transformed into stable
hydroperoxide. The radical cycloperoxide, in the presence of oxygen and due to the
effect of heat, can fragment, producing malondialdehyde (MDA) and aliphatic
compounds of a radical nature. Peroxidation, like all chain reactions, consists of an
“initiation”, a “propagation” and a “termination” stage. The consequences of an
intense peroxidation of biological membrane lipids are: loss of biological membrane
fluidity, reduction of membrane potential, increased permeability to H+ ions and
other ions and rupture and release of cellular content to the outside.

3. Study on creatinine and uric acid

The studied population consisted of 10 patients with endogenous both
hypercreatininemic hyperuricemic and ten normal subjects. The measurement of
total proteins in RBC ghosts and HNE and MDA are conducted on blood samples of
patients. The increase of MDA and HNE levels represent the elevated activities of
oxidative stress in human body. It can be seen from Figures 6 and 7 that the
increase of protein concentration in the membrane of the blood samples is

Figure 6.
Effect of blood uric acid levels on RBC membrane MDA. Each result is the main plus/minus standard error on
the mean of ten independent experiments. Results are evaluated by one-way ANOVA and Bonferroni post-hoc
test according to Graphpad prism 5.0.* p < 0.05, ** p < 0.01 and ***p < 0.001.
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associated with the rise of MDA and HNE levels. From the ratio between either
MDA levels (μM) or HNE levels and RBC membrane proteins (g/l), we deduced the
following results on the basis of Figures 8 and 9 in which we have divided samples
into 3 groups according to their blood reactive oxygen species (ROS) levels.
According to this kind of grouping, we can observe that both uric acid and creati-
nine levels have influence on the ratio either of MDA/protein or HNE/protein
contents in RBC membranes, demonstrating their protective role against oxidative
stress at low concentrations (lower than 5 mg/dL, for uric acid) and slight oxidizing
power at high concentrations (higher than 1.1 mg/dL, for creatinine), as previously
evaluated by Qasim and Mahmood [2] and even more powerful oxidant (HNE)
could act similarly. In each plot, “a valley” was observed. In this valley, it is seen
that there is a dramatically fall in μmole concentration of MDA per mg of RBC
proteins which signifies low oxidative stress activity. Thus, it suggests that if the
concentration of creatinine and uric acid is within medium range of uric acid
concentration, each of these substances would strongly express their protective role
toward oxidative stress. In Figures 6–9 one can observe that the recovery of the
curve is smooth and starts from the proximal area of Sample knot, suggesting that at
this point both Creatinine and uric acid gradually loss their protective abilities as
their concentration in the RBC membranes increase. The described results confirm
the observation on MDA levels are similar for the action of uric acid and creatinine
on ROS levels with almost parallel patterns [16–18]. An hypothetic explanation for
this paradox could be that a rise in uric acid concentration represents an attempted
protective response by the host [6]. Probably HNE data in the same experimental
conditions should parallel the similar effects of ROS on the oxidation of longer chain
lipids in human RBC membranes. The relationship between oxidation of long chain
fatty acids and the concentration of both uric acid and creatinine blood levels
according to their paradoxical action on oxidation of this kind of RBC constituents
probably are attributable to multiple mechanisms of interaction of several constitu-
ents of ROSs mixture generated in human organisms with the molecular structures

Figure 7.
Effect of blood uric acid levels on RBC membrane HNE. Each result is the mean plus/minus standard error on
the main of ten independent experiments. Results are evaluated by one-way ANOVA and Bonferroni post-hoc
test according to GraphPad prism 5.0. * p < 0.05, ** p < 0.01 and ***p < 0.001.

248

Reactive Oxygen Species



Figure 8.
Effect of blood creatinine levels on RBC membrane MDA. Each result is the mean plus/minus standard error on
the main of ten independent experiments. Results are evaluated by one-way ANOVA and Bonferroni post-hoc
test according to Graphpad prism 5.0. *p < 0.05 ** p < 0.01 and ***p < 0.001.

Figure 9.
Effect of blood creatinine levels on RBC membrane HNE. Each result is the mean plus/minus standard error on
the main of ten independent experiments. Results are evaluated by one way ANOVA and Bonferroni post-hoc
test according to GraphPad prism 5.0. * p < 0.05, ** p < 0.01 and ***p < 0.001.
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of RBC membranes as carbonylated proteins. This hypothesis shall be investigated
in further research also on other structural components of membrane. At present,
we have only data on total RBC membrane proteins.

The data from this research suggest that nitrogen metabolism, mainly creatinine,
acts upon cellular lipid metabolism, as this chemical in itself is a reductant com-
pound but at high intracellular concentrations it works as an oxidizing product, as
described by Qasim and Mahmood [2]. Creatinine metabolism can interact with
uric acid excretion by kidneys. Hyperuricemia damages kidneys where creatinine is
excreted by humans. The interaction between concentrations of creatinine and uric
acid, that is powerful scavenger of singlet oxygen, slows down the activity of
oxidative stress in human erythrocyte membranes. The contemporaneous modula-
tion of both creatinine and uric acid metabolism and their anatomical and func-
tional consequences could modulate MDA and HNE levels. Only if the
concentration of these 2 substances overcomes thresholds, they will begin to
express their harmful both oxidative and reductive activities.

4. Study on PUFAs

Currently, in the literature, there are only partial discussions on the role of lipids
and their oxidation products as intermediates of their membrane structural damage
and/or on the protective role in the same structures [19, 20]. Elevated levels of
triglycerides are associated with atherosclerosis and predispose to cardiovascular
disease [21]. Oxidative stress, i.e., an altered balance between the production of free
radicals and antioxidant defenses [22]. The peroxidation of n-3 and n-6 polyunsat-
urated fatty acids (PUFAs) and of their metabolites is a complex process. It is
initiated by free oxygen radical-induced abstraction of a hydrogen atom from the
lipid molecule followed by a series of nonenzymatic reactions that ultimately gen-
erate the reactive aldehyde species 4-hydroxyalkenals (HNE). Some authors show
that high doses of dietary n-3 PUFAs, as well as long-time treatments, affect human
RBC susceptibility to lipid peroxidation by changes in fatty acid composition con-
tent. According to experimental data, the accumulation of the alkenals in RBC
membrane could be produced either by partial PUFA oxidation contained in glyc-
erides and plasma glycerides and by glycerides into recycled plasma membrane in
RBC neogenesis (Figure 10). According to these hypotheses, the increased charge

Figure 10.
Graphical resume of main metabolic steps of fatty acids in cell membrane.
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of triglycerides in plasma forces its metabolism toward either incorporation in cell
membrane of degradative oxidation. This last pathway induces increase of oxidative
product such as alkenals and MDA. Furthermore, free alkenals can be dissolved in
lipid membrane bilayer degrading their structures. This last process favors
increased level of macromolecular assemblies in circulation that enhances microcir-
culation damage. Such last data could be studied in following works.

5. Conclusions

In the first study, it is evident that after in vitro oxidative damage of the mem-
brane, red wine polyphenol extracts are as effective reducing agents also on CM

indicator of membrane protein damages. Consequently, both red wine and poly-
phenol extracts both alone and mixed among them efficiently relieve the effects of
oxidative stress. Regarding the study on 4-hydroxytyrosol. All the data decrease
relevantly (P < 0.001) after the 4-hydroxytyrosol treatment, especially those of
alkenals. As for the creatinine and uric acid studies they this study suggest that at
low concentrations of creatinine and uric acid there is oxidative stress in human
erythrocyte membrane, but if creatinine and uric acid have slowed down to suffi-
cient limits there is also oxidative stress, as demonstrated by MDA and HNE levels;
only if the concentration of these two substances overwhelms a threshold.
According to experimental data, the accumulation of the alkenals in RBC membrane
could be produced either by partial PUFA oxidation contained in glycerides and
plasma glycerides and by glycerides into plasma membrane recycled RBC.
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ORAC Oxygen Radical Absorbance Capacity, or the oxygen radical absorption
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AAPH 2, 20-azobis (2-amidinopropane) dihydrochloride
RBC red blood cell
MDA malondialdehyde
HNE 4-hydroxynonenal
PUFAs polyunsaturated fatty acids
EPA eicosapentaenoic acid
DHA docosahexaenoic acid
ROS reactive oxygen species
CM the visible absorbance spectrum method evaluating the absorption of

methemoglobin
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Environmental Particulate Air 
Pollution Exposure and the 
Oxidative Stress Responses: A 
Brief Review of the Impact on the 
Organism and Animal Models of 
Research
Pauline Brendler Goettems Fiorin, Mirna Stela Ludwig, 
Matias Nunes Frizzo and Thiago Gomes Heck

Abstract

Particulate matter (PM) is a mixture of solid particles and liquid droplets found 
in the air, and it is one of the most harmful air pollutants. When inhaled, it affects 
the pulmonary system, cardiovascular systems, and other tissues. The size, composi-
tion, and deposition of PM, mainly related to fine and ultrafine particulate matter, 
are factors that determine the harmful effects of exposure to particles. Among the 
main effects is the inducer of ROS production, and consequently oxidative tissue 
damage in target organs and other responses, mediated by inflammatory cytokines 
and cellular stress response. The main pathway through which particles are potent 
mediators of oxidative stress is the damage caused to DNA and lipid molecules, 
whereas the pro-inflammatory response involves an immune response against PM, 
which in turn, it is related to cell stress responses observed by heat shock proteins 
(HSPs) expression and release. Thus, the ability of an organism to respond to PM 
inhalation requires anti-oxidative, anti-inflammatory, and cellular stress defenses 
that can be impaired in susceptible subjects as people with chronic diseases as diabe-
tes and obesity. In this chapter, we discuss the mechanistic aspects of PM effects on 
health and present some animal research models in particle inhalation studies.

Keywords: air pollution, fine particulate matter, oxidative stress, animal models

1. Introduction

Pollutant refers to chemical substances, particles, or toxic gases, introduced into 
the environment from various sources and that cause adverse effects to living beings 
and the ecosystem, compromising the soil, water, and atmospheric air. Atmospheric 
pollution, in turn, can be defined as any form of matter in quantity, concentra-
tion, time, or other characteristics, which make or may make the air unsuitable or 
harmful to health, inconvenient to public welfare, harmful to fauna and flora, or 
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environmental safety. Air pollution is one of the biggest environmental threats to 
human health, a condition related to human development activities and climate 
change agenda. In 2021, the World Health Organization (WHO) listed the improve-
ment of air quality within the top 10 health challenges of the year.

The primary sources of air pollutants are anthropogenic, which originate from 
processes carried out by industries, mining, transport, and construction. Also, 
pollutants are classified as mobile sources, which include most forms of transport, 
such as automobiles, trucks, and planes, or fixed sources, such as industrial and 
housing facilities. Another form of classification is to determine the pollutants 
that are emitted directly by polluting sources, called primary pollutants, such as 
particulate matter (PM), sulfur dioxide (SO2), nitrogen dioxide (NO2), carbon 
monoxide (CO), or those that result from interactions with the environment, called 
secondary pollutants. Among the air pollutants mentioned, PM is the pollutant that 
has received greater emphasis in scientific research, both in epidemiological and 
experimental studies.

The term PM refers to a mixture of solids and liquid droplets suspended in the 
air [1] classified as large “coarse” particles (PM10; particles with a diameter less 
than 10 μm). PM10 represents mainly the overall mass of PM and can be derived 
from numerous sources, such as silica-based crustal particles (e.g., soil, sand, 
and volcanic ash), burning of natural materials (e.g., woodsmoke), or wear of 
machinery (e.g., vehicle braking and tire erosion). “Fine” PM (PM2.5: particles with 
a diameter less than 2.5 μm) and “ultrafine” PM (PM0.1: particles with a diameter 
less than 100 nm) are generally derived from industrial burning of fossil fuels and 
traffic-related sources [2]. PM is primarily generated by fuel combustion in differ-
ent sectors, including transport, energy, households, industry, and agriculture. In 
2013, the outdoor air pollution and PM as carcinogenic by the WHO International 
Agency for Research on Cancer (IARC) [3].

The size of inhaled particles is inversely correlated to their potential to cause 
health problems. Small particles, less than 10 μm in diameter, are the most signifi-
cant problems because they can penetrate deeply into the lungs, and some particles 
can reach the bloodstream [4]. The health risks associated with PM equal or smaller 
than 10 and 2·5μm in diameter (PM₁₀ and PM₂.₅, respectively) represent a particular 
public health relevance. Both PM₂.₅ and PM₁₀ can penetrate deep into the lungs, but 
PM₂.₅ can even enter the bloodstream, primarily resulting in cardiovascular and 
respiratory impacts and affecting other organs.

In 2005, the guidelines established by the WHO for PM2·5 concentrations went 
from 65 to 25 μg/m3 during the 24-h period and from 15 to 10 μg/m3 during the 
period one year [5]. However, guidelines may be different in each country. For 
example, in Brazil, the final air quality guidelines were established by CONAMA 
resolution No. 03/90, updated in Resolution No. 491, of November 19, 2018, which 
provides for air quality standards. Considering the levels of fine particulate matter 
(PM2·5) of 25 μg/m3 for the 24-h period and 10 μg/m3 for the annual average, the 
same was indicated by the WHO [6].

