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Preface

Oxidative stress is the imbalance between the production and the accumulation
of free radical molecules, which are reactive oxygen species, in cells causing
certain physiological effects and various diseases. Lipid peroxidation is a free
radical-mediated chain of reactions involving the formation of lipid radicals

and rearrangement of double bonds in unsaturated lipids. Lipid peroxidation is
initiated and enhanced via several toxic products resulting in oxidative damage to
polyunsaturated fatty acids in the cell membranes, which are the most common
targets of cellular components.

When biological membranes are destroyed, a variety of breakdown products are
produced that lead to cell death. Lipid peroxidation end products are cytotoxic
products that cause covalent modification in cellular macromolecules. These
macromolecules play important roles both in the development and the progression
of many diseases via altering redox homeostasis.

This book provides information about lipid peroxidation and will help guide the
development of potential therapeutic approaches to control the production of free
radical-mediated generation of lipid peroxidation to combat human disease.

Pinar Atukeren

Cerrahpasa Medical Faculty,
Department of Medical Biochemistry,
Istanbul University Cerrahpasa,
Istanbul, Turkey






Chapter1
Lipid Peroxidation

Suzan Onur Yaman and Adnan Ayhanci

Abstract

Lipid peroxidation (LPO) is initiated by the attack of free radicals (eg OH -,
02- and H202) on cellular or organelle membranes phospholipids or polyunsatu-
rated fatty acids (PUFA), and with the formation of various types of aldehydes,
ketones, alkanes, carboxylic acids and polymerization products. It is an autoxidation
process that results. These products are highly reactive with other cellular compo-
nents and serve as biological markers of LPO. Malondialdehyde (MDA), a toxic alde-
hyde end product of LPO, causes structural changes that mediate its oxidation, such
as fragmentation, modification, and aggregation, especially in DNA and protein. The
excessive binding of these reactive aldehydes to cellular proteins alters membrane
permeability and electrolyte balance. Degradation of proteins leads to progressive
degradation of the biological system mediated by oxidative stress. The chain reac-
tion (CR) of LPO is initiated by the attack of free radicals on the PUFA of the cell
membrane to form a carbon centered radical (R*). The O2 - - radical attacks the other
lipid molecule to form lipid hydroperoxide (ROOH), thereby spreading the CR and
forming the lipid peroxyl radical (ROO). These lipid hydroperoxides severely inhibit
membrane functionality by allowing ions such as increased hardness and calcium
to leak through the membrane. Damage to the lipid membrane and macromolecule
oxidation can result in activation of necrotic or apoptotic tissue death pathways if
severe enough.

Keywords: lipid peroxidation, free radical, malondialdehyde

1. Introduction

Free radicals are formed during the reactions required for the maintenance of
normal metabolism and energy formation in biological systems. Under normal
conditions, the most significant source of free radicals in cells is the leakage of
electrons into molecular oxygen from electron flow in the mitochondria and endo-
plasmic reticulum during oxidative respiration. The superoxide anion formed in this
way is converted into hydrogen peroxide, a reactive oxygen type. Hydrogen peroxide
forms the peroxyl radical, which is the most reactive radical type in the organism in
the presence of transition metal ions. When free radicals cannot be removed from the
environment, they cause damage at the cell, tissue, and organ level by disrupting the
structure of biomolecules such as lipids, proteins, and nucleic acids due to their high
reactivity. Lipid peroxidation begins when polyunsaturated fatty acids (PUFAs),
which are in the structure of membrane lipids in cells, are affected by free radicals.
If peroxyl radicals are not cleaned, a chain reaction starts affecting the intact PUFA.
Lipid peroxidation is damaging as it is a self-sustaining chain reaction. When lipid
peroxides (LOOH) are broken down, aldehydes are formed, many of which are
biologically active. These compounds are either metabolized at the cellular level or

1 IntechOpen
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diffuse from their initial domains and spread damage to other parts of the cell. When
peroxidation of fatty acids containing three or more double bonds. Malondialdehyde
(MDA) arises following the peroxidation of fatty acids comprised of three or more
double bonds and appears in blood and urine. Due to its ability to corelate well with
the degree of which lipid peroxidation occurs despite not being a specific or quantita-
tive indicator of fatty acid oxidation, the measurement of MDA in biological material
is used as an indicator of lipid peroxide levels. Nonenzymatic lipid peroxidation is a
very harmful chain reaction. It both damages the membrane structure directly and
also damages other cell components indirectly with the reactive aldehydes it pro-
duces. Thus, it causes tissue damage and many subsequent diseases.

2. Free radicals

According to quantum chemistry, only two electrons can enter the structure
of abond together. Electron pairs exist in a very stable state. Electrons in the
human body exist almost entirely in electron pairs. When a bond breaks, the two
electrons are either separated but remain in the same atom or both remain in the
atom separately. If they remain together, the atom formed becomes an ion, and
when they leave, the atom formed becomes a free radical [1]. Atoms or compounds
that contain the unpaired electron in their final orbital are defined as free radicals.
In other words, they are atoms or molecules that have an open electron shell con-
figuration and contain an odd number of electrons in their structure [2]. The term
Reactive Oxygen Species (ROS) is more commonly used in place of the term free
oxygen radical as it includes molecules that are radical and are not actually radical,
but that cause the formation of oxygen radicals with their reactions [1].

Despite oxygen being crucial for life, in some cases it can also damage cells. This
damage is caused by increased oxygen-induced ROS production. The amounts of
ROS produced under normal physiological conditions do not exceed the capacity of
the natural antioxidant defense systems in the body. ROSs are chemical derivatives
with unpaired high energy electrons in their outer orbits. In order to stabilize, ROS
interact with any molecule they can find in their vicinity and exchange electrons.
Molecules that react with free radicals turn into free radicals and initiate the
damage chain reaction. These radicals react with organic and inorganic chemicals
such as protein, lipid, and carbohydrate. When radicals occur in cells, they react
with nucleic acids and various membrane molecules and break them down. While
radicals affect intracellular organelles, they also create distant effects by passing to
the extracellular compartment [1]. Although oxygen is crucial for human life, some
ROS that occur during normal metabolism have the potential to cause great harm to
the body. Compared to normal oxygen molecules, ROS, which are mostly composed
of free radicals, appear as oxygen forms with higher chemical reactivity [3].

Free radicals are any atom or molecule with one or more unpaired electrons
produced in many physiological or pathological conditions. These molecules, also
known as oxidant molecules or reactive oxygen particles, easily exchange electrons
with other molecules [4]. A compound can return to a free radical by losing an
electron (reduction) or gaining an additional electron (oxidation). Free radicals can
be part of a larger structure, as well as in immobile or small and freely spreading
species [5-8]. Free radicals are frequently produced by the mitochondria during the
body’s normal use of oxygen. These free radicals, which are formed as a result of
energy production, can change the structure of lipids, proteins, and nucleic acids.
Free radicals are produced from many endogenous and exogenous sources as well as
mitochondria and cause a variety of damage alongside their benefits. The benefits
of free radicals only occur when they are of low concentration. Low concentration
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free radicals are involved in the activation of cellular signals such as calcium release
from intracellular stores, and the activation of tyrosine phosphating and growth
factor signals, along with defense functions such as defense against infections, the
killing cancer cells and detoxification of xenobiotics [9].

3. Ways in which free radicals form in the cell

Common biochemical events, such as those which occur during normal res-
piration, cause reduction—oxidation (redox) reactions. The molecular oxygen in
mitochondria is gradually diminished with the adding of four electrons to form
water. Several toxic intermediate derivatives occur during this event. These include
superoxide radicals (072, hydrogen peroxide (H,0,) and hydroxyl (OH"). In addi-
tion, some intracellular oxidases such as xanthine oxidase directly form superoxide
radicals as a result of their activities. It catalyzes the formation of free radicals
(Fe™* H,0, —» Fe*™** OH™ + OH") as in the Fenton reaction by exchanging free
electrons during some intracellular reactions in exchange metals such as copper and
iron. To play a part in the Fenton reaction, the intracellular free iron, occuring in
the ferric state (Fe*"*), must initially be reduced to its ferrous (Fe™*) form. Iron and
superoxide are both required for maximum oxidative cell damage as the reduction is
amplified by the superoxide ion.

By absorption of radiant energy (such as ultraviolet light, X-rays): For example,
water can be hydrolyzed to hydroxyl (OH") and hydrogen (H") free radicals with
ionizing radiation.

By the intracellular enzymatic metabolism of external chemicals or drugs: For
example, CCl; free radical is formed as a result of the intracellular metabolism of
carbon tetrachloride (CCl,).

Nitric oxide (NO), an important chemical mediator normally synthesized in
various cell types, reacts with oxygen, especially non-radical peroxynitrite, a type
of free oxygen that inhibits mitochondrial respiration, as well as the radical nitro-
gen dioxide (NO2) and nitrogen trioxide (NO3) [1]. Common free radicals, their
symbols and identities are shown in the table below (Table 1):

Free radical Symbol Identity
Hydrogen H The simplest radical.
Superoxide (% The first intermediate product of oxygen metabolism.
Hydroxyl OH" The most toxic (reactive) oxygen metabolite radical.
Hydrogen peroxide H,0, Reactivity is very low, molecular damage ability is poor.
Singlet oxygen 0y Strong oxidative form of oxygen with fast half-life.
Perhydroxy radical HO, Rapidly dissolves in lipids and increases lipid peroxidation.
Peroxide radical ROO" is less effective than perhydroxyl, localized to lipids.
Trichloromethyl CCly CCl, is a radical produced in the liver, the product of metabolism.
Thiyl radical RS General name for sulfurous and unpaired electron-containing species.
Alkoxyl RO Oxygen metabolite produced by the breakdown of organic peroxides.
Nitrogen oxide NO is produced in vivo from the amino acid NO L- arginine.
Nitrogen dioxide NO, is produced by the reaction of NO with oxygen [10].
Table 1.

Free radicals, symbols, and identities.
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The most important free radicals that occur are:
* Superoxide radical (O;").
* Hydrogen peroxide (H,0,).
* Hydroxyl radical (HO").
* Singlet oxygen (O,11) [11, 12].
3.1 Superoxide radicals (O;")

The superoxide anion radical (O,") is produced by the single electron reduction
of oxygen which acts as an intermediate in a number of biochemical reactions in
body [13] and is a weak oxidant that cannot cause serious cell damage by itself.

However, it may lead to the initiation of a series of reactions that can lead
to oxidative stress [6, 14, 15]. One of the main points of superoxide production is
Coenzyme Q, and this anion is formed at other points in the electron transport
chain as well as in the mitochondrial electron transport chain. Another ROS
is produced by the O, radical, which does not leak far from where it
originates [12, 16].

0, +é— 0, (superoxide radical )
H,0, +0, »HO +OH +0, 1)

The OH™ radicals produced are highly reactive and can cause significant damage
by reacting with structures such as DNA [6, 17, 18].

The half-lives of superoxide radicals that produce H,O, and oxygen by the
dismutation reaction are quite short. This reaction occurs spontaneously and is
catalyzed by the Superoxide Dismutase (SOD) enzyme [6].

0, +0,” +2H+SOD—»H,0, +0, )

In natural conditions, O,” can be produced in muscle tissues in a variety of
ways. One of the sources of O, in muscle tissues are various components of the
electron transport chain in mitochondria, such as NADPH-linked dehydrogenase
and ubiquinone, which can leak electrons into O,. Autoxidation of heme proteins
[19, 20] and metabolic enzymes such as xanthine oxidase [21] are other sources
of O,. With the ingestion of bacteria, the activation of several leukocytes in the
vasculature of the muscle tissue causes the production of O,”, one of the major
bactericides [22].

3.2 Hydrogen peroxide (H,0,)

Aerobic cells naturally contain low concentrations of hydrogen peroxide (H,0,)
as a metabolite. In an O, forming system, it is expected to give H,0, catalyzed by
nonenzymatic or superoxide dismutase (SOD) [23]. Although it is not free radical,
hydrogen peroxide reacts with a transition metal (e.g. Fe*”) to form a free radical [16].
H,0, production has been detected in mitochondria, microsomes, peroxisomes
and phagocytic cells. Also, many enzymes, such as xanthine oxidase, aldehyde oxi-
dase, urate oxidase, glucose oxidase, glycolate oxidase, and D-amino acid oxidase,

1
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can directly produce H,O, [23]. It has been reported that H,O, is produced at a
hemoglobin rate of approximately 3.9 x 10-9 M/hg and the concentration of H,0,
in red blood cells in a steady state is 2 x 10-10 M [24]. It has been reported that H,0,
formed during oxidation of oxymyoglobin plays an important role in lipid peroxida-
tion [25]. Furthermore, it was reported that turkey muscle tissues stored at 37°C for
30 minutes produced approximately 14.0 nmol H,O, per gram fresh weight, and its
formation increased with storage at 4°C [26].

H,0,, which lacks unpaired electrons, is not a radical and, unlike charged O2,
shows limited reactivity and permeability to the membrane [27]. Nevertheless,
H,0, can have devastating effects by generating more reactive species such as OH
by catalysis of Fe (II) [28]. In addition, H,0,, depending on its concentration, can
denature heme proteins to release iron and heme group or to convert heme protein
to ferryl or perferryl radical [20].

3.3 Hydroxyl radicals (HO")

The hydroxyl radical (OH) is the most reactive oxygen radical [29]. It is the
most powerful free radical hydroxyl radical found in biological systems. In tissues
exposed to radiation, a large part of the energy is absorbed by the water inside
the cell and the radiation creates a covalent bond between oxygen and hydrogen,
forming hydrogen (H") and hydroxyl radical (OH").

H-O-H—H +O0H (Hydroxyl radical) (3)

OH- radicals, which can provide radical formation and participate in a series of
reactions, cause strand breaks in DNA by joining the structure of bases in DNA and
RNA, which they do by causing a lot of damage to the bases and sugars of DNA. If
the damage is very severe, it may not be repaired by cellular protective systems and
as a result, mutations and cell death occur [14, 17, 30].

The steady-state concentration of the OH™ radical in vivo is zero because it reacts
with every molecule in the living cell, such as DNA, protein, phospholipid, amino
acid, and sugar, at or near the place of formation. The high reactivity of the OH"
radical is thought to result from the extraordinary combination of three properties.
These properties include high electrophilicity, high thermochemical reactivity, and
the ability to form near target molecules [31]. OH™ formation was achieved in living
erythrocytes under the effect of adriamycin using the spin trap electron paramag-
netic resonance (EPR) technique [32]. Most of the OH™ produced in vivo or in situ
was obtained from the decomposition of H,O, [33] by Fe (II) catalysis. Additionally,
OH" can be produced by various sources: sunlight (Joseph JM, Aravindakumar),
ultraviolet radiation [34], ionizing irradiation [35], reaction of hypochlorous acid
with O2- [36] and sonolysis of water (ultrasound) [37].

The reaction of the OH" radical can be inhibited by OH" scavengers such as
methanol, ethanol, 1-butanol, mannitol, formate, thiourea, dimethylthiourea,
glucose, tris-buffer, or sorbitol [23]. Although OH" scavengers prevent OH™ from
reacting with other molecules, including lipid molecules, they are not always
effective. There are several reasons to consider:

1. Reaction of the OH™ radical with a scavenger can create scavenger radicals that
can react with other molecules in the system [38].

2. More attention has been paid to the possibility of a metal-mediated mecha-
nism [28]: OH™ produced by the reaction of H,0, with metal ions bound to
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macromolecules can react with metal-binding molecules. It has been reported
that as a result of the formation of the Fe (II) ion and 2-deoxyreebose com-
plex, the Fe (II) ion that binds to DNA interacts with H,0, to form OH", which
instantly damages DNA [39]. It was determined that the Fe (III) ion binds

to the membrane and then forms free radicals in the binding site. It has been
suggested that iron is accepted as the main binding site of the sulfone group
with the carboxyl groups of sialic acids to the membrane, the sulfate group of
glycolipids and the phosphate head group of glycoproteins and phospholipids
[40]. On the other hand, it has also been reported that OH" scavengers effec-
tively inhibit OH™ formation in the presence of EDTA. Indeed, EDTA allows Fe
(II) ions to be removed from these binding sites [41]. Thus, the toxicity of O,
and H,0, may be due to the presence and distribution of metal ion catalysts to
form OH" in cells.

3.4 Singlet oxygen (O,1|)

Singlet oxygen is the name given to the excited form of oxygen; it is a reac-
tive oxygen type with a very high non-radical reactivity. By directly reacting with
unsaturated fatty acids, it forms the peroxyl radical and initiates a lipid peroxidation
as strong as the hydroxyl radical [10].

4. Free radical sources

Continuously produced SR in the cell and in the environment can be generated
by both endogenous and exogenous sources.
Endogenous (Natural) Sources:

* Oxygen catalyzed by the electron transport system during oxygen respiration
in mitochondria produces free radicals as a by-product.

* In case of inflammation, cytokines are released and as a result neutrophils
and macrophages begin to produce free radicals.

* Free radicals can originate from a variety of sources such as lipid
peroxidation, xanthine oxidase, and mitochondrial cytochrome oxidase.

* Free radicals can be produced by smooth muscle cells, platelets, and
arachidonic acid metabolism.

* It may occur as a result of electron leaks in the Cytocom p450 system in the
endoplasmic reticulum with enzymes such as xanthine oxidase (XO) and
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase during
autooxidation reactions.

* Stress from mental stress or body fatigue can create free radicals as a toxic
by-product. In addition, hormones such as cortisol and catecholamine can
cause stress reactions in the body, and these hormones themselves can turn
into free radicals.

* Immune system cells can generate ROS and oxy-radicals in response to
pathogens.
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Exogenous Sources:

* X-rays, UV rays, microwave rays, gamma rays.
* Burning organic materials during cooking.

* Volcanic activities, forest fires.

* Pollutants such as benzene, asbestos, formaldehyde, carbon monoxide,
toluene, and ozone.

* Chemicals such as glue, cleaning products, thinner, paint, pesticides, and
perfumes.

* Water contaminants such as chloroform and other trihalomethanes.

* Cigarette smoke, exhaust smoke, alcohol and cigarette use can contribute to
the production of free radical exogenously [9, 42-45].

5. Damage associated with free radicals

As aresult of the damaging effects of free radicals on cells, the cell’s plasma and
organelle membranes lose their continuity. As a result, sodium and calcium ions
enter the cell in addition to water. Morphologically recognized by their pale granu-
lar cytoplasm, these cells swell. Over time, this structural defect leads to irreversible
changes in the cell0, followed eventually by death [1].

5.1 Lipids

Lipids are the most sensitive biomolecules to the effects of free radicals, and the
unsaturated bonds of fatty acids and cholesterol in cell membranes react very easily
with free radicals to form peroxidation products. The oxidative breakdown of poly-
unsaturated fatty acids, known as lipid peroxidation and which is highly harmful,
proceeds as a self-sustaining chain reaction [17, 46]. Lipid peroxides, which are an
important component of cell membranes, form RS- and ROO- radicals with the pres-
ence of transition metals such as Fe and Cu. In this way, Fe and Cu salts increase the
rate of lipid peroxidation and consequently reduce the fluidity and permeability of the
cell membrane and cause the disruption of membrane integrity [6, 17, 47].

5.2 Lipid peroxidation

Lipid peroxidation is a free radical chain reaction that is comprised of three pri-
mary steps: initiation, propagation, and termination. Highly reactive radicals, such as
the hydroxyl radical, attack polyunsaturated fatty acids, causing a hydrogen atom to be
removed from the methylene (—CH,—) group and, thus, initiate lipid peroxidation.
Polyunsaturated fatty acids are very sensitive to peroxidation, as the number of double
bonds in the fatty acid side chain increases, the hydrogen atom cleavage becomes
easier [13]. Conjugated dienes will, however, react to one another in the bounds of the
membranes or other membrane components such as protein and cholesterol under
conditions when O, is extremely restricted [48]. The creation of conjugated dienes
is followed by changes in the structure of the double bond from cis to trans form,
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which may facilitate tighter packing of the unsaturated fatty acids, contributing to the
development of more rigid domains inside the bilayer of oxidized lipid [49].

When the hydrogen atom leaves the molecule by acquiring an electron, only
one electron remains in the carbon of the fatty acid; In order to eliminate the
weakening of the C-H bond in the carbon atom adjacent to the double bond, the
carbon-centered radical forms the conjugated diene. Conjugated diene reacts
with oxygen, causing the lipid peroxyl radical (LOO®); the lipid radical formed in
this step is important because it starts a chain reaction by removing the hydrogen
atom from another fatty acid. Peroxyl radicals show less reactive properties than
*OH; however, they can reach farther regions. Peroxyl radicals can react with each
other, attack membrane proteins or break hydrogen atoms from neighboring fatty
acid chains, leading to the progression of lipid peroxidation chain reaction. Lipid
peroxidation in biological membranes can lead to decreased membrane fluidity and
membrane potential, increased permeability to H and other ions, and disruption of
organelle or cell integrity [13].

The termination process is the last stage of lipid peroxidation. During this
process, LOOs either undergo a reciprocal causal nexus or self-destruct and in this
way go on to form non-radical products. Despite their potential to breakdown when
exposed to high temperatures or by contact with transitional metal ions, LOOH is
a compound which remains stable at physiological temperatures [23]. The formed
free radicals (LOe, LOO®) and electrophilic products (e.g. 4-hydroxynonenal) can
react with neighboring membrane proteins as well as diffuse with distant molecules
such as DNA [13].
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Lipid Peroxidation: A Signaling
Mechanism in Diagnosis of
Diseases
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Abstract

Quantification of reactive oxygen species, is perplexing either iz vivo or in vitro
due to their short half-lives. Consequently, to define the magnitude of oxidative
stress, the more stable oxidation products can be measured in biological samples.
The oxidative stress leads to the lipid peroxidation that involves the initiation,
termination and propagation of lipid radicals, wherein, the process involves the
oxygen uptake, rearrangement of the double bonds in unsaturated lipids, that leads
to polyunsaturated fatty acid deterioration. Subsequently, the toxic signaling end
products are considered as biomarkers of free radicals that act both as signaling
molecules and as cytotoxic products cause covalent alteration of lipid peroxidation
products. The use of validated signaling mechanism (s) of Lipid peroxidation and
products derived thereof exhibits its use clinical practice and basic clinical research
as well as in clinical practice has become common place, and their presence as
endpoints in clinical trials is now broadly accepted. This knowledge can be used to
diagnose disease earlier, or to prevent it before it starts. The signaling markers can
be used to excel the effectiveness of the prevailing medicines and to improve the
new medicines.

Keywords: lipid peroxidation, isoprostanes, malondialdehyde, Alzheimer’s disease,
oxidative stress

1. Introduction

Lipids are of two types: Polar and Non-polar. The polar lipids (Triglycerides),
store in various cells but especially in adipose (fat) tissue, are usually the main
source of energy for mammals. Polar lipids are underlying segments of cell layers,
where in it contributesfor thedevelopment of permeability barrier of cells and sub-
cellular organelles in the form of a lipid bilayer [1]. The glycerol-based phospholipid
is the significant type of membranous lipid bilayer and it is evidenced by the element
that membrane lipids may regulates the biologicalfunctions of a membrane organelle
by amending its biophysical characteristics, such as the divergence and absorptivity
[2]. Lipids and its metabolite productsfacilitates a key ingredient in understand-
ing the biology and serve as a signaling biomolecules in the diagnosis of diseases
[3]. However, theleading enzymes that generate as lipid-signaling biomarkers are
lipoxygenase, that intervene hydroperoxyeicosatetraenoic acids (HPETEs), lipoxins,
leukotrienes, or hepoxilins biosynthesis after oxidation of fatty acids/arachidonic
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acid (AA), cyclooxygenase that yields prostaglandins, and cytochrome P-450 (CYP)
that produces epoxyeicosatrienoic acids, leukotoxins, thromboxane, or prostacy-
clin respectively [4, 5]. The signaling lipid biomarkers recruitsvia stimulation of a
variety of receptors, including nuclear and G protein-coupled receptors. Moreover,
several othertypes of lipidmetabolites have been recognized as potent intracellular
signal transduction molecules viz; i) diacylglycerol (DAG) and inositol phosphates
(IPs) were derived from the phosphatidylinositol phosphates. DAG is a transcrip-
tion nuclear factor-kB (NF-kB) which promotes cell survival and proliferation and
also a physiological activator of protein kinase C [6, 7] and a small G protein [8].

On the other hand, IPs (lipid derived metabolites) are anextremelystimulatingthat
intricate in signal transduction, results in activation of mTORand Akt [9], and
calcium homeostasis [10, 11]; ii) Sphingolipid derived from ceramide (sphingosine-
1-phosphate), is aeffective messenger molecule engaged in proliferation, adhesion,
migration and alsoregulates calcium mobilization at molecular and cellular level of
the organism [12-14]; iii) oxidative stress induced fatty acid derived eicosanoid and
prostaglandins involved in inflammation [15, 16] and immunity [17]; iv) phosphoti-
dylserine, (a phospholipid) that plays crucial role in a number of signaling pathways,
includes fusogenic proteins, kinases and small GTPases [18]; v) the sex and growth
hormones such as testosterone, progesterone, estrogen and cortisol that monitored
a host body activities such as reproduction, blood pressure metabolism, inflamma-
tion, oxidative stress response etc. [19].

Molecular mechanism of lipid damage: The process of lipid peroxidation (LPO),
is the resultant of oxidative stress and free radical production. Specifically, reac-
tive oxygen species (ROS) attack polyunsaturated fatty acids (PUFAs) of cellular
membranes and leads tothe insult of functional and/or structural integrity of cell
membranes, subsequentlyproducing4-hydroxy-2-noneal (HNE), malondialdehyde
(MDA) and acrolein (a group of a, f-unsaturated highly reactive aldehyde) [20, 21].
Therefore, these strong reactive aldehydes are significantlydiffusive, able to attack
and form covalent linkages with auxiliary cellular constituents. Moreover, the lipid
peroxidation process continues asself-propagation followed by initiation of chain
reactions and termination either with complete substrate utilization or through
interaction with antioxidants such as tocopherol (Vitamin E). Neuroprostanes
(neuroPs), isoprostanes (IsoPs) are the additional LPO products of arachidonic
acid and docosahexaenoic acid (DHA), that are quantified in the biological fluids to
diagnose the severity of the disease. Furthermore, the cyclized fatty acids prolifer-
ate further and metabolize the cellular membrane components, mainly lipids and
proteins, and propagates the other LPO products in the body fluids [22].