In 2021, the WHO released the update of air quality guidelines based on the 
extensive scientific evidence currently available identifying the levels of air quality 
necessary to protect public health worldwide. The updated WHO Global Air Quality 
Guidelines (AQGs) provide recommendations on air quality guideline levels and 
interim targets for six key air pollutants. Moreover, for PM, there was a significant 
reduction in the recommended levels. For PM2·5, the standard established for the 
annual average 15 years ago was reduced by half, from 10 to 5 μg/m3, and concern-
ing the exposure in the 24 h, the parameter was reduced from 25 to 15 μg/m3. About 
PM10, in the annual average, it reduced from 20 to 15 μg/m3 and the 24-h period 
values were reduced from 50 to 45 μg/m3 [7].
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To achieve these goals, the WHO has set interim targets that serve as incremental 
steps in the progressive reduction of air pollution toward the air quality guideline 
levels and are intended for use in areas where air pollution is high. These levels 
could be used by authorities in highly polluted areas to develop pollution reduction 
policies that are achievable within realistic time frames [7].

According to the IQAIR website [8], the 15 most polluted cities in the world, 
considering only PM2.5, are located in China or India (87% are Indian cities). The 
city of Hotan in China was the “champion” in 2020, with an annual average of 
110.6ug/m3 of pollution by PM2·5. China and India are part of the BRICS, a group 
formed by five large emerging countries—Brazil, Russia, India, China, and South 
Africa—representing about 42% of the population, 30% of the territory, and 18% 
of trade worldwide. In the air pollution ranking, South Africa is classified in 49th 
place, Brazil in 68th and Russia in 86th, with an annual average of 18.0, 14.2, and 9.3 
respectively in 2020, which is considered moderate (South Africa and Brazil) and 
good air quality for Russia, considering the new WHO guidelines [8].

The assessment of environmental data allows us to understand the economic, 
social, and environmental impact of pollution in both developed or developing coun-
tries, and it is crucial for planning to reduce air pollution activities. Since air pollu-
tion can affect our health in various ways, depending on the exposure time (short or 
long term), type of pollutant, concentration of polluting agents, age group, and prior 
health condition. In this way, a study published in 2017 described ambient PM2·5 as 
the fifth-ranking mortality risk factor in 2015. Exposure to PM2·5 caused 4·2 million 
deaths and 103·1 million -adjusted life-years (DALYs) in 2015, representing 7·6% 
of total global deaths and 4·2% of global DALYs, 59% of these in the east and south 
Asia. Deaths attributable to ambient PM2·5 increased from 3·5 million in 1990 to 4·2 
million in 2015. These deaths occur mainly due to stroke, heart disease, lung cancer, 
and chronic respiratory diseases [9]. Liu et al. [10], demonstrated in a study that 
evaluated particulate air pollution and daily mortality in 652 cities that an increase 
of 10 μg/m3 in the 2-day moving average of PM10 concentration was associated with 
increases of 0.44% in daily all-cause mortality, 0.36% in daily cardiovascular mor-
tality, and 0.47% in daily respiratory mortality. The corresponding increases in daily 
mortality for the exact change in PM2·5 concentration were 0.68, 0.55, and 0.74%, 
respectively. Evidencing an independent association between short-term exposure to 
PM10 and PM2·5 and daily all-cause, cardiovascular, and respiratory mortality in more 
than 600 cities across the globe, reinforcing the evidence of a link between mortality 
and PM concentration established in regional and local studies [10].

Studies have described particulate pollution exposure to various problems, 
including premature death in people with heart or lung disease; non-fatal heart 
attacks; cardiac arrhythmia; asthma; decreased lung function; increased respira-
tory symptoms such as airway irritation, coughing, or difficulty breathing. People 
with heart or lung disease, children, and older adults are most likely to be affected 
by exposure to particulate pollution [11]. In addition, sensitive groups (also called 
at-risk populations)—A term used for a category of people at increased risk of 
experiencing adverse health effects related to exposure to air pollution, may be 
at increased risk due to intrinsic (biological) factors, extrinsic factors (external, 
non-biological), increased exposure and increased levels of air pollutants. Thus, 
the severity of the health effects experienced by the sensitive groups may be greater 
than in the general population [12]. Therefore, the establishment of air quality 
standards in large cities has contributed to estimates of data that helps environmen-
tal management and community health. In parallel, many laboratories are carrying 
out research that emphasizes the mechanisms by which exposure to air pollution 
impacts human health, thus alerting the need to develop public health policies and 
stricter air quality standards.
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2. Particulate matter inhalation: characteristics and associated diseases

Among air pollutants, the one that has received greater emphasis in current 
research is fine particulate matter (PM2.5), consisting of pollutants formed from 
combustion processes [13]. Particulate matter<2·5 μm (PM2·5) is the most commonly 
implicated constituent that causes a disproportionate number of global deaths and 
contributes significantly to global disability. The global burden of disease study 
report indicated that ambient outdoor air pollution, particularly PM2·5, was the fifth 
leading risk factor for global mortality in 2015 [14].

The source of PM can be explained as either direct emission into the air or as 
conversion from gaseous precursors (such as sulfur dioxide, oxides of nitrogen, 
ammonia, and non-methane volatile organic compounds) released from both 
anthropogenic and natural sources. The chemical constituents in PM are commonly 
found to include inorganic ions (e.g., sulfates, nitrates, ammonium, sodium, potas-
sium, calcium, magnesium, and chloride) and can be expanded further to include 
all varieties of constituents such as metals (including cadmium, copper, nickel, 
vanadium, and zinc), and polycyclic aromatic hydrocarbons (PAH) [15]. The harm-
ful effects of PM2.5 on health depend on the exposure time and its concentration in 
the environment.

Ambient particles contain many soluble metals, including transition metals that 
are capable of redox cycling [16]. Transition metals are thought to be very important 
in PM cellular toxicity. The bioavailability of transition metals in PM and their redox 
properties, which are considered very important for the toxic effects and the oxida-
tive damage [17]. PM2.5 can invade the respiratory tract and vascular system [18] and 
thus cause a systemic effect, acting as a potent inducer of ROS production and the 
release of pro-inflammatory cytokines (TNF- α, IL-6, IL-8) for circulation [19, 20].

Exposure to PM can occur in many forms, as described by Thompson [21]. As 
with any chemical contaminant, components of PM may enter the human body 
by three mechanisms: inhalation, dermal absorption, and ingestion. PM can be 
ingested by the direct consumption of contaminated beverages and food and during 
the clearance of particles removed from the airways via mucociliary transport. 
Another possible route of exposure to airborne PM is impaction or deposition to 
the skin. Deposition velocities are influenced by substrate surface properties (e.g., 
roughness, wetness, temperature, surface charge) and particle size-dependent. 
Inhalation is a rather obvious route of exposure, but to better understand the 
effects, it is crucial to consider the anatomy of the human airway, patterns of 
particle size-dependent deposition, and the fate of particles that have been inhaled.

Nevertheless, mainly, the size is determinant for the deposition characteristics 
and effects of the PM. During a pollution episode, each lung acinus could receive 
on average 30-million particles and each alveolus about 1500 particles (for 24 h 
exposure), of which 50% are being deposited. Lung airways and alveoli retain 
mostly PM2.5 rather than PM10 since the last one is frequently stopped in upper 
airway anatomic structures. Also, analytical electron microscopy measurements 
showed that 96% of effectively retained particles in the lung parenchyma were 
PM2.5, and only 5% were ultrafine particles (0.1 μm), which means translocation to 
the pulmonary and systemic circulation, affecting other organs [17]. Thus, the size 
of PM and their retention play an essential role in the PM cytotoxic effects, includ-
ing the site of deposition (upper or lower airways), bio-persistence solubility, and 
its composition [14].

In the USA, studies involving residual oil fly ash (ROFA), one of the components 
of PM2.5, have helped develop and refine this theory. ROFA, or residual oil fly ash, 
is the term used to refer to the primarily inorganic residues that remain after the 
incomplete oxidation of carbon compounds. ROFA contains about 10% by weight of 
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water-soluble Fe, Ni, and V, and its intratracheal instillation in rats leads to aldehyde 
generation [16, 22].

ROFA particles are generally smaller than 2.5 μm in size and are chemically con-
sidered complex compared to other air pollution particles, as they contain sulfates, 
silicates, carbon, and nitrogen. In addition to the elements mentioned, it also has 
a large number of metals that are naturally present in fuels (petroleum, paraffin, 
and diesel oil) and remain when the volatile fraction is distilled [23]. This pollut-
ant has been used in experimental studies as a surrogate particle to investigate the 
mechanisms of responses to PM inhalation in animals [24, 25]; as it is mainly made 
up of different metals, it promotes Fenton reactions, producing reactive oxygen 
species [22].

The harmful effects of PM2.5 on human health depend on the time of exposure 
and particles concentration in the environment. As expected, repetitive and 
long-duration exposure to higher doses of PM2.5 induces cumulative and persistent 
effects. However, subchronic exposure to low doses (5 μg/day, intranasally) of 
PM2.5 in animal models is sufficient to potentiate metabolic dysfunction in high-fat 
diet-fed mice, promoting glucose intolerance and increasing fasting glycemia and 
triglyceride levels [26].

3.  The role of oxidative stress induced by PM inhalation in cells and 
tissues

Oxidative stress is described as a biochemical imbalance, which occurs when the 
production of pro-oxidants such as free radicals or reactive oxygen species exceeds 
the body’s natural antioxidant capacity, resulting in oxidative damage [27, 28] and 
consequently leading to the development of a broad spectrum of human diseases.

The main pro-oxidant agents are the reactive oxygen species (ROS), such as 
radicals, superoxide (O2−) and hydroxyl (OH−) radicals, and also some non-radical 
species derived from O2, such as the hydrogen peroxide (H2O2) [27]. Antioxidants 
can be classified as exogenous, obtained mainly through the diet, or endogenous, 
being produced by our body to avoid oxidative stress and consequent tissue destruc-
tion. Antioxidant defense systems can inhibit the oxidation of other molecules in 
the organism, transferring electrons from a substance to an oxidizing agent (ROS), 
acting in two lines: enzymatic antioxidant defenses [e.g., superoxide dismutase 
(SOD), catalase (CAT), and glutathione peroxidase (GPx)] and non-enzymatic 
antioxidant defenses (e.g., vitamins A, C, and E; glutathione, α-lipoic acid; carot-
enoids, ubiquinone or coenzyme Q10).

ROS production is inherent in all aerobic species, primarily as a product of 
mitochondrial electron transport. At physiological levels, ROS are essential for the 
regulation of critical signaling pathways involved in cell growth, proliferation, 
differentiation, and survival, but excess ROS, mainly resulting from imbalanced 
antioxidant defense and detoxification, can lead to harmful (i.e., pathological) 
oxidative stress [29].

The most important pathophysiological mechanism that has been proposed to 
explain the association of PM exposure and the occurrence of respiratory infec-
tions, lung cancer, and chronic cardiopulmonary diseases is oxidative stress through 
the generation of ROS [17]. Recent studies using different methods have consis-
tently demonstrated that peroxides and ROS are the critical mediators of particle 
toxicity [29].

The molecular events by which pulmonary oxidative stress occurs in response 
to particle inhalation involve the inflammatory process. ROS (e.g., superoxide, 
hydroxyl radical, nitric oxide, and peroxynitrite) generated in air pollution 
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exposure induces oxidative tissue damage in target organs, with contributions of 
non-immune and immune cells in the inflammatory response. The role of protective 
proteins (e.g., surfactant, proteins, and antioxidants) in this process is highly com-
plex and may differ depending on experimental models, especially in concomitant 
disease states [30].

The pieces of evidence, to date, suggest that ROS generation in response to 
PM2·5 could either involve disruption of cellular redox signaling and upregulation 
of endogenous ROS production resulting in exaggerated responses, as described in 
details in some reviews [14, 30].

Wang et al. [31] evaluated two classical mechanisms of oxidative stress and 
intracellular calcium overload to explore their roles in PM-induced endothelial 
cell apoptosis from the perspective of subcellular levels in endothelial cells. They 
showed that internalization of particles induces oxidative stress, followed by the 
disorder of subcellular structures, including endoplasmic reticulum (ER) stress, 
mitochondrial dysfunction, activated caspase pathways, which cause endothelial 
cell apoptosis. They also highlighted that antioxidants and calcium inhibitors confer 
protective effects. Also, ROS are generated during phagocytosis of the particles, 
leading to enhancement of oxidative stress and triggering the inflammatory 
response. Consequently, the activation of inflammatory signaling pathways results 
in the release of cytokines and other mediators that can further induce ROS produc-
tion by activating endogenous enzymes, leading to a positive feedback loop, which 
can aggravate the effects triggered by PM exposure [32].

In summary, it is well known that in the lungs, exposure to PM triggers inflam-
mation, endothelial activation, and oxidative stress, caused by the deposition of PM 
into the alveolar space in the lung, inducing the release of cytokines from alveolar 
macrophages. The probable sequence of events for PM-induced lung inflammation 
involves the following: injury to epithelial cells by ROS, possibly enhanced in the 
presence of metals via Haber-Weiss and Fenton chemistry; and activation of vascu-
lar endothelium and circulating leukocytes, circulating leukocytes; emigration of 
inflammatory cells from blood to tissue sites, promoting pro-inflammatory condi-
tion [32]. Moreover, even at low doses, it is also able to demonstrate early changes in 
the elastic and viscoelastic pulmonary mechanical components, such as worsening 
impedance, alveolar collapse, and histological changes, in addition to oxidative 
stress and inflammation [33].

An epidemiological study conducted by Hu et al. [34] exposed 768 participants 
to environmental levels of PM2.5, and assessed urinary levels of PAH metabolites 
and metals, and evaluated urinary 8-OHdG, a biomarker of endogenous oxidative 
damage to DNA, 8-iso-PGF2α a biomarker of excessive chemical lipid peroxidation 
in humans, and MDA for determination of lipid peroxidation levels. They discuss 
that particulate matter alone, its bound polycyclic aromatic hydrocarbons, and 
heavy metals induce increased oxidative stress on DNA and lipid [34].

Since PM can invade the bloodstream, particles exposure may also impact car-
diovascular health. Air pollution increases the risk of myocardial infarction, stroke, 
and acute heart failure. Since ROS act mainly inducing endothelial dysfunction, 
monocyte activation, and some proatherogenic changes in lipoproteins, which initi-
ate plaque formation, this context favors thrombus formation because of an increase 
in coagulation factors and platelet activation [2, 35]. In this way, animal models of 
acute exposure to higher levels of particles in chambers showed that PM oxidative 
effects are associated with autonomic nervous system imbalance, which is avoided 
by the pre-treatment with drugs acting as sympathetic or parasympathetic blockers 
by antioxidant pre-treatment [36]. In addition, exposure to particles may induce 
electric alterations on the heart [37], suggesting an explanation of the increased risk 
of myocardial infarct under inadequate air quality for susceptible subjects [38].
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In the lungs and heart, but also in other organs, oxidative stress may induce a 
cell stress response, characterized by the increased expression and release to the 
bloodstream of heat shock proteins (HSPs). High plasma levels of these proteins are 
simultaneously correlated with impaired energy balance, with an alteration in the 
pro/anti-inflammatory status and with an imbalance in the body’s pro/antioxidant 
systems, and also has been used as a biomarker of cell stress response in diseases as 
obesity, hypertension, and diabetes [26, 39, 40].

HSPs are highly conserved proteins during species evolution and are found in 
eukaryotic and prokaryotic organisms. HSPs can be grouped according to their 
molecular weights into families (HSP110, HSP100, HSP90, HSP70, HSP60, and 
HSP30). Specifically, proteins from the 70 kDa HSPs family (HSP70) are highly 
conserved [41] and have a cytoprotective role in cells, as well as present anti-apop-
totic and anti-inflammatory proprieties in various stressful conditions [42]. The 
increase in the synthesis of HSPs may show an increase in stress tolerance, prevent-
ing protein damage related to oxidative stress [43].

In this way, a study carried out by Kido et al. [44] suggested that inhalation of 
air pollution induces an increase in HSP70 in lung macrophages and also a systemic 
increase in blood HSP70 levels (a.k.a eHSP70 since it is located in extracellular 
fluids). These stress responses marked by alterations in both intracellular (iHSP70) 
and extracellular (eHSP70) suggest these proteins as a relevant immunological 
mediator that contributes to other aggravating factors (vascular dysfunction and 
cardiovascular events). For example, exposure to ROFA suspension for three con-
secutive days (750 μg) promoted an increase in plasma levels of eHSP70 associated 
with plasma oxidative stress, showing that HSP70 represents a potential inflamma-
tory and indirectly an oxidative biomarker [45].

Furthermore, a study conducted by Goettems-Fiorin et al. [26] highlights that 
exposure to the PM2·5 potentiates metabolic dysfunction in mice treated with HFD, 
associated with altered cellular stress response, assessed by the ratio [eHSP70]/
[iHSP70], called H-index, a biomarker of the low grade chronic inflammatory 
state, increasing the risk of type 2 diabetes development. The study shows a posi-
tive correlation between adiposity, increased body weight and glucose intolerance, 
and increased glucose and triacylglycerol plasma levels. And when evaluating the 
H-index in the pancreas, demonstrated that the pancreas exhibited lower iHSP70 
expression, accompanied by a 3.7-fold increase in the plasma to pancreas [eHSP72]/
[iHSP70] ratio, highlighting that exposure to PM2.5 markedly enhances metabolic 
dysfunction in HFD-treated mice.

Thus, at least in animal models, HSP70 has been used recently as a biomarker for 
early assessments of harmful health effects, such as those caused by exposure to air 
pollution [26, 45, 46]. In humans, the study of Chao et al. [47] with drivers showed 
an increase in pro-inflammatory activity, with an increase in plasma levels of TNF-α 
related to the level of pollution exposure. In terms of inflammation, exposure to 
air pollutants also promotes responses by cytokine signaling, and PM exposure is 
associated with the expression of IL1, IL6, and TNF-α [48], and the imbalance pro-
inflammatory response in immune cells is also associated with unbalanced eHSP70/
iHSP70 ratio [49, 50].

In this way, the intensity of PM2.5 exposure and its association with other risk 
factors might reduce HSP70 levels [51–53]. Independently, metabolic impaired 
condition and PM exposure may increase the eHSP70/iHSP70 ratio [26, 50, 53–55]. 
Since eHSP70 is related to increase pro-inflammatory signaling, while iHSP70 
is had anti-inflammatory roles by inhibiting NF-kB signaling for inflammatory 
mediators [42], the unbalance in eHSP70/iHSP70 ratio (increased values in favor of 
eHSP70) indicates an organism under stress condition without an effective stress 
response [39, 50, 56].
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4. Animal models of PM studies

Experimental studies to evaluate air pollution-induced oxidative stress in 
humans are challenging to perform for ethical and population heterogeneity 
reasons [29]. Thus, several experimental studies have shown the effects of exposure 
to air pollution [18, 20, 57–60], for which many models are used to assess the degree 
of exposure versus the effect produced. Also, the studies of exposure to pollutants 
in animal models, which mimic exposure to air pollution in the human population, 
enable the study of pathophysiological mechanisms by which the body develops 
numerous diseases related to air pollution.

In this way, many in vivo exposure studies models in animals have been pub-
lished, with different exposure models to atmospheric pollution. Inhalation meth-
ods are closer to mimicking the reality of human exposure, such as inhalation of 
concentrated PM (CAP) or inhalation of environmental air particulates.

In the CAP method, the exposure system uses the principle of the condensa-
tional growth of the ambient particles followed by virtual impaction to concentrate 
the aerosol and allows the particles larger than 2.5 μm in aerodynamic diameter 
removed at the concentrator inlet, and the remaining aerosol to be concentrated by 
inertial separation techniques that dispose of most of the carrier air, which enables 
delivery of concentrated streams of real-world particles to human subjects or 
laboratory animals via whole-body exposure [60].

The environmental air particles propose, the exposure of the animals to PM in 
a chamber, where the air is propelled from the environment to the inner area of 
the chamber, is frequently used [61–63]. In this model, the experimental groups 
are divided into filtered air (with a series of filters to prevent pollution from 
entering) or unfiltered (exposed/polluted group). Alternatively, this model can 
be performed by uptake urban air using a concentrator of atmospheric pollution 
particles [64–66]. The last one was used early in toxicological studies, using an 
atmospheric pollution particle concentrator developed by Harvard University [66]. 
The advantage of the chamber protocols is to submit the organism to a “real word” 
air pollution context. On the other hand, since the urban pollutants may present a 
significant variability between the days of the exposure, at least in terms of con-
centration and composition, the animals are exposed to days of higher levels and 
days with low levels of PM in the chamber [61, 62]. As a result, the biochemical and 
molecular outcomes in this model may also present a significant variability and the 
interpretation of the results can be specific for urban areas.

Other studies used intratracheal and intranasal instillation methods [26, 67, 68]. 
Intratracheal instillation should generally be considered a method for a single expo-
sure of the lungs to characterize potential toxicity [69]. The intratracheal instilla-
tion method is often used to expose animals to both soluble and insoluble particles, 
and it is a relatively inexpensive method that allows instantaneous administration 
directly into the trachea of known concentration of the pollutant under test directly 
to the lung [70]. In the intranasal instillation model, the handler restrained the 
animal (suspended by the cervical region, held with the hand on the back). Then 
the suspension in liquid (with a known concentration of pollutant) is administered 
directly into the animal’s nostril, that by apnea reflex, inhales the suspension [70, 
71]. Thus, the advantage of the intratracheal or intranasal protocols is to submit 
the organism to a controlled pollution context in terms of dose and frequency of 
exposure, adequate for toxicological studies and mechanistic studies. Also, since 
the particles may present a significant variability in terms of the composition, 
dependent on the source of particles used in the study (e.g., metal composition vari-
ability), intratracheal and intranasal protocols allow that, even if the animals are 
exposed to the same dose, but with different source particles, the studies may reveal 
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different responses. However, as limitations, these procedures may not represent a 
“real world condition”.

When compared to inhalation procedures, instillation is also easier, less expen-
sive, and incurs less health risks to the lab staff. Nonetheless, inhalation is a more 
realistic physiological approach since it better represents the natural route for PM 
exposure, and CAP inhalation remains the main one, as it is closer to simulating 
reality environmental conditions and physiological animal responses in laboratory 
PM administration [72].

A study by Curbani et al. [72] highlights that studies with intratracheal or 
intranasal instillation models PM concentrations were three orders of magnitude 
higher than the environmental ones found in megacities through acute and sudden 
exposures. And inhalation exposure protocols were closer to ambient PM concen-
trations, being one or two orders of magnitude higher than the PM concentrations 
found in megacities. Researchers must be aware, since, the discrepancy is a result 
of the experimental conditions, where most protocols are planned to reduce the 
exposure time and increase the PM concentration, thereby attempting to achieve 
the same result as long time of exposure and low PM concentrations [72].

The models described above are complementary in the information about 
environmental pollution’s impact on health. The development of models to assess 
exposure to air pollution within cities, to attribute the health risks produced is a 
priority for future research. The mechanisms of harmful health effects related to 
exposure to pollution are not fully elucidated in clinical and epidemiological stud-
ies, raising questions about how pathologies develop and why exposed individuals 
become more susceptible to certain conditions. The integrative view of epidemio-
logical, clinal, and animal studies is required to elucidate the fundamental problem 
of air pollution. To reach this goal, animal models that mimic exposure to air 
pollution effects are appropriate to elucidate the pathophysiological mechanisms by 
which the body develops numerous diseases. These studies are complemented by in 
vitro, in silico models to explain toxicological aspects. Studies using these exposure 
models have effectively related the damage caused by air pollution to the develop-
ment of chronic diseases, whether respiratory, cardiometabolic, or neurodegenera-
tive, highlighting mainly the physiological effects produced for the aggravation of 
these conditions [73].

5. Conclusion

Experimental and epidemiological studies have shown evidence of the harmful 
effects of exposure to air pollution, especially by PM. The effects caused by such 
particles depend on their composition, the exposure time, and the particle size, 
with emphasis on fine and ultrafine particles due to their multisystemic action. 
Animal models of PM exposure revealed clearly the pathophysiological mechanisms 
at the systemic and cellular levels, and the choice of the experimental protocol 
needs to be clear in terms of the source of the pollutant, dose, and representability 
of toxicological or real word aspects. Complementarily, animal studies highlighted 
that the increase of air pollution levels induces responses by oxidative stress, which 
is an initial mediator of inflammatory processes and helps to elucidate such mecha-
nisms and contribute to the establishment of stricter policies to control emissions 
and air quality.
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Chapter 15

Advanced Oxidation Processes
(AOPs) – Utilization of Hydroxyl
Radical and Singlet Oxygen
Pavel Krystynik

Abstract

Considering the nature of organic contaminants in water, methods of their
oxidative decomposition seem to be most appropriate for their removal from con-
taminated water. There are a lot of methods of chemical oxidation, however,
Advanced Oxidation Processes (AOPs) seem to be the most suitable technologies
for organic contaminants removal. AOPs belong to a group of processes that effi-
ciently oxidize organic compounds towards harmless inorganic products such as
water or carbon dioxide. The processes have shown great potential in treatment of
pollutants of low or high concentrations and have found applications for various
types of contamination. The hydroxyl radical (•OH) is oxidizing agent used at AOPs
to drive contaminant decomposition. It is a powerful, non-selective chemical
oxidant, which reacts very rapidly with most organic compounds. Another strong
oxidizing agent, singlet oxygen, can be generated by photosensitization of phthalo-
cyanines. Phthalocyanines are molecules based on pyrrol structures connected
mainly with methionine groups (–CH=) having a metallic central atom. Illumina-
tion upon specific wavelengths initiates formation of singlet oxygen that attack
organic contaminants.

Keywords: hydroxyl radicals, singlet oxygen, advanced oxidation processes,
photosensitization, oxidation

1. Introduction

Considering the nature of contaminants, chlorinated hydrocarbons and other
groups of organic compounds belong to the group of chemicals that have widely
been used in the past due to their environmental persistence and toxicity their use
has been prohibited and became greatly controlled [1–7]. They can be decomposed
by many chemical oxidation processes among which Advanced oxidation processes
(AOPs) prevail. AOPs represent a group of methods of chemical oxidation in liquid
phase which are employed to destroy organic compounds. AOPs were developed in
order to oxidize organic compounds that can be resistant or which are able to
deactivate traditionally used biological stage at sewage disposal plants (these com-
pounds are non-biodegradable) including also pharmaceutical residues [8, 9]. If the
final results of chemical oxidation are just inorganic products, such as CO2, H2O and
other harmless inorganic compounds, we talk about complete mineralization or
total oxidation. AOPs are employed to replace standard oxidation technologies, such
as oxidation with KMnO4, K2Cr2O7 and Na2S2O8 because they can oxidize many
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organic compounds only partially [10]. Those oxidants can also serve as secondary
source of pollution, e.g. hexavalent chromium ions are environmentally non-
friendly. Some of the AOPs can also be based on sulphate chemistry combined with
UV irradiation or photochemical processes combined with electrochemical
processes [11, 12]. The effectiveness of oxidation agents is given by their standard
oxidation potentials that were listed in Table 1 in Section 2.1.3. AOPs comprise
several common features that can be briefly described as follows: [13–17].