Quantification of reactive oxygen species, is perplexing either iz vivo or in vitro
due to their short half-lives. Consequently, to define the magnitude of oxidative
stress, the more stable oxidation products can be measured in biological samples.
The oxidative stress leads to the lipid peroxidation that involves the initiation,
termination and propagation of lipid radicals, wherein, the process involves the
oxygen uptake, rearrangement of the double bonds in unsaturated lipids, that leads
to polyunsaturated fatty acid deterioration. Subsequently, the toxic signaling end
products are considered as biomarkers of free radicals that act both as signaling
molecules and as cytotoxic products cause covalent alteration of lipid peroxida-
tion products [23]. In respect of their oxidative-induced damage properties, these
compounds are considered as disease mediators in the pathophysiology of many
neurodegenerative diseases (NDs), including Alzheimer’s disease (AD), Parkinson’s
disease (PD), and amyotrophic lateral sclerosis (ALS), Diabetes, Atherosclerosis,
Chronic inflammation, Asthma and liver injury that serve as potential biomarkers
in the signaling mechanism in diagnosis of diseases [24]. Thus, it is necessary to
understand the oxidative deterioration of lipids in a sequential five-step procedure
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Figure 1.
Oxidative deterioration of lipids.

in which oxidants, either radical or non-radical species, attack lipids containing
C-C double bonds [25, 26]. On the contrary of enzyme-based lipid metabolism,
lipid peroxidation does follow a non-enzymatic process that continues in ahysteri-
calmode: Initiation, propagation and termination (Figure 1) [27].

2. Mechanism of action of lipid peroxidation (LPO)

The process of LPO on membrane influences discrete functions from the
increased rigidity of membrane, reduced action of membrane-confined enzymes,
impairment of membrane receptors and modified permeability of the cell mem-
brane. Similar to phospholipid impairment, radicals can also directly attack lipid-
protein and membrane proteins mediate as well as protein—protein interconnection,
subsequently affect the membrane integrity [28]. LPO products persuade such a loss
of membrane integrity that ultimately leads to unadorned cytotoxicity, and could
result in unrestrained cellular growth or even apoptosis. Rationally, the perturba-
tion of the above-mentioned functions ensued by polyunsaturated fatty acids,
along with the resultant metabolites and protein insults modifies the neuronal
homeostasis, and leads to the multi-organ organ dysfunction [29-31].

3. Lipid peroxidation (LPO) products as biomarkers in
neurodegenerative disorders

LPO products are significantly associated to the development of Alzheimer’s
diseases (AD); and hence, they are studied as potential disease signaling biomark-
ers in neurodegenerative disorders. LPO products such as MDA, IsoPs, TBARS,
and fluorescent lipofuscin-like pigments (LPF) extensively studied and found in
different human samples (plasma, serum and urine) of the patients suffering from
neurodegenerative disorders. (Summarized in Table 1).

Histopathological studies revealed a co-localization of lipid peroxidation
products and p-amyloidplaques in the brain of the AD. Also, the studiy evident for
the presence of fatty acids in AD brain lesions produced a neurotoxic effect in cell
culture increasing oxidative stress [41]. Since the brain contains high lipid content
and high oxygen consumption, lipid peroxidation seems to play fundamental
role in AD early detection. Similarly, IsoPsand its isomers produced via diverse
actions that, are encountered as marginal oxidation products of the arachidonic
acid [42]. Whereas, neuroPsenriched in the neuronal tissue and vital component
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Sr.no Biomarkers Biological ~ Analytical Results Reference
sample technique
01 8-Isoprostane Urine EIA AD <DrD* [32]
AD+DM < DrD
02 Isoprostanes Urine ELISA Not differences between [33]
oxidized LDL groups
03 8-Isoprotanes Serum ELISA Non-frail AD < Pre-frail [34]
AD*
04 Isoprostanes Urine EIA Non-frail AD < frail AD* [35]
05 Isoprostanes, Urine RIA AD + placebo > AD [36]
Neuroprostanes, treatment

dihomo-isoprostanes

06 MDA Urine GC-MS Not differences between [37]
groups after the
treatment

07 MDA Urine UPLC-MS/MS  Significant differences [38]
in groups

08 MDA Plasma HPLC- aMCI converted >aMCI [39]

fluoresce stable
09 MDA Blood HPLC-MS MDA blood levels do not [40]

correlated with different
cognitive tests

Table 1.
Signaling mechanism of lipid peroxidation in biological samples of patients.

of the nervous tissues, awfully susceptible to oxidation [43]. Thus, the quantitative
estimation of neuroPsaffords a significantsource of oxidative neuronal impairment-
corresponding to IsoPs [44].

Malondialdehyde (MDA) a signaling molecule of LPO has ability to interact
with micro-macromolecules such as nucleic acid bases, developingdivergent
adducts, and can also react with proteins in a synergistic and covalent manner,
subsequently, leads to the stimulation of strong immune responses and exhibits
pro-fibrogenic and pro-inflammatory properties/mediators such as interleukins,
cytokines etc. Furthermore, accumulation of MDA modifies membrane integrity by
inducing increased intra and extracellular permeability and damage the fluidity of
membrane lipid bilayer. Being a most mutagenic, MDA is capable of reacting with
deoxyadenosine in DNA and deoxyguanosine, thus generating mutagenic DNA
adducts [21, 31].

As the consequence of peroxidation of PUFAs (linoleic and arachidonic acid),
Hudroxy-2-nonrenal (HNE) are formed, since they are the most abundant in fatty
acids. The HNE, specifically, bind to amino acids mainly: cysteine, histidine and
lysine proteinaceous residue addition by either the amino and thiol groups. The
conjugates of protein residue and HNE, leads to the impairment of the normal
protein function as well as structure, and also HNE exhibits reactivity with vital
nucleic acids, lipids, signaling biomolecules and vitamins. Documented reports,
suggests that, the HNE accumulates in extremely low concentration (10 pM), in
response to oxidative stress and induces cytotoxicity and selective suppression
of inducible and basal NF-kB factors. Therefore, increased levels of HNE results
in Ca** homeostasisimbalance, disruption of glutamate transport, membrane
impairment, microtubule function, and cellular death via the activation of caspase
pathways [28, 45].
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Threonine metabolite product, acrolein generated by the bio activation of
phagocytes and cyclophosphamide. Wherein, acrolein targets histidyl, lysyl and
cysteinyl residue of protein side chain as well as reactswith nucleophilic sites in
DNA, that results in DNA and protein adducts and, thus, initiates cytotoxicity
specifically related to its ability to reduce glutathione [46]. Docosahexaenoic acid
(DHA) enriched in neurons, and is a vital compound of the nervous tissue. It is
a vital compound of the nervous tissue and enriched in neurons and extremely-
susceptible to oxidation. DHA on oxidative stress, leads to the production of
Neuroprostanes (F4-isoprostanes). In a biological aspect, neuroPsillustrates
anti-inflammatory properties by inhibiting proteasome concentrated in the neurons
membrane [45]. Nevertheless, the central nervous system (CNS) is one of the major
targets of the LPO and proneto chain reactions induced by ROS, which eventually
result in LPO products [47]. The role of LPO quantification in the pathogenesis of
NDs is significant and extremely importance for the early detection of neurodegen-
erative disorders [45].

The most frequently exploited LPO products such as lysine residues and unsatu-
rated aldehydes, including HNE and aracolein [48]. Several research studies have
been probing the LPO products and disease state interrelation, and its application
as possible biomarkers in order to assess prognosis and establish early detection of
the disease [49]. Among the above-mentioned potential biomarkers, IsoPssignifies
the most reliable and robust outcomes. Moreover, the IsoPs accurately process and
assessed the oxidant stress iz vivovia quantification of plasma and urinary sample.
Also, in situ phospholipids composed of IsoPs that locates the free radical produc-
tion and release from the cellular membrane via phospholipases in the plasma.
IsoPs detected and quantified in a plethora of biological fluids including plasma
cerebrospinal fluid, exhaled breath condensate, urine and bile [50]. On the other
hand, neuroPs are a fundamental component of the nervous tissue, enriched in
the neuronal tissue and extremely susceptible to oxidation [51]. Thus, the quanti-
fication of neuroPs provides a signaling biomarker of oxidative neuronal damage
compare to IsoPs quantification. In addition, the quantity of neuroPs produced
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Figure 2.
Lipid peroxidation (LPO) products as biomarkers in neurodegenerative disovders.
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from DHA surpass that of IsoPs from arachidonic acid by 3.4 folds. NeuroPsare
elevated in the cerebrospinal fluid and brain tissue in ND, such as Parkinson and
Alzheimer’s disease. Hence, quantification of neuroPs levels isa vital tool in evaluat-
ing brain oxidative impairment [52]. Whereas, crosslinking is a major factor in the
development of pathology due to the promotion of intramolecular or intermolecu-
lar DNA and protein cross-linking, which results in intense change in the bio-
chemical properties of various biomolecules (Figure 1). This articulated process is
assumed to be a channel of interrelation chain reactions with covalent nucleophilic
compounds. Also, the translated and interconnected experimental indicators with
precise altered proteins in the CNS exhibited those definite cellular amendments
are in concomitant with pathophysiology of Neurodegenerative diseases. Thus, the
revival of scientific data affords a comprehensive knowledge in the advancement
and employment of LPO products as potential biomarkers in the early diagnosis

of the disease, alteredbiological processes, revealing potential active sites to target
disease progression (Figure 2).

4. Lipid peroxidation metabolites as influential signaling biomarkers in
asthma and airway inflammation

Oxidative stress at molecular and cellular level can have many detrimental effects
on airway function, including airway smooth muscle contraction, induction of air-
way hyper responsiveness, mucus hypersecretion, vascular exudation and shedding
of epithelial cells. Furthermore, ROS can induce cytokine and chemokine production
through induction of the oxidative stress-sensitive transcription of nuclear factor-kB
in bronchial epithelial cells [53]. Recently discovered series of bioactive prostaglan-
din (PF)F2-like compoundswere produced independently of the cyclooxygenase
enzymes via the peroxidation of arachidonic acid, catalyzed by free radicals. The
pathway leads to formation of 64 isomeric structures, of which 8-iso-PGF2« is most
well characterized. Evidence suggests that 8-iso-PGF 2a may act in part through
the vascular thromboxane A2/PGH2 (TP) receptor [54]. 8-iso-PGF2a has been
found to elicit airway hyper-responsiveness in isolated perfused mouse lungs, and
cause airway obstruction and air plasma exudation in guinea pigs in vivo [55]. These
experimental findings offerassumption about the contribution of Isoprostanes to the
airway narrowing that is characteristic of asthma and in addition to being reliable
signaling marker of lipid peroxidation, Isoprostane may prove to have an important
biological role in the pathological of asthma. A significant elevation of reactive
oxygen species, MDA formation (A product of Lipid peroxidation) and Isoprotane
was estimated in the broncho-alveolar lavage (BAL) fluidwithin 24 hrs of allergen-
induced asthma. This clearly indicates, Isoprotane is produce as a biomarker in
respiratory tract tissues that leads to the late observed physical symptoms in allergen-
induced asthma [56].

A recent study demonstrated that concentrations of exhaled ethane were
increased in patients with more severe bronchoconstriction (forced expiratory
volume in one second (FEV1) <60%), compared with less-constricted patients
(FEV1 > 60%) and provides evidence that lipid peroxidation is related to asthma
severity. These relationships between markers of oxidative stress and disease severity
suggest that such tests may indicate the clinical status of asthma patients [57]. The
increased level of 8-sio-PGF2a concentrations has been observed in chronic obstruc-
tive pulmonary diseases and asthma [58]. The discovery of Isoprostane has generated
attention, as they provide a reliable index of oxidative stress iz vivo. Isoprostane are
structurally stable, are produced iz vivo and are present in relatively high concentra-
tions [59]. Traceable levels of F2-isoprostanes can be found in all normal animal and
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Figure 3.
Lipid peroxidation metabolites as influential signaling biomarkers in lung diseases.

human biological fluids (including plasma, urine, bile, gastric juice, synovial fluid
and cerebrospinal fluid) ), and esterified in normal animal tissues. Thus, they over-
come many of the methodological problems associated with other signaling markers.
Determination of 8-iso-PGF2aas a marker of oxidative stress, of carbon tetrachloride
(CCly)-induced lipid peroxidation has been shown to be 20 times more sensitive than
measurement of Thiobarbituric acid reactive substances (TBARS). Thus, the reliabil-
ity of isoprostanes as in vivo markers of lipid peroxidation makes them an extremely
valuable signaling biomarker for defining the potential of antioxidant agents
(Vitamin C, E and p-carotene) in humans [60]. A significant amount of elevated
ethane produced following lipid peroxidation has been observed in plasma and breath
condensate of asthmatics as a biomarker indicator of acute airway inflammatory
diseases. Moreover, measurement of auto-antibodies directed against oxidative modi-
fications of low density lipids (LDL) is a recently developed technique that provides
an in vivo marker of lipid peroxidation. Enzymes-linked immunosorbent assays are
available in kit form, providing a quick and simple methodology. Thus measurement
of isoprostanes in breath condensate should provide useful information concerning
the degree of oxidant stress and success of antioxidant therapy in asthma (Figure 3).

5. Lipid peroxidation: a signaling mechanism in diagnosis of liver injury

Oxidative stress is one of the mechanisms involved in the pathogenesis of
drug-induced reactive oxygen species which lead to the depletion of intracel-
lular antioxidants, causing an imbalance in the redox status of the hepatic cells
[61]. Rapid, extensive lipid peroxidation of the membrane structural lipids due
to oxidative stress mechanism involved in the pathogenesis of drug-induced had
seen proposed as the basis of drug-induced hepatocellular toxicity. The most of the
xenobiotics such as Acetaminophen, Isoniazid and Rifampicin are well-known to
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induced hepatic damage directly or indirectly via lipid peroxidation [62]. However,
peroxy radical attribute to lipid peroxidation, thus known for the destabilization
and disintegration of the cell membrane, that further causes arteriosclerosis,
hepatic and kidney damage. The increased serum markers such as MDA formation
are of diagnostic importance of hepatic injury because they are released due to the
damage of hepatocytes and consequently participate in endogenous enzymatic
antioxidant system imbalance [63]. CCl4-ehanced lipid peroxidation has been
observed in liver tissue homogenates, isolated hepatocytes and in vivo, and this

has been associated with changes in endoplasmic reticular enzyme activity, in vivo
fatty acid export and protein synthesis [64]. CCL4 metabolism enhances produc-
tion of malondialdehyde in vitro and increase ethane production and lethality in
vivo (Figure 4). Consequently, lipid peroxidation initiated by free radical reactions
and unchecked by compromised cellular defenses, provides a possible link between

CYP 450
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Lipid Peroxidation (Covalent Binding
to Macromolecules)

Figure 4.
Lipid peroxidation: a signaling mechanism in diagnosis of liver injury.
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ethanol metabolism and associated liver disease [65]. The lipid peroxide content
of liver is elevated by both short and long-term ethanol exposure and an enhanced
rate of lipid peroxide formation following ingestion has been ascertained by MDA
production, diene conjugate formation and iz vivo ethane and pentane exhalation.
Lipid peroxidation might merely be a sign of oxidative processes which occur after
reduced glutathione is depleted concomitant with free radical attack on cellular
protein and nucleic acid. The elevated MDA formation as a product of lipid per-
oxidation in drug-induced liver damage provide a significant biological signaling
marker for the early detection or diagnosis of liver injury.

6. Conclusion

The oxidative stress inducing compounds mediates metabolic process of lipids
mainly via peroxidation that leads to the production of macromolecules such as
Isoprostane, MDA, 4-HNE in the biological fluids. Moreover, the aldehyde like
molecules produced via lipid peroxidation targets and modifies proteins and DNA
substantially at macromolecule level. Furthermore, MDA and 4-HNE known to
promote cross linking of protein/DNA reactions that significantly alleviates and
alters the biomarkers biochemical property, thereby develops a clinical symptom-
atic states. The use of validated signaling mechanism (s) of Lipid peroxidation and
products derived thereof in basic and clinical research as well as in clinical practice
has become common place, and their presence as endpoints in clinical trials is now
broadly accepted. This knowledge can be used to diagnose disease earlier, or to
prevent it before it starts. The signaling markers can be used to improve the efficacy
and safety of existing medicines and to develop new medicines.
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Abstract

The effects of oxidative stress occur as a result of peroxidative damage of the
macromolecule and membranes of the cells and with the disruption of metabolic
activities in the components of the cells in living organisms. Organ and tissue
pathologies are known to occur when oxidative stress is excessive in the body. It is
known that thiols are one of the main protective mechanisms of the body against
oxidative stress. Thiols have been shown to play important roles in enzymatic
reactions, apoptosis, detoxification and antioxidant protection in the body. Many
studies have shown changes in thiol status and thiol/disulphide homeostasis in
various diseases such as digestive system, respiratory system, reproductive system,
urinary system, metabolic diseases and cancer. This also shows that the thiol state is
very important in the pathogenesis of oxidative stress-mediated diseases. Therefore,
it is thought that interventions that can improve thiol status may contribute to the
prevention or treatment of oxidative stress-related diseases.

Keywords: antioxidant, glutathione, oxidative stress, oxidative stress-mediated
disorders, taurine, thiol-disulphide homeostasis, thioredoxin

1. Introduction

Oxygen is a potentially toxic molecule, although the aerobic organisms must
survive. During biochemical reactions vital to living organisms, oxygen reduced,
resulting in intermediate metabolic products known as reactive oxygen species
(ROS), which cause oxidative damage to many tissues. ROS is called “oxidant” or
“free radical” due to the oxidative destruction they create and form in all living
organisms that metabolize molecular oxygen [1]. Free radicals are very short-lived
reagents, separating other electrons around high-energy electrons and disrupting
their structure. Therefore, free radicals are dangerous to the organism [2, 3].

There are many defense mechanisms in the organism to prevent ROS forma-
tion and the damage caused by them. These mechanisms are generally called
“antioxidant defence systems” or “antioxidants” for shortly [4]. Antioxidants
serve in the body by controlling the metabolization and levels of free radicals
formed as a result of normal metabolism or pathological conditions and prevent-
ing or repairing the damage that may occur by these radicals [5, 6]. In the living
organism, there is a balance between the rate of formation and elimination of free
radicals. This balance is called the “oxidative balance” that prevents the body from
being affected by free radicals. If the oxidative balance is disturbed in favor of free
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radicals, oxidative stress occurs, which is one of the factors that ultimately causes
damage to cells and tissues [7, 8].

All biomolecules are subject to free radical attack. But among them, lipids are
the most easily affected [9]. The membranes and cell organelles that surround the
cells contain a large amount of unsaturated fatty acids (PUFA). Due to the high
affinity of the oxygen molecule to PUFA in the cell membrane, there is a close
relationship between the two. Oxygen binds to double ligaments in PUFA found in
tissues, causing lipid peroxidation [10, 11]. Lipid peroxidation is a harmful chain
reaction. It can directly damage the membrane structure or damages by producing
reactive aldehydes. These compounds are either metabolized at the cell or diffuse
damage from initial domains to other parts. Thus, the structure of lipids in the cell
membrane is disturbed, permeability for ions increases and cell death occurs [12].

Reactive nitrogen species (RNS) are another reactive species group that is as
important as ROS. Nitric oxide (NO), a free radical, is the most substantial member
of this group. It has the ability to directly or indirectly affect cells and tissues. As it
can directly affect itself, while indirect are mediated RNS produced the interaction
of NO with superoxide radicals (O,”) or oxygen (O,). Most of its direct physiologi-
cal effects are cyclic guanosine 3’,5’'monophosphate-mediated (cGMP). It can also
interact with proteins containing iron and zinc or create S-nitrosothiols through
nitrosylation [2, 13-17]. Many antioxidants work in the organism to prevent damage
caused by ROS and RNS. Antioxidants, present in considerably lower concentra-
tions than the substrate, are substances that can protect an oxidation-sensitive
substrate from peroxidative damage. Biological antioxidants contain all compounds
that protect cellular lipids, proteins and nucleic acids from peroxidative damage.
One of these compounds is thiols. Thiols play a crucial biologic role among these
compounds due to their capacity to react with free radicals and their strong reducing
capabilities [18].

Thiols are a member of the class of organic compounds containing sulfhydryl
group (-SH). They consist of a hydrogen atom and a sulfur atom attached to a carbon
atom [19]. In the organism, in the oxidation created by ROS, excess electrons pass
to thiols and disulphide bonds are formed. Due to the oxidative balance, electrons
in these reversible bonds can return to thiols. The antioxidant ability of thiol-
disulphide homeostasis is important in enzymatic reactions, signal transduction,
detoxification, transcription, regulation of enzymatic activation, cellular signaling
mechanisms and apoptosis reaction [20-22]. With these in mind, in this chapter,
reactive oxygen species, nitric oxide, lipid peroxidation, oxidative stress and the role
of thiols in antioxidant defense is summarized and has been explained how thiol
status changes in conditions associated with oxidative stress.

2. Biochemistry of reactive oxygen and nitrogen species

Free radicals and non-radical intermediates are commonly referred to as ROS.
Species that contain unpaired electrons are free radicals. Species with unpaired
electrons in their structure are free radicals, and because of this unpaired electron
shell, free radicals have high reactivity. The most important sources of free radicals
in biological systems are oxygen and nitrogen [23]. In the electron transfer chain,
cells constantly convert small amounts of O, to ROS. ROS can be produced in
many ways in the organism, including the respiratory burst that occurs in active
phagocytes [24]. Respiratory burst, also known as “oxidative burst”, is the event of
a rapid release of ROS such as O, and hydrogen peroxide (H,0,) from different
cell types. Generally, these chemicals are produced by immune system cells such as
neutrophils and macrophages as a result of infection of the organism by bacteria
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and fungi [25, 26]. In phagocytes, the respiratory burst that occurs to break down
bacteria plays an important role in the immune system. O, is produced by nico-
tinamide adenine dinucleotide phosphate (NADPH) oxidase, a family of enzymes
commonly found in many cells. In neutrophils and monocytes, myeloperoxidase is
involved in combining H,0, with CI-to produce hypochlorite, which plays a role in
destroying bacteria [25].

Reactive oxygen species formation, as natural result of aerobic metabolism,
has an important role in maintaining tissue oxygen homeostasis. O,”", H0, and
hydroxyl ("OH) radicals are produced in mitochondria as normal metabolic
by-products. Other important intracellular sources of ROS are peroxisomal
enzymes, flavoprotein oxidases and microsomal cytochrome P450 enzymes [27].
ROS also play an important role in various physiological processes such as the
functioning of normal vascular cells and maintenance of vessel diameter regula-
tion [28]. It is stated that in biological systems, ROS participate in differentia-
tion, proliferation, growth, apoptosis, cytoskeleton, migration and contraction
regulation and play a role in the control of inflammatory response by stimulation
of growth factor [29, 30].

Mitochondria are the main source of the O, anion most commonly found under
physiological conditions [31]. The O, anion is formed by adding an electron to
dioxygen. However, it is unstable because it can react spontaneously in aqueous
solutions and convert into H,0, and O, [32]. In the respiratory chain, in particular,
the O, anion is formed by the leakage of electrons from complex I and III into
O,. The rate of formation depends on the number of electrons and increases with
hyperoxia and high glucose concentration. The decrease in oxygen availability, act-
ing as the final electron acceptor for complex IV, causes the accumulation of elec-
trons. Because the O, anion is charged, it cannot pass through the membrane and
remains in the mitochondrial matrix [23]. O, anion can convert to O, by reducing
Fe ion to Fe**. O, is detoxified with superoxide dismutase (SOD) enzymes and
converted into H,0, [32, 33].

Hydrogen peroxide is not a free radical, but it is mentioned in ROS because it is
closely related to the detoxification or generation of free radicals [32]. It is not polar,
so it can easily pass through the membranes of cells and organelles and therefore
acts as a secondary messenger in a wide range of signal transduction pathways. It
is detoxified into the water by catalase (CAT) and glutathione peroxidase (GPx).
Imbalances in O, " and H,0, levels can result in the formation of “OH radicals,
which are far more dangerous than them [4]. The main source of the "OH radical is
metal-catalyzed Haber-weiss reaction [34] and the second source is the Fenton-type
reaction [35]. It has been reported that the ‘OH radical can react with any biological
molecule in its immediate vicinity and there is no known scavenger because it is
very reactive [23].

2.1 Nitric oxide

Nitric oxide is produced during the reaction which arginine is converted to citrul-
line catalyzed by nitric oxide synthase (NOS) which is NADPH-dependent enzyme
[36, 37]. There are three isoforms of NOS: neuronal (nNOS) endothelial (eNOS) and
inducible (iNOS) and it is known to be present in every cell component [17, 38]. NO
is an uncharged lipophilic molecule containing unpaired electron. Although NO is
not a highly reactive radical, it is important in that it can form other reactive inter-
mediates that have an impact on protein function and the function of all organisms,
as well as trigger nitrosative damage in biomolecules [39]. Therefore; it can function
as an antioxidant or as an oxidant. NO, blood pressure regulator and a neurotrans-
mitter, can produce powerful oxidants during pathological conditions [28].
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The interaction of excessive amounts of O, " anion with NO leads to the forma-
tion of the peroxynitrite anion (ONOO~). ONOO", a cytotoxic radical, causes
tissue damage and oxidizes low-density lipoproteins (LDL) [4, 40, 41]. It can also
directly cause protein oxidation and DNA oxidation. ONOO™ can form prooxidant
nitrogen dioxide (NO,) and ‘OH by self-decomposition [42]. It is suggested that
NO can increase the production of reactive oxygen and nitrogen species and inhibit
cytochrome C oxidase in mitochondria, which can alter the activity of various
processes such as respiration, mitochondrial biogenesis and oxidative stress [37].

It plays a critical role in inflammation-related carcinogenesis by activating the
redox-sensitive transcription factor with nitrosative stress caused by NO, which has
an important regulatory role for cellular functions. It is stated that by increasing the
level of NO in plasma, it can reduce the concentration of uric acid and ascorbic acid
and cause lipid peroxidation [28].

3. Lipid peroxidation

Reactive oxygen species, produced in mitochondria and extramitochondrial
regions, react with polyunsaturated fatty acids (PUFA) found in complex lipids and
lipoproteins, such as phospholipids found in cellular membranes, which are highly
sensitive to oxidative changes. The process that causes degradation of PUFAs by
chemically modified by ROS is called lipid peroxidation [43].