• Hydroxyl radicals OH• are employed as reactive oxidizing agent without any
restrictions to reaction mechanisms.

• OH• attack is very fast; Rate constant reaches values of 109 mol�1 dm3 s�1.

• OH• attack reveals very low selectivity; It gives very high assumption for wide
utilization of AOPs for water treatment containing non-biodegradable organic
compounds.

• AOPs can effectively work at ambient pressure and temperature; It brings
savings in process cost.

• OH• can be generated by various methods; It gives flexibility to utilization of
AOPs for solving of various practical problem.

The main disadvantages of AOPs are relatively high treatment costs and special
safety requirements because of the use of very reactive chemicals (ozone, hydrogen
peroxide), etc. and high-energy sources (UV lamps, electron beams, etc.). Attention
is also paid to low energy sources, such as UV LED [18]. Among AOPs the following
processes can be categorized: Fenton oxidation (Fe2+/H2O2); Fenton-like oxidation
(Fe3+/H2O2); photo assisted Fenton (Fe2+/3+/H2O2/UV); photocatalysis (TiO2/hv/
O2); ozone systems (O3/H2O2, O3/UV), UV photolysis (UV/H2O2). It is favorable to
treat wastewaters with maximum content of COD = 10 to 15 g/L (chemical oxygen
demand) [19]. For higher values of COD, other oxidation methods are usually
applied as can be seen in Figure 1.

Oxidative species Reaction E°[V]

Fluorine F2 + 2H+ + 2e ̄⇌ 2 HF (aq) 3.03

Hydroxyl radical OH• + H+ + e ̄⇌ H2O 2.8

Singlet oxygen 1O2 + 2H+ + 2e ̄⇌ H2O 2.42

Ozone O3 + 2H+ + 2e ̄⇌ H2O + O2 2.07

Sodium persulfate S2O8
2� + 2e ̄⇌ 2 SO4

2 ̄ 2.01

Hydrogen peroxide H2O2 + 2 H+ + 2 e ̄⇌ 2 H2O + O2 1.78

Hydro peroxide radical 2 HO2• + 2 H+ + 2 e ̄⇌ 2 H2O + O2 1.7

Potassium manganite MnO4
� + 8H+ + 5e ̄⇌ Mn2+ + 4H2O 1.68

Chloride (IV) oxide ClO2 + 4H+ + 5e ̄⇌ Cl ̄ + 2H2O 1.57

Potassium dichromate Cr2O7
2� + 14H+ + 6e ̄⇌ 2 Cr3+ + 7 H2O 1.38

Chlorine Cl2 + 2e ̄⇌ 2 Cl ̄ 1.36

Dissolved oxygen O2 (g) + 4H+ + 4e ̄⇌ 2 H2O 1.22

Table 1.
Standard redox potentials of some typical oxidative species [13].

272

Reactive Oxygen Species



Significance of the AOPs’ usage in water treatment is supported by existing regis-
tered trademarks like ULTROX®, RAYOX®, UVOX®, ECOCLEAR®. Trademarks
ULTROX®, RAYOX®, UVOX® are ex-situwater remediation technologies utilizing
ultraviolet irradiation and ozone used by company Ultrox International in California,
US [20]. ECOCLEAR® is a heterogeneous catalytic ozonation process [21].

A brief summary of oxidative species used for chemical oxidation is briefly given
in Table 1. The oxidative species are arranged according to their standard redox
potentials. Standard redox potential describes capability of certain oxidizing agents
for oxidation reaction. The higher the redox potential is revealed, the stronger the
oxidizing agent is.

2. Fenton oxidation

Fenton oxidation is the most traditional method of AOPs. It was invented by
Henry John Horstman Fenton in 1890 [22]. He discovered oxidation with reagent
containing Fe2+ and hydrogen peroxide. The OH• production occurs by means of
H2O2 addition to the solution containing Fe2+ salts:

Fe2þ þH2O2 ! Fe3þ þ OH̄þ OH• (1)

This is a very simple way of producing OH• requiring neither special reactants
nor special reaction apparatus. Iron is naturally very abundant and non-toxic ele-
ment to the environment. Hydrogen peroxide is also environment friendly chemical
and easy to store and handle. It was pointed recently that at low values of pH = 2,5–3
Fe3+ salts are reduced to Fe2+ and reaction becomes Fenton-like [23]. It is described
by Eqs. (2) and (3):

Fe3þ þH2O2⇌Hþ þ FeOOH2þ (2)

FeOOH2þ ! HO2•þ Fe2þ (3)

Fenton oxidation also exists in several modifications. One of them is the photo
assisted Fenton reaction. It is the classical Fenton reaction enhanced by presence of

Figure 1.
Suitability of water treatment technologies according to COD contents [12].
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UV–VIS irradiation [24, 25]. It utilizes a product yielding from reaction (2) and
upon irradiation it yields Fe2+ ions and OH• as described by reaction (4).

Fe OHð Þ2þ þ hν ! Fe2þ þOH• (4)

There are also other modifications of Fenton-like reactions, e.g. electro-Fenton,
nano-Fenton utilizing graphene oxide wrapped nanoparticels of Fe3O4 [26, 27] and
various modifications.

3. Photocatalytic processes

Photocatalytic processes employing semiconductor metal oxides have been the
target of research interest for more than 30 years [28]. Many types of catalysts were
tested and TiO2 revealed many interesting properties (high stability, good perfor-
mance and low cost) for organic compounds degradation [29, 30]. Triggering
mechanism of TiO2 photocatalysis is ultraviolet light absorption resulting in
formation of electron–hole pairs.

TiO2 þ hν ! ēþ hþ (5)

Electrons are capable of interaction with dissolved oxygen yielding superoxide
radicals, and the holes are capable of oxidizing water molecules or hydroxyl anions
adsorbed on the TiO2 surface to reactive OH• radicals.

TiO2
hþ� �þH2O ! TiO2 þ OH•þHþ (6)

TiO2
hþ� �þOH ̄ ! TiO2 þOH• (7)

Reactions 6 and 7 are of great importance in oxidative degradation of processes
due to high concentration of H2O and OH ̄ adsorbed on the catalyst surface. Great
interest is also put on the exploitation of solar spectrum with TiO2 but overlap
between TiO2 absorption spectra and solar spectrum is quite low [31, 32]. The
emphasis is also laid on doping of TiO2 with various metals [33, 34]. TiO2

phtoocatalysis is also combined with SiO2 or Al2O3 for enhancing
photodegradability of organic compounds utilizing adsorption as synergistic effect
[35, 36].

4. Ozone water system

Ozone utilization for water purification is another well-known technology [37].
Ozone is understood as one of the most efficient oxidizing agents. As can be seen in
Table 1, it is on the fourth position right after fluorine, hydroxyl radical and singlet
oxygen. Ozone utilization can be intensified by addition of hydrogen peroxide and/
or exploiting UV irradiation. Ozone water systems with H2O2 and/or UV require
alkaline environment [14, 16].

O3 þH2Oþ hν ! O2 þH2O2 (8)

2 O3 þH2O2 ! 2 OH•þ 3 O2 (9)

Another oxidation process utilizing ozone is Mn2+/(COOH)2/O3 that is capable
of hydroxyl radical production under gently acidic conditions (at pH > 4). Under
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acidic conditions Mn(III) dioxalate and Mn(III) trioxalate are formed. Hydroxyl rad-
icals are produced by reaction between manganese complexes and ozone [16, 38].
The decomposition of ozone is accompanied with hydroxyl radical generation and
this decomposition is initiated by the presence of OH ̄.

5. Hydrogen peroxide photolysis

Hydrogen peroxide photolysis by ultraviolet light (UV-C/H2O2) is one of the
most effective AOPs. The UV-C/H2O2 system is based on the decomposition of
hydrogen peroxide towards hydroxyl radicals using ultraviolet irradiation with
wavelengths below 280 nm [39]. The mechanism of hydroxyl radical formation is
understood as homolytic cleavage of hydrogen peroxide molecule yielding two
radicals from one hydrogen peroxide molecule. On the contrary hydrogen peroxide
has a small absorption coefficient (18.6 M�1 cm�1 at 254 nm) and consequently the
utilization of UV-C light source is decreased when organic compounds act as optical
filters8. The cage effect of water molecules also decreases the efficiency of hydroxyl
radical generation [15, 16]. There are also studies reporting on hydrogen peroxide
photolysis upon 308–465 nm [40].

5.1 Hydrogen peroxide

It is a colorless, odorless, weakly acidic liquid similar to water having higher
density and viscosity. It is miscible with water in all proportions. Hydrogen perox-
ide is a versatile oxidant that is effective over the whole pH range with relatively
high oxidation potential (E0 = 1.763 V at pH = 0, E0 = 0.878 V at pH = 14) and water
is the only co-product. [41].

Hydrogen peroxide can oxidize a broad variety of inorganic and organic sub-
strates in liquid-phase reactions under mild reaction conditions. In industry H2O2 is
used as an efficient bleaching agent in place of chlorine containing agents. Owing to
its low molecular weight hydrogen peroxide is a more efficient oxidizing agent than
other oxidants, such as nitric acid and sodium hypochlorite. H2O2 is an environment
friendly compound since it decomposes towards water and oxygen (10). That
makes it one of the cleanest and most versatile chemical oxidants available [42].
Hydrogen peroxide decomposition towards oxygen and water is intensified by
increasing the temperature. Decomposition also occurs when hydrogen peroxide is
exposed to metals.

2 H2O2 ! 2 H2Oþ O2 (10)

The first historical preparation of hydrogen peroxide was performed by Luis
Jacques Thenard in July, 1818 [43]. In the 1950’s production of hydrogen peroxide in
industrial scale started to be performed by anthraquinone way [44]. The main
stages of the process are (Figure 2):

• Hydrogenation of anthraquinone.

• Oxidation of the resulting anthraquinol.

• Extraction of hydrogen peroxide solution.

• Purification and concentration of hydrogen peroxide.
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The 2-ethyl derivate of anthraquinone is generally used in the process. A solu-
tion of the 2-ethylanthraquinone in a multi-compound mixed solvent system
containing a non-polar hydrocarbons and polar solvents is hydrogenated using
hydrogen. A suspension of a nickel or palladium based catalyst on a solid support is
used. The reaction yields 2-ethylanthraquinol. Level of hydrogen feeding must be
carefully controlled otherwise hydrogenation of aromatic rings occurs and
undesired products are obtained. The catalyst is separated from the reaction mix-
ture by filtration and it is recycled. The solution of 2-ethylanthraquinol is then
oxidized by air to hydroperoxide, which reacts in water to reform 2-
ethylanthraquinone and it produces a dilute solution of hydrogen peroxide. Thus
the overall equation of hydrogen peroxide production is very simple:

H2 þ O2 ! H2O2 (11)

The demonstrative reaction scheme for anthraquinone process is shown in
Figure 3: Illustrative reaction scheme of hydrogen peroxide production:

Water is added to extract the peroxide as an aqueous solution containing 35%
w/w solution of hydrogen peroxide. The organic solvent layer is recycled to the
hydrogenation unit for further reaction. The aqueous hydrogen peroxide solution is

Figure 2.
Anthraquinone and 2-ethylanthraquinone.

Figure 3.
Illustrative reaction scheme of hydrogen peroxide production from anthraquinone process [45].
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treated with organic solvents and by air being pumped through to remove residual
2-ethylanthraquinone and solvents and produce the standard 35% product. Some
applications require higher concentration product which is produced by vacuum
concentration or distillation to concentrations of up to 70%.

Hydrogen peroxide in its purest form is inherently stable. However, if brought
into contact with certain contaminants (mainly heavy metals) it can decompose
according to Eq. (10). Typical additives enhancing stability of produced H2O2 are
sodium compounds like stannate (IV) (which hydrolyzes to tin(IV) hydroxide),
sodium citrate, sodium dihydrophosphate and various phosphates [46]. They act by
complexing with any traces of transition metal ions present which would otherwise
catalyze the decomposition of hydrogen peroxide. Acetone hydrogenation yielding
propan-2-ol is an alternative to the use of 2-ethylanthraquinone. Oxidation of
propan-2-ol yields hydrogen peroxide and acetone that is brought back to the
beginning of the process.

5.2 Mechanism of hydrogen peroxide photolysis

The simplified mechanism of hydrogen peroxide decomposition is described as
follows: [47].

H2O2 þ hν ! 2 OH• (12)

OH•þH2O2 ! HO2•þH2O (13)

HO2•þH2O2 ! OH•þH2OþO2 (14)

2 HO2• ! H2O2 þ O2 (15)

HO2• ! O2•̄þHþ (16)

1=2 O2•̄þH2O ! H2O2 (17)

1=2 O2•̄þH2O ! 2OH• (18)

The homolytic cleavage of hydrogen peroxide molecule yielding two hydroxyl
radicals is described by Eq. (12). A certain part of hydroxyl radicals reacts with the
hydrogen peroxide molecule yielding hydroperoxide radicals (Eq. 13). Hydroper-
oxide radical then reacts with hydrogen peroxide yielding the desired hydroxyl
radicals (Eq. 14). Eq. (15) shows radical recombination that can lead back to the
hydrogen peroxide. Also superoxide radicals can be produced from hydroperoxide
radicals. Superoxide radicals can be then transformed into hydrogen peroxide or
hydroxyl radicals in water environment (Eqs. 17 and 18). However, superoxide
radicals appear in the reaction system utilizing hydrogen peroxide decomposition in
much lower extent [48, 49].

Hydroxyl radicals produced by reactions (12) to (14) can attack organic mole-
cules and decompose them through various reaction intermediates towards inor-
ganic products, such as CO2, H2O and relevant mineral acids. The formation of
hydroxyl radicals increases when more alkaline conditions are used. Presence of
hydroxyl anions causes formation of peroxide anion which reveals the molar
absorption coefficient of 240 M�1 cm�1. Photolysis of HO2 ̄ anions leads to
additional formation of hydroxyl radicals [50].

H2O2 þOH̄ ! H2OþHO2 ̄ (19)

2HO2 ̄þ hν ! 2 OH•þ O2 (20)
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5.3 Reaction mechanism of hydroxyl radicals with organic molecules

The hydroxyl radical is a particle with very low lifetime period but very high
reactivity. Mechanism of organic molecule attack is dependent on the type of
organic molecule. In general, there are three possible simplified mechanisms: [13].

• Attack accompanied with hydrogen abstraction.

• Attack accompanied with electron transfer.

• Attack in terms of electrophilic addition.

The hydroxyl radical generated by direct hydrogen peroxide photolysis reacts
with aliphatic organic compounds to produce an organic radical (R•). These radicals
react quickly with dissolved oxygen yielding the organic peroxyl radical (RO2•)
initiating subsequent thermal oxidation reactions.

RHþOH• ! H2Oþ R•TiO2 þ hν ! e ̄þ hþ (21)

R•þ O2 ! RO2• (22)

Subsequent thermal reactions are of three types: [13, 51].

• Heterolysis and generation of organic cations as well as superoxide anion.

• 1,3-Hydrogen shift and homolysis into hydroxyl radicals and carbonyl
compounds.

• Back reaction to R• and O2.

The second mechanism of reaction is accompanied by electron transfer.
Reduction of hydroxyl radicals to hydroxide anions by an organic compound is of
particular interest in the decomposition of halogenated hydrocarbons.

RXþOH• ! RX•þ þOH ̄ (23)

The third possible mechanism is employed when organic molecules with
multiple bounds react with hydroxyl radicals. This mechanism works either with
aliphatic or aromatic hydrocarbons and runs similarly as electrophilic addition
(Figure 4).

Electrophilic addition is of particular interest for an interpretation of the rapid
dechlorination of chlorinated phenols yielding chloride ions. One possible pathway
could in fact consist of an electrophilic addition of the hydroxyl radical to the
aromatic ring and of subsequent fragmentation of the chlorohydrol intermediate
followed by the ring opening (Figure 5).

Figure 4.
Reaction scheme of electrophilic addition.
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5.4 Advantages and limits

The use of hydrogen peroxide as an oxidant brings a number of advantages in
comparison to other methods of chemical or photochemical water treatment:
[14–16].

• Infinite solubility in water.

• No mass transfer problems associated with gases (for example ozonation).

• Two hydroxyl radicals are formed for each molecule of H2O2 photolyzed.

• Peroxyl radicals are generated after HO• attack on most organic substrates,
leading to subsequent oxidation reactions.

• Minimal capital investment, very cost-effective source of hydroxyl radicals,
and simple operation procedure.

• UV irradiation is capable of photolytic degradation of some compounds; Only
addition of hydrogen peroxide leads to total oxidation.

There are, however, also obstacles encountered with the UV-C/H2O2 process:
[52, 53].

• The rate of chemical oxidation of the contaminant is limited by the rate of
formation of hydroxyl radicals.

• Molar absorption coefficient of H2O2 at 254 nm is only 18,6 l�mol�1�cm�1. It
causes decrease of irradiation in cases where organic substrates act as inner
filters.

• Higher rates of HO• radical formation may, nevertheless, be realized by the
use of Xe-doped Hg lamps having a strong emission spectra in the region of
210–240 nm, where H2O2 reveals a higher molar absorption coefficient.

• Post-treatment of residual H2O2 might be required.

• UV light penetration is negatively affected by increasing turbidity.

The main disadvantage of oxidative processes using hydroxyl radicals as an
oxidizing agents can be found in efficient trapping of HO• radicals by HCO3 ̄ and
CO3 ̄ ions [54]. Hydroxyl radical is nonselective and, thus, can be exhausted by the
presence of organic or inorganic compounds other than the contaminants of the
main concern.

Figure 5.
Example of 4-chlorophenol attack with hydroxyl radical.
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HO•þHCO3 ̄ ! H2Oþ CO3•̄ (24)

HO•þ CO3
2 ̄ ! HŌþ CO3•̄ (25)

Carbonate and hydrocarbonate ions act then as scavengers of hydroxyl radicals.
Similar observations were also made for ammonia [55]. Although, the generated
carbonate radical anion has been shown to be an oxidant itself. Its oxidation
potential is, however, significantly lower than that of the HO• radical [56].

5.5 Reactors for UV-C/H2O2 oxidations

Most conventional UV reactors are often available in tubular arrangements and
can either be an open channel or a closed vessel [57]. For large scale operation of
these reactors, multistage arrangement (reactors in series) is recommended [58].
Ideal characteristic features of the tubular reactor arrangements are uniform flow
through the inside of the reactor, high length-to-width ratio, flow from the bottom
to the top48. Production of UV irradiation requires energy to supply UV lamps. Low
and medium pressure mercury vapor lamps are considered to be the suitable option
[59]. Another possible option is to use pulsed UV xenon arc lamps [60]. Low
pressure lamps emit their maximum energy photons at wavelength of 254 nm,
while medium pressure lamps emit photons with wavelengths ranging from 180 to
1370 nm with maximum between 200 and 400 nm [61].

Typically, low-pressure lamps are closed in a quartz sleeve to separate the water
stream from the lamp surface or alternatively the treated water can flow through
the quartz tube surrounded by UV lamps [62, 63]. Although Teflon sleeves are also
an alternative to quartz sleeves, quartz sleeves absorb only 5% of the UV radiation,
while Teflon sleeves absorb 35% [59]. The UV lamps can be arranged in different
ways in the reactor, depending on the required scale. A system designed for large
scales (water flows over 1000 m3/h), would typically consist of one single reactor
vessel equipped with several UV lamps arranged perpendicularly or parallel to the
water flow [64]. The more water needs to be treated, the more lamps and possibly
more reactors in series are recommended. Generally, no or simple cooling system is
required for systems handling large volumes of effluent, since heat transfers from
the lamps are usually low (<1°C) [65].

Hydrogen peroxide introduction into the treated water is one of the most critical
points of the oxidation process. It must not come to the contact with any metallic
parts otherwise undesired decomposition of H2O2 is initiated. The reaction rate
between hydrogen peroxide and organic compound determines the point of the
H2O2 addition [66]. A good homogenization of reaction mixture must be ensured.
The simplest method of hydrogen peroxide dosing is the gravity feed through
mixing valve but this method is rather difficult to control the rate of dosing.
Another easy option is the pump feeding which is very easy to maintain and to
control the rate of hydrogen peroxide dosing. For water treatment 30–50% H2O2

solutions are recommended. Higher concentrations (≈ 70%) would increase the
reaction rates, but these are not already safe because they can produce detonable
mixtures upon storage [67].

5.6 Perspectives of AOPs

Many AOP processes use UV radiation, but alone UV/O2 photooxidation is
generally effective when using ionizing (energy>5 eV) or polychromatic UV radia-
tion. The energy of UV-A and UV-B radiation is for degradation of most organic
substances by direct photolysis insufficient. The low-pressure mercury lamp is a

280

Reactive Oxygen Species



source of UV-C radiation with a wavelength of 253.7 nm, which is itself for removal
most organic pollutants only partially effective. Therefore, this source is often
combined with H2O2, O3 and also with catalysts Fe2+, Fe3+ Mn2+ or TiO2 in practice.
The use of photolysis in application of polychromatic radiation, such as available
medium-pressure mercury lamp (emitting radiation in the area 254–400 nm) can
also be applied. This approach reveals advantages of both generations of radicals
OH•, as well as for the direct excitation of organic molecules absorbing in UV
region, such as benzene, toluene, xylene, dinitrotoluene or chlorophenols. How-
ever, the oxidation reaction rate of the pollutant tends to increase with increasing
concentration of hydrogen peroxide, which is a source of OH radical. The H2O2

concentration must be carefully optimized because reaction system overdosed with
H2O2 will result in undesired decomposition towards H2O and O2. Also, natural
presence of scavenging ions may decrease applicability of the process.

6. Phthalocyanines

Phthalocyanines are macro-cyclic compounds that are derived from the group of
heterocyclic compounds containing four pyrrol structures connected mainly with
methionine groups (–CH=). A typical structure of metallic phthalocyanine is shown
in Figure 6. Unlike porphyrines, phthalocyanines contain four benzene rings
bounded on basic pyrrol structures. Phthalocyanines are, due to their photochemi-
cal properties, often labeled as photosensitizers [68]. Photosensitizers are com-
pounds containing chromophores. Chromophore is a part of molecule responsible
for light absorption. Absorption of light photon causes excitation to higher energy
layer and reaction with molecular oxygen yields singlet oxygen species [69].

It must be reminded that solubility of phthalocyanine in water is very low. Mod-
ification by halogenation, chlorine methylation, sulphonation or sulphochlorination
influences their solubility in both polar and non-polar solvents [70].

There are two major methods of phthalocyanine productions. The first is based
on reaction of phthaloimide with relevant metal, metal chloride or metal alkoxide in
quinoline solvent. Presence of urea enhances the reaction pathway with use of metal
chlorides because it blocks chlorination of phthalocyanine structure [71]. Second
method is based on the reaction of urea and phthalanhydride yielding di-
iminophthaloimide. Di-iminophthaloimide then reacts with relevant metal chloride

Figure 6.
Basic structure of the phthalocyanine molecule.
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with sodium molybdate as catalyst [72]. First method is mostly performed as batch
process; the second is carried out continuously.

Phthalocyanine produced by both batch and continuous methods reveals similar
structure to the one showed in Figure 6. A characteristic metallic atom is bounded
in the center of phthalocyanine molecule. However, as mentioned before, this raw
phthalocyanine is insoluble in water. To enhance the solubility, benzene rings are
modified by sulphonation or sulphochlorination [70]. The main area of phthalocy-
anine utilization covers dyes and pigments. Their share on the market is 30% of all
produced organic dyes.

6.1 Mechanisms of singlet oxygen generation

It is known that phthalocyanines are capable to generate singlet oxygen
when interact with visible light [73]. Singlet oxygen is a form of oxygen molecule
in its excited state where all electrons are coupled. Singlet oxygen evinces high
lifetime period. Stability of singlet oxygen species is dependent on reaction
environment [74].

The general mechanism of the phthalocyanine interaction with light is usually
described by two types of reaction mechanisms [75–77]. For both mechanisms,
interaction of phthalocyanine with visible light photons occurs, mostly at wave-
length of 670 nm. Figure 7 depicts absorption spectra of zinc phthalocyanine
(ZnPC). Strong absorption area in visible part of spectra enables photon absorption
followed by excitation. The double peak in visible area indicates a presence of both
mono- and disulphonated forms of ZnPC. Absorption of photons at 670 nm causes
excitation of phthalocyanine molecule towards the excited singlet state.

It starts with its absorption of photon(s) followed by intersystem crossing from
the excited singlet state to the low-lying triplet state.

PCþ hν ! 1PC ∗ iscð Þ ! 3PC ∗ (26)

The triplet state of phthalocyanine transfers its energy to an oxygen molecule.
The first mechanism involves hydrogen-atom abstraction or electron-transfer
between the excited phthalocyanine and another molecule (e.g. solvent, air

Figure 7.
Absorption spectra of ZnPC.

282

Reactive Oxygen Species



oxygen), forming free radicals and ion-radicals [78, 79]. These radicals can then
react with ground-state oxygen to form an active species such as the superoxide
radical anion.

3PC ∗ þO2 ! PC•þO2•̄ (27)

PC•̄þ O2 ! PCþ O2•̄ (28)

½ O2•̄þH2O ! H2O2 (29)

½ O2•̄þH2O ! 2 OH• (30)

O2•̄ ! 1O2 (31)

This mechanism causes an electron transfer from phthalocyanine to oxygen
molecule yielding superoxide anion-radical (Eqs. 27 and 28). Superoxide anion-
radical tends to hydrogen peroxide formation in water environment and further
produces hydroxyl radicals as active species (Eqs. 29 and 30) or it can be transferred
towards singlet oxygen (Eq. 31) [80].

The second mechanism comprises interaction of triplet phthalocyanine state
with molecular oxygen. Energy from triplet phthalocyanine transfers to the oxygen
and the upcoming release of energy causes formation of singlet oxygen and basic
state of phthalocyanine [81].

3PC ∗ þ O2 ! PCþ 1O2 (32)

6.2 Mechanisms of singlet oxygen interactions with organic molecules

As already mentioned singlet oxygen is a particle of long lifetime depending on
the environment where it currently exists. And also the reaction mechanism
depends on type of organic molecule which enters the reaction with singlet oxygen.
It is supposed that singlet oxygen interacts with organic compounds upon yielding
endoperoxides and superoxide radicals or hydrogen peroxide via mechanisms
resulting in one- or two-electron transfer [82].

In case of substituted aromatic hydrocarbon (e.g. 4-chlorophenol) chlorine
cleavage can be observed yielding either p-benzoquinone or p-hydroquinone.
Following reactions with singlet oxygen lead to aromatic ring opening (Figure 8).