Lipid peroxidation in membranes is initiated by the contribution of ROS
or separation of the hydrogen atom by ROS from the methylene group located
between two double bonds in the PUFA. Conjugated dienes made up of PUFA
react with oxygen present in the membranes at a very high rate and form a peroxyl
radical (ROO"). Since ROO" radicals are particularly highly reactive to neighboring
PUFA chains, they spread the lipid peroxidation process by removing hydrogen
from them. In this reaction, carbon centred radicals and lipid hydroperoxide are
formed. Lipid peroxides can react with transition metal ions (iron, copper ions) to
form alkoxyl radicals (RO") [4, 44]. Metal ions can cause the lipid peroxide mol-
ecule to become unstable, leading to its degradation into smaller products. These
products range from simple hydrocarbons to various ketones and aldehydes. The
decomposition products of lipid peroxides are aldehydes such as malondialdehyde
(MDA), acrolein, 4-hydroxy-2-hexenal (HHE) and 4-hydroxy-2-nonenal (HNE)
[43, 45]. Commonly used lipid peroxidation markers are MDA and HNE. HNE is
formed as a peroxidation product of omega-6 unsaturated fatty acids, while MDA is
essentially a PUFA peroxidation product with more than two double bonds such as
arachidonic acid [4].

Biomolecules undergo a lipoxidation reaction by lipid peroxidation end prod-
ucts such as MDA, 4-HNE and acrolein. Irreversible nonenzymatic modifications
occur when these products react with lysyl (e-NH,), histidyl (imidazole) and
cysteinyl (-SH) groups in the polypeptide chain. MDA-lysine and HNE-protein
compounds formed by lipoxidation are called advanced lipoxidation end-products
(ALE) [46-48].

4. Antioxidant defense system
Antioxidants, when present in low concentrations, are generally defined as
substances that significantly inhibit or delay oxidative processes while they oxidize

themselves, in relation to oxidizable substrates [49]. They neutralize free radicals
and oxidize themselves by accepting highly reactive unpaired electrons [4]. Various

30



Thiols: Role in Oxidative Stress-Related Disorders
DOI: http://dx.doi.org/10.5772/intechopen.96682

transcription factors in the human body are activated or inhibited depending on the
relative oxidant/antioxidant ratio. Thus, many signal paths are controlled by redox
balance. The endogenous defense system consists of antioxidant compounds and
specific enzymes that catalyze their antioxidant activities. There are a wide variety
of powerful antioxidants that cells use, such as vitamins (C, E, A) and enzymes
(CAT, GPx, SOD and thioredoxin reductase). Other non-enzymatic antioxidants
available to cells include GSH, a-lipoic acid, taurine and coenzyme Q10, carotenoids
and polyphenols. Especially GSH and taurine, which are thiol antioxidants, are of
great importance in maintaining the redox balance [50-53].

4.1 Thiols and some of the important thiol antioxidants

Thiols are biological mercaptans (R-SH), while biological mercaptans are called
biothiols. Biothiols can be classified as low molecular weight free thiols and large
molecular weight protein thiols. Thiols found in biological systems play a role in
the coordination of antioxidant defense systems [54]. It contains protein thiols
in plasma, protein sulthydryl groups and protein mix disulphides consisting of
cysteine, cysteinylglycine, homocysteine and GSH. These thiols are also available in
the form of low molecular mass disulphides, homocystine, cystinylglycine, cystine
and GSSG [19]. While GSH/GSSG, especially in reduced form, consists of the low
molecular weight sulfhydryl/disulphide pool inside the cell, cysteine/cystine in
the form of disulphide in plasma and outside the cell as a whole [55]. It has been
reported that dynamic thiol disulphide balance plays a crucial role in antioxidant
system [20]. Total thiol (TT), especially protein thiol (-SH) groups in the body are
considered as the main plasma antioxidants of the living organism. Most of these
thiol (-SH) groups are found in albumin and constitute the major reducing groups
found in body fluids [56].

Thiols play important physiological roles in processes requiring sulfur and are
highly reactive, the -SH groups are readily oxidized or reduced in the presence of a
catalyst [57-59]. Thiols can act as electron acceptors, reducing unstable free radi-
cals by oxidizing, so they are powerful antioxidants. Despite their high reactivity,
thiols’ antioxidant potential depends on environmental, structural and catalytic
factors [60-62].

Cysteine can be synthesized endogenously from methionine. Methionine, an
essential amino acid in the diet, is endogenously metabolized to homocysteine
and then to cysteine; Its conversion is rate limited by a few enzymes [63]. Asan
amino acid, cysteine has important structural roles and can bind thiol side chains
to metals such as zinc, copper and iron, which are crucial for enzymatic functions.
The thiol side chain of cysteine also allows it to be included in the tri-peptide thiol
antioxidant GSH. Besides, cysteine metabolism through the cysteine-sulfinic acid
pathway can generate taurine, although enzymatically the rate is limited, this
pathway is much more complex than that of GSH [64, 65]. Both GSH and taurine
are formed from cysteine with bioactive thiol groups. Although intermediate
levels of cysteine are important for cellular signaling pathways, high plasma levels
have been associated with cardiovascular and neurological diseases [66-68].
Additionally, high intracellular levels can increase oxidative DNA damage through
the Fenton reaction [69].

4.1.1 Thioredoxin system
Thioredoxin (Trx) was first discovered in E.coli in 1964 [70]. Trx’s are proteins
that act as regulators in redox reactions and are found in all eukaryotic and prokary-

otic organisms [71]. The Cys-Gly-Pro-Cys division is located in its active region [72].
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Cytosolic thioredoxin-1 (Trx1) and mitochondrial thioredoxin-2 (Trx2) are part

of the thioredoxin system, an essential and important antioxidant system for the
maintenance of intracellular redox state, and play an important role in cellular redox
balance and normal cell and tumor cell signaling [73, 74]. Trx exerts its antioxidant
effects primarily by acting as an electron donor for peroxiredoxins. Trx is a small
molecular weight protein that functions as an antioxidant by facilitating the reduc-
tion of other proteins containing the thiol (-SH) group via cysteine thiol-disulphide
(-S-S-) exchange, and ribonucleotide reductase, an essential enzyme in the replica-
tion of deoxyribonucleic acid (DNA) for a hydrogen donor [75].

Thioredoxin reductases (TrxR) is a member of the flavoprotein family of pyri-
dine nucleotide-disulphide oxidoreductases such as glutathione reductase (GSR),
lipoamide dehydrogenase, mercury ion reductases [75, 76]. Members of this family
include the active site in each monomer comprising the FAD, NADPH binding site
and redox-active disulphide. It has a selenocysteine residue in its active site [73]. The
disulphides in the active part of the TrxR reduce the substrate by catalyzing the elec-
tron transfer from NADPH to FAD. TrxRs reduce the thioredoxin protein containing
two different cysteine amino acids (Trx1; Cys32 and Cys35, Trx2; Cys31 and Cys34)
in its catalytic region. TrxRs have been reported to be associated with lipoic acid, lipid
hydroperoxidase, cytotoxic and antibacterial polypeptide NK-lysin, dehydroascorbic
acid, vitamin K, ascorbyl free radical, tumor suppressor protein p53 as well as Trx
protein [71, 76-80]. It has been stated that mammalian thioredoxin reductase has
three different isoenzymes, cytosolic TrxR1, mitochondrial TrxR2 and TrxR3, which
is specific to testicles containing glutaredoxin region in the N terminal region [81].

Thioredoxin system has various roles in organisms and reflects the importance
of the -SH group together with disulphide (-S-S-) in many reactions that are crucial
in cell regulation [82]. It was previously thought that Trx was mainly involved in
protecting against oxidative stress, scavenging ROS through its interaction with per-
oxiredoxin and working to control cellular redox balance. As a result of the studies,
it has been shown that Trx contributes to redox-dependent cellular processes such
as signal transduction, gene expression, apoptosis and cell growth [83, 84]. The
reduced Trx binds apoptosis signal kinase-1 (ASK-1) and stops apoptosis [85]. Trx
is released in response to oxidative stress and extracellular Trx exerts cytoprotective
effects in inflammatory and oxidative conditions [86].

4.1.2 Glutathione system

Glutathione (GSH = y-glutamylcysteinylglycine) is abundant in the human
body. It is a tripeptide synthesized from three amino acids (cysteine, glycine and
glutamate). It is a low molecular weight intracellular thiol compound and is mostly
synthesized in the liver and is found in all cell types. As the regulator of intracel-
lular redox homeostasis, most of it is stored in reduced form in the nucleus, endo-
plasmic reticulum, and mitochondria. The thiol group (-SH) of glutathione reduces
the number of free radicals by binding to the un-shared electrons of free radicals
formed as a result of oxidative stress. There are two forms in the organism: reduced
(GSH) and oxidized (GSSG). The thiol-containing cysteine molecule in GSH, which
is predominantly in the cell, allows ROS to take part in antioxidant roles by taking
part in both degradation and removal [87-89].

The glutathione system acts as a leading cellular defense mechanism against
oxidants. GSH is not only a direct ROS scavenger but also an antioxidant that has
an important act in the regulation of intracellular redox status. The system consists
of GPx, GSR and GSH. GSH retains its antioxidant ability in its reduced form. GPx
catalyzes the reduction of H202 to water using GSH as a cosubstrate. GSSG is then
reduced to GSH by GSR using NADPH. The cycle between these two states aids in
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free radical and toxic substance metabolism. The GSH/GSSG ratio is considered a
sign of the redox state and relative oxidative stress level. The capability of organisms
to regenerate GSH (through the synthesis of GSH or through reduction of GSSG)
means the cell’s success to withstand oxidative stress [90, 91].

The ability of GSH to act as an antioxidant is due to the thiol-containing cysteine
part. GSH is located on both the first and second lines of ROS defense and requires
GPx enzymes to catalyze the breakdown of H,O, through the reduction of GSH to
GSSG. GPx (GPx1), selenium-dependent, is found in the kidneys and mitochondria
[92, 93]. Four other GSH peroxidases (GPx2-GPx5) have also been discovered,
along with evidence of antioxidant properties in vivo [94]. Detoxified metabolites
resulting from GPx defense are excreted from the cell via a glutathione S-conjugate
transporter [87]. It has been reported that administration of a GSH enzyme inhibi-
tor in rats reduces vitamin C levels in the kidney, liver, brain and lung [95]. It has
been noted that GSH administration increases both vitamins C and E [96]. It is
stated that vitamin C deficiency significantly decreases GSH levels in the blood
[97], while vitamin C supplementation contributes to the formation of GSH [98].

4.1.3 Taurine

Cysteine can be metabolized to taurine, intracellular sulfonic acid, via cysteine-
sulfinic acid. Taurine or 2-aminoethanesulfonic acid is abundant in the human
body. Since there is not a carboxyl group in its structure, it is not an amino acid in
theory, but it is usually referred to as proteins [99, 100]. As a result of this condi-
tion, it is released in the plasma of mammals and inside the cell [101]. Taurine is
most often found where reduced O, molecules are produced and in locations where
potentially toxic substances such as xenobiotics, retinoids and bile acids are found
[102]. It is also found in high levels in white blood cells and platelets [103].

Although the mechanisms of taurine’s antioxidant effects are not fully
explained, possible mechanisms include regeneration of thiol groups, interfering
with ROS activity and scavenging ROS [104]. It has been reported that Taurine
suppresses superoxide production in mitochondria [105]. In general, taurine causes
a significant reduction in ROS formation through its stimulatory effect on SOD,
CAT and GPx enzyme activity [106-108]. Besides, taurine also contributes to the
regulation of GSH concentrations [109]. It is thought that taurine has limited or no
direct scavenging and reaction ability with ROS, and shows its antioxidant effect by
increasing the activities of antioxidant enzymes such as GPx and SOD [110, 111].

It has been recorded that taurine indirectly increases endogenous GSH levels [112].
Studies have shown that taurine supplementation reduces lipid peroxidation and
maintains GSH levels [113, 114].

Taurine can also inhibit free radical generation. Taurine’s amino group is the
direct scavenger of hypochlorous acid (HOCI) [105]. In the presence of myeloper-
oxidase, taurine reacts with the acid to form a less toxic oxidant, taurine chloramine
(TauCl). Since neutrophils contain high levels of taurine, TauCl formation can
continue as long as there is enough taurine [115]. TauCl not only plays a role in
antioxidant systems by lowering HOCl levels but also inhibits O2 production and
proinflammatory mediators in neutrophils and macrophages [115, 116].

5. Thiol status in oxidative stress-related various diseases
Thiol state and thiol-disulphide balance, which is an antioxidant defense system,

may change due to oxidative stress in some diseases that may occur in various
systems, organs and tissues in the organism.
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5.1 Thiol status in digestive system diseases

In diseases of the digestive system, significant changes are observed in thiol
state. For example, ROS formation in the liver increases due to alcohol intake. In this
situation, serum protein thiol levels of alcohol drinkers decrease [117, 118]. It has
also been determined that the level of thiol in the gallbladder increases in various
gastrointestinal diseases [119]. A study showed that serum -SH levels of patients
with helicobacter pylorus were significantly decreased [120]. Some studies have
shown that native thiol (NT) and total thiol (TT) levels decrease and disulphide
levels increase in celiac disease, acute pancreatitis, and inflammatory bowel disease
[121-123]. In addition, the serum free thiol level has determined that non - alcoholic
fatty liver disease (NAFLD) is associated with death from all causes in people with
suspected NAFLD [124]. Impaired thiol-disulphide homeostasis has been reported
in patients with hepatitis-B-induced chronic hepatitis and liver cirrhosis [125].
Again, in liver damage caused by pesticides, the thiol level was decreased, whereas
black tea extract was found to improve thiol level in the liver tissue [126]. In experi-
mental gastric damage induced by indomethacin, a non-steroidal anti-inflammatory
drug, it was observed that ellagic acid treatment increased GSH levels and played a
role in protecting against the harmful effects of indomethacin by reducing oxidative
stress [127].

5.2 Thiol status in cardiovascular system diseases

Another situation in which thiol status changes is cardiovascular diseases. For
example, in a study in preeclamptic patients characterized by high blood pressure,
it was determined that the buffering function of SNO-albumin was impaired in
patients in which the thiol of albumin acts as a scavenger for NO [128]. It was also
observed that serum NT and TT levels of patients who had a heart attack decreased
[129, 130]. In a study, it was determined that the level of mitochondria-specific
thioredoxin increased, which increases NO bioavailability and reduces oxidative
stress, thus protecting vascular endothelial cell function and preventing the devel-
opment of atherosclerosis [131]. In rabbits, after experimental ischemia-reperfu-
sion, it has been reported that thiol redox balance is impaired in myocardial cells
and this causes abnormalities in cell function [132]. It has been reported that in case
of cardiac damage caused by cyclophosphamide, thiol level decreases, but lupeol
and its esters increase thiol level [133]. In sheep babesiosis, a tick-borne hemipara-
sitic disease, the parasite settles in the erythrocytes and causes a decrease in GSH
levels in the blood. Therefore, the decrease in GSH levels indicates that excessive
amounts of ROS are formed in cells [134].

5.3 Thiol status in nervous system diseases

In Parkinson’s disease, oxidative stress plays an important role in the degen-
eration of dopaminergic neurons in the substantia nigra (SN) of patients. It was
determined that the thiol antioxidant glutathione (GSH) significantly decreased
in the neurons present in Substantia nigra and mitochondrial damage occurred as
aresult of this decrease [135, 136]. It has been observed that plasma GSH, C-SH
and CG-SH levels decrease in patients with schizophrenia. However, it has been
observed that Curcumin administration caused a significant increase in GSH level
[137, 138]. It has been determined that TT and NT concentrations are decreased in
Alzheimer’s patients [139]. In the experimental Parkinson model with 6-hydroxy-
dopamine, it was observed that the thiol level in the brain tissue decreased and the
application of biarum carduchrum extract increased the thiol level [140]. In another
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study, hesperidin administration in 6-hydroxydopamine-induced Parkinson’s model
was reported to improve thiol level in brain tissue [141].

5.4 Thiol status in urinary system diseases

Studies have shown that thiol status changes in excretory system diseases. A
decrease in thiol status has been reported in chronic kidney disease [142, 143].
There was a negative correlation between serum creatine level and protein thiol
level. This is an indicator that serum protein thiol level will decrease in case of
renal failure [144]. It has been reported that plasma protein thiol level decreases
in nephrotic syndrome [145]. In another study, it was revealed that the thiol-
sulphide balance decreased and this balance shifted towards disulphide in patients
with acute renal failure, and the decrease in total and native thiol concentrations
was associated with the severity of the disease [146]. In renal damage induced by
dimethylnitrosamine, thiol level in kidney tissue decreased, whereas Simvastatin
(SMN) administration improved thiol level in kidney tissue, while Thymoquinone
administration was found to have no effect on thiol level [147].

5.5 Thiol status in reproductive system diseases

In polycystic ovary syndrome study, it has been observed that native thiol, total
thiol, disulphide levels in the ovary tissues of patients with polycystic ovary syn-
drome do not change compared to the control group [148]. It has been determined
that arsenic and imidocarb reduce the total thiol level in the testicular tissue of rats
with testicular damage [149]. In a study, it was concluded that chemotherapeutic
agents cause ovarian damage in women and that the reduction of thiol level is very
important in the mechanism of this damage [150].

5.6 Thiol status in metabolic diseases

In gestational diabetes, it was determined that pregnant women with gestational
diabetes have higher disulphide/natural thiol and disulphide/total thiol levels
compared to healthy pregnant women [151]. In addition, in a study, in the case of
diabetic nephropathy, natural thiol and total thiol levels decreased [152]. In the
pathogenesis of diabetic ketoacidosis, thiol/disulphide balance changed in favor of
thiol and significant decreases in disulphide level were observed [153]. Diabetic cats
have been reported to have lower erythrocyte membrane thiol level than control
[154]. It has been determined that thiol/disulphide homeostasis is impaired in
obesity [155].

5.7 Thiol status in respiratory system diseases

In experimental asthma disease, it was determined that inflammation in the lung
tissue of rats with experimental asthma increased and thiol level decreased, On
the other hand, it was determined that the application of Hydro-Ethanolic Extract
of Portulaca oleracea increased thiol level [156]. It has been reported that oxidative
stress occurs during acute pulmonary inflammation induced experimentally in rats
and is associated with systemic thiol homeostasis [157].

5.8 Thiol status in cancer

A study in Norway shows that thiols play a preventive role against the devel-
opment of the most common breast, lung, colorectal and prostate cancers [158].
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It has been determined that thiol/disulphide homeostasis plays a crucial role in
the pathogenesis of cervical cancer [159]. In one study, it was reported that dis-
ruption of thiol disulphide balance is likely to contribute to the etiopathogenesis
of endometrial cancer [160]. In addition, it has been stated that irregularities in
thiol/disulphide homeostasis may act a part in the pathogenesis of gastric cancer,
and a higher oxidative stress level may cause advanced disease to become wide-
spread and aggressive [161].

6. Conclusion

As aresult, oxidative stress can cause serious damage to the cell. Thiol is a very
important antioxidant in preventing oxidative stress-induced damage and protects
the cell against oxidative stress. Glutathione and taurine are among the important
thiols. It is observed that thiol status changes in various diseases and thiol/disulphide
homeostasis is very important in the pathogenesis of various diseases such as diges-
tive system, respiratory system, reproductive system, urinary system, metabolic
diseases and cancer. This also shows that thiol state is very important in the patho-
genesis of oxidative stress-mediated diseases. Therefore, it is thought that interven-
tions that can improve thiol status may contribute to the prevention or treatment of
oxidative stress-related diseases.
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Chapter 4

Lipid Peroxidation as a Link
between Unhealthy Diets and the
Metabolic Syndrome

Arnold N. Onyango

Abstract

Unhealthy diets, such as those high in saturated fat and sugar accelerate the
development of non-communicable diseases. The metabolic syndrome is a con-
glomeration of disorders such as abdominal obesity, hypertension, impaired glucose
regulation and dyslipidemia, which increases the risk for diabetes and cardiovas-
cular disease. The prevalence of the metabolic syndrome is increasing globally,
and dietary interventions may help to reverse this trend. A good understanding
of its pathophysiological mechanisms is needed for the proper design of such
interventions. This chapter discusses how lipid peroxidation is associated with the
development of this syndrome, mainly through the formation of bioactive alde-
hydes, such as 4-hydroxy-2-nonenal, malondialdehyde, acrolein and glyoxal, which
modify biomolecules to induce cellular dysfunction, including the enhancement
of oxidative stress and inflammatory signaling. It gives a current understanding
of the mechanisms of formation of these aldehydes and how dietary components
such as saturated fatty acids promote oxidative stress, leading to lipid oxidation. It
also outlines mechanisms, apart from free radical scavenging and singlet oxygen
quenching, by which various dietary constituents prevent oxidative stress and lipid
oxidation in vivo.

Keywords: Oxidative stress, lipid peroxidation, insulin resistance; metabolic syndrome

1. Introduction

The metabolic syndrome (MS) refers to the occurrence in an individual of mul-
tiple physiological disorders related to obesity, hypertension, dysregulated blood
glucose and dysregulated blood lipids, and is a risk factor for diabetes and cardio-
vascular disease [1]. It has been defined more specifically, and in slightly different
ways by the National Cholesterol Education Program (NCEP) Adult Treatment
Panel I1I, and by the World Health Organization (WHO). According to the former,
MS is characterized by at least three of the following five clinical or biochemical
abnormalities: abdominal obesity, arterial hypertension, elevated fasting blood
glucose, high plasma triglycerides, and reduced high density lipoprotein cholesterol
(HDL-c) [2]. On the other hand, WHO defined it as the occurrence of impaired glu-
cose tolerance or impaired fasting glucose or diabetes and any two of the following:
hypertension; elevated trigycerides or low HDL-c; abdominal obesity or obesity as
determined by BMI; or microalbuminaria [1].
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A proper understanding of the etiology of MS is necessary for its prevention
and treatment. This chapter focuses on the role of lipid peroxidation in this patho-
physiological process. It begins with a current understanding of the mechanisms of
lipid oxidation, with emphasis on the formation of highly reactive lipid oxidation
products such as 4-hydroxy-2-nonenal, malondialdehyde, acrolein and glyoxal.
This is followed by a discussion of how these aldehydes and other lipid oxidation
products contribute to the different MS components. The role of major dietary
components in the initiation of oxidative stress and lipid oxidation, as well as
mechanisms by which specific dietary components inhibit such undesirable events
are also discussed.

2. Mechanisms of lipid peroxidation (LPO) and the formation of
bioactive lipid oxidation products

In cells, extensive lipid oxidation and the accumulation of lipid oxidation
products occurs under conditions of oxidative stress, when the concentrations of
reactive oxygen species (ROS) such as superoxide anions, hydrogen peroxide and
singlet oxygen increase, and are not matched by an increase in the cellular anti-
oxidant capacity [3]. Electron leakage from the mitochondrial electron transport
chain, or the actions of enzymes such as NADPH oxidases and xanthine oxidase
generate superoxide anions ("~ O,), which are converted by superoxide dismutase
to hydrogen peroxide (H,0,), which may be converted by ferrous ions (Fe ) to
hydroxyl radicals (-OH) according to the Fenton reaction Eq. (1). Superoxide anion
also reacts with nitric oxide (NO), formed by nitric oxide synthases, to form the
highly reactive peroxynitrite anion (-OONO), which reacts with H,O, to form sin-
glet oxygen according to Eq. (2), and this is only one of many possible mechanisms
of formation of singlet oxygen in biological systems [4-6].

HOOH + Fe** — Fe** + "OH+ HO 1)
ONOO™ +HOOH — '0, +ONO™ +H,0 ()

Lipid peroxidation involves a reaction between unsaturated lipids and oxygen.
This may be enzyme-catalysed or non-enzymatic. Non-enzymatic lipid oxidation
is either mediated by singlet oxygen, or it may involve free radical oxidation [7].
Singlet oxygen reacts by electrophilic addition to any of the double bonds in an
unsaturated fatty acid such as linoleic acid (LA) to form hydroperoxide isomers
such as the 10-, 12- and 13-LA hydroperoxides (10-LA-OOH, 12-LA-OOH and
13-LAOOH) as shown in Figure 1.

On the other hand, free radical oxidation begins by the abstraction of a hydro-
gen atom from a fatty acid, for example by the hydroxyl radical, to form a carbon
centred radical, which rearranges to form a relatively stable conjugated radical
(Figure 2). The latter reacts with oxygen to form a peroxyl radical, which abstracts
a hydrogen from another fatty acid molecule to form a hydroperoxide and a new
carbon centred radical, hence establishing a free radical chain reaction (Fi§ure 2).

A fatty acid hydroperoxide can be converted to an alkoxyl radical by Fe™*
(Figure 3), in analogy to the conversion of H,0, to the hydroxyl radical accord-
ing to Eq. (1). The alkoxyl radical can be converted to a number of non-aldehydic
products, including a hydroxy acid and a keto-acid, or it can cyclize to form an
epoxy-allylic radical whose further oxygenation affords a hydroperoxy-epoxide
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Figure 1.
Formation of different hydroperoxide isomers by the singlet oxygen-mediated oxidation of linoleic acid.
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Figure 2.

Free radical pevoxidation of linoleic acid showing the formation of one of the two most readily formed
hydroperoxides, the 9-hydroperoxide. The other easily formed hydroperoxide is the 13-hydroperoxide (shown in
Figure 1).

(not shown) that can further be converted to various products including epoxy-
keto-acids, such as 12,13-epoxy-9-keto-10E-octadecenoic acid (Figure 3), which
contributes to hypertension as discussed in Section 3.2.

An alkoxyl radical can also undergo beta scission (C-C cleavage) to form an
aldehyde and a carbon centred radical, and this is only facile if the latter is a resonance
stabilized allylic radical, such as would be formed from the 10-LA-OOH (Figure 4) or
12-LA-OOH but not 13-LA-OOH [8]. Beta scission is also facile if the carbon bearing
the alkoxyl radical occurs next to another oxygen-bearing carbon [9]. Various path-
ways fulfilling these conditions have been proposed for the formation of the major
bioactive lipid-derived aldehydes such as MDA, HNE, acrolein and glyoxal [9, 10].