6.3 Advantages and limits

The use of phthalocyanines as catalysts producing singlet oxygen reveals
several advantages to other methods of chemical or photochemical water treatment:
[83–86].

Figure 8.
Simplified reaction scheme of 4-chlorophenol attack by singlet oxygen.

283

Advanced Oxidation Processes (AOPs) – Utilization of Hydroxyl Radical and Singlet Oxygen
DOI: http://dx.doi.org/10.5772/intechopen.98189



• Thermal stability of the phthalocyanines.

• Solubility in water is possible to enhance by substitution of aromatic rings.

• No mass transfer problems.

• Possibility of artificial visible light utilization.

Difficulties related with the processes utilizing phthalocyanines as photosensi-
tizers can also be found: [87].

• The rate of chemical oxidation of the contaminant is limited by the rate of
formation of singlet oxygen.

• Crude form of phthalocyanine is insoluble in water thus modification has to be
performed.

• Too high concentrations cause dark color of the treated water and light photons
cannot reach the entire irradiated volume.

Phthalocyanine catalyzed oxidations have been widely described in the
laboratory in cuvette arranged on optical bench [88–90]. Also performance of such
catalyzed reaction in micro reactor arrangement is coming to the fore [91, 92].
Immobilization of phthalocyanines on various supports is also well known process
but it does not work sufficiently [93, 94]. All these processes and many others are
performed only at laboratory scale. First quarter scale experiments performed with
phthalocyanines acting as photosensitizers have been described recently [95].
However, if the phthalocyanines successfully mineralize all organic contaminants in
water, phthalocyanine removal needs to be applied as in treated water it would act
as coloring contaminats. For such purposes, activated carbon might be effective.

7. Summary

Advanced oxidation processes for hydroxyl radicals and singlet oxygen species
were introduced and discussed according to their mechanisms and applicability for
water treatment. The emphasis was put on hydrogen peroxide photolysis in UV-C
region but other AOPs were also introduced. Phthalocyanine utilization as photo-
sensitizer for generation of singlet oxygen, as another strong oxidizing agent was
also discussed. It has been demonstrated that applicability potential of such tech-
nologies exists. AOPs based on hydroxyl radicals’ generation reveal higher potential
for application because they usually don’t require addition of coloring chemicals (as
phthalocyanines).
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Chapter 16

Antioxidants from Plant Sources 
and Free Radicals
Nurhayat Atasoy and Ufuk Mercan Yücel

Abstract

Today, many factors such as advancing technology, environmental pollution, 
radiation, contaminated water, pesticides, heavy metals, stress and oxygen metabo-
lism in living cells inevitably cause the formation of free radicals in the human body. 
Free radicals are very reactive forms of oxygen that destroy the cells of the organ-
ism. This calls for cardiovascular disease, cancer, cataracts, diabetes and many more 
diseases. To provide solutions to these diseases, firstly, we can eliminate the negative 
effects of free radicals and prevent the formation of diseases. While there is an anti-
oxidant defense system in the human body that can prevent this, the environmental 
factors encountered break down this defense resistance and sometimes make it 
inadequate. We can strengthen our weakened antioxidant defense systems by eating 
a natural and balanced diet and consuming fruits and vegetables containing antiox-
idants, thus preventing illness. Research shows that free radicals have a significant 
effect on aging, free radical damage can be controlled with adequate antioxidant 
defense, and optimal antioxidant nutrient intake can contribute to improved quality 
of life. This review is intended to highlight once again the importance of alternative 
antioxidants in the body to eliminate free radicals and their harmful effects.

Keywords: Oxidative stress, free radicals, antioxidant vegetables and fruits, 
metabolic activities

1. Introduction

1.1 Free radicals and oxidative stress

Free radicals are short-lived, reactive molecules with unpaired electrons in their 
outer orbits. The most important of the free radicals are superoxide radical (O2 • −),  
hydroxyl radical (OH), singlet oxygen (1O2) and non-radical hydrogen peroxide 
(H2O2) and peroxynitrite (ONOO-) and they are known as “reactive oxygen spe-
cies (ROS)”. ROS can respond easily to biological molecules such as fats, nucleic 
acids, proteins and carbohydrates in the body. Therefore, they are held responsible 
for many diseases such as aging, cancer, cardiovascular diseases, immune system 
diseases, cataracts, diabetes, kidney and liver diseases [1, 2]. The main reason for 
the harmful effects of reactive species is that they are radicals, which may lead to 
the formation of radicals or have a higher oxidation potential [3]. Since the reaction 
between reactive oxygen species and bio-molecules is in the form of a radical chain 
reaction, oxidative damage is also in the form of chains. This chain reaction produces 
new reactive species that, in turn, damage other biomolecules (Figure 1) [1, 2].
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Free radicals; It can be caused by activating phagocytes, antineoplastic agents, 
radiation, habit-forming substances, environmental agents and stress, autooxida-
tion of small molecules, enzymes and proteins, mitochondrial electron transport 
systems, peroxisomes, plasma membrane and oxidative stressors [6]. Free radical 
formation happens continuously in cells due to enzymatic and non-enzymatic reac-
tions. Enzymatic reactions that serve as sources of free radicals include reactions 
involved in the respiratory chain, phagocytosis, prostaglandin synthesis, and the 
cytochrome P-450 system [5, 7, 8]. Free radicals can also occur in non-enzymatic 
reactions of oxygen.

Some self-generated sources of free radicals [9].

• mitochondria

• xanthine oxidase

• Peroxisomes

• Inflammation

• Phagocytosis

• Arachidonate roads

• For exercise (depending on its intensity, length and type, exercise, metabolic 
processes and oxygen consumption increase, leading to free radical formation).

• Ischaemia/reperfusion injury.

Sources of external-produced free radicals include:

• Exposed to cigarette smoke

• Environmental pollutants

Figure 1. 
Indicates the effect of oxidative stress and how aging interacts with age-related illnesses. Summarizes the dietary 
intake of anti-oxidants on oxidative stress in aging [4, 5].
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• Radiation

• Some medicines, pesticides

• Industrial solvents

• Ozone

Research shows that free radicals have a significant effect on aging, free radical 
damage can be controlled with adequate antioxidant defense, and optimal anti-
oxidant nutrient intake can contribute to improved quality of life. Recent studies 
show that antioxidants can positively influence life expectancy. Numerous experi-
ments have shown that DNA and RNA are susceptible to oxidative lesions. It has 
been reported that DNA is considered as the main target, especially in aging and 
cancer [10]. It has been found that oxidative nucleotides such as glycol, ditch and 
8-hydroxy-2-deoxyguanosine increase during oxidative damage to DNA under UV 
radiation or It has been suggested that 8-hydroxy-2-deoxyguanosine can be used as 
a biomarker for oxidative stress [11].

1.2 Oxidative changes in DNA

DNA oxidation, along with DNA hydrolysis and DNA methylation, is a major 
contributor to genome instability and degradation. Spontaneous mutagenesis under 
aerobic conditions is greater than under anaerobic conditions, and deletion of the 
OxyR regulon, which prevents DNA damage in bacteria, significantly increases 
spontaneous mutations [11]. Among the DNA bases, guanine is the most suscep-
tible to oxidative damage. The major mutagenic lesion is 8-Oxo-7,8-dihydroguanine 
(also called 8-oxoguanine or 8-hydroxyguanine), which forms base pairs with 
adenine instead of cytosine and therefore produces transversion mutations after 
replication [12]. Numerous DNA damage reactions and their degradation products 
have been studied [13]. The accumulation of 8-oxoguanine causes mitochondrial 
dysfunction and is oncogenic [14] and the enzyme human mutt homolog (MTH1), 
which detoxifies oxidized nucleotides, is a potential target in cancer therapy [15, 16] 
(Figure 2).

Reactive oxygen and nitrogen species such as superoxide anion, hydrogen 
peroxide, hydroxyl radical and nitric oxide and their biological metabolites also play 
an important role in carcinogenesis. The reaction of free radicals with DNA induces 
ROS DNA damage as it involves chain breakage, base modification and DNA protein 
cross-links. Numerous researchers have suggested the involvement of free radicals 
in carcinogenesis, mutation and transformation; their presence in the biosystem 
can lead to mutation, transformation and ultimately cancer [12]. The induction of 
mutagenesis, the best known of the biological effects of radiation, occurs mainly by 
DNA damage by H2O. Radical and other species are produced by radiolysis, and also 
direct radiation action on DNA, reaction effects on DNA. The radicals are mainly 
added to the double bond of the pyrimidine bases and hydrogen is abstracted from 
the sugar portion of the DNA resulting in a chain reaction. These effects cause cell 
mutagenesis and carcinogenesis, and lipid peroxides are responsible for the activa-
tion of carcinogens [11, 17–19].

Free radicals and antioxidant balance in healthy people, this balance in 
unhealthy people in terms of free radicals. However, when antioxidant mechanisms 
are activated or this balance is shifted towards antioxidants, it becomes easier to 
cope with the complications of diseases caused by imbalance. They stand out as 
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compounds that are effective in preventing diseases. Today, it has been a subject 
of interest, especially in the determination of the antioxidant capacity of dietary 
foods. In this review, some important antioxidant foods and their properties, which 
are consumed extensively in our country and especially in our region, will be 
explained [20, 21].

2. Antioxidants

There are many defense mechanisms to prevent the formation of reactive oxygen 
species (ROS) and the damage they cause. These mechanisms are known as “anti-
oxidant defence systems” or “antioxidants” for short.

Antioxidants act in four ways. (1) It is the scavenging effect by affecting the 
free oxygen radicals, keeping them or converting them to weaker new molecules. 
Antioxidants, tracheobronchial mucus and small molecules exert this type of effect. 
(2) Reducing their activity or inactivating them by interacting with free oxygen 
radicals and transferring hydrogen to them is the suppressive effect. Vitamins, 
flavonoids have such an effect. (3) The chain-breaking effect is the effect of 
binding free oxygen radicals and breaking their chains and preventing their func-
tions. Hemoglobin, ceruloplasmin and minerals show chain-breaking effects. (4) 
Repairing the damage caused by free radicals is a restorative effect [22].

Antioxidants can be of endogenous or exogenous origin. Antioxidants react with 
free radicals (bonding with them) and prevent them from damaging cells. These 
features increase the chance of living a healthier life with minimal effects on aging, 
as they reduce the risk of cells becoming abnormal and eventually forming tumors, 
as well as reducing cell destruction [23].

The overload of free radicals poses a danger to the body. However, they are also 
necessary for the body to see its functions and to be protected from diseases. Free 
radicals are controlled in a very delicate balance in the body. Some mechanisms 
prevent, destroy or reduce oxidative damage in cells. Substances that inactivate 
oxidants by direct action are called antioxidants. All antioxidants exert their effects 
in four main ways:

Figure 2. 
Redox processes have fundamental implications in biology. Oxidative stress, either as reversible (oxidative 
distress) pervades all principal levels, from genome integrity and maintenance to the redox metabolism [12].
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1. Collector effect

2. suppressive effect

3. Chain braking effect

4. Restorative effect

Antioxidants can be divided into two main groups: natural (endogenous) and 
unnatural (exogenous) antioxidants [24].

2.1 Endogenous antioxidants

Endogenous antioxidants are divided into two classes, enzyme and 
non-enzymatic.

Endogenous antioxidants that are enzymes are: (1) Superoxide dismutase 
(SOD), (2) Glutathione peroxidase (GSH-PX), (3) Glutathione S-Transferases 
(GST), (4) Catalase (CAT), (5) Mitochondrial cytochrome oxidase system, (6) 
Hydroperoxidase [25, 26].

Non-enzyme endogenous antioxidants are: (1) Melatonin, (2) Ceruloplasmin, 
(3) Transferrin, (4) Myoglobin, (5) Hemoglobin, (6) Ferritin, (7) Bilirubin, (8) 
Glutathione, (9) Cysteine, (10) Methionine, (11) Urate, (12) Lactoferrin, (13) 
Albumin [26].

2.2 Exogenous antioxidants

They can be classified as exogenous antioxidants, vitamins, drugs, and food 
antioxidants.

Vitamin exogenous antioxidants are: (1) α-tocopherol (vitamin E), (2) 
β-carotene, (3) Ascorbic acid (vitamin C), (4) Folic acid (folate).

Exogenous antioxidants used as drugs are: (1) Xanthine oxidase inhibitors 
(allopurinol, oxypurinol, tearing aldehyde, tungsten), (2) NADPH oxidase 
inhibitors (adenosine, local anesthetics, calcium channel blockers, nonsteroidal 
anti-inflammatory drugs, diphenylamine iodonium), (3) Recombinant superoxide 
dismutase, (4) Trolox-C (vitamin E analogue), (5) Those that increase endogenous 
antioxidant activity (ebselen and acetylcysteine, which increase GSH-PX activity), 
(6) Nonenzymatic free radical scavengers (mannitol, albumin), (7) Iron redox cycle 
inhibitors (desferrioxamine)), (8) Neutrophil adhesion inhibitors, (9) Cytokines 
(TNF and IL-1), (10) Barbiturates, (11) Iron chelators [27].

Exogenous antioxidants in foods are: (1) Butylated hydroxytoluene (BHT), 
(2) Butylated hydroxyanisole (BHA), (3) Sodium benzoate, (4) Ethoxyquin, (5) 
Propylgalate, (6) Fe-superoxide dismutase [28].

2.3 Antioxidants from plant sources

2.3.1 Herbs, fruits, and vegetables

The body produces some antioxidants, which it uses to neutralize free radicals. 
These antioxidants are called endogenous antioxidants. However, the body relies 
on external (external) sources, primarily diet, to obtain the rest of the antioxidants 
it needs. These exogenous antioxidants are often called dietary antioxidants. 
Fruits, vegetables, and grains are rich dietary sources of antioxidants. Some dietary 
antioxidants are also available as dietary supplements [19, 29].
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Examples of dietary antioxidants include beta-carotene, lycopene, and vitamins 
A, C, and E (alpha-tocopherol). The mineral element selenium is generally thought 
to be a dietary antioxidant, but the antioxidant effects of selenium are most likely 
due not to selenium but to the antioxidant activity of proteins containing this ele-
ment as an essential component (i.e., proteins containing selenium) itself [30].

Antioxidants can reduce oxidative stress-induced carcinogenesis by inhibiting 
cell proliferation secondary to direct clearance of ROS and/or protein phosphory-
lation. Beta-carotene may be protective against cancer through its antioxidant 
function because oxidation products can cause genetic damage. Thus, the photo-
protective properties of β-carotene may protect against ultraviolet light-induced 
carcinogenesis. Strengthening the immunity of β-carotene may contribute to cancer 
protection. B-carotene may also have an anticarcinogenic effect by altering the 
hepatic metabolism effects of carcinogens [31]. Vitamin C may help in preventing 
cancer [32]. Possible mechanisms by which vitamin C can affect carcinogenesis 
include antioxidant effects, blocking nitrosamine formation, strengthening the 
immune response, and accelerating detoxification of liver enzymes. Takes place. 
Vitamin E, an important antioxidant, plays a role in immune competence by 
increasing humoral antibody protection, resistance to bacterial infections, cell-
mediated immunity, tumor necrosis factor production by T-lymphocytes, inhibition 
of mutagen formation, repair and blocking of membranes in DNA. microcell line 
formation. [25]. Therefore, vitamin E may be beneficial in the prevention of cancer 
and may inhibit carcinogenesis by stimulating the immune system. Administration 
of a blend of the three antioxidants above revealed the greatest reduction in the risk 
of developing heart cancer.

Oxidative stress has been postulated to play a role in many conditions, includ-
ing antersclerosis, inflammatory state, certain cancers, and the aging process. 
Oxidative stress is now associated with all inflammatory diseases (arthritis, vasculi-
tis, glomerulonephritis, lupus erythematous, adult respiratory diseases syndrome), 
ischemic diseases (heart diseases, stroke, intestinal ischemia), hemochromatosis, 
acquired immunodeficiency syndrome, emphysema, organ transplantation, gastric 
ulcer, hypertension and preeclampsia, a neurological disorder (Alzheimer’s disease, 
Parkinson’s disease, muscular dystrophy), alcoholism, smoking-related diseases 
and others [34]. Excessive oxidative stress can lead to oxidation of lipids and 
proteins in association with changes in their structure and function. Heart disease 
remains the biggest killer, responsible for about half of all deaths. Oxidative events 
can affect cardiovascular diseases, therefore; has the potential to provide enormous 
benefits to health and lifespan. Polyunsaturated fatty acids are found as an impor-
tant part of low-density lipoproteins (LDL) in the blood, and the oxidation of these 
lipid components of LDL plays a vital role in atherosclerosis [35]. The three most 
important cell types in the vessel wall are endothelial cells.; smooth muscle cells 
and macrophages can release free radicals that affect lipid peroxidation [36]. With 
continued highly oxidized lipids, blood vessel damage continues during the reac-
tion process and can cause foam cells to form and plaque atherosclerosis symptoms. 
Oxidized LDL is atherogenic and is thought to be important in the formation of 
antersclerotic plaques. Also, oxidized LDL is cytotoxic and can directly damage 
endothelial cells. Antioxidants such as B-carotene or vitamin E play a vital role in 
preventing various cardiovascular diseases.

This situation becomes more evident in the later stages of the organism. Reactive 
species produced during oxidative stress are known to cause aging as mentioned 
above. Because with aging, there is an increase in the oxidative damage of reactive 
oxygen species on biomolecules [37, 38]. There is an antioxidant defense system 
against various oxidants that cause oxidative stress in the organism. This antioxi-
dant defense system; shows its effect by preventing the excessive production of free 
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radicals, reducing the effect of the formed free radicals or reducing or repairing 
the oxidative damage that occurs. These systems include endogenous antioxidant 
enzymes such as SOD, CAT and GPX, GSH, metal-binding proteins such as ceru-
loplasmin and transferrin, some antioxidant elements such as Zn and Cu, and 
antioxidant vitamins such as A, C, and E [7]. Aerobic organisms with antioxidant 
defense systems prevent the formation of reactive oxygen species (ROS) produced 
as a result of aerobic respiration and substrate oxidation. Small amounts of reac-
tive oxygen species, including hydroxyl radicals (OH), superoxide anions (O2 • −), 
and hydrogen peroxide (H2O2), are constantly produced by aerobic organisms in 
response to both internal and external stimuli [39, 40].

Antioxidants are divided into primary and secondary antioxidants, according 
to their reaction mechanism. Some antioxidants show more than one mechanism 
of action and they are called multifunctional antioxidants. Primary antioxidants 
(type-1 or chain-breaking antioxidants) are free radical receptors that delay or 
inhibit the initial stage of autoxidation or interrupt the advanced stage of autoxi-
dation [41]. In addition to these, primary antioxidants; slow down the rate of 
new radical generation, initiating new oxidation chains. They can act by reduc-
ing hydroperoxides (such as glutathione, peroxidase, catalase) or by removing 
transition metal ion catalysts (transferring) [42]. Secondary (type-2 or protective 
antioxidants) antioxidants have a wide variety of reaction mechanisms. These 
antioxidants slow down the oxidation rate but do not convert free radicals into more 
stable products. Secondary antioxidants can cheat and deactivate prooxidant met-
als, decompose hydroperoxides to non-radical species, deactivate singlet oxygen, 
absorb ultraviolet radiation, or act as deoxidizers.

These antioxidants generally increase the activity of primary antioxidants. Citric 
acid, ascorbic acid, ascorbyl palmitate, lecithin, tartaric acid, EDTA and β-carotene 
can be given as examples of secondary antioxidants [43]. Plants play an important 
role in human nutrition and life. Many plants, especially the leaves or various parts 
of which are consumed as vegetables, are also used for therapeutic purposes among 
people. As in all countries of the world, medicinally measures of plants are being 
researched in Turkey and these plants are being developed as a remedy for many 
diseases.

2.3.2 Polyphenols, flavonoids, anticyanides

Many antioxidant compounds naturally found in plant sources have been identi-
fied as free radicals or active oxygen scavengers [44]. Attempts have been made to 
examine the antioxidant potential of a wide variety of vegetables, such as potatoes, 
spinach, tomatoes, and legumes [45]. Several reports are showing the antioxidant 
potential of fruits [45]. Strong antioxidant activities have been found in strawber-
ries. Cherries, citrus, prunes and olives. Green and black teas have been extensively 
studied in the recent past for their antioxidant properties, as they contain 30% of 
the dry weight as phenolic compounds [46].

Besides dietary sources, Indian herbs also provide antioxidants, including 
(with common/Ayurvedic names in parentheses) Acacia catechu (chair), Aegle 
marmelos (Bengal quince, Bel), Allium cepa (Onion), A. Sativum (Garlic) is found., 
Lahasuna), Aloe vera (Indain aloe, Ghritkumari), Amomum subulatum (Great 
cardamom, Bari elachi), Andrographis paniculata (Kiryat), Asparagus recemosus 
(Shatavari), Azadirachta indica (Neem, Nimba), Bacopa monniera (Brahmi), Butea 
monosperma (Palas, Dhak), Camellia sinensis (Green tea), Cinnamon acupuncture 
(Cinnamon), Cinnamon tamala (Tejpat), Curcma longa (turmeric, Haridra), 
Emblica officinalis (Inhian gooseberry, Amlaki), Glycyrrhiza glapra), (Yashtim) 
Hemidesmus indicus (Indian Sarasparilla, Anantamul), Indigofera tinctoria, 
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Mangifera indica (Mango, Amra), Momordica charantia (Bitter gourd), Murraya 
koenigii (Curry leaf), Nigella sativa (Nigella sativa), Ocimum sanctum (Holy basil), 
Onosma echioides (Ratanjyot), Picrorrhiza kurroa (Katuka), Piper beetle, Plumbago 
zeylancia (Chitrak), Sesamum indicum, Sida cordifolia, Spirulina fusiformis (Alga), 
Swertia decursata, Syzigium cumini (Jamun), Terminalia ariuna (Arjunica), 
Terminalia ariuna (Arjunica) (Beheda), Tinospora cordifolia (Heart leaf moon 
seeds, Guduchi), Trigonella foenum- graecium (Fenugreek), Withania somifera 
(Winter cherry, Ashwangandha) and Zingiber officinalis (Ginger) [47].

Indian systems of medicine believe that complex diseases, unlike western ones, 
can be treated with complex combinations of botanicals with single medicines. This 
is why in India whole foods are used as functional foods rather than supplements. 
Spices such as onions, garlic, mustard, paprika, turmeric, cloves, cinnamon, saffron, 
curry leaves, fenugreek and ginger are some medicinal plants and dietary compo-
nents with functional properties. Some herbs, such as Bixa Orellana, and vegetables 
such as Emilia, wheatgrass, soybeans, and Garcinia Cambodia have antitumor 
effects. Other medicinal plants with functional properties include A. marmelos [47].

Polyphenols are plant metabolites containing various phenol groups. In this 
group, there are about 4000 compounds gathered in 13 classes (flavonoids, phenolic 
acid, anthocyanin, catechins, flavones, flavonol, flavanone, isoflavones, lignans, 
proanthocyanidin, procyanidin, Resveratrol, tannin). They are abundant in green 
tea, grapes, and soy. The most important polyphenol group is phenolic acids. It has 
anti-inflammatory, antiallergic, antiviral, anti-aging, anticarcinogen and antioxi-
dant properties. It has been reported to have positive effects on the cardiovascular 
system [48].

Some polyphenol hydroxyls are highly reactive: I. Neutralizing free radicals by 
donating a hydrogen atom or an electron, II. Chelation with metal ions in aqueous 
solutions, III. It has the properties of binding to proteins and forming precipitation. 
Polyphenols can increase the antioxidant activity of oral fluids. It has been reported 
that tea polyphenols increase the antioxidant capacity of saliva by keeping green 
or black tea in the mouth for 2–5 minutes25, and consumption of 2 grapefruits per 
day for 2 weeks increases the phagocytic capacity of gingival sulcus fluid (DOS) 
neutrophils has been shown to affect [49].

Flavonoids belong to the group of Polyphenols. According to their chemical 
structure, flavonoids are divided into subgroups of flavanones (Ex: Luteolin), fla-
vonols (Ex: Quercetin, kaempferol), flavan-3-ols (Ex: Catechin), anthocyanins and 
isoflavones. Flavonoids have attracted the attention of researchers because they are 
free radical scavengers, regulate enzyme activities, inhibit cell proliferation, and act 
as antibiotics, antiallergic, antidiarrheal, antiulcer and anti-inflammatory drugs. 
It has antioxidant, antiviral, antibacterial properties. They are found in vegetables, 
fruits, grains, tea and some spices. It is present in high amounts in citrus fruits, 
blueberries, blackberries, onions, peppers, tea and parsley [50].

Antioxidants are mainly represented by vitamin C and polyphenols such as 
anthocyanins, phenolic acids, flavanols, flavonols and tannins. These fruits are 
known as natural antioxidants because of their high antioxidant concentration, 
berry fruits are increasingly mentioned in the literature as natural functional 
foods. The biological value of berries is due to the presence of components such as 
vitamins, provitamins and related compounds, minerals, phytosterols and phenolic 
compounds [50]. The health benefits of these fruits are attributed to their high 
antioxidant properties and phenolics, which are the main bioactive components 
of berry fruits [50, 51]. Blackberry (Rubus sp.), blueberry (Vaccinium myrtil-
lus), red currant (Ribes rug rum), blueberry (V. Corymbosum), Aronia (Aronia 
melanocarpa), cranberry (V. macrocarpon), laurel berry (Myrica sp.), raspberry 
(R. Ideas), black raspberry (R. Occidentalise) and strawberry (Fragaria ananassa) 
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are an important source of bioactive compounds that are generally consumed as 
fresh or processed products in human nutrition [52, 53]. Some Foods Containing 
Polyphenols; Green Tea has been reported to have protective effects against cancer 
development and cardiovascular diseases due to its catechin content. It has been 
shown that catechins inhibit periodontal pathogens and prevent periodontal tissue 
destruction [54]. Contrary to these results; In a study conducted with Korean 
adults, consumption of less than one cup of green tea per day was associated with a 
decrease in the prevalence of periodontal disease; It has been reported that con-
sumption of green tea once or more per day increases the prevalence of moderate to 
severe periodontitis [55–58].

Curcumin shows antioxidant properties by reducing the oxidizing effects of 
free radicals as a result of the interaction of the phenolic and methylone groups in 
its structure with free radicals [59]. Curcumin has a scavenging effect on reactive 
oxygen radicals such as superoxide anion, hydroxyl radical, singlet oxygen, nitric 
oxide, and peroxynitrite. It can protect lipids, hemoglobin and DNA from oxida-
tive destruction. It can also play an antioxidant role with its ability to increase the 
intracellular GSH release and bind to iron. Bakır et. al. administered curcumin to 
rats orally and observed that it increased the intracellular release of GSH, played an 
antioxidant role with its iron binding capacity, and reduced cellular bone loss [60].