Acrolein is mainly formed from PUFAS with more than two double bonds, such
as arachidonic acid, eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA)
and docosahexaenoic acid (DHA) [9]. Figure 5 shows examples of how MDA,

HNE and glyoxal can all be formed from linoleic acid, the most abundant PUFA
in most human tissues [3-6]. It starts with the 13-LA-OOH, formed by singlet
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Figure 3.
Conversion of the 13-hydroperoxide of linoleic acid (13-LA-OOH) via the corresponding alkoxyl vadical to
different types of non-aldehydic products.
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Figure 4.
b-Scission of an alkoxy radical to form an aldehyde (2-heptenal) and an allylic vadical. Scission on the other
side of the alkoxyl radical to form a vinyl radical and 12-0x0-9-dodecenoic acid is energetically unfavourable.

oxygen -mediated or free radical oxidation, which further reacts with singlet
oxygen to form a hydroperoxy-dioxetane (addition of singlet oxygen to a conjugated
double bond system forms dioxetanes rather than hydroperoxides). The dioxetane
is unstable, and decomposes to form two aldehydes, namely 9-oxononanoic acid
and 4-hydroperoxy-2-nonenal (4-HPNE). The former is one of the predominant
products of linoleic acid oxidation, and contributes to hypertension through acti-
vating phospholipase A2 (Section 3.2). A primary amine (RNH,) such as lysine or
phosphatidylethanolamine may catalyse the conversion of 4-HPNE via a dioxetanyl
anion to a dioxetane whose cleavage affords MDA and hexanal (Figure 5). While it
has long been known that linoleic acid is a precursor of MDA, albeit not as readily
as from more highly unsaturated PUFAS, its mechanism of formation from linoleic
acid remained elusive [11]. 4-HPNE can alternatively react with another singlet
oxygen molecule to form a hydroperoxy-dioxetanyl aldehyde whose decomposi-
tion affords glyoxal and 2-hydroperoxy-heptanal (not shown). 4-HPNE can also

be converted to an alkoxyl radical, which can abstract a hydrogen to form 4-HNE,
or to an epoxy-alkyl radical which can rearrange to an ether radical whose further
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Mechanisms of the conversion of the 13-hydroperoxide of linoleic acid (LA-OOH) to 4-HNE, MDA, glyoxal,
hexanal and 9-oxo-nonanoic acid. Other pathways to these products exist but are not shown.

reaction with oxygen leads to formation of a per acetal that can decompose to MDA
and hexane. The epoxy-alkyl radical can also directly react with oxygen to form a
hydroperoxy-epoxide whose decomposition affords glyoxal. In the cell, glutathione
peroxidase may contribute to the conversion of 4-HPNE to 4-HNE.

3. Lipid peroxidation products contribute to the development of the
metabolic syndrome

Lipid oxidation products influence the pathogenesis of metabolic syndrome
components such as obesity, hypertension, impaired fasting glucose/diabetes, and
dyslipidemia, in various ways [12].

3.1 Obesity

Obesity occurs when adipocytes increase in number and/or size, coupled with
increased fat storage and reduced fat oxidation. Adipose tissue (AT) is functionally
classified as brown or white (BAT and WAT, respectively). BAT consists of adipo-
cytes specialized for thermogenesis, and hence contribute to reduction of obesity;
while WAT, the major type of adipose tissue in humans, has less capacity for fat oxi-
dation, and may contribute to obesity [13]. White adipocytes can exist in or acquire
a brown-like (beige or brite) phenotype with higher fat oxidation than ordinary
white adipocytes, and a higher number of beige adipocytes reduces an individual’s
susceptibility to obesity [13]. Expansion of WAT by differentiation of preadipocytes
(hyperplasia) into mature adipocytes with adequate lipid filling and fat oxidation
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capacity is beneficial for safe storage of fat; but mere expansion of mature adipo-
cytes because of excessive lipid filling and reduced fat oxidation (hypertrophy) is
associated with adverse health outcomes.

A certain amount of ROS is required for proper preadipocyte and mature
adipocyte physiology. However, oxidative stress and excessive autophagy may
inhibit preadipocyte differentiation and promote hypertrophy of mature adipocytes
(Figure 6) [14]. Likewise, brown or beige adipocytes have many mitochondria for
the enhanced fat oxidation, but mitochondrial oxidative stress causes loss of the
mitochondria through mitophagy, thus leading to whitening, increased lipid storage
and hypertrophy (Figure 6) [15]. Adenosine 5-monophosphate kinase (AMPK),
sirtuins 1 and 3, protein kinase B (akt), peroxisome proliferator activated receptor
gamma and alpha (PPARy and PPARa, respectively), and PPARy coactivator-lo
(PGC-1a) are among the proteins that reduce oxidative stress and/or promote mito-
chondrial biogenesis in adipocytes [16, 17]. Both protein kinase A (PKA) and akt
are required for PPARy expression [18], which is required for differentiation of both
brown and white adipocytes [19]. PPARy promotes thermogenesis in mature brown
adipocytes through activation of uncoupled protein 1 (UCP-1), and by upregulating
glycerol kinase which catalyses glycerol-3-phosphate synthesis, which is required
for TG synthesis [20]. While this looks paradoxical, TG synthesis may help reduce
the lipotoxicity and oxidative stress induction by free fatty acids (discussed in
Section 4), and allow targeted, B-adrenergic signaling-associated release of fatty
acids for mitochondrial oxidation. AMPK activates autophagy and induces the
transcription factor nrf2; and the latter upregulates antioxidant enzymes such as
catalase, glutathione peroxidase, superoxide dismutase and heme oxygenase 1 [21].
Sirtl, which is mainly localized in the nucleus, increases the expression catalase and
SOD as reviewed by Iside et al. [22]. In addition, it upregulates autophagy genes,
and autophagy defect associated with its inhibition promotes release of exosomes
which induce toll-like receptor 4 (TLR4) signaling, downstream activation of
nuclear factor kappa B (NF-kB), and NF-kB-mediated upregulation of oxidative
stress and inflammation-promoting genes [23].

. PPARg
Preadipocytes o Differentiation Akt, PKA
Oxidative stress, l pplAR
LPO, ) g Beiging/ Mai
Carbonyl stress Mature adipocyte — 0;‘%‘}%% ;ﬁgf:&%%e
Y
Dysregulated autopha Oxidative stress, Akt, AMPK,
m e LPO, =~ Sirtl inhibition
Carbonyl stress
Inflammation

Failure to differentiate Whitening/ Excessive lipid accumulation

Inhibited adipogenesis ——— Hypertrophic obesity !

Figure 6.
Role of oxidative stress and lipid oxidation-induced carbonyl stress in the pathogenesis of hypertrophic obesity.
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Conditions that promote adipose tissue oxidative stress, including inappropriate
diets (Section 4), induce lipid oxidation, and the latter generates carbonyl stress
due to formation of various aldehydes as explained in Section 2. These aldehydes,
including HNE and acrolein modify and inhibit AMPK and sirt1, thus amplifying
oxidative stress and their own formation (Figure 6) [24-26]. HNE also carbonyl-
ates insulin receptor substratel/2 (IRS1), leading to degradation and inhibition of
the latter, thus inducing insulin resistance and downstream akt inhibition [27].
Thus, insulin resistant obese individuals have lower akt, AMPK ad sirt1 activity, but
higher reactive carbonyls and carbonylated proteins [28]. Acrolein and HNE addi-
tionally aggravate oxidative stress through readily reacting with, and depleting the
antioxidant glutathione [29, 30]. They modify the endoplasmic reticulum calcium
pump SERCA, leading to its inhibition and ER stress [3], which aggravates oxidative
stress, insulin resistance, sirtl inhibition, expression of the pro-inflammatory cyto-
kines, TNFa and IL6, and adipocyte whitening [31, 32]. Glutathionylated HNE and
other aldehydes released from adipocytes under conditions of oxidative stress pro-
mote macrophage infiltration into WAT, and their acquisition of a proinflammatory
M1 phenotype [33]. Malondialdehyde reacts with albumin, and the MDA-albumin
conjugates promote a proinflammatory phenotype in macrophages and T cells [34].
Cytokines such as interleukinl-p, released from inflammatory macrophages, in turn
promote adipocyte oxidative stress and whitening [35].

3.2 Hypertension

Arterial hypertension occurs because of (i) increased renal retention of sodium
and water (ii) dysregulation of vasodilators and vasoconstrictors and (iii) arte-
rial stiffness. Obesity is a major risk factor for hypertension [36]. For example,
adiponectin inhibits adrenal production of aldosterone, a potent inducer of hyper-
tension [37], but obesity reduces adiponectin secretion and increases circulating
aldosterone [38]. Thus, by promoting obesity, lipid peroxidation products indirectly
promote hypertension. However, they also induce hypertension independently
of obesity. For example, the non-aldehydic linoleic acid oxidation product,
12,13-epoxy-9-keto-10-E-octadecenoic acid (Shown in Figure 3) also promotes
adrenal production of aldosterone to induce hypertension [39].

Aldosterone binds to the renal tubular epithelial cell mineralocorticoid receptor,
which, as a transcription factor, upregulates the expression of the epithelial sodium
channel, which promotes sodium retention [40]. Independently of gene transcrip-
tion, aldosterone activates the non-receptor tyrosine kinase cSrc in these cells,
probably through the angiotensin receptor type 1 (AT1R), and cSrc activates epider-
mal growth factor receptor (EGFR) signaling, leading to activation of the mitogen
activated protein kinase Erk1/2 [40]. Erk1/2 activates Na*/K* ATPase, which
promotes sodium and water retention [41]. Aldosterone-cSrc signaling also induces
oxidative stress [40], which induces formation of lipid oxidation products. 4-HNE,
inhibits AMPK and sirt1, thus inhibiting eNOS, leading to reduced NO bioavail-
ability, and this causes increased transactivation of EGFR and downstream Erk1/2
[42-44]. Thus, blood HNE levels are increased in hypertension [45], and the latter
can be ameliorated by carbonyl quenching [46]. Oxidized low density lipoprotein,
which contains oxidatively modified lipids such as HNE, induces oxidative stress in
renal tubular endothelial cells, which activates the renal renin-angiotensin system
(RAS); whose component, angiotensin 2, overstimulates sodium transporters and
thus induces hypertension [47, 48]. Hypertension in turn promotes oxidative stress
and LDL oxidation, thereby creating a vicious circle [49].

Inhibition of endothelial cell sirt1, sirt3 and AMPK, which can be mediated by
LPO products, causes inhibition of endothelial nitric oxide synthase (eNOS) and

55



Accenting Lipid Peroxidation

decreases production of NO, the main arterial vasodilator [50-52]. HNE induces
endothelial cell insulin resistance, and the associated akt inhibition both inhibits
eNOS and upregulates the vasoconstrictor, endothelin [3, 53]. The dysfunctional
endothelial cells further produce pro-inflammatory factors such as TNFa, IL-1p,
IL-8 and MCP-1 which recruit circulating neutrophils, platelets and monocytes,
and the latter differentiate into macrophages [53, 54]. Neutrophils, monocytes
and macrophages secrete myeloperoxidase [55]. Myeloperoxidase oxidizes LDL
[56]. It also promotes the activation of endothelial cyp4al2a, which catalyzes the
formation of 20-hydroxy-eicosatetraenoic acid (20-HETE) from arachidonic acid
[57]. 20-HETE upregulates endothelial RAS components including angiotensin 2, a
potent vasoconstrictor, which also induces aldosterone secretion [58]. Both angio-
tensin 2 and aldosterone aggravate endothelial oxidative stress and dysfunction.
Androgens promote 20-HETE synthesis, and this may explain the higher occur-
rence of hypertension in men than women [58].

Stiffness of the coronary artery and other major arteries inhibits their systolic
dilatation, and thus promotes systolic hypertension [59]. Degradation of the elastic
fiber, elastin, in the walls of the major arteries, and its replacement with collagen
fibres is a hallmark of the pathogenesis of arterial stiffness [59]. The myeloper-
oxidase product, 20-HETE, activates matrix metalloproteinase 12 (MMP-12,
macrophage elastase), which degrades elastin [60]. Myeloperoxidase additionally
inhibits the elastase inhibitor, a1, and this is antagonized by sulfur compounds
such as glutathione [61]. Acrolein and HNE, on the other hand, deplete glutathione
[62]. 20-HETE additionally sensitizes vascular smooth muscle cells to stimuli that
promote their dedifferentiation and proliferation [58], which contributes to arterial
stiffening especially of the muscular arteries [63]. One of the most readily formed
aldehydic linoleic acid oxidation products, 9-oxononanoic acid (Figure 3) activates
phospholipase A2 (PLA;) leading to generation of eicosanoids and thromboxane
A2 in blood [64]. Thromboxane A, causes vasoconstriction and the proliferation of
smooth muscle cells [65].

Malondialdehyde forms collagen crosslinks that prevent collagen degradation,
thus promoting arterial stiffness [66]. Thus, MDA-modified LDL independently
predicts arterial stiffness [67]. Glyoxal contributes to arterial stiffness by reacting
with collagen to form advanced glycation end products such as GOLA, GOLD,
GODIC and carboxymethyl lysine (CML) [68]. CML induces endothelial oxidative
stress through the RAGE receptor, which activates components of NF-kB signaling
that promote expression of collagen 1 and 2 [69, 70].

3.3 Dyslipidemia

Dyslipidemia in metabolic syndrome is defined by elevated circulating triglyc-
erides (hypertriglyceridemia) or low levels of high-density lipoprotein cholesterol
(low HDLc); and hepatic steatosis, a component of non-alcoholic fatty liver disease
(NAFLD) is its main risk factor [71]. This is because, in hepatic steatosis, there
occurs greater production and secretion of triglyceride-rich very low-density
lipoproteins (VLDL), leading to hypertriglyceridemia; as well as higher hepatic
lipase activity, which increases the hepatic uptake and degradation of HDL [71].
Hepatocyte oxidative stress, ER stress and associated lipid peroxidation are involved
in the development of hepatic steatosis [72, 73], and this makes lipid peroxidation
an important factor in the development of dyslipidemia [74].

Low HDLc also occurs in obesity independently of elevated triglyc-
erides, indicating that it occurs even independently of NAFLD [75].
Hypoadiponectinemia, which depends on obesity rather than NAFLD [76],
may cause reduced HDLc through increased hepatic lipase activity; reduced
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hepatic expression of the HDL protein apo A; reduced expression of the choles-
terol export protein ABCA1 which transfers cholesterol to HDL; and upregulated
synthesis of LCAT which transfers cholesterol from HDLc to chylomicrons [77].
Obesity is also associated with increased plasma TNFa [78] which suppresses
hepatocyte apo Al gene expression via ERK and JNK [79]. HNE contributes to
JNK over-activation in hepatocytes [80].

3.4 Prediabetes and diabetes

Diabetes is a state of elevated postprandial and/or fasting blood glucose that, if
not controlled, leads to the damage of various organs; while prediabetes refers to an
intermediate level of fasting and/or postprandial blood glucose, higher than normal
but less than diabetic blood glucose levels [1]. It is an earlier stage toward the
development of diabetes, but which can revert to normoglycemia. The major causes
of (pre)diabetes are pancreatic alpha and beta cell dysfunctions leading to glucagon
over-secretion and insulin under-secretion, respectively; coupled with skeletal
muscle, adipose and/or hepatic insulin resistance [81].

Both obesity and hypertension contribute to the pathogenesis of prediabe-
tes, hence the lipid oxidation products that induce obesity and hypertension
indirectly promote diabetes thereby. Nevertheless, lipid oxidation products also
directly promote (pre)diabetes. For example, malondialdehyde was found to
dose-dependently reduce the insulin content in the pancreas and to contribute to
beta cell death [82]. HDL prevents beta cell apoptosis and diabetes by promoting
cholesterol efflux from these cells, but acrolein- or MDA-modified HDL loses
this protective property [83-85]. oxLDL impairs insulin gene expression and
causes death of pancreatic beta cells, through induction of oxidative stress and
ER stress [86]. As already discussed, lipid oxidation products induce endothelial
dysfunction. Pancreatic endothelial cell dysfunction contributes to diabetes,
being associated with leukocyte recruitment and increased production of proin-
flammatory cytokines [87]. Cytokines such as IL-1p and TNFa induce alpha and
beta cell oxidative stress [88] and associated lipid peroxidation. Insulin resistance,
which can be induced by HNE and acrolein, is part of the alpha cell and beta cell
dysfunctions leading to diabetes [81].

4. Role of dietary constituents in inducing tissue oxidative stress, lipid
peroxidation and the metabolic syndrome

Diets high in saturated fatty acids, cholesterol, sugar, salt, and red meat, con-
tribute to higher lipid oxidation in the tissues and organs that have a central role in
the metabolic syndrome, such as adipose tissue, endothelial tissue, muscle, liver and
pancreas.

Although saturated fatty acids do not undergo peroxidation, they contribute
to the induction of oxidative stress in cells, which then leads to peroxidation of
unsaturated fatty acids. For example, the most abundant saturated fatty acid in the
diet, palmitic acid, is a key substrate for the first reaction in ceramide biosynthesis
[89]. Ceramides induce oxidative stress, for example by inhibiting components of
the electron transport chain [90].

Palmitate also induces oxidative stress and ER stress independently of ceramide.
For example, it increases diacylglycerol levels, which is associated with activation
of protein kinase C (PKC), which inhibits the Kreb’s cycle enzymes aconitase and
isocitrate dehydrogenase [91]. Thus, the acetyl COA generated from peroxisomal
and mitochondrial fatty acid beta oxidation accumulates in the cell, promoting
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acetylation of mammalian target of rapamycin complex (MTORC-1) and high
mobility group box-1 (HMGB-1), as has been demonstrated in hepatocytes [92].
Acetylation activates MTORC-1, which inhibits akt and further promotes oxidative
stress by upregulating the expression of TLR4, thus upregulating the NF-kB-NADPH
oxidase/iNOS axis [92]. Acetylation of HMGB-1 causes its translocation out of

the cell, enabling it to induce oxidative stress by interacting with the receptor for
advanced glycation end products (RAGE) as well as TLR4, which both induce NF-kB
activation [93]. Obesity is associated with increased circulating HMGB-1, which
accelerates the pathogenesis of obesity, hypertension and diabetes [72, 73, 94, 95].
TLR2/4 signaling also activates RAS components including angiotensin 2, whose
signaling via its receptor AT1R induces NFkB and oxidative stress [3, 96].

PUFAS undergo peroxidation during cooking as well as in the digestive tract
[97]. This is more pronounced when they are part of a meal containing meat,
especially red meat, which has higher myoglobin content; since iron from the latter
promotes lipid oxidation [98]. This leads to a postprandial increase in circulating
carbonyls such as malondialdehyde and HNE, which promote oxidative stress, HDL
modification and postprandial inflammation [98, 99]. On the other hand, absorbed,
unoxidized unsaturated fatty acids including MUFAs and PUFAs reduce palmitate-
induced oxidative stress and lipotoxicity in many cell types by promoting the
incorporation of palmitate into TGs for safe storage [100-102]. Nevertheless, high
concentrations of arachidonic acid also induce deleterious effects. Thus, supple-
mentation of arachidonic acid to a high fat diet led to enhanced obesity in mice
[103], which is attributable to the fact that this n-6 fatty acid promotes adipogenesis
from preadipocytes, but its cyclooxygenase-mediated oxidation products, prosta-
glandins E2 and F2a (PGE2 and PGF2a) inhibit browning via ERK activation and
associated decrease in UCP-1 expression [104, 105]. These prostaglandins activate
NF-kB, diminish adiponectin production, upregulate pro-inflammatory mediators
such as TNFa and MCP-1, and thus promote macrophage activation [106]. They
promote oxidative stress and lipid oxidation, and the lipid oxidation product HNE
in turn induces cyclooxygenase 2 [107]. Adipose inflammation has systemic effects,
hence adipose tissue arachidonic acid was found to be independently associated
with abdominal obesity, dyslipidemia, hypertension and fasting glucose [108].

Its myeloperoxidase products, 20-HETE is associated with insulin resistance and
hyperglycemia [109]. Since humans synthesize arachidonic acid from linoleic acid,
the arachidonic acid content in human adipose tissues does not necessarily reflect its
dietary intake [110].

Although linoleic acid is a precursor of arachidonic acid, studies of its effects on
the metabolic syndrome have given mixed results, with both harmful and protec-
tive roles reported [111-113]. The differences are partly due to genetic factors. For
example, there are individual and ethnic differences in the expression of fatty acid
desaturase 1 and 2 (FADS 1/2); with genotypes favouring greater FADS1/2 activ-
ity and arachidonic acid synthesis being associated with greater susceptibility to
metabolic dysregulation [114, 115]. Black people and Indians significantly generate
arachidonic acid from dietary linoleic acid, unlike people of European origin
[114, 116]. A high adipose tissue linoleic: arachidonic acid is inversely associated
with cardiovascular mortality and hypertension [112]. Likewise, a low linoleic:
arachidonic acid ratio in plasma phospholipids is associated with hypertension
[117]. Polymorphisms in the receptor for oxLDL, Lox-1, might also determine dif-
ferences in the response to increased dietary linoleic acid; since this PUFA increases
Lox-1 expression in aortic endothelial cells [118]. The effects of linoleic acid may
also be dependent on the overall diet. If the diet is high in other factors that induce
oxidative stress such as dietary sugar and salt, the pro-oxidative environment
thus created may abrogate potential linoleic acid benefits through its increased
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oxidation. This is in analogy to the fact that high glycemic index foods abrogate the
anti-obesity effects of fish oil [119]. A high linoleic acid diet may also be unfavour-
able for people who have already developed some component of the metabolic
syndrome and thus have a more pro-inflammatory status.

Oleic acid is the major dietary fatty acid in the Mediterranean diet, which is
generally associated with health benefits. This fatty acid is relatively resistant to
peroxidation. Besides promoting the safe storage of palmitate in TGs, it induces
thermogenesis by upregulating adipose triglyceride lipase and hormone sensitive
lipase, which induce lipolysis coupled with fatty acid oxidation [120]. It promotes
M2 macrophage phenotype in visceral adipose [121].

The dietary n-3 fatty acids are generally highly susceptible to oxidation because
they all contain at least 3 double bonds. Although they are not 4-HNE precursors,
decomposition of their hydroperoxides very readily produces acrolein, MDA,
glyoxal and methylglyoxal. Despite this, they are largely beneficial, suppressing
development of the metabolic syndrome [122]. In adipocytes, their binding to the
GPR120/Ffar4 receptor inhibits TLR2 and TLR4 signaling and associated NFkB
activation, oxidative stress and inflammation [123]. This receptor also upregulates
miR-30b and 378, and induces FGF21 secretion, whose signaling activates AMPK,
promotes browning and induces adiponectin [123-126]. The n-3 PUFAs are metab-
olized by cyclooxygenase to resolvins, protectins, maresins and isoprostanes which
help in resolving inflammation [127].

A high dietary n-3: n-6 PUFA ratio has been found to be protective against the
metabolic syndrome in some studies but not others [128, 129]. This might be partly
due to inter-individual differences in the metabolism of n-6 fatty acids.

High carbohydrate diets promote obesity because excess sugars are stored
as lipids. High sucrose or high fructose diets are particularly obesogenic [130].
Fructose metabolism robustly increases palmitate synthesis in adipocytes [131].
Moreover, fructose metabolism is associated with decreased cellular ATP, purine
degradation and activation of xanthine oxidase which generates reactive oxygen
species and associated lipid peroxidation [132], which is involved in adipocyte
whitening and less thermogenesis. Uric acid, a product of purine degradation
also induces oxidative stress through increased NADPH oxidase activity and RAS
activation [131-134].

High salt (sodium chloride) diets promote obesity, by salt-induced activation
of adipocyte Na/K+ ATPase, which is coupled to activation of src, which generates
ROS, and transactivates PI3-K-Akt-MTOR and EGFR-ERK/MAPK pathways
[135, 136]. This is associated with increased expression of proinflammatory media-
tors such as TNFa, MCP-1, COX-2, IL-17A, IL-6, leptin, and leptin [136, 137].
Sodium chloride also activates Na+/K+ ATPase and induces oxidative stress in
endothelial cells and renal tubular epithelial cells, thereby promoting hypertension
[132], and this is also subject to genetic susceptibility [138].

High dietary cholesterol is associated with a high risk of dyslipidemia [139].
Cholesterol-rich chylomicron remnants mainly deliver their cholesterol to the
liver, and cholesterol accumulation in hepatocytes strongly induces oxidative
stress, by modification of the mitochondrial membrane and limiting import of
glutathione into the mitochondria, as well by inducing ER stress and proinflam-
matory cytokines [140].

The lipopolysaccharide (LPS) component of the walls of gram-negative bacteria
is a pro-inflammatory molecule that contributes to metabolic low-grade inflamma-
tion (endotoxemia), by signaling through TLR2 and 4 in various cell types, leading
to NFKB activation and release of pro-inflammatory cytokines. High sucrose and
high saturated fat diets promote the growth of gram-negative bacteria, and thus
increase the entry of LPS into the circulation [141].
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5. Mechanisms of the antioxidant and metabolic syndrome-suppressing
effects of dietary factors

While some food components promote a pro-oxidative and pro-inflammatory
state as discussed in the previous section, other dietary factors inhibit oxidative stress
and inflammation. They do this through various mechanisms, but the most widely
considered mechanisms are those associated with lipid oxidation, including scaveng-
ing of free radicals such as peroxyl radicals and alkoxyl radicals, chelation of metal
ions that participate in formation of such radicals, and singlet oxygen quenching.

5.1 Free radical scavenging and singlet oxygen quenching

Carotenoids, phenolic substances, tocopherols and ascorbic acid are well known
for their antioxidant activities targeting the neutralization of reactive radicals and/
or singlet oxygen quenching. Thus, carotenoids reduce oxidative stress and lipid
oxidation, resulting in adipocyte beiging and obesity prevention [142]. There
is decreased adipose beta carotene in obese subjects, and this was suggested to
at least partly be due to their depletion under the high ROS environment [142].
Likewise, tocopherols and tocotrienols have been shown to be protective against all
components of the metabolic syndrome [143]. Thus, the high tocotrienol content
of palm oil may reduce its potential harm from the high palmitate content [144].
Unfortunately, radical scavenging antioxidants also exhibit pro-oxidant activity,
depending on their concentrations and the level of prooxidative factors [145].
Hence, there is need to consider a broad range of dietary factors that prevent oxida-
tive by alternative mechanisms, such as those outlined hereafter. A single molecule
can act by multiple mechanisms, and the more mechanisms involved, the greater
might be the benefit.

5.2 Insulin-mimicking

Insulin signaling activates akt, which reduces oxidative stress by promot-
ing mitophagy and by activating nrf2 to induce antioxidant enzymes [81, 146].
Moreover, nrf2, via heme oxygenase 1 (HO-1), inhibits NFkB and associated
upregulation of NADPH oxidase and iNOS [147]. Quercetin and ferulic acid are
examples of molecules that have demonstrated oxidative stress and metabolic syn-
drome amelioration at least partly through PI3K-akt signaling in various cell types
[148-150]. Resveratrol and ferulic acid inhibit LPS- and oxidative stress-induced
intestinal barrier injury through this signaling pathway [151, 152].

5.3 AMPK and SIRT1 activation

AMPK and/or sirtl reduce mitochondrial oxidative stress in adipocytes, pancre-
atic beta cells, hepatocytes, endothelial cells, and thus are useful in preventing all
aspects of the metabolic syndrome. In addition to insulin mimicking, quercetin and
ferulic acid, also activate these proteins [153-155].

5.4 Adiponectin and adiponectin receptor enhancement

Compounds that activate AMPK, sirtl and/or PI3K-akt in adipose tissues limit
adipocyte hypertrophy and inflammation, and enhance adiponectin production.
Adiponectin has systemic effects in reducing insulin resistance and oxidative stress,
because it activates both PI3K-akt and AMPK in insulin target tissues, and also
promotes anti-inflammatory polarization of macrophages [156]. Dietary compounds
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than ameliorate metabolic syndrome through enhanced adiponectin secretion and/
or upregulating adiponectin receptor include n3-fatty acids, sesamin, the citrus

derived polymethoxyflavonoids nobiletin and tangeretin, quercetin and resveratrol
[157-160].

5.5 Ceramide reduction

Adiponectin signaling increases ceramidase activity, thus reducing ceramide
levels [161]. Hence, the adiponectin and adiponectin receptor enhancers should
contribute to reducing ceramide-induced oxidative stress. Not much research has
been done along this line, but it has been reported that DHA inhibits ceramide
biosynthesis [162]. In mice, dietary inulin reduces ceramide synthesis by suppress-
ing neutral sphingomyelinase expression and activity [163].

5.6 Vasodilation

Vasodilation reduces blood pressure, and thus reduces pressure-dependent
oxidative stress as well as LDL oxidation and Lox-1 dependent oxidative stress
[164]. Thus, for people with prehypertension or hypertension, vasodilation may be
a major strategy for reducing oxidative stress and lipid oxidation. Cinnamaldehyde
has vasodilatory and antihypertensive activity through effects on smooth muscle
contractility [165]. Dietary nitrate achieves vasodilation through NO release, and
this is associated not only with pressure regulation, but also other components of
the metabolic syndrome including blood glucose and lipid improvement [166].
Adiponectin induces AMPK dependent eNOS activation in endothelial cells, hence
adiponectin enhancers such as imperatorin also promote NO synthesis and vasodi-
latation [167].

5.7 Reactive carbonyl, ALEs and AGEs scavenging

Scavengers of reactive carbonyls such as HNE, acrolein and MDA have been
demonstrated to ameliorate oxidative stress, lipid peroxidation and the metabolic
syndrome. Examples of compounds with such effects include carnosine, carnosinol,
epigallocatechin-3-gallate and the mulberry anthocyanins cyanidin 3-glucoside
(C3G) and cyanidin 3-rutinoside (C3R) [46, 168-170]. Aminoguanidine attenuates
hypertension by scavenging AGES [171].

5.8 Gut microbiota modulation

Probiotic microorganisms suppress the growth of pathogenic microorganisms.
They also produce metabolites such as short chain fatty acids with beneficial effects
on the metabolic syndrome. For example, butyrate promotes PI3K-akt signaling
to prevent oxidative stress and maintain intestinal barrier integrity [172, 173].
Quercetin, resveratrol and n-3 fatty acids have been demonstrated to positively
influence gut microbiota and decrease intestinal barrier permeability in animal
studies [153, 174].

6. Conclusions
Lipid peroxidation is a major contributor to the pathogenesis of the metabolic
syndrome, especially through highly reactive and bioactive aldehydes such as acro-

lein, 4-hydroxy-2-nonenal, malondialdehyde and glyoxal. Mechanisms of formation
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of these products are now well-understood. For example, this article has highlighted
that formation of MDA from linoleic acid may be easier than previously thought.
The mentioned aldehydes propagate oxidative stress and inflammation by inducing
insulin resistance, inhibiting sirtl and AMPK, reducing adiponectin secretion, as
well as forming AGEs and ALEs that activate the RAGE receptor. Inhibiting LPO
and the LPO product-associated oxidative stress and inflammation is necessary for
preventing and/or ameliorating progression of the metabolic syndrome. This may
not be effectively accomplished by dietary agents that merely scavenge free radicals
and/or quench singlet oxygen, but also by those that inhibit the signaling pathways
that generate non-lipid ROS, or scavenge the reactive carbonyls, ALEs and AGEs. In
addition, saturated fat, sugar, meat, and salt, that fuel the signaling pathways that
initiate LPO should be reduced. The metabolic influence of some dietary compo-
nents such as salt and n-6 PUFAs is particularly influenced by genetics, and this
should be duly considered when making dietary recommendations.
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Abstract

Lipid peroxidation is an end process of cellular injury driven by oxidative
stress (OS) and inflammation through several molecular changes. Metabolism-
generated reactive oxygen species avidly attack the polyunsaturated fatty acids in
lipid cell membranes, initiating a self-propagating chain-reaction. Cell membrane
destruction, lipids and the end-products of lipid peroxidation reactions are hostile
to the viability of cells, even tissues causing and exacerbating Diabetes Mellitus
(DM), neurodegenerative disorders (NDDs), cardiovascular diseases (CVDs) and
Rheumatoid Arthritis (RA). Current treatment regimens have untoward side effects
in the long-term necessitating phytochemical use as these are part of natural food
sources. Enzymatic and non-enzymatic antioxidant defense mechanisms may be
over run causing lipid peroxidation to take place. In disease states, oxidative stress
may increase with subsequent production of increased free radicals which may
over run the antioxidant capacity of the body with resultant oxidative damage on
polyunsaturated fatty acids in the cell fluid membranes with cellular and tissue
damage. Phytochemicals, have been shown to ameliorate diseases through attenua-
tion of oxidative stress, inflammation, lipid peroxidation, causing tissue regenera-
tion by regulating signaling systems and neuroprotective processes. Involvement of
polyphenolic and non-phenolic phytochemical in the attenuation of OS, inflamma-
tion and lipid peroxidation remain areas of critical importance in combating DM,
CVDA, NDD and RA.

Keywords: phytotherapeutics, oxidative stress, inflammation, lipid peroxidation,
severe and chronic diseases, phytochemicals
1. Introduction

There is a significant contributory role the Fenton and Haber Weiss reaction
makes in oxidative stress (OS) building up to several progressive diseases such as

Alzheimer’s disease (AD). Reactive oxygen species (ROS) and reactive nitrogen
species (RNS) are manufactured by these reactions causing OS in AD. Iron, copper
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and aluminum influences creation of free radicals such as hydroxyl radicals with
impairment to DNA, proteins, lipids and carbohydrates.

Beta amyloid (A42) toxicity is created by hydroxyl (OH") radicals from
the Fenton reaction [1, 2] in AD. Soluble human fibrinogen is converted into an
insoluble fibrin-like aggregate seen in neurodegenerative diseases such as AD
when it reacts with hydroxyl radical [3]. The Fenton gated OS attenuates DNA
base substitutions of guanine to cytosine when catalyzed by iron and guanine to
thymine and cytosine to thymine when catalyzed by copper and Nickel [4].

Phosphoinositide 3- kinase (PI3K), c-Jun N-terminal kinase (JNK), extracel-
lular signal-regulated kinase 1 and 2 (ERK1/2), p38 and transcription factors
such as activator protein-1(AP-1), and p53 are signal transduction molecules
that are stimulated by ROS [5]. Hastening of AD development are OH" radicals
that impair DNA through p53 pathway. When tumor suppressor gene (TP53) has
a mutation, there is increased potential for AD pathogenesis development [6].

The Fenton reaction triggers OS through subtraction of one electron from the
molecular oxygen (O,) resulting in the formation of superoxide (O,”) which often
produces other ROS species such as H,0, and peroxynitrite (ONOO) "and hydroxyl
radicals (OH") [7]. This may imply that phytotherapeutics which are able to quench
the electron abstraction may alleviate oxidative stress. Moreover, under normal
conditions, O,- has emerged as an important signaling molecule, which regulates
precise biochemical reactions and metabolic progressions [8].

The linkage between O, production and H,0, may involve a reduced flavin
enzyme by transferring an electron to activate molecular oxygen into superoxide
which is either released or enzymatically converted into H,0, [9, 10] or drugs like
statins may modify the process [11, 12].

Extreme challenges in the field of ROS-gated diseases is to bridge the knowledge
gap between atomic, cellular level and how natural phytochemicals may be used to
attenuate OS in certain diseases [13, 14].

The understanding of the Fenton and Haber Weiss reaction and how it may be
modified or detoxified or neutralized by phytotherapeutics or nutraceuticals may
assist to bridging the knowledge and practice of treating chronic diseases of old
age. When phytochemicals stop the subtraction of one electron in Fenton reaction,
creation of OS may be averted.

2. Lipid peroxidation products

Characteristics of various lipid peroxidation products as biomarkers have been
reviewed on the basis of mechanisms and dynamics of their formation and metabo-
lism and also on the methods of measurement, with an emphasis on the advantages
and limitations [15].

Lipid peroxidation or unsaturated lipid reaction with molecular or ROS pro-
duces a wide variety of oxidation products with the main primary products being
lipid hydroperoxides (LOOH). Many different aldehydes which can be formed as
subsequent products during lipid peroxidation include malondialdehyde (MDA),
propanal, hexanal, and 4-hydroxynonenal (4-HNE) (Figure 1) [16-20].

MDA gives the impression to be the most mutagenic product of lipid peroxida-
tion, whereas 4-HNE is the most toxic [21]. MDA has been extensively used for
many years as an expedient biomarker for lipid peroxidation of omega-3 and
omega-6 fatty acids because of its simplistic reaction with thiobarbituric acid
(TBA) [22]. The TBA test is predicated on the reactivity of TBA toward MDA to
yield an intensely colored chromogen fluorescent red adducts. Food chemists used
this test initially to evaluate autoxidative degradation of fats and oils [23].
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(a) (b)

Figure 1.
(a): Structure of 4-hydroxymalondialdehyde and malondialdehyde at equilibvium and (b) 4-hydroxynonenal.

MDA is one of the most popular and reliable biomarkers that determine OS
in clinical situations and due to MDA’ high reactivity and the toxicity underly-
ing the molecular effect, this molecule is very relevant to biomedical research
community [24].

First to be discovered in the 1960s was 4-HNE [25]. Later, in 1980s 4-HNE was
described as a cytotoxic product originating from the peroxidation of liver microsomal
lipids [26]. The genotoxic effects exerted on human beings results from the subse-
quently produced 4-HNE from progression of bio membranes lipids peroxidation
elicited by free radicals or chemicals [27]. Comparatively large amounts of 4-HNE are
produced and they are very reactive aldehydes that act as second messengers of free
radicals making them of high significance in disease of old age [28]. Therefore, 4-HNE
the most likely easier target for phytotherapeutics as antioxidant in lipid peroxidation.

Also, 4-HNE is a major bioactive marker of lipid peroxidation and a signaling
molecule elaborate in regulation of several transcription mediators that are sensi-
tive to stress such as nuclear factor erythroid 2-related factor 2 (Nrf2), activating
protein-1 (AP-1), NF-xB, and peroxisome-proliferator-activated receptors (PPAR).
These play a critical role in cell proliferation and/or differentiation, cell survival,
autophagy, senescence, apoptosis, and necrosis [29]. 4-HNE may stimulate intrinsic
and extrinsic apoptotic pathways and interact with typical actors such as tumor pro-
tein 53, JNK, Fas or mitochondrial regulators, due to its oxidant status. Simultaneous
4-HNE induces cellular defense mechanisms against OS, thus being involved in its
own detoxification and in turn limiting its apoptotic potential [30]. These dualities
can imbalance cell fate, either toward cell death or toward survival, depending on the
cell type, the metabolic state and the ability to detoxify [31]. The pleiotropism dis-
played by phytotherapeutics like Asiatic acid [13, 32-36], maslinic acid [37, 38] and
oleanolic acid [36] and their involvement in redox reactions may influence 4-HNE
activity thus modulating the its function in stress induces pathology of old age.

3. Phytotherapeutics and lipid peroxidation products

Phytotherapeutics which may restore or facilitate the restoration of 4-HNE’s
apoptotic inhibition potential as well as catalyze its oxidant signaling pathways
through direct redox reactions or attenuation of enzymatic antioxidant systems,
have a great capacity in modulating lipid peroxidation related diseases [13, 14, 35].
Triterpenes with pleiotropic activities have been shown to possess antioxidant
properties as well oxidative functions in certain parasitic infections ameliorating
disease outcomes and outputs [33, 39].
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Other phytochemicals also follow in this narrative in their use as antioxidants
in lipid peroxidation agents and their use to fight against associated diseases using
various mechanism. By inhibiting formation of both primary and secondary
products of the lipid peroxidation process, plant phytochemicals may exert their
effect on hydroperoxide groups from attaching to free fatty acids, triacylglycerols,
phospholipids, and sterols [40].

While, hydroperoxides may decompose iz vivo through two-electron reduction,
which may inhibit the peroxidative damage, phytochemicals may also facilitate this
process of antioxidant lipid peroxidation through enhancing activity of enzymes for
two-electron reduction of hydroperoxides such as selenium-dependent glutathione
peroxidases (GPx) and selenoprotein P (SeP) [41, 42].

4. Phytochemical and Antioxidative activity in lipid peroxidation
4.1 Salix aegyptiaca and lipid peroxidation

Salix aegyptiaca is a deciduous plant belonging to Salicaceae family and is popu-
larly known as Musk Willow from the Middle-East [43]. As part of a traditional
medicine from ancient times, S. aegyptiaca is used as a confectionary, flavourful
syrup and fragrance additive. The extract from bark and leaves have shown to
exert beneficial effects, as laxative, cardioprotective, nervonic, sedative, hypnotic,
somnolent, aphrodisiac, orexoiogenic, carnative, gastroprotector, anthelmintic and
vermifuge [44]. Important findings associated with salicaceae family is that they
contain salicylate composites such as salicylic acid which subsequently led to the
finding of acetylsalicylic acid identified as aspirin, a worldwide analgesic, anti-
pyretic, anti-inflammatory drug [45].

Later, the presence of other polyphenols such as gallic acid, caffeic acid, vanillin,
p-coumaric acid, myricetin, catechin, epigallocatechin gallate, rutin and quercetin
were confirmed to contribute as to the beneficial effects of S. aegyptiaca [46].

With the body generating OS through the Fenton and Haber Weiss leading to
the initiation and development of several health complications such as diabetes,
Alzheimer’s disease, atherosclerosis, cardiovascular problems and various kinds
of cancers [47-49] and considering the wide range of medicinal applications of S.
aegyptiaca, the interesting and essential component in delineation of the bioactivity
of its flavonoid and phenolic phytochemicals other than salicylates, is astounding.

Invariably, plant natural compounds with antioxidant activity are likely to
preserve redox homeostasis disturbed during the natural cellular mechanism or the
consequences of exposure to detrimental chemical agents. By rummaging for the
free radicals, influencing the antioxidant non-enzymatic and enzymatic defense
systems as well as drug metabolizing enzyme systems, S. aegyptiaca proves influ-
ential in the attenuation of OS and lipid peroxidation. These phytochemicals are
expectable to modify the diverse biological activities such as inflammation, necrosis
and carcinogenesis leading to cytoprotecting of cellular environment [50].

The interdependency of redox-potential, antioxidant activity and anti-inflam-
matory activity of gallic acid, quercetin, rutin and vanillin as well as acetylsalicylic
acid has been examined [50]. Finding the relevance of the biological systems,
the influence of gallic acid and acetylsalicylic acid have been studied on the drug
metabolizing phase I and phase II enzymes as well as on endogenous antioxidant
enzymes and peroxidative damage in the liver of C57BL/6 mice.

Oxidation-reduction potential of gallic acid, acetylsalicylic acid, rutin, querce-
tin and vanillin have been tested with the agents exhibiting reduction potential in
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a dose dependent manner of 5-50 pg/ml [50]. The reduction potential was in the
order of gallic acid > quercetin > rutin > vanillin > acetylsalicylic acid.

In red and yellow onion [51] and in S. aegyptiaca, the antioxidant activity of
gallic acid, acetylsalicylic acid, rutin, quercetin and vanillin have been examined for
their scavenging of 2,2-diphenyl-1-picrylhydrazyl (DPPH) radicals and displayed
inhibition of DPPH radicals, an indicator of antioxidant activity, in concentration
dependent manner. In the S. aegyptiaca experiments, DPPH radical scavenging
activity was shown by gallic acid to be greater than that of quercetin which was
greater than of rutin which was greater than that of vanillin which was greater than
that of acetylsalicylic acid [50].

4.1.1 Salix aegyptiaca anti-inflammatory and antioxidant activity

To determine the anti-inflammatory activity of the S. aegyptiaca phytochemicals
(62.5-1000 pg/ml) inhibition of protein denaturation was used. The phytochemi-
cals’ concentration-dependent inhibitory effect displayed a relative repressive effect
in the ensuing order of acetylsalicylic acid > gallic acid > rutin > quercetin > vanillin
[50]. Also, cumulative therapeutic effects of phytochemicals in Arnica montana
flower extract has been reported to alleviate collagen-induced arthritis while inhibi-
tion of both pro-inflammatory mediators and OS [52].

4.1.2 Salix aegyptiaca and protein carbonyl estimation and oxidative stress

Protein carbonyl measurements provide a sensitive index of OS damage occur-
ring early in severe sepsis and major trauma patients. Elevated protein carbonyl
concentrations in plasma and in bronchial aspirates indicates wide spread of
oxidation though out the body beyond the lungs. The correlation between oxida-
tive biomarkers and myeloperoxidase concentrations correlations in the lung may
indicate that neutrophil oxidants could be responsible for the lung injury [53, 54]
and also, protein carbonyl as a marker of OS is associated with overhydration,
sarcopenia and mortality in hemodialysis patients [55]. Moreover, plasma protein
carbonyls have been shown to be a predictive biomarker of oxidative stress in
chronic kidney disease, dialysis, and transplantation [56]. However, Mkhwanazi
et al. have reported that a maslinic acid triterpene derivative improved the renal
function of streptozotocin-induced diabetic rats [37]. Furthermore, Mavondo et al.
chronologies how malarial inflammation-driven pathophysiology and were reduced
by triterpene application in various iz vivo and ex vivo experiments of Asiatic
acid [34].

Phytotherapeutics S. aegyptiaca obtained gallic acid, acetylsalicylic acid, rutin
and quercetin (62.5-1000 pg/ml) showed a dose-dependent protection against
protein carbonyl damage caused by the Fenton reagent with higher protection
percentage as compared to the control, being maximum for gallic acid > quercetin >
rutin > acetylsalicylic acid [50].

4.1.3 Salix aegyptiaca and peroxidative damage and its inhibition

Some water extractable phytochemicals inhibited Fe**-induced iz vitro lipid
peroxidation in a rat’s brain [57] while Solanum xanthocarpum root extract protec-
tive efficacy was demonstrated against free radical damage and its phytochemical
analysis was carried out and antioxidant effect determined [58]. Over more, micro-
somes were used iz vitro to study the peroxidative damage and its inhibition by
phytochemicals (62.5-1000 pg/ml) [50]. In these experiments, the Fenton reagent
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initiated by peroxidation and determined in terms of TBARS formation. Ultimately,
all the phytochemicals showed inhibitory effect against peroxidative damage, in a
dose dependent manner showing inhibition order: gallic acid > quercetin > rutin >
acetylsalicylic acid.

Treatment with 50 pg/kg of acetylsalicylic acid and with 100 pg/kg of gallic acid
increased cytochrome P450 reductase activity (1.26-fold, p < 0.01) and cytochrome
b5 reductase (1.45-fold, p < 0.01) as equated to control [50]. Treatment using a
reversed concentration combination of the two phytochemicals further enhanced
the enzymatic activity (cytochrome P450 reductase vs. cytochrome b5 reductase)
by a 1.58-fold and 1.66-fold when a larger dose (50 pg/kg body weight) and a lower
dose (25 pg/kg body weight) of acetylsalicylic acid was used, respectively, showing
their antioxidant capacity [50].

4.1.4 Glutathione S-transferase and DT-diaphovase

Precise activity of glutathione S-transferase (GST) tend to be amplified by 1.92-
fold (p < 0.01) and 2.11-fold (p < 0.001) when animals were treated with 50 pug/kg
of acetylsalicylic acid (group III) and 100 pg/kg weight of gallic acid as compared
to controls, an observation seen with. The activity of DT-diaphorase (DTD) was
also observed to be significantly elevated by 1.79-fold (p < 0.001) and 2.36-fold
(p < 0.001) when animals were treated with 50 pg/kg 100 pg/kg gallic acid, respec-
tively, as compared to control group.

For both phytochemicals, a reversed concentration combination of acetylsali-
cylic acid and gallic acid treatment increased the activity of both enzymes show-
ing improved anti-inflammatory [50]. Similar observation were demonstrated
with thymoquinone on antioxidant enzyme activities, lipid peroxidation and
DT-diaphorase in different tissues of mice with possible mechanism of action
demonstrated [59]. Also, in early cancer studies similar antioxidant and anti-perox-
idation effects of dietary curcumin have been shown on glutathione S-Transferase
and the attenuation of malondialdehyde-DNA adducts in rat liver and colon
mucosa [60].

4.1.5 Superoxide dismutase (SOD), catalase, glutathione veductase and glutathione
peroxidase

Superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPX)
plays an important and indispensable role in the entire defense strategy of antioxi-
dants as fundamental first line defense antioxidants. This is more so with reference
to super oxide anion radical (*O,) which is ceaselessly generated in normal body
metabolism, particularly through the mitochondrial energy production pathway
(MEPP) [61] and is attenuated when phytotherapeutics are administered.

Significantly increases in activities of SOD, CAT, GPX and glutathione reductase
have been shown to be triggered by treating animals with gallic acid and acetylsali-
cylic acid. Animals treated with 100 pg/kg gallic experience enhanced SOD activity
(1.47-fold). Variable concentrations of acetylsalicylic acid addition raises of these
enzymatic antioxidants activity even higher [50] testimony to the efficacies of these
phytochemicals in fighting lipid peroxidation.

4.2 Phytochemicals neuroprotection against oxidative stress
The foremost causes of dementia include neurodegenerative diseases and

ischemic stroke and all have OS as an important player in their pathophysiology
[62]. By modifying the expressions of antioxidant molecules and enzymes, the
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Nrf2-ARE (nuclear factor erythroid 2-related factor 2/antioxidant responsive
element antioxidant) system plays an essential role in neuroprotection as the
primary cellular defense against OS. However, concurrent events of overproduction
of ROS and dysregulation of the Nrf2-ARE system causes harm to indispensable
cell components resulting in loss of neuron structural and functional integrity. On
the other hand, TrkB (tropomyosin-related kinase B) signaling which is a classi-

cal neurotrophin signaling pathway, regulates neuronal endurance and synaptic
plasticity important for fundamental functions in memory and cognition. The TrkB
signaling, especially the TrkB/PI3K/Akt (TrkB/phosphatidylinositol 3 kinase/pro-
tein kinase B) pathway promotes the initiation and nuclear translocation of Nrf2,
and brings in neuroprotection against OS. Essentially, the TrkB signaling pathway
is also known to be downregulated in brain disorders due to lack of neurotrophin
support. Therefore, activations of TrkB and the Nrf2-ARE signaling system sug-
gests a potential approach to the design of novel phytochemical therapeutic agents
for brain disorders.

The association between OS and the pathogenesis of neurodegenerative diseases,
brain injury and the neuroprotective effects of phytochemicals that can co-activate
the neuronal defense systems orchestrates important facets of the cellular antioxi-
dant defense and TrkB signaling-mediated cell survival systems as possible pharma-
cological targets for the treatment of neurodegenerative diseases.

Factors contributive to OS in the brain include excitotoxicity, cellular antioxi-
dant system exhaustion, lipid-rich membranes, susceptibility to lipid peroxidation,
and brain high oxygen demand [63]. Excess ROS causes structural and functional
modifications of cellular biomolecules, including proteins, DNA, and lipids, poten-
tially limiting neuronal function and survival. The mechanisms rudimentary to
the pathobiology of neurodegenerative diseases (NDDs) remain elusive. However,
indications strongly advocates a noteworthy relationship between OS and NDDs,
encompassing AD and Parkinson’s disease (PD) [64]. Moreover, OS contributes
to the pathogeneses of secondary damage after cerebral ischemia and other brain
injuries [65, 66].

The deposition of misfolded proteins, seen in major NDDs, induce inflamma-
tory responses, promoting ROS generation and resulting in OS [67]. Furthermore,
OS causes and is caused by mitochondrial dysfunction [68]. Agreed, the central role
the mitochondria play in energy metabolism and the regulation of redox homeosta-
sis, mitochondrial malfunction contributes to the pathobiology of brain disorders.
Howsoever caused, when encountered, cells compensate for the OS detrimental
effect by triggering intracellular antioxidant defense system, unfortunately, contex-
tually compromised in NDD. Therefore, activating the endogenous defense system
by actuating Nrf2 using phytotherapeutics might provide a means of suppressing
OS mediated cellular damage [62]. However, while OS may harm neuronal cytoar-
chitecture and restraining the detrimental effect of ROS alone may not suffice to
prevent/reverse OS-mediated cellular damage. Approaches that support regenera-
tion of damaged neuronal structures are necessary such that phytochemical inter-
ventions may be used for this purpose with outstanding results.

Physiologically, neuronal growth and survival are preserved via the neuro-
trophic signaling pathway, but modification in the regulation of specific neuro-
trophic factors and their receptors supervenes in the degenerating and aging brains
[69]. Particularly, the brain-derived neurotrophic factor (BDNF)-dependent TrkB
pathway, which is a critical signaling.

pathway for the survival and normal functioning of mature neurons, is com-
promised due to lack of BDNF [70, 71]. Put together, the TrkB pathway and the
Nrf2 signaling system seem to suggest potential targets for encouraging neuronal
survival and initiating the regeneration of injured neuronal structures and synaptic
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connectivity. Therefore, phytochemicals and other natural products can directly
scavenge oxygen free radicals and boost the expressions of cellular antioxidant
enzymes and molecules [36, 72]. This way, protection against OS-mediated cellular
injury by these molecules may be possible [73, 74]. The neuritogenic potentials of
the phytochemical therapeutics agents have been demonstrated [75, 76] to support
the reconstruction of synaptic connectivity by renewing damaged neuronal pro-
cesses [77, 78].

Different varieties of natural pharmacological modulate co-activate antioxi-
dant defense and neurotrophin signaling-mediated cell survival systems [79-81]
signifying that these compounds have therapeutic potential for the treatment of
OS-mediated brain disorders. Targeting both of these signaling systems with a
single compound offers benefits over combinations through possible the bypass
of drug-drug interactions that could be either synergistic or antagonistic [62].
Furthermore, a single compound which can activate both the signaling and defense
systems, would be more convenient to establish a therapeutic agent regarding
pharmacokinetics and drug delivery.

4.2.1 Oxidative stress in case of neurodegenerative disease or brain injury

Disorders of dementia, to include NDDs, ischemic stroke or traumatic brain
injury (TBI, complications are foremost public health concerns intimately linked
to OS. Significantly higher concentrations of OS biomarkers and lower amounts
of antioxidant biomarkers have been observed in the brain, peripheral tissues and
body fluids of patients with brain disorders during preclinical and clinical studies
[82, 83]. In these cases, high lipid peroxidation biomarkers are displayed as well.

4.2.1.1 Alzheimer’s disease and lipid peroxidation effects

The major cause of dementia and most common progressive NDD is Alzheimer’s
disease [84, 85]. The main pathological hallmarks of AD, include extracellular
amyloid (BA) plaque deposits, intraneuronal aggregation of neurofibrillary tangles
(NFTs), and brain atrophy [86]. Furthermore, OS has been shown to provoke fA
deposition (plaque formation), tau hyperphosphorylation (NFT formation), and
the ensuing degenerations of synaptic connectivity and neurons by damaging the
protein degradation system [85].

Wojsiat et al., and Youssef, P., (2018) have reported raised levels of ROS-
mediated vagaries in AD brains, supporting the notion that OS is caught up in the
pathobiology of AD [87, 88], as shown by elevated concentrations of MDA and
4-HNE (lipid peroxidation biomarkers) being higher than normal in the brain
tissues and cerebrospinal fluid samples of AD patients [84, 89]. Activities of
antioxidant enzymes, superoxide dismutase (SOD), glutathione peroxidase (GPx),
catalase (CAT), and peroxiredoxin (Prdx) were altered in the brain affected areas
although 4-HNE levels remained unaffected [88].

Male AD patients display elevated plasma concentrations of protein carbonyls
and advanced glycation end products (carboxymethyllysine and carboxyethyl-
lysine) [90]. Furthermore, 3-nitrotyrosine (3-NT), a protein nitration product,
tend to be increased in CD3C (+) T-cells from AD patients [91]. Plasma antioxidants
(uric and bilirubin) are significantly decreased concurrently with reduced activities
of antioxidant enzymes in AD patients [92].

Oxidative stress contributes to mitochondrial dysfunction and cellular atrophy
[93] while pathological aggregations of proteins such as Ap and tau have been
reported to target mitochondria and augment ROS production [94]. OS also
retards synaptic plasticity contributing to progressive memory impairment, a
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distinguishing clinical symptom of AD [95]. The connection between OS and AD

strongly may suggest that approaches linked to antioxidant or antioxidant defense
system such phytotherapeutics use could play imperative roles in the future man-

agement of AD.

4.2.1.2 Parkinson’ disease (PD) and OS

The prevalence of PD is preceded only by that of AD being characterized by
dopaminergic neuron degeneration in the substantia nigra [82]. A major pathologi-
cal hallmark of PD is the intraneuronal aggregation of a-synuclein and the forma-
tion of Lewy bodies [93]. Crucial participation of OS in PD is intoned by convincing
evidence although the exact mechanisms underlying the pathophysiology of this
disease remains indescribable [96]. Singh et al., (2019) reported elevated concen-
tration of oxidative damage markers and low concentration of glutathione (GSH)
in the substantia nigra of PD patients [93]. Furthermore, high MDA plasma con-
centrations [97] and elevated protein carbonyl and 8-OHdG (markers of oxidative
impairment to protein and DNA, respectively) in brain tissues have been reported
[98]. Also, elevated concentrations of 8-OHdG and MDA, reduced activity of cata-
lase and concentration of uric acid, and GSH have been reported in the blood of PD
patients [99]. The involvement of OS in the pathobiology of PD and suggestion that
targeting OS and lipid peroxidation offers a potential phytochemical therapeutic
strategy for addressing this devastating brain disorder is supported.

4.2.1.3 Ischemic stroke and oxidative stress leads to lipid peroxidative damage

A sudden interruption in brain blood supply due to vascular occlusion results in
a stroke which is the second leading cause of death [100] and an important source
of permanent disability in adults worldwide [101]. Resultantly, a portion of the
brain experiences oxygen and nutrient insufficiencies, which causes depolarization
of neuronal membranes and glutamate surge into synapses, resulting in a cascade
of events, including calcium overload, dissipation of mitochondrial membrane
potentials, OS, and inflammation [63, 102].

Inappropriate concentrations of antiapoptotic proteins [e.g., Bcl-2 (B-cell lym-
phoma 2)] and proapoptotic proteins [e.g., Bax (Bcl-2-associated X protein)] con-
tribute to mitochondrial dysfunction and OS induced apoptosis [103]. Moreover,
the reestablishment of blood supply immediately after ischemia exposes brain tissue
to excess oxygen, which exacerbates ROS production and in turn, induces further
OS-associated injury, lipid peroxidation, protein oxidation, and intracellular DNA
damage [63, 104]. After ischemic stroke, oxidative damage follows with elevated OS
biomarkers (NO and MDA) concentrations reported [105]. These findings indicate
targeting OS and inhibiting lipid peroxidation offers a promising therapeutic strat-
egy to reduce secondary brain injury after ischemic stroke with possible outcomes
improvement [63].

4.2.1.4 Traumatic brain injury builds oxidative stress and lipid peroxidation

Traumatic brain injury (TBI) is a major cause of death and disability world
over. Non-fatal TBI may lead to neurological deficits due to direct tissue damage
(primary injury) or subsequent biochemical changes (secondary injury) [106].
Biochemical factors such as excitotoxicity, inflammation, mitochondrial dysfunc-
tion, and OS drive progressive neuronal degeneration in secondary damage [107].
Importantly, further damage need be reduced by targeting the secondary changes.
Indications that TBI results in OS are observed by OS biomarkers (oxidized

85



Accenting Lipid Peroxidation

protein moieties, lipid peroxidation products, DNA damage products) accumulat-
ing in the brain with antioxidant molecules concentrations and enzymes activities
(GSH, GPx, glutathione reductase (GR), glutathione S-transferase (GST), SOD,
and CAT) decline [66]. Phytochemical neuroprotective strategies, directed at
salvaging injured brain tissue soon after injury and that promote regeneration
during the recovery stage, are beneficial [108]. Therapeutic potentials of BDNF
and its analogues have been reported in TBI and other neurological conditions
[108, 109]. Therefore, phytotherapeutics targeting cellular antioxidant defense
and the BDNF/TrkB signaling pathway might improve cognitive deficits second-
ary to TBI.

5. Phytochemicals that activate neuronal antioxidant defense and
survival mediating against lipid peroxidation

Many plant-derived bioactive molecules deactivate ROS and reportedly, potenti-
ating the cellular antioxidant system. The principle of action of inducing an anti-
oxidant effect by promoting adaptive cellular stress response using phytochemicals
is substantially supported [110]. Furthermore, phytochemicals have been shown to
protect neurons from OS by activating TrkB signaling pathways and the Nrf2-ARE
system promoting cellular survival [77, 78].

5.1 Phenolic compounds and OS in brain neurological damages
5.1.1 Sulfuretin quenches oxidative stress effects

Numerous phenolics exhibit neuroprotective effects against OS in models of AD
and other neurodegenerative disorders. Sulfuretin (Figure 2), a flavonoid glycoside
isolated from the stem bark of Albizia julibrissin and heartwood of Rhus verniciflua,
protected SH-SY5Y cells and primary hippocampal neurons from Ap-induced neu-
rotoxicity [111]. The PI3K/Akt and Nrf2/HO-1 signaling pathways may contribute
to sulfuretin-mediated neuroprotection through inhibiting cell death by suppress-
ing ROS production, enhancing PI3K/Akt pathway and the nuclear translocation
of Nrf2 (Figure 3) [62]. Also, the phytochemical sulfuretin was shown to suppress
adipocyte differentiation of preadipocytes and prevented obesity and increased
insulin sensitivity by suppressing expression of inflammatory markers, induc-
ing expression of adiponectin, and increasing concentrations of phosphorylated
ERK and AKT [112]. Using a microarray analysis and identification of activating

OH
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HO 0O

Figure 2.
Sulfuretin.
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Figure 3.

Other inhibitory effects of sulfuretin. ERK- extracellular signal-vegulated kinase; AKT- protein kinase B
(PKB); GSK3p- glycogen synthase kinase 3 beta; PARP = poly (adenosine diphosphate-ribose) polymerase;
MPP*- 1-methyl-4-phenylpyridinium. — inhibition; 1 increases; | decreases. MPP"* arises as the toxic
metabolite of the compound MPTP. MPTP is converted in the brain into MPP" causing parkinsonism killing
dopamine-producing neuvons in the substantia nigra through oxidative stvess generation which is inhibited by
sulfretin.

transcription factor 3 (Atf3) as a sulfuretin-responsive gene, the molecular mecha-
nism of sulfuretin in adipocytes was illuminated. Administration of sulfuretin
raised the Atf3 mRNA and protein concentrations in white adipose tissue and
adipocytes. Reliably, Atf3 deficiency promoted lipid accretion, the adipocyte
expression and lipid peroxidation markers. Sulfuretin’s but not resveratrol’s anti-
adipogenic effects were diminished in cell with Atf3 deficiency, indicating that Atf3
is an essential factor in the function of sulfuretin [112] and that phytochemicals are
essential for as antioxidant agents.

5.1.2 Resveratrol has antioxidant effects in brain disease

By activating the PI3K/Akt/Nrf2 pathway, the grape polyphenol and anthocy-
anin, Resveratrol (Figure 4), and a derivative of Korean black beans, protected
PC12 cells [81] and HT22 cells [113], respectively, against Ap-induced toxicity.

In Ap-induced toxicity, resveratrol inhibited cell death and suppressed OS mark-
ers such as MDA and ROS by elevation of the phosphorylation of PI3K and Akt,
the nuclear translocation of Nrf2, and the protein concentrations of SOD, HO-1,
and GSH [81]. Anthocyanins diminished cell death by modifying the expressions
of proapoptotic markers (cleaved caspase-3) and stress markers (MDA, H,0,,
8-OHdG) while enhancing the glycogen synthase kinase-3 beta (GSK3b), phos-
phorylation of PI3K and Akt, the nuclear translocation of Nrf2, the expression of
HO-1, and GSH levels.
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Figure 4.

Resveratrol whose chemical name is 3,5,4’-trihydroxy-trans-stilbene is a stilbenoid, a type of natural
polyphenol, and a phytoalexin synthesized by numerous plants in vesponse to injury or when the plant is under
attack by pathogens, such as (viruses, bacteria or fungi).

5.1.3 Tea polyphenols, oxidative stress, neuroprotection

Tea polyphenols (TPs) attenuated OS in H,0,-stimulated SH-SY5Y cells by acti-
vating the Keapl-Nrf2 signaling pathway and the TrkB/CREB/BDNF pathway [114].
Also in these experiments, TPs attenuated H,O,-induced cell death, mitochondrial
dysfunction and reduced elevated ROS and H,0, concentrations. Moreover, TPs
heightened the nuclear translocation of Nrf2 and the TrkB/CREB/BDNF signaling
mechanism by activating the PI3K/Akt pathway, and thus, transcriptionally regulat-
ing the downstream expressions of HO-1, NQO1, SOD, GPx, and CAT in SH-SY5Y
cells [114].

5.1.4 Isoflavone of fermented soy and neuroprotection

8-Hydroxydaidzein (8-OHD), an isoflavone of fermented soy, protected against
neuroinflammation in LPS-stimulated BV2 microglial cells by stimulating Nrf2-
antioxidant and Akt/NF-kB inflammatory signaling pathways. In BV2 microglial
cells, 8-OHD inhibited the LPS-activated productions of NO, TNF-a, and IL-6 by
suppressing gene expression [115]. Moreover, 8-OHD quenches ROS and promotes
the nuclear translocation of Nrf2, and thus, upregulates the expressions of Phase
II enzymes, such as HO-1, NQO1, and GCL [115]. 8-OHD also suppresses the
LPS-stimulated phosphorylation of Akt and NF-kB-p65 attenuating LPS-induced
prostaglandin E2 (PGE2) production without affecting COX-2 expression [116].

5.1.5 Rutin protection against neurotoxicity

A flavonoid found in buckwheat, rutin protected male albino SD rats from
acrylamide or g-radiation-induced neurotoxicity by activating the PI3K/Akt/
GSK-3b/NRF-2 signaling pathway (Figure 5) [118]. Rutin (Figure 5) increases the
phosphorylation of PI3K, Akt, and GSK-3b and the nuclear translocation of Nrf2,
suppressed MDA levels, GST activity, and the expressions of IL-1b and IL-6, and
increased IGF1 and NGF levels [118]. The phytochemical rutin’s mechanisms of
action includes reduction of proinflammatory cytokines, increasing antioxidant
enzyme activities, stimulation of the mitogen-activated protein kinase cascade,
downregulation of mRNA expression of PD-linked and proapoptotic genes,
upregulation of the ion transport and antiapoptotic genes, and restoration of the
functions of mitochondrial complex enzymes [119]. Taken together, these suggest
that they phytotherapeutic rutin may be a hopeful neuroprotective compound for
the treatment of NDDs.

Rutin as neuroprotective agent has been seen to move from bench to the bedside
as a phytotherapeutic [120] as well as the inhibition of neuroinflammation and
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Rutin, also called rutoside, quercetin-3-O-rutinoside and sophorin, is the glycoside combining the flavonol
quercetin and the disaccharide rutinose (a-L-rhamnopyranosyl-(1 — 6)-p-D-glucopyranose) [117].

providing neuroprotection in subarachnoid hemorrhage through suppressing the
RAGE-NF-kB inflammatory signaling pathway [121].

Rutin has anti-inflammatory, antioxidant, anti-viral, anti-tumor and immune
regulatory effects. Neuroprotective mechanisms of rutin for spinal cord injury has
been reported to occur through anti-oxidation and anti-inflammation and inhibi-
tion of p38 mitogen activated protein kinase pathway [122].

5.2 Non-phenolic compounds, neuroprotection and lipid peroxidation

Numerous non-phenolics have been reported to exhibit neuroprotective effects
against OS in models of AD and other neurodegenerative disorders [62].

5.2.1 Brassicaphenanthrene A, acevogenin A and neuroprotection

Isolated from Brassica rapa, Brassicaphenanthrene A protects HT-22 neuronal
cells from glutamate-induced excitotoxicity and upregulates Nrf2-mediated HO-1
expression via PI3K/Akt and JNK regulatory pathways [123]. Acerogenin A, an iso-
late from the stem bark of Acer nikoense (Japanese traditional medicine) protected
HT?22 cells from glutamate-induced oxidative injury [124] through the stimulating
the PI3K/Akt/Nrf2/HO-1 pathway. Acerogenin A diminished cell death by sup-
pressing the production of ROS and increasing the nuclear translocation of Nrf2,
the expression of HO-1, and the phosphorylation of Akt [124].

Polysaccharide extracts (PPE) of Perilla frutescens triggered PI3K/Akt and
Nrf2-mediated HO-1/NQO1 pathways and protected against H,O,-induced OS in
HT?22 cells [125]. The PPE attenuates cell damage by suppressing the expressions
of Bax, cytochrome C, and caspases-3,-8, and — 9, and enhancing the expressions
Bcl-2 and Poly [ADP-ribose] polymerase (PARP) while increasing MAPKs (p38,
ERK, JNK), PI3K, Akt and p65 phosphorylation, decreasing NF-kB concentration
and enhancing the nuclear translocation of Nrf2 and the expressions of HO-1 and
SOD [125].

3,3’-Diindolylmethane, a metabolite of indole-3-carbinol found in Brassicaceae
family, attenuates OS in glutamate-induced HT-22 cells by activation of the TrkB/
Akt pathway [126]. 3,3’-Diindolylmethane metabolite moderates the expressions
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of Bax, cytochrome c, cleaves caspase-3, and AIF (apoptosis-inducing factor), and
improves Bcl-2 expression, the phosphorylation of TrkB, Akt, and CREB, and the
expressions of HO-1, GCLC, NQO-1, and GPx. Scopolamine-treated mice improved
cognitive deficits after 3,3’-Diindolylmethane administration [126].

Diallyl trisulfide, an organosulfur compound in garlic oil, stimulated the PI3K/
Akt-mediated Nrf2/HO-1 signaling pathway and protected against OGD-induced
neuronal injury [127]. Also, diallyl trisulfide inhibited the expressions of proapop-
totic markers (cleaved caspase-3), OS markers (ROS and MDA), and increased the
nuclear translocation of Nrf2, the expression of antioxidant enzymes (e.g., HO-1),
and the phosphorylation of Akt [127] thus reducing lipid peroxidation potentials in
brain injury.

Oxymatrine, isolated from the Chinese herb Sophora flavescens protected P7
SD rats from hypoxic-ischemic brain injury [128], through activating the Akt/
GSK3b/HO-1/Nrf-2 signaling pathway. Moreover, oxymatrine increased the nuclear
translocation of Nrf2, the phosphorylation of Akt and GSK3b, and HO-1 expression
and attenuated the degree of neurological deficits [128].

6’-0-Galloylpaeoniflorin, a galloylated derivative of paeoniflorin isolated
from peony root, protected an OGD-induced ischemic PC12 cell model and a CIRI
male Wistar rat model against ischemic stroke through stimulating PI3K/Akt/Nrf2
pathway [129]. Also, 6’-O-galloylpaeoniflorin attenuated OS and neuroinflamma-
tion while improving neurological deficits, inhibiting apoptosis by suppressing
the expressions of pro-apoptotic markers (cleaving caspase-3), inhibiting inflam-
matory cytokine (TNF-a, IL-1b), and MDA concentration. Nuclear translocation
of Nrf2 and SOD expression increased through elevation of Akt phosphoryla-
tion [129].

Ginkgolides A, B and C are diterpenes isolated from Ginkgo biloba L. and
defends PC12 cells from OGD/R-induced ischemic injury in adult male SD rats
subjected to MCAO-induced acute cerebral ischemic injury [130]. They stimulate
Akt/Nrf2 and Akt/CREB signaling pathways. These ginkgolides inhibit cell death
by overwhelming the expressions of Bax and cleaved caspase-3, enhancing the
phosphorylation of Akt and pCREB, and increasing the nuclear translocation of
Nrf2 and HO-1 expression [130]. Also, ginkgolides protects against ischemic stroke
in an OGD-induced SH-SY5Y cell ischemic model and MCAO-induced model of
cerebral ischemic injury in male SD rats [131]. Ginkgolides suppress ROS produc-
tion and increase Akt phosphorylation, the nuclear translocation and phosphoryla-
tion of Nrf2, and the expressions of HO-1, Nqol, and SOD [131]. In the process lipid
peroxidation associated damages are averted.

PC12 cells are protected against OGD/R-induced neuronal injury by
Protodioscin which actuates the PI3K/Akt/Nrf2 pathway. This occurs through
elevating the expressions of HIF-1a, SOD, GPx, HSP70, and HO-1, the phosphory-
lation of PI3K and Akt, the nuclear translocation of Nrf2, and upregulating miR-
124. As aresult, OS is attenuated [132] and lipid peroxidation reduced.

Matrine, a quinolizidine alkaloid, derived from the herb Radix Sophorae
flavescentis, protected rats from subarachnoid hemorrhage [133] through PI3K/Akt-
mediated NF-kB inhibition and Keapl/Nrf2-dependent HO-1 induction. The effects
of matrine included inflammatory cytokines (TNF-a, IL-1b) and pro-apoptotic
markers (Bax and cleaved caspase-3) expression suppression with enhanced pro-
survival marker Bcl-2 ([133]. Also, matrine increased nuclear translocation of Nrf2
and HO-1 expression and lowered NF-kB P65 expression by increasing the phos-
phorylation of Keapl, Akt, and IkB-a [72] invariably attenuating lipid peroxidation.

Panax notoginseng saponins protected against blood-brain barrier (BBB)
injury [134] by activating the PI3K/Akt/Nrf2 antioxidant signaling pathway.

In LPS-stimulated cerebral microvascular endothelial cells BBB injury model,
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saponins attenuated the creations of ROS and inflammatory cytokines (ILB1b,
TNFa), decreased NFBkB levels, and increased the nuclear translocation of Nrf2
HO-1 expression, and the phosphorylation of Akt [134].

6. Lipid peroxidation-induced inflammation and oxidation-mediated
degenerative diseases

Degenerative disease is positioned as one of the most fatal group of diseases
contributing to the mortality, poor quality of life, increasing economic problems of
the sufferers with OS and inflammation being leading drivers of lipid peroxidation
related pathology [135]. The most common degenerative diseases include rheuma-
toid arthritis (RA) [136], diabetes mellitus (DM) [137], and cardiovascular disease
(CVD) [138]. Although a number of synthetic medications are used to treat these
diseases, none of the current regimens are completely safe. Phytochemicals: poly-
phenols, carotenoids, anthocyanins, alkaloids, glycosides, saponins, and terpenes
are potential sources of alternative medications to attenuate the oxidative stress and
inflammation associated with degenerative diseases. Some of these active com-
pounds have shown good promise for development into novel mediators for treating
RA, DM, and CVD by targeting OS and inflammation.

6.1 Phytotherapeutics and degenerative diseases

Several synthetic regimens are used to attenuate oxidative stress and inflamma-
tion-mediated degenerative diseases, with most of them exerting considerable side
effects when utilized in the treatment of CVDs [139], DM [140] and RA [141].

6.1.1 Cardiovascular diseases, oxidative stress and lipid peroxidation

CVDs are a group of diseases associated with complications of the heart and
blood vessels invariably leads to coronary heart disease a major component of
CVDs [135]. Lipid peroxidation associated major risk factors of CVDs include
hypertension (HTN), hypercholesterolemia, diabetes, obesity, inflammation,
smoking, consumption of alcohol, lack of exercise, and a familial history of heart
diseases [142].

6.1.2 Pathogenesis of CVDs

Atherosclerosis occurs due to the accumulation of atherosclerotic plaques within
the walls of the arteries is the major precursor of CVDs. Plaque formation originates
from endothelial damage, followed by adherence of circulating monocytes and
subsequent exposure to homocysteine, inflammation, increased platelet aggrega-
tion, and higher levels of oxidized low-density lipoprotein (LDL-ox) and ROS
[143]. Moreover, increased serum triacylglycerols.

(TAG), cholesterol (C), increased plasma fibrinogen and coagulation factors,
hyperglycemia, HTN and lipid peroxidation are crucial in the pathogenesis of
CVDs [144].

6.1.3 Phytochemicals and CVDs
Polyphenols and other antioxidants from fruits, vegetables, and spices has
the potential to lower CVD risks by attenuating oxidative stress and inflam-

matory mediators [135]. Fruit consumption in Japan protected against the risk
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of CVDs [145], a higher consumption of fruits and vegetables correlated with

a lower risk of all-cause mortality, predominantly cardiovascular mortality
[146] while high-frequency consumption of fruits and vegetables lowered
plasma C-reactive protein (CRP) and homocysteine concentrations, accord-
ingly reducing inflammation a considered high risk factor of CVDs [147]. High
fruit consumption level decreased HTN and blood glucose concentration which
significantly decrease the risks of CVDs [148].

Polyphenolic extract from the apple has a significant effect on decreasing
the serum total-C and LDL-C levels in healthy individuals with relatively high
body mass index (BMI), which consequently limits CVD risk [149]. Consumption
of banana decreases the oxidative modification of LDL, plasma lipids, and
lipoproteins and thus ultimately aids in protection from atherogenesis due to its
antioxidant properties [150]. Furthermore, blueberries, strawberries, and cran-
berries reduce cardiovascular risk factors of lipid peroxidation, inflammation,
and regulate HTN due to the presence of high concentrations of anthocyanins
and ellagitannins in their skin and flesh [151, 152]. Moreover, being good sources
of polyphenols, berries have a high content of micronutrients such as folate,
a-carotene, f-carotene, potassium, vitamin C, and vitamin E, which exhibit
noteworthy antioxidant activities [153].

Citrus fruits such as mandarins, lemons, oranges, and grapefruits contain high
quantities of flavanones (naringin and hesperidin stimulate nitric oxide in endothe-
lium) that improve significant vascular functions and the lipid profile in coronary
artery diseases patients [154, 155]. Pomegranate fruit juice and peel extracts have
antihypertensive, anti-atherosclerotic, antioxidant, and anti-inflammatory effects
because of polyphenolic compounds including anthocyanins, catechins, and tan-
nins, contributing to the attenuation of CVD risk factors [156].

Polyphenol-rich peach and plum juice prevent against risk factors effects for
cardiometabolic disorders by decreasing the expression of plasma proatherogenic
and proinflammatory molecules, intercellular cell adhesion molecule-1 (ICAM-

1), monocyte chemotactic protein-1, and nuclear factor kappa B (NF-«B) and by
decreasing foam cell adherence to aortic arches. Furthermore, peach and plum juice
reduce plasma angiotensin II activity and the expression of its receptor Agtrl in car-
diac tissues. Peach and plum polyphenols act as peroxisome proliferator activated
receptor-y (PPARy) agonists [157]. An iz vivo and ex vivo experiment watermelon
improves lipid profiles and antioxidant capacity and decreases inflammation and
alters gene expression for lipid metabolism and consequently reduce CVDs risk
factors [158].

Sulfur-containing organic compounds (organosulphur) from garlic (Allium
sativum), onion (Allium cepa), and cruciferous vegetables such as broccoli, cauli-
flower, cabbage, and Brussels sprouts exhibited cardioprotective effects facilitated
by their antioxidant and anti-inflammatory properties [159]. Garlic’s sodium
2-propenyl thiosulfate is suggested to block platelet aggregation through inhibi-
tion of ADP and platelet-activating factor (PAF) [160]. The onion key flavonoid,
quercetin (3,3’,4’,5,7-pentahydroxyflavone), has anti-atherosclerotic properties and
accumulate in the aorta tissue where its metabolites exert antioxidant and anti-
inflammatory activities [161]. The bright red carotene and carotenoid pigment in
tomato, lycopene, significantly reduces myocardial infarction (MI) in isoproterenol
injected rats [162]. Supplementation of tomato and corn oil improves diastolic func-
tion, changes cardiac miRNA expression, and attenuates lipid hydroxy peroxidation
and oxidative stress [163].

Ginger (Zingiber officinale) benefits in the treatment of CVDs exhibiting anti-
inflammatory as well as antithrombotic properties by inhibiting the production of
NO, inflammatory cytokines, cyclooxygenase (COX), and lipoxygenase (LOX) with
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no or very few side effects as compared to nonsteroidal anti-inflammatory drugs
(NSAIDs) [164, 165]. Ginger is known for its being an antioxidant, antiplatelet
aggregation, positive inotropic, hypotensive, hypoglycemic and hypolipidemic in in
vitro, in vivo studies and in human clinical trials [166].

Black pepper, and its active ingredient (piperine) influences significant decrease
in the concentrations of free fatty acids, phospholipids, and triacylglycerols and an
increase in the concentration of high density lipoprotein cholesterol (HDLC), thus
reducing the risk of atherosclerosis [167, 168].

7. Diabetes mellitus and lipid peroxidation
7.1 Pathogenesis from inflammation and lipid peroxidation

The pathogenesis of DM is closed associated with involvement of low-grade
chronic inflammation and the activation of the innate immune system [169].
Excessive concentrations of glucose and free fatty acids initiate cellular OS in the
pancreatic islets and insulin-sensitive tissues including adipose tissue, leading to
the activation of c-Jun N-terminal kinase (JNK) and NF-«B [170]. Increases in the
adipocyte proinflammatory cytokines production including tumor necrosis factor
alpha (TNF-a), interleukin (IL) 6, IL-1p, leptin, resistin, and chemokines such
as MCP-1, CC-chemokine ligand 2 (CCL2), CCL3, and CXC-chemokine ligand 8
occurs when inflammatory signaling pathways start regulating protein phosphory-
lation and cellular transcriptional events. Accordingly, recruitment to immune
cells such as monocytes to the adipose tissues contributes to tissue inflammation.
Differentiation of monocytes into macrophages creates several inflammatory cyto-
kines, further encouraging local inflammation. Moreover, the release of cytokines
and chemokines from the adipose tissues into the circulation promotes inflam-
mation in other tissues including the pancreatic p-islets [170] worsening diabetes
mellitus status.

Inflammation-induced insulin resistance build up is further escalated by JNK
and IKKp/NF-kB which play important roles in inflammation. The stress kinase,
JNK, normally phosphorylates the c-Jun component of the AP-1 transcription factor
promoting insulin resistance. Phosphorylation of the serine residues in the insulin
receptor substrate 1 (IRS-1) is involved [171]. Subsequently, counter-regulatory
serine/threonine phosphorylation [172] inhibits insulin receptor signaling that
normally occurs through a tyrosine kinase cascade [173]. The IxB protein inhibitors
of NF-kB are the highly selected physiological substrates for IKKf. The NF-xB is
inhibited by IxBa which when phosphorylated by IKKf undergoes proteasomal deg-
radation releasing the former for translocation into the nucleus, where it promotes
the expression of numerous target genes whose products induce insulin resistance.
IKKp causes insulin resistance through the transcriptional activation of NF-«B.
Therefore, decreasing gene expression and improving insulin resistance may be
achieved by administration of anti-inflammatory phytochemicals. Increasing adi-
posity is reported to upsurge inflammatory gene expression in the liver [174], which
further increases the production of cytokines and chemokines aspects ameliorated
by triterpenes phytotherapeutics [34]. Immune cells including monocytes and
macrophages are recruited and/or activated, which leads to local insulin resistance
processes that may be averted by anti-inflammatory triterpenes like Asiatic acid,
maslinic acid or oleanolic acid.

Oxidative stress modifies the enzyme systems, impairs glutathione metabolism,
causing lipid peroxidation and reducing vitamin C concentration and thus contrib-
uting to DM [175]. Actually, a mutual relationship exists between hyperglycemia
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and oxidative stress in DM with hyperglycemia fueling glucose autooxidation,
NADPH oxidase activity, oxidative phosphorylation, protein glycation, and the
polyol pathway, which leads to ROS generation and OS [176]. Healthy cells are dam-
aged functionally and structurally by ROS, losing cellular integrity leading to many
pathophysiological conditions.

7.2 Phytochemical intervention in DM

Was it not for their side effects, numerous synthetic drugs groups and insulin
groups possess antioxidative and anti-inflammatory potential that can be used in
the treatment of DM. Resultantly, the pursuit for alternative and safer treatment
regimens for DM management remains open for investigation.

7.2.1 Phytochemicals interventions in DM

In streptozotocin- (STZ) induced diabetic Sprague Dawley rats, the oral
administration of naringin (4',5,7-trihydroxyflavonone-7-rhamnoglucoside) at
50 mg/kg/day reduces OS and increases fasting plasma insulin activity. Naringin,
the foremost flavonoid in grapefruit juice, ameliorates OS and improves ATP
synthesis in pancreatic f-cell mitochondria and upgrades the subsequent insulin
secretion by f-cells [177]. Significant amelioration of f-cell dysfunction, insulin
resistance and hyperglycemia, reduction of TNF-a, IL-6, CRP, increase in antioxi-
dant enzyme activities, reduced NF-xB expression, and upregulated adiponectin
and PPARy expression have been observed through the application of naringin on
diabetic Wistar albino male rats for 28 days. The positive alterations were obtained
with naringin treatment at 25, 50, and 100 mg/kg/day. Furthermore, naringin
effectively rescues kidney cells, f-cells, and liver cells from continued pathological
modifications and oxidative damage [178].

Resveratrol (Figure 3), a phytochemical, exerts potent antioxidative, antidia-
betic, and anti-inflammatory activities. In the liver and spleen of STZ-induced male
Long-Evans rats (type 1 DM), resveratrol administration (0.1 or 1.0 mg/kg/day)
for 7 days, significantly decreased OS (including manganese-superoxide dismutase
expression, superoxide anion content, protein carbonyl concentration). Also,
reduction in hepatic inflammation factors (NF-xB and IL-1p) and decreasing the
TNF-a and IL-6 concentrations in spleen were observed [178].

Apples contain a principal phenolic compound called Phlorizin (PZ).
Preexposure of PZ- docosahexaenoic acid ester (DHA) onto a lipopolysaccharide
(LPS) stimulated macrophages inflammation model effectively reduced TNF-a,
IL-6, and COX-2 protein concentrations compared with DHA alone. However, both
PZ-DHA ester and DHA have the potential to inhibit NF-«xB activation a proin-
flammatory marker. Therefore, PZ-DHA ester has the potential to quench T2DM-
associated inflammation [179] and ameliorate the disease.

Diabetes mellitus is associated with the glutathione concentration reduction
demonstrating the critical role of OS in its pathogenesis. Pretreatment of Ins-1E
pancreatic f-cells with the flavonoid epicatechin (present in green tea, grapes,
and cocoa) prohibited tert-butyl hydroperoxide induced cell damage, ROS and
p-JNK over expression. Over more, insulin secretion which indicates the protective
potentiality of epicatechin against oxidative stress on f-cells is restored [180].

Pomegranate (Punica granatum) fruit contains flavonoids such as anthocyanins,
flavonols, ellagitannins, gallotannins, and proanthocyanidins providing beneficial
effect in T2DM by reducing lipid peroxidation and OS. Also effected is the increas-
ing of enzymatic antioxidant activity, decreasing ROS, and preventing activation of
PPARy and NF-xB by pomegranate [181].
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Anthocyanins, found in tart cherry, alter tissue PPARy activity affecting
metabolism and inflammation. The intake of tart cherry reduces retroperitoneal
IL-6 and TNF-a mRNA expression, NF-«B activity, and plasma IL-6 and TNF-«
concentrations while increasing retroperitoneal PPARa and PPARy mRNA expres-
sion in Zucker fatty rat model of obesity and metabolic syndrome. The risk of
T2DM development tend to decrease when systemic and local inflammation,
metabolic syndrome and lipid peroxidation are reduced [182].

Adipose tissue LPS-induced macrophages infiltration increased adiposity and
lipid peroxidation may lead to T2DM. In an iz vitro inflammation model where the
pathologic relationships between adipocytes and macrophages were mimicked,
anthocyanin-rich fractions from blackberry-blueberry beverages inhibited NO and
TNF-« the secretion and the phosphorylation of NF-xB p65 [183] and lipid peroxi-
dation tendency.

T2DM is associated with chronic, low-grade, systemic inflammation accompa-
nied by an increased production of adipokines or cytokines by obese adipose tis-
sue. Grape fruit (0.5 g/kg/ six weeks) treatment of diabetic db/db mice produced
antihyperglycemic effects that were accompanied by reduced mRNA expression
of proinflammatory genes such as COX-2, monocyte chemotactic protein-1,
TNF-a, NF-xB and reduced lipid peroxidation in the liver and epididymal adipose
tissue [184].

The immunomodulatory effects of a mycelial submerged culture and broth of
Grifola frondosa mushrooms on splenocytes and peripheral blood cells. Two weeks
of intragastric administration of fermented mycelia, broth, or their combination
(1 g/kg/day) into DM Wistar rats significantly decreased the 2-hour postprandial
blood glucose level, the production of T-leukocyte-derived interferon gamma
(IFN-y), monocyte-derived IL-4 and IL-6, and T-splenocyte derived IL-4 which
treatment significantly enhanced macrophage-derived TNF-a production [185] and
possible decreased lipid peroxidation.

The administration of fermented carrot juice (by Lactobacillus plantarum
NCU116) for five weeks in STZ-induced diabetic rats positively regulated the blood
glucose concentration, hormone, and lipid metabolism, reestablished the antioxi-
dant capacity, restored the morphology of pancreas and kidney, and upregulated
the LDL receptor, cholesterol 7a-hydroxylase (CYP7A1), GLUT4, and PPAR« and
PPARy mRNA expression [186].

In diabetic male C57BL/6 J mice, (0.5 mg/kg) treatment for 4 months with
Sulforaphane (SFN), an isothiocyanate found in broccoli, significantly inhibited
cardiac lipid accumulation and enhanced cardiac inflammation, OS, and fibrosis.
By downregulating diabetes induced PAI-1, TNF-a, CTGF, TGF-p, 3-NT, and
4-HNE expression, SFN ameliorated lipid peroxidation potential. Also, SFN,
upregulated nuclear factor (erythroid-derived 2-) like factor 2 (Nrf2) and its
downside genes, NQO1 and HO-1 in rescuing DM sequalae. Of note, SFN dimin-
ished 4-HNE-LKB1 adducts and reversed the diabetes-induced inhibition of LKB1/
AMPK and its downstream targets, including sirtuin 1, PGC-1a, phosphorylated
acetyl-CoA carboxylase, and carnitine palmitoyl transferase-1. Ultimately, SFN
treatment of T2DM attenuate the cardiac OS-induced inhibition of the LKB1/AMPK
signaling pathway, thereby preventing T2DM-induced lipotoxicity and cardiomy-
opathy [187].

Onion-derived quercetin derivatives are important flavonoids for improving
diabetic conditions in both iz vive and in vitro models. Eight days of treatment with
onion peel extract (1%) improved significantly glucose tolerance, liver and skeletal
muscle glycogen content, and insulin receptor and GLUT4 expression in muscle
tissues of STZ-induced DM in male Sprague Dawley (SD) rats. The OS-inducing
dysregulations of SOD activity, increased free fatty acids plasma concentrations,

95



Accenting Lipid Peroxidation

the formation of MDA, and IL-6 over expression in hepatic tissue, were signifi-
cantly suppressed in this model of onion-derived quercetin treatment [188].

Traditional medicinal mushroom known as Cordyceps militaris are a source
of Cordycepin (3'-deoxyadenosine). Inhibition of NO, suppression of NF-«xB
activation, and protein expression suppression of proinflammatory mediators
that further inhibit the production of proinflammatory cytokines such as IL-1p,
IL-6, and TNF-a has been demonstrated in LPS-stimulated 263.7 cells treated
with cordycepin. Over more, an elevated concentration of cordycepin reduced the
T2DM-regulating genes such as 118-HSD1 and PPARy as well as the expression of
costimulatory molecules such as ICAM-1 and B7-1/-2 [189].

Curcumin (a polyphenolic compound) in Turmeric (Curcuma longa) is the
active ingredient possesses broad-spectrum biological activities such as anti-
inflammatory, antioxidant, and antitumor. Reduction of OS and inflammatory
responses and inhibition of prostaglandin E2 (PGE2) and NOS have been observed
in the injured lungs of DM rats after administration of curcumin. As a mode of
action, curcumin inhibited the stimulation of NF-«B, a key player in inflammatory
responses [190]. Eight weeks treatment of db/db mice with curcumin improved
AMPK and PPARy expression and reduced NF-«B protein levels [191].

Hyperglycemia-mediated OS of DM may induce neuronal injury.
Curcuminoids, polyphenols of turmeric, displayed protective effects against OS in
the brain of STZ-induced diabetic rats by restoring the normal concentrations of
lipid peroxidation and nitrite content and endogenous antioxidant marker enzymes
[192]. De novo synthesis of glutathione and the suppression of insulin receptor
expression were achieved with the administration of curcumin which attenuated
insulin-induced OS in hepatic stellate cells by stimulating the expression of gluta-
mate-cysteine ligase [193]. Pretreatment with a novel curcumin analogue (B06) at 5
uM significantly reduced the high-glucose-induced overexpression of inflammatory
cytokines in macrophages through the inhibition of c-Jun N-terminal kinase/NF-xB
activation [194].

Administration of ginger powder (0.5%, 1%, and 5%) in STZ-induced inbred
male Wistar/NIN rats for one month protected against DM effects by modulating
antioxidant enzymes, glutathione and downregulating lipid and protein oxidation
[195]. Combined garlic bulb, ginger rhizome, turmeric rhizome (200 mg/kg
body weight) treatment for 28 uninterrupted days significantly alleviated hyper-
glycemia and dyslipidemia, increased insulin production, enhanced GSH, and
decreased lipid peroxidation in nicotinamide and STZ-induced diabetic rats [196].

Diabetic encephalopathy is one of the more severe complications of DM charac-
terized by severely reduced body weight. Saffron at 40 and 80 mg/kg significantly
increased the body weight and serum TNF-a concentrations and decreased the
blood glucose, glycosylated proteins, and advanced glycation end product (AGE)
serum concentrations in DM encephalopathy rats. Additionally, saffron signifi-
cantly increased the glutathione content, superoxide dismutase, and catalase but
remarkably decreased the cognitive deficit and serum TNF-«, and it induced NOS
activity in hippocampus tissue [197].

Administration of Crocin, an active constituent of saffron, significantly
decreased MDA (p < 0.01) and xanthine oxidase (p < 0.05) activities while elevat-
ing glutathione (p < 0.05) concentration, thus ameliorating renal injury in STZ-
induced rats [198]. Safranal is one of the components of the saffron plant which, in
high-fat diet (HFD) and STZ-induced T2DM rats, treatment for a period of 4 weeks
diminished OS caused by T2DM and reduced the inflammation by decreasing
plasma and pancreas tissue the TNF-« and IL-18 s concentrations [199].

The protective effect of Onion protected against OS in vivo where STZ-induced
male diabetic Wistar rats administered 1 mL/day of Allium cepa solution (0.4 g
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Allium cepalrat) improved the fasting serum HDL concentration, alleviated hyper-
glycemia by diminishing SOD activities [200]. Another in vivo study also inves-
tigated the protective effects of onion against oxidative stress; 12 weeks of onion
intake suppressed the diabetes-induced oxidative stress more effectively in STZ-
induced diabetic rats [140]. Onion powder (7% w/w) administration suppressed
the glutathione peroxidase, glutathione reductase, and glutathione S-transferase
activities [201].

Mustard leaf (Brassica juncea) strongly inhibits the AGE formation and free
radical-mediated protein damage oral ingestion by STZ-induced diabetic rats an
EtOAc fraction (50 and 200 mg/kg body weight/day/10 days) reduced the serum
glucose and glycosylated protein, superoxide and nitrite/nitrate concentrations.
This suggests that the EtOAc fraction of mustard leaf has the capacity to attenuate
damage caused by the oxidative stress involved in diabetes and its complications
[202]. Brown mustard is a high source of Asiatic acid, a triterpene with an excellent
antioxidant capacity, potent anti-inflammatory [203], antihyperglycemic [204],
antihyperlipidemic [35], reduction of OS while rescuing malarial infection in
SD rats.

8. Rheumatoid arthritis (RA) and phytochemical interventions

RA is an inflammatory, systemic autoimmune syndrome with primary degener-
ating articular structures involving, the cartilage (movable synovial joints- knees,
shoulders, hands) and the bones (osteoarthritis and osteoporosis) as a result of
pannus development over the joint surfaces (abnormal layer of fibrovascular or
granulation tissues) [205]. great socioeconomic impact worldwide.

8.1 Pathogenesis of RA Arise from autoimmune inflammation and OS

The pathogenesis of RA involves A complex interplay between genetic and
environmental factors leading to autoimmune inflammatory responses against
the connective and synovial tissues of the joints [136]. Furthermore, increased
ROS concentrations are actively involved in RA pathogenesis [206, 207].
Infiltration of the affected synovial tissues and promotion of the overexpres-
sion, release, and activity of proinflammatory cytokines [TNF-a, TNF-induced
NF-«B, vascular endothelial growth factor (VEGF), IL-1 beta (IL-18), IL-6, IL-8,
and IFN-y] by T cells, B cells, and macrophages are particular findings in patients
with RA [208, 209].

Responding to the proinflammatory cytokines, synoviocytes (FLS) fibroblasts
flourish and produce huge quantities of cytokines, matrix metalloproteinases
(MMPs), and COX-2, which progressively degrade cartilage and lead to joint
obliteration [210, 211]. Oxidative stress is involved in the disintegration of cartilage
through NrF2 or NFE2L2 dysregulation [212]. Activated Nrf2 binds to antioxidant
response elements (AREs), resulting in the augmented expression of antioxidative
enzyme [e.g., Heme oxygenase-1 (HO-1)] encoding genes [213, 214] which indi-
cates both OS and inflammatory response are implicated in the RA pathogenesis.

Resultantly, phytochemicals with anti-inflammatory capacities play a crucial role in
the battle with RA.

8.2 Phytochemicals against OS and inflammation in RA

Side effects are common and unavoidable from synthetic regimens used for
managing RA making alternative medicine and traditional medicine a viable source
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for treating the disease. Phytochemicals attenuate OS and inflammation and relieve
and protection from RA.

The clinical phenomenon in patients with RA involves osteoclastogenesis which
is a process where bone tissues is destroyed by osteoclasts. Polyphenols extracted
from dried plums extracted polyphenols inhibit osteoclastogenesis through sup-
pressing TNF-a and NO synthase activity and by downregulating the transcription
factor nuclear factor for activated T cells (NFATc1) [215]. Cherry anthocyanins
reduce both OS (SOD and decrease serum MDA) and inflammatory mediators
(decrease in TNF-q) in an SD adjuvant-induced RA rat model [216].

Resveratrol polyphenol confers significant protective effect against an aggres-
sive RA rat model [217]. Anti-inflammatory and antioxidative resveratrol activities
influenced reduction of specific rheumatoid biomarkers activities [serum rheu-
matoid factor (RF), MMP-3 and cartilage oligomeric matrix protein (COMP)],
immunological biomarkers [IgG and antinuclear antibody (ANA)], immunomodu-
latory cytokines (TNF-a), and OS biomarkers [myeloperoxidase (MPO), CRP, and
MDA] [217].

A natural polyphenol in mangoes, mangiferin, suppressed the expression of
IL-1B, IL-6, TNF-a, and receptor activator of NF-«B ligand (RANKL) via the acti-
vation of extracellular signal-regulated kinase 1/2 (ERK1/2) and the inhibition of
NF-kB [218]. Mangiferin also exerts strong proapoptotic effects on human synovia-
derived synoviocytes when protecting against joint degeneration in RA [219].

Kaempferol from grapefruits inhibits synovial fibroblast proliferation by
suppressing inflammatory cytokine IL-1p, inhibiting the phosphorylation of
ERK-1/2, p38, and JNK, preventing the activation of NF-«B, and reducing OS by
impeding the production of MMPs, COX-2, and PGE2 in RA-derived synovial
fibroblasts [220].

9. Conclusion

Lipid peroxidation resulting from OS and inflammation are mixed up in the
pathogeneses of degenerative brain disorders, DM, RA. Propositions targeting these
provides means to develop viable strategies to treat these diseases using phytochem-
icals. Cells are furnished with antioxidant defense systems to combat the effects of
OS with the Nrf2 being the master regulator of redox homeostasis. The regulator
triggers the antioxidant enzyme systems. Consequently, targeting Nrf2 appears
to offer a means of controlling OS. However, attenuating OS alone may not confer
satisfactory protection against these diseases, in which case, targeting the classical
cell survival pathway, that is, the TrkB/PI3K/Akt pathway would be required to
restore cellular function. These signaling pathways upregulate pro-survival factors
but suppress their pro-apoptotic counterparts.

Phytochemical with pharmacological modulation capacity may coactivate TrkB
signaling mediated cell survival and Nrf2-ARE antioxidant systems. The combina-
tion offers promise for the treatment of diseases connected with OS-associated
brain degeneration, glucose homeostasis derangements, and rheumatoid arthritis.

Contextually, several phytotherapeutics have been reported to protect against
neuronal injury by activating TrkB/PI3K/Akt and Nrf2 signaling systems, which
suggests they could be utilized to design novel therapeutic agents for NDD, isch-
emic stroke, TBI, and brain aging.

Phytochemicals (for example, resveratrol, tea polyphenols etc.) have been
shown to promote the regeneration capacity of neurons along with their protection
by dual targeting TrkB/PI3K and Nrf2-ARE signaling [81, 114]. These may have a
better chance of succeeding with AD subjects.
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Generally, the preventive and curative action of phytotherapeutics against
pathological conditions [116, 221] emanate from their ability to behave as antioxi-
dant and oxidants and that they are electron donors and electron receivers under
varying environments in a pluripotential capacity which allows them to influence
reduction and oxidation reactions [13, 32, 34, 35]. The negative values of redox
potential probably enable the active principles to act as an antioxidant and in turn
scavengers of free radicals as they are oxidized in the process. Crucially, it has been
observed that the relative efficacy of antioxidant activity of the Salix aegyptiaca
phytochemicals tends to be similar to their relative order of redox potential.

Acetylsalicylic acid has been shown to have lowest redox potential and anti-
oxidant activity suggesting that the phytochemicals such as gallic acid, quercetin,
rutin and vanillin, other than salicylates contribute to the medicinal properties of
S. aegyptiaca, indicating a possible synergistic activity necessitating whole plant
approaches in the use phytotherapeutics [222].

The interesting connection between OS, inflammation, lipid peroxidation are
closely linked to initiation and progression of various diseases [223] necessitating
interventions with phytochemicals to combat, at molecular level, different aspects
of the biological homeostasis bringing about pathophysiological conditions of
cardiovascular diseases, DM, RA and brain degenerative disorders of the old. The
phytotherapeutics triterpenes Asiatic acid, maslinic and oleanolic have pleiotropic
functions rendering them potent interventions for OS-related disease and lipid
peroxidation.
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Lipid Peroxidation and the Redox
Effects of Polyherbal
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Abstract

The use of more than one herb in a medicinal preparation also known as
polyherbal has increased geometrically in recent times. Over a hundred thousand
scientists have cited “herbal” to strengthen its ethnopharmacological relevance in
literature. Polyherbal (PH) is effective potential therapeutic compound used glob-
ally to treat oxidative stress-induced injuries which give credence for their tradi-
tional applications. However, some issues related to safety and adverse reactions due
to PH have raised important public health debates. Lipid peroxidation (LPO) assay
is widely used to assess the toxic endpoint of PH. This paper discusses some
important roles that PH plays during oxidation-reduction processes.

Keywords: Polyherbal, Lipid Peroxidation, Oxidative Stress, Antioxidant,
Ethnopharmacology

1. Introduction

Lipid peroxidation (LPO) is one of the oldest risk factors for oxidative stress and
its mechanistic processes in disease modulation were first observed during the oxi-
dative deterioration of edible materials [1]. The independent works of scientists in
the identification of membrane shedding formed the earliest breakthrough for the
study of lipid peroxidation [1, 2]. The biochemistry of oxygenase moiety was a light
to the further understanding of the peroxidation of lipids [2]. The central roles play
by small lipid molecules, free radicals and cytochrome p450 have been well estab-
lished [3, 4]. The small lipid molecules are transformed into low-density lipoprotein
(LDL). LDL modulations have contributed immensely to the studies on cellular
biology. Both enzymatic and non-enzymatic approaches to scavenging LPO have
been reported [5]. LPO has its root in several diseases including neurodegeneration,
cardiovascular, respiratory, and cancers [2]. Consequently, the chemopreventive
and protective roles of several antioxidants with proven efficacies have been docu-
mented in the literature. Although the different compounds of antioxidants have
been identified, researchers have shown that it is by coordinated efforts that they
can quench oxidative damage [6]. Evidence abounds of the involvement of LPO
in several diseases and the protective roles of medicinal plant antioxidants [7, 8].
Often time in traditional medicine practices, medicinal compounds that perform
a similar function are combined to obtain synergy [9, 10]. Thus, potential antioxi-
dants are capable of preventing, protecting, and eliminating any form of identifi-
able oxidants [11]. The medicinal effects of functional food have been known for
along time. This observation was the result of preservative, anti-oxidative and anti-
microbial actions found in ginger, nutmeg, turmeric, etc. These help arrest, repair,
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and restore potential injuries [12]. The scavenging efforts by antioxidants provide
auto-inhibition or sometimes intervention to the activity of LPO metabolites [13].
Interestingly, in the case of progressive disease, the presence of combined efforts of
antioxidants can offer a cascade of reactions to stop the process involved. Despite
the tremendous roles of natural product medicines, some issues related to safety
and adverse reactions due to PH have raised important public health debates [14].
Lipid peroxidation assay is one of the simplest methods widely used to assess the
toxic endpoint of PH. Thus, this paper discusses some important roles that PH plays
during oxidation-reduction processes.

2. Polyherbal (PH)

The use of herbal medicinal products has become popular for several reasons
since they have always been the last order of resort when conventional therapy
failed [15, 16]. Majorly, Polyherbal (PH, also known as herbal or traditional medi-
cines) are used as complementary and alternative medicines [17]. The direct and
indirect effects of polyherbal (PH) involvement in modulating LPO product forma-
tion have attracted scientific debates in recent times [15, 18]. Among the many
reasons for use are that they are natural supplements, relatively safe, less toxic, and
cheaper [15, 19]. The largest conventional therapy is obtained from plant sources,
and many of them are nurtured within the neighborhood [20]. As the usual practice
in traditional medicine, any substance or medicinal agent of natural origin may be
used alone or with other agents as a polyherbal formulation which often requires
less expertise [14]. PH is considered to be supplements and so boycotted major laws
[21]. Thus, in most cases, measures for dose regulation are lacking in PH prepara-
tions as prohibition is difficult to reach [22]. This makes regulating agencies find
it difficult to gather and provide the necessary implementation in many countries
of the world. Despite the effort of the World Health Organization (WHO) to issue
a certification scheme for the regulation of PH, the problem of non-compliance
has been on the high side [23]. To this end, important PH like the Aloe vera, ginger,
Curcuma longa, Movinga oleifera, gingko biloba, kava, milk thistle among others have
birth beneficial compounds. Yet, all of these have been documented and updated
for known adverse herb reactions [14, 22, 24]. Some variations in formulations
among other factors could further influence the final herbal agents and/or products
to be marketed. Reports on the adulteration of PH with conventional agents are
grossly available and have raised serious concerns [22, 25]. Thus, the need for new
regulations for botanicals has long been overdue. Other possibilities of PH being
contaminated with undisclosed molecules around have been suggested to influ-
ence long-term consumption [26]. In respect, PH combination is a multifactorial
antioxidant with the sole aim of scavenging oxidative radicals [16]. Both natural
and synthetic antioxidants compounds abound [21, 27]. LPO products also result
in deoxyribonucleic acid, cell membrane, and tissue damages in the human body
[1, 2]. The global demand for antioxidants is evident and has prompted scientific
interests in searching for new and safe antioxidant substances of natural origin.
The WHO report shows both relevant authorities of people living in developing
and developed countries have approved the use of traditional medicine for their
primary healthcare. Plants possess the innate ability to synthesize a wide variety of
enzymatic and non-enzymatic antioxidants capable of attenuating ROS-induced
oxidative damage [12]. In respect, using appropriate separation techniques, we
can now study the presence of phytoconstituents contributing to the antioxidant
property of a given plant mixture [11, 16]. These mixtures may serve as a potential
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source of exogenous antioxidants to combat the undesirable effects of oxidative
stress. Currently, this forms the basis for the PH that we now witnessed.

3. Importance of PH as Ethnomedicines

There are some conditions of inadequate efficacy, side effects, and pharmaco-
kinetic problems of conventional drugs used for disease modulation [14]. Recent
studies focused on the pharmacology and feasibility of herbal compounds as a
potential strategy for alternative therapy. Now the discovery of novel therapeutic
agents with multi-targeted potential is desirable [13, 20, 28]. Protective proper-
ties of phytochemicals combat numerous diseases and their vast acceptance and
demand in human beings encouraged scientists to assess their effective activities
[9, 11]. Artemisinin for instance has been known for decades and forms one of the
most commonly prescribed medicinal agents [25]. The same has now emerged into
an antimalarial drug used as first-line medication in this regard in addition to its
adjuvant anticancer potential [10, 13]. Also, ethnomedicine has risen to provide an
alternative to biofilm infections to improve medical treatments by the use of com-
binatorial treatment of bacterial biofilms as re-potentiators of classical antibiotics
[9]. Actions related to anti-growth, anti-biofilm, or anti-quorum-sensing activities,
to control bacterial infections have been associated with the use of PH includ-
ing P. granatum or propolis compounds against known bacteria agents [9]. Other
important derivatives of ethnomedicines are the phytoestrogens [8, 16]. They are a
large family of plant-derived molecules possessing various degrees of estrogen-like
activity; they exhibit agonist or antagonist estrogenic properties depending on
the tissue. Delay of skin to undergo degenerative changes as it ages is now possible
using relevant phytoestrogens knowledge to modulate skin elasticity, reductions
in the epidermal thickness and collagen content, elastic fiber degeneration, and
increased wrinkling and dryness. In turn, this is a key to senescence control via
estrogen modulation [16]. Relevant interventions to target a variety of human
diseases ranging from metabolic to brain disorders are now available [3, 12]. Several
herbs have been reported to target the main biochemical events that are implicated
in mental disorders, mimicking, to some extent, the mechanisms of action of
conventional antidepressants and mood stabilizers with a wide margin of toler-
ability [3, 12]. With both experimental and clinical evidence, they rescue alterations
in neurotransmitter and neuroendocrine systems, stimulate neurogenesis and the
synthesis of neurotrophic factors, and they counteract oxidative stress, mitochon-
drial dysfunction, and inflammation e.g. saffron, crocin, etc. play a very significant
role as a nutraceutical for cognitive functions affected by body injuries [11]. More
so, ethnomedicine encourages nanotechnology development in the preparation of
a herbometallic nano-drug [27, 29]. Recent studies on the physicochemical analy-
sis confirmed that specific plant-derived herbometallic nano-drug such as rasa
manikya nanoparticle were rich in mineral constituents and showed therapeutic
opportunities for combating drug-resistant microbial strains among others [27].
Furthermore, some eminent components of traditional medicinal agents have con-
tributed to cardio-metabolic disease treatment for decades. Phytomedicines such as
berberine, lemon balm among others has attracted much interest for their pharma-
cological actions in managing cardio-metabolic diseases [29]. Recent discoveries
of basic, translational and clinical studies have identified many novel molecular
targets for phytocompounds, and provided novel evidence supporting the promis-
ing therapeutic potentials [16, 23, 26]. Hepatoprotective and renoprotective effects
are two major medical challenges worldwide and a wide variety of herbs have been
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studied for the management of their related diseases. Bioactive compounds includ-
ing silymarin, quercetin, curcumin, ginseng, and rutin for instance have long been
used in traditional medicine [7]. Both in combating diseases, exerts hypolipidaemic
and antioxidant effects, which prevents the fatty acid accumulation in the cells that
may result from metabolic imbalances, and which affects multiple processes and
signaling pathways [4, 13, 27].

4, Risk factors for PH-induced LPO

There are several setbacks to draw from the recent criticisms of PH applications
[14, 25, 30]. This is the reason for the suggestions on standardization developments
[15, 24, 28, 31]. The latter may help gain insight into their mechanisms as well as
potentials for toxicity.

4.1 Dose

Several PH compounds have been extensively used as a traditional medicine for
various therapies [18]. Because of the multifaceted component of PH mixture, sev-
eral of the published articles showed that manufacturers relied mostly on the docu-
mented efficacies of the constituent compounds. There is a lack of specifications
for the dose selection of subtherapeutic, therapeutic, and supratherapeutic doses
which are used in animal studies, and for animal-to-man dose extrapolations [29].
Till now, there is a lack of formula to relate PH constituents; hence, lack of proper
dose extrapolation of a single compound when combined with another may result
in the potential mechanistic toxicological effect of the constituent mixture [28, 32].
Several misconceptions about dietary supplements being safe to have increased
the number of hospital admissions [14, 17]. Recent studies on the PH dietary
supplement popularly known as Cellgevity® (CG) confirmed that this premiere
antioxidant supplement formula could act as a pro-oxidant, a substance capable of
distorting the antioxidant systems [28]. Studies on the effects of therapeutic and
supra-therapeutic doses of CG on reproductive function and biochemical indices in
animals demonstrated some detrimental effects. CG is one of the most widely used
glutathione supplements that has been considered to be harmless, nevertheless, this
general assumption should not be overlooked. It is marketed to salvage for the body
glutathione and/or complements its production. D-Ribose and L-Cysteine are the
active compounds in CG in addition to the presence of vitamin C, selenium, alpha-
lipoic, broccoli seed extract, curcumin, resveratrol, grape seed extract, quercetin,
milk thistle seed extract, cordyceps, black pepper, aloe leaf. Some convergent
opinions have highlighted the antioxidant activity of spices and their impact on
human health, in particular, to increase reduced glutathione (GSH) concentra-
tion [12]. Whereas the presence of GSH improves protein function in a perturbed
environment, its roles in modulating hypoxic apoptosis or oxidative stress is of great
concern. This has put the faith of current supplement antioxidants in doubt, such
as protein supplements and others, which now beg for safety evaluation. Previous
studies have reported that dietary supplements are now being used to prevent and
treat various diseases [7]. We have now understood that any excess of antioxidants
could be detrimental and can result in adverse events and even death. Reports over
the past few years have implicated the use of herbs and herbal products to generate
reactive oxygen and nitrogen species. Mahwangyounpae-tang (MGT) is another but
very popular antioxidant PH consisting of about 22 compounds [32]. Reports on
MGT showed that MGT extract was safe for use in asthma at the sub-acute repeated
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oral dose levels. However, when the doses were increased per daily in rodents, there
were correspondingly increased morphological aberrations and organ histoarchi-
tectural changes characterized by hypertrophy of the heart and tubular necrosis of
the kidney [32]. Thus, concerns over the doses of antioxidants when using alone, or

with other drugs have arisen (Table1).

4.2 Duration of treatment

Evaluations of most of the PH for toxicological profiles are most unlikely not
going to be sufficient to determine the endpoint toxicity [24]. For instance, the
majority of the acute to chronic studies found in the literature were between 14 and
90 or 180 days. However, only a few studies show reversibility assessments or show
species specifications [38]. Over 80-90% of the toxicological studies published
showed few or no adverse drug reactions. Also, the parameters for their toxicologi-
cal endpoint did not capture genotoxicity potential [39]. As with the case of CG,
which supposedly should provide a maximum antioxidant function by GSH synthe-
sis rates and concentrations as expressed by the content could act as a pro-oxidant
causing oxidative damage in normal humans particularly at high dosages [28]. Such
transition in chemical nature could generate pro-oxidant-antioxidant imbalance
thereby produce undesirable toxins leading to oxidative stress [22, 25]. Hence,

a long-term toxicological profile plus storage history has been recommended to
ascertain PH safety.

Polyherbal Uses Potential Mechanisms Potential Target
Mahwangyounpae- anti-inflammatory Immune system, blood, Lungs, heart and
tang® [6] and asthma pro-inflammation kidney

Cellgevity® [28]

Antioxidant

Immune system,

Blood, liver, testis,

supplement haematotoxicity, pro- kidneys
formula inflammation, elevation
of serum low density
lipoprotein
Hydroxycut [30] Weight loss Elevation of Liver
supplement hepatic biomarkers,
pro-inflammation
Bon-sante cleanser® Body hormones Immune system and Liver, heart
[33] booster and body hormones,
energizer pro-inflammation
Bronco-T® [34] Anti-inflammatory Immune system, blood, Lungs
and lung pro-inflammation,
regeneration bronchoconstriction
Jambadyarista® [35] Diabetes and Hypolipidic, Nuclear factor- Pancreas
its associated kappa B activation

complications

Shengmai formula® Cardiovascular Opening of mitochondrial Heart, liver
[36] diseases permeability transition pore,
cyclophilin D.
Hab-e-Kabad Noshadri Hepatic disorders, Elevation of hepatic Liver, kidneys and
Hepatic disorders® [37] abdominal and renal biomarkers, gastrointestinal
problems. inflammation system

Table 1.
Shows the potential targets of PH-induced lipid peroxidation.
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4.3 Lethal dose estimation

The median lethal dose (LDsy) is the statistically derived dose following the
administration of any PH which is expected to produce death in 50% of the treated
population [40]. The toxic effects of chemicals, food substances, pharmaceuticals,
etc., have attained great significance in the 21st century [17]. Toxicity tests are
mostly used to examine specific adverse events or specific endpoints in disease
identifications. Toxicity testing also helps to calculate the No or Low Observed
Adverse Effect Level (NOAEL/LOAEL) dose and is helpful for clinical studies [39].
However, the methods of determination of median lethal dose (LD50) may impact
negatively on the information for the use of PH. Therefore exaggerated lipid peroxi-
dation levels due to PH might be the results of poor safety methodology [23]. This
however can be minimized by using several methods to ascertain the PH LD50 level.
Studies have suggested that lack of expertise in this aspect of scientific investigation
might influence judgment on the PH formula [24]. Inability to in-cooperate the
knowledge of individual median lethal dose might create impurities in the constitu-
ent mixture. The five most commonly paraded bitters in Nigeria for type 2 diabetes
are Yoyo bitters (YB), Oroki herbal mixture (OB), Ruzu Bitters (RB), Fijk flusher
(FB), and Fidson Bitter (FB) respectively. Although, each of this preparation has
claimed for several indications, however, scientific investigations for the mixture
have reported weight trimming and blood sugar modulations (Kale et al., 2018).
Since their constituents are known, their ability to act synergistically and the poten-
tial for precipitating adverse herb reaction of LPO have been ascertained [15]. These
concerned mixtures have multifaceted constituents most of which have popular
applications. Examples include ginseng, Aloe vera, Citrus aurvantifolia, Sorghum
bicolor, Mangifera indica, etc. These have yielded very important phytomedicines
or bioactive components that have been confirmed by different studies, although,
some exhibit overlapping effects in disease management. Chenopodium murale
(Chenopodiaceae) has yielded analgesics, anti-inflammatory, anti-fungal, anti-
bacterial, anti-oxidant, hypotensive, and hepatoprotective molecules. These PH
administrations improved lipid parameters in diabetic rats. While hypercholesterol-
emia persists in diabetic rats treated with RB and FJB, RB increased LDL in treated
rats [15]. Further, RB, FJB, and OB showed tendencies to elevate serum TC while
RB increases LDL cholesterol in rats. This indicates the suitability of these products
to produce LPO molecules as a risk factor for dyslipidemia in potential users.

4.4 Manufacturer Bias

In contrast to the general belief, medicinal plant preparations have been shown to
pose serious health risks in a dose and time-dependent either alone or in combination
with other agents [19, 38]. Reports have it that PH contain tightly bound bioactive
compounds and have shown the possibilities of an indirect risk that can be independent
of the active compound [16]. Countries are now examining national pharmacovigilance
data using statistical tools to report population possible risks [24]. This is because,
oftentimes, the species specification by manufacturers on PH constituents did not cor-
relate most times with products packaging thereby altering scientific decision on toxi-
cological evaluations [25]. The potential to generate lipid peroxidation by several PH
are underestimated [14]. On the other hand, the latter creates a contrast in mind when
a single compound has a toxicity level greater than the combined mixture. Additionally,
erroneous claims of total cure and or weight supporting supplement some of these PH
are marketed with approved consent from regulatory authorities [22]. There are also
exaggerations of PH with conventional drugs which have been suggested to contribute
in part to the unwanted adverse reaction of some PH [14, 20, 23]. Thus, this issue
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associated with production bias has raised concern about quality control, screening
methods as well as toxicity scoring which most regulatory authorities however have not
been able to properly address it. Bon-santé cleanser® (BS) is a popular PH comprising
of anogeissus leiocarpus (DC., family Combretaceae), Terminalia ivorensis (A. Chev.),
massularia acuminate (G. Don,) Bullock ex Hoyle and macuna pruriens (L.,) DC
(fabaceae) respectively which have been formulated into capsule. The proposed claims
include androgenic, antipyretic, analgesic, and anti-inflammatory potentials. The phar-
macological activities of M. acuminata, T. ivorensis, A. leiocarpus and M. pruriens have
been adduced to be due to the presence of glycosides, dimeric antioxidants, phenolics
and flavones respectively. Despite the relevance of BS in boosting the body hormones
including the follicle-stimulating, luteinizing hormone and testosterone respectively,
reports have implicated this BS as a potential hepatotoxicant and a commodity with
pro-oxidants status. Increasing the dose of BS was associated with significantly reduced
sperm motility, live-dead ratio, testis weight, and cause mild inflammation in the vital
organs testis in the animals [40]. There was diminishing return as higher doses did not
exert any significantly different change in the level of body hormones which could
cause the negative feedback effect on the anterior pituitary [33]. Further, this PH dem-
onstrates the potential to induce LPO of the testicular origin or promote the generation
of free radicals in vivo.

5. Molecular mechanisms of PH-induced LPO

Acridocarpus smeathmannii (DC.) is widely used for the treatment of male
infertility, anemia, and pains in traditional medicine as well as an herbal mixture.
A. smeathmannii has gained popularity particularly worldwide for the manage-
ment of infertility, anemia, pain, and some cutaneous infections [20, 41]. Studies
have demonstrated the ethnobotanical relevance of this plant. Thus, recent reports
demonstrated the bioactive compounds, sexual behavior, and associated reproduc-
tive function via biochemical and pharmacological mechanisms due to the hydro-
ethanolic root extract of A. smethmannii (HAS) and subchronic oral toxicity effects
of HAS [31]. Also, the organization for economic co-operation and development
(Test No. 453) [39] has approved that very long-term toxicological and/or carcino-
genicity studies be carried, in particular for PH that are considered not to be poten-
tially toxic at therapeutic and supratherapeutic doses. In this study, the possible
systemic toxicological changes following a 180 days administration in Wistar rats
of both sexes under approved guidelines for animal use following the procedures as
documented by Kilkenny et al. [42] for reporting animal research. Animals (Wistar
rats, male: female = 1:1 = 48) received distilled water (10 mL/kg) or HAS (250, 500
or 1000 mg/kg body weight per day) consecutively for 180 days. From the results
obtained, HAS (500 and 1000 mg/kg) demonstrates such a tendency to increase oxi-
dative stress parameters via an increase in LPO as malondialdehyde (MDA) levels in
vital organs (Figure 1) in rats. Although, evidence abounds of the turnover of prod-
ucts of LPO in the body, however, the presence of an adverse reaction may become
aggravated time-dependently or produces an interaction with other substances
presences [14, 26]. This could impose either a self or even exaggerates the effect of
HAS in a given period. Increasing levels of the intracellular antioxidants, GSH levels,
could not overcome the LPO products induced by the highest dose of extract in rats,
thus, highlighting potential adverse effects of HAS in vivo. This suggests that PH can
induce LPO metabolites such as MDA which by this observation could translate into
a clinically relevant situation. More so, oestrogen level was reduced in treated female
rats as obtained in these results. Also, in both sexes, HAS (500 mg/kg) and HAS
(1000 mg/kg) showed elevated serum nitric oxide (NO) levels respectively (Table 2).
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Figure 1.

Effect of HAS on lipid peroxidation in normal Wistar vats. Results are expressed as mean + S.E.M. n:
Total number per group. n = 12. Mortality = HAS (500) (male, 25%), HAS (1000) (male, 33.3%), HAS1
(250 mg/kg) (female, 8.3%), HAS2 (500 mg/kg) (female, 25%) and HAS (1000 mg/kg) (female, 41.7%)
respectively. p < 0.050r p < 0.01 compared with control (distilled water: DW, 10 mL/kg) group. HAS1
(250): 250 mg/kg, HAS2 (500): 500 mg/kg, HAS3 (1000): 1000 mg/kg, HAS: Hydroethanolic extract of
Acridocarpus smeathmannii root.

Control HASI1 (250 mg/kg) HAS?2 (500 mg/kg) HAS3 (1000 mg/kg)
Testosterone™ 3.56 + 0.09 453+ 0.04 4841 0.06 648+ 013
PSA* 1.83+0.01 1.89 + 0.01 1.81+0.01 0.69 +0.02°
Nitric Oxide* 0.65+ 0.10 0.85+ 0.10 128+ 0.10 1.83+0.20°
TNF-o* 319+ 0.19 272+0.19 4.09 £ 0.18 446:020
NF-kB* 1.03+0.14 164+ 0.16 2.02+0.13 283+ 012
Oestrogen” 5172+ 143 63.81+2.26 5144 +1.38 40.55+213
Progesterone’ 4391+ 0.39 125.03 £ 0.58’ 14391+ 029" 168.60 + 0.38"
Nitric Oxide 1.40 + 0.01 138 + 0.01 2.50 £ 0.02° 240 £ 0.02
TNF-o 512+ 0.19 6.90 +0.18 679+ 0.19 844+ 018
NF-kBY 125+ 0.11 132+ 0.14 323+012 411+ 0.6

Results are expressed as mean + S.E.M. n = 12. HAS: hydroethanolic extract of Acridocarpus smeathmannii
root. p < 0.05 or "p < 0.01 compared with contvol distilled water group. “x” and “y” in superscript
represented “male” and “female” rats respectively. Mortality: HAS (500) (male, 25%), HAS (1000) (male,
33.3%), HAS (250) (female, 8.3%), HAS (500) (female, 25%) and HAS (1000) (female, 41.7%). Oestrogen
(pg/mL), Progesterone (ng/mL), Testosterone (ng/mL), Serum Nitric Oxide (nmol/mL), TNF-o: Tumor
Necrosis Factor-alpha, PSA: Prostate Specific Antigen (ng/mL). Differences between groups were determined
by one-way analysis of variance (ANOVA) using Statistical Package for Social Sciences (SPSS, version

20.0) software for windows and Post hoc test for intergroup using the least significant difference, followed by
Dunnett’s test. Significance was considered at p < 0.05. All vesults were expressed as the mean + standard error
of the mean.

Table 2.
Effect of hydroethanolic root of Acridocarpus smeathmannii extract on body hormones and molecular
biomarkers in serum of normal and treated vats using enzyme-linked immunosorbent assays.
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Nitric oxide plays a very significant role as a signaling molecule in several biologi-
cal events [43]. Also, the highest dose, HAS (1000 mg/kg) increased serum tumor
necrosis factor-alpha (TNF-a) level, a hallmark biomarker of tissue injury, in rats
of both sexes (Table 2). The presence of TNF-a level could indicate some processes
involving the action of nuclear factor kappa-B and a host of other mediators of
injury [44]. Even at the lowest dose (250 mg/kg) of HAS administered to rats, serum
NF-kB levels increase (Table 2). The aforementioned provides such suitability that
HAS administration may induce cellular changes ranging from inflammatory reac-
tions to LPO metabolites. An inducible nitric oxide synthase (iNOS) is an impor-
tantly upregulated isoform of NOS that synthesis the inducible nitric oxide (iNO)
[45].iNO is a disease-causing agent that can increase iNOS mRNA, protein, and
then causes activity that may significantly alter NO turnover [42]. From the study
results, administration of HAS after 180 days increases the chances of iNOS expres-
sion (Figure 2) in rats thereby showing the potential inherent pro-inflammatory
and pro-oxidant properties in HAS that can cause tissue damage.

5.1 MDA levels

HAS1 lowered MDA level in the stomach by 32.2% in normal male rats (Figure 1).
However, HAS2 produces an increased (p < 0.05) MDA levels in pancreas, heart, and

Control (Distilled water, 10 mi/kg) HAS1 (250 mg/kg)

HAS1 (500 mg/kg) HAS1 (1000 mg/kg)

Figure 2.

Imgmunohistochemiml photomicrograph of inducible nitric oxide synthase (iNOS) staining in the testis of male
rats. The whole germ layer in control (Normal saline, 10 mL/kg) group show iNOS negative immunoreactivity.
The Sertoli cells (arrows) majorly show positive reaction in HAS1 (250 mg/kg) group while the whole germ
cells in the HAS2 (500 mg/kg) group have positive reactions. The primary spermatogonia show positive
reaction than other cells in the germinal layer in the HAS3 (1000 mg/kg) (arrows). SG, Spermatogonium;

SC, Sertoli cell; PS, primary spermatocyte; L, lumen. HAS, Hydroethanolic extract of Acridpcarpus
smathmannii root. (Mag. x400.)
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brain by 113.64%, 70.37%, and 36% respectively. Additionally, HAS3 elevated MDA
levels in testis (79.41%), kidney (52.38%), pancreas (104.55%), heart (88.89%),

and brain (96%) respectively in rats. on the other hand, in the female rats, HAS1
caused an increase in MDA level in lung (57.69%) and pancreas (88%) respectively.
Similarly, HAS2 produce elevated MDA levels in the lung and pancreas by 80.77%
and 44% in the treated rats, whereas, HAS3 further increased (p < 0.05) MDA levels
in the lung (50%), brain (82.14%), and pancreas (24%) respectively in the treated
animals.

5.2 Reproductive hormones and molecular biomarkers

HAS3, HAS2 and HAS1 showed a dose-dependently decrease (p < 0.05) testos-
terone levels by 82.02%, 36.01% and 27.25% respectively (Table 2). Additionally,
the PSA level was lowered in rats that received HAS3 by 62.44%. On the other
hand, in female rats, HAS1 and HAS2 administration elevated serum oestrogen
levels by 23.38%, whereas HAS2 and HAS3 lowered oestrogen levels by 0.54% and
21.60% when compared with control. Further, progesterone was increased in all
the treated female rats by 283.97% (HAS3), 227.74% (HAS2), and 184.74% (HAS1)
respectively. In male rats, serum NO levels were elevated (p < 0.05) following HAS2
and HAS3 administrations. Also, HAS3 increased (p < 0.05) TNF-a level by 39.99%
in rats. In the female rats, however, both HAS2 and HAS3 elevated (p < 0.05)
serum NO levels by 78.57% and 71.43% respectively. Further, TNF-a and NF-kB
were increased in rats serum of HAS3 by 64.84% and 228.8% when compared with
control.

6. Conclusions

The evidence that complementary and alternative therapy plays a crucial role
in the management of health is indisputable. However, because of the complexity
of the phytocompound present in PH, they may act as pro-oxidants as well as anti-
oxidants. Therefore, as pro-oxidants, they