The antioxidant activities of carotenoids are primarily increased by their con-
jugated double bond structures that de-localize unpaired electrons. This is related 
to the ability of α-carotene to physically block singlet oxygen without degradation, 
and to the chemical reactivity of α-carotene to radicals such as proxy, hydroxyl, 
and superoxide radicals. Sufficient concentrations of carotenoids protect lipids 
from peroxidative damage. In addition, it has antiproliferative effects on cancerous 
cells. Foods containing vitamin C include strawberries, papaya, red and green hot 
peppers, citrus fruits, fresh spices, broccoli, kiwi, melon and cauliflower. Vitamin C 
plays an important role in a strong immune system, collagen production, regenera-
tion of skin, cartilage, tendons and blood vessels. Its deficiency increases the risk 
of various diseases, including serious diseases such as heart diseases, arthritis, and 
cancer [61]. Vitamin C cooperates with vitamin E to regenerate α-tocopherol from 
α-tocopherol radicals found in cell membranes and lipoproteins [62].

Vegetable oils such as wheat germ oil, sunflower oil, corn and soybean are very 
rich in vitamin E. Almond, spinach, chard, kale, ground hot pepper, asparagus, 
garlic and peanuts contain vitamin E. Vitamin E is a tool in chemical structure. 
Different compounds of tools (tocopherol and tocotrienol) show vitamin E activity. 
The most active form of vitamin E in humans is α-tocopherol. Its main antioxidant 
function is its protective feature from lipid peroxidation. During the antioxidant 
reaction, αtocopherol is converted to α-tocopherol radical with the transition of the 
mobile hydrogen atom to the lipid or lipid peroxyl radical. The alpha-tocopherol 
radical can be reduced to its original form of ascorbic acid. Vitamin E acts as an 
antioxidant by disrupting free radical chain reactions [63].

The body produces some antioxidants, which it uses to neutralize free radicals. 
These antioxidants are called endogenous antioxidants. However, the body relies 
on external (external) sources, primarily diet, to obtain the rest of the antioxidants 
it needs. These exogenous antioxidants are often called dietary antioxidants. 
Fruits, vegetables, and grains are rich dietary sources of antioxidants. Some dietary 
antioxidants are also available as dietary supplements [30, 31].

Examples of dietary antioxidants include beta-carotene, lycopene, and vitamins 
A, C, and E (alpha-tocopherol). The mineral element selenium is generally thought 
to be a dietary antioxidant, but the antioxidant effects of selenium are most likely 
due not to selenium but to the antioxidant activity of proteins containing this ele-
ment as an essential component (i.e., proteins containing selenium) [33].
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Many plants with antioxidant properties belong to the Labiatae family. The 
genera belonging to the Labiatae family include plants with important physiological 
activities (antioxidant and antimicrobial) especially because they contain terpenic 
compounds (mono-, di-, triterpenes), flavonoids, and phenolic acids [64].

Colored flavonoids are responsible for the color formation of many fruits and 
vegetables. However, various colorless flavonoids can also be found in nature. 
Anthocyanins, which are in the flavonoid subgroup, are pigment substances that 
give the leaves, flowers and fruits of plants, their characteristic clear blue, red, 
purple, violet color. They also contain a group of important antioxidant substances. 
The findings are showing the in-vitro antioxidant activity of anthocyanins and 
anthocyanin compounds. In some of the studies, it has been determined that antho-
cyanins reduce the risk of cardiovascular disease and cancer, and have analgesic and 
antidiabetic effects [55].

Flavonoids have attracted the attention of researchers because they are free radi-
cal scavengers, regulates enzyme activities, act as antibiotics, intelligence, antidiar-
rheal, antiulcer and anti-inflammatory drugs [56]. The role of phenolic compounds 
as antioxidants has enabled natural components containing phenolic compounds 
to be included in various product formulations and to be widely used in functional 
food development studies. Many studies have reported that these compounds 
reduce blood cholesterol levels, have osteoporosis and anticarcinogenic effects, and 
have antioxidant activity. There are also opinions that these substances can inhibit 
unwanted bacterial infections [56].

It is estimated that there are more than 600 anthocyanins in nature and this 
number is expected to increase with new studies. These natural compounds are 
commonly found in the human diet. They are normally observed at concentrations 
between 0.1% and 1.0% dry weight, especially in red, blue or purple fruits and 
vegetables. Due to their pigmentation and structural properties, anthocyanins are 
also used in industry as natural colorants. Anthocyanins have been observed to 
reduce chronic disease risks by enhancing antioxidant defense and modulating anti-
oxidant and inflammatory signaling pathways. In addition, it has been determined 
that these compounds alleviate oxidative damage and inflammation, repair DNA 
damage, trigger apoptosis in cancer cells, reduce lipoprotein oxidation, normalize 
lip profiles, improve vascular endothelial function, decrease platelet reactivity and 
contribute to the improvement of neurotoxicity. The majority of anthocyanins 
(~90%) are composed of six common anthocyanidin glycosides: pelargonidin (Pg), 
cyanidin (Cy), delphinidin (Dp), peonidin (Pn), petunidin (Pt), and malvidin 
(Mv) [57]. People’s daily anthocyanin intake is highly variable depending on their 
eating habits [7, 11]. The richest resources to meet this requirement are flowers and 
fruits. However, it is found in significant concentrations in the stems, leaves and 
storage organs [58]. Colorful fruits such as peaches, strawberries, pomegranates, 
cherries, plums, and grapes, as well as many dark vegetables (black beans, red rad-
ishes, red onions, eggplant, red cabbage, purple corn, and purple sweet potatoes), 
are all rich in anthocyanins [58, 59]. These molecules have been found not only in 
natural sources but also in processed forms in foods and beverages such as red wine, 
fruit juices, yoghurt and jelly [58, 59].

The high content of anthocyanins found in fruits indicates that a daily intake 
can be achieved with regular consumption of fruits and fruit drinks. Anthocyanins 
have higher antioxidant capacities (AC) than other antioxidants with free radical 
scavenging potential. Anthocyanins have also been observed to reduce the risk of 
chronic disease by enhancing antioxidant defense and modulating antioxidant and 
inflammatory signaling pathways [61]. The beneficial cardiovascular protective 
effects of polyphenols, including anthocyanins, have been demonstrated in human 
studies [62]. Anthocyanins are thought to exert their cardiovascular protective 
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effects through anti-inflammation and antiplatelet activity reported to be medi-
ated by their colonic metabolites [61]. Various studies suggest that the intake of 
anthocyanin-rich fruits provides some beneficial effects against age-related neuro-
degeneration and cognitive decline. Studies in animal models have found that the 
intake of freeze-dried fruits or, anthocyanin fruit extracts (plum and blackberry) 
delays the decline of nerve functions and improves cognitive and motor perfor-
mance [62]. However, anthocyanins have been shown to alleviate oxidative damage 
and inflammation [63], repair DNA damage [63], trigger apoptosis in cancer cells, 
reduce lipoprotein oxidation [64], normalize lip profiles, improve vascular endothe-
lial function, reduce platelet reactivity, as demonstrated in cell and animal studies. 
And contribute to the improvement of neurotoxicity [64]. However, anthocyanins 
are considered to be anti-inflammatory, anti-cancer [63], anti-hemostatic and 
antiobesity agents that, when taken together, can reduce cancer risk, cardiovascular 
diseases, and neurological disorders including Alzheimer’s disease [61, 65]. The 
anticancer activity of anthocyanins is also demonstrated in different animal models. 

For example, in mouse models of bowel cancer fed cherry extract anthocyanins, 
the researchers observed a 74% reduction in cecum tumors in the treated animals 
relative to the control group [61]. In mouse models of colon cancer fed bilberry, 
Aronia, or grape anthocyanins, a 26–29% reduction of abnormal crypts obtained 
by reducing cell proliferation and COX-2 gene expression has been observed [61]. 
However, in a randomized, double-blind, and placebo-controlled study of 120 dys-
lipidemic participants consuming 320 mg/day anthocyanin supplement (containing 
17 purified anthocyanins from black currant and blueberry) for 12 weeks, circulating 
high-density lipoprotein (HDL) increased, cholesterol and low-density lipoprotein 
(LDL) cholesterol concentrations were found to decrease [66–68]. Inflammation is 
a complex biological response to tissue damage, associated with the onset, develop-
ment and progression of cancer or tumors, provided there is a favorable microen-
vironment. Flavonoids have been found to have immunomodulatory properties 
in vitro. The antioxidant activity of tea, in which anthocyanins have several anti-
inflammatory effects, is mainly due to the phenolic substances it contains.

Langley-Evans [69] stated that 35–45% of dietary antioxidants originate from 
tea flavonoids, and as the temperature increases during brewing, the number of 
antioxidants in the brew increases. Dillard and German [70] in a study conducted 
on 805 men aged 65–84, reported that the average daily flavonoid intake was 
25.9 mg per day, 61% of which was due to tea.

Trevisanato and Young-In Kim [71] investigated the relationship between tea 
consumption and some types of cancer, and in oral cancer: 37.9% partial reduction in 
lesions after 6 months of green tea administration, in gastric cancer: green and black 
tea In those who consume 7 or more cups of green tea per day. Up to 31% reduction 
in cancer risk, in pancreatic cancer: 12% cancer risk in men consuming green tea up 
to 200 g/month, 53% in women; Those who consumed more than 200 g/month saw 
a 43% reduction in men, 47% reduction in women and a 4% reduction in the risk of 
colon cancer in those who consumed 2 or more cups of black tea per day [72].

It has been reported that green tea has high antioxidant activity due to the high 
flavanols it contains, while black tea has high antioxidant activity due to its flavanol 
content as well as secondary phenolic substances formed in the enzymatic oxida-
tion stage [71]. Berries are known to contain a wide variety of bioactive compounds 
such as phenolic compounds, organic acids, tannins, anthocyanins and flavonoids. 
The chemical structure of phenolic compounds is characterized by one or more 
aromatic rings with hydroxyl groups. These compounds are classified into 5 main 
groups according to their structural properties: phenolic acids, Stevens, flavonoids 
(flavonols or catechins, flavonols, flavones, flavonols, isoflavonoids, anthocyanins), 
tannins and lignans [71].
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It has been tried to be proven by studies that anthocyanin-rich raspberry, 
strawberry, cherry and blueberry are very effective in preventing the emergence 
of some diseases that cause premature death such as some types of cancer, vascular 
and heart diseases [72]. Phenolic compounds in the studies (mg/100 g fresh fruit); 
Blueberry (Vaccinium myrtillus) 525 mg/100 g, [73], Blackberry (Rubus fruticosus) 
361 mg/100 g, 417-555 mg/100 g [74, 75], Black Currant (Ribes nigrum) 318.15 
mg/100 g, 498-1342 mg/100 g [76, 77]. Blueberry (Vaccinium corymbosum) 
181.1-473 mg /100 g, 261-585 mg/100 g [73, 75], Raspberry (Rubus ideaus) 113.73-
177.6 mg/100 g, 192-359 mg/100 g [78–80], 20 Strawberry (Fragaria ananassa) 
317.2 mg/100 g [71], 443.4 102 mg/100 g [81–85].

Researching ways to lead a healthy life and prevent diseases is one of the most 
studied research in the medical world. For this reason, the effects of natural vege-
tables, plants and fruits on the human body are gaining more and more importance 
every day. The fact that antioxidant substances taken with plants create a protec-
tive shield against the effects of oxygen and other harmful substances entering 
the body, which causes the cells to deform, increases the interest in such natural 
products [86].

3. Result

The danger of oxidative stress manifests itself when reactive oxygen species 
damage cellular molecules. Damage to proteins, lipids, and RNAs is relatively 
reversible, but damage to DNA can lead to irreversible problems. By using more 
foods with high antioxidant capacity, your body’s cellular damage (oxidative stress) 
caused by free radicals can be reduced. In addition, many factors such as environ-
mental pollution, radiation, contaminated water, pesticides and oxygen metabolism 
in living cells inevitably cause the formation of free radicals [87].

Research shows that free radicals have a significant effect on aging, free radical 
damage can be controlled with adequate antioxidant defense, and optimal antioxi-
dant nutrient intake can contribute to improved quality of life. Antioxidants are 
natural substances found in vegetables and fruits, protecting cells from aging and 
rusting, preventing cancer and weakening of immunity. The antioxidant capacities 
of vegetables and fruits vary depending on the amount and type of antioxidant 
compounds they contain. Because not all foods contain these compounds in the 
same amount. Fruits with red-purple content such as strawberries, blueberries, 
cranberries, raspberries and blackberries contain a significant amount of antioxi-
dants. Tomatoes to be consumed in their season contain high levels of vitamins A, C 
and folic acid. In addition, Lycopene, which increases in amount when cooked, is a 
very powerful antioxidant. By using more foods with high antioxidant capacity, you 
can reduce your body’s cellular damage (oxidative stress) caused by free radicals. 
Studies have shown that foods with high antioxidant capacity have a high capacity 
to absorb free oxygen radicals that damage cells and life of man. Many plants, in 
particular leaves or various parts that are consumed as vegetables, are also used 
for therapeutic purposes amongst people. As in all countries of the world, medical 
measurements of plants are being researched in Turkey and these plants are under 
development as a remedy for many diseases [88]. There is safe data that foods with 
higher antioxidant capacity, protect cells better and lead to longer and healthier 
lives. To protect our health, we should consume plenty of fresh fruits and vegetables 
in the season, pay attention to the variety of foods and improve our eating habits in 
the light of healthy eating principles.
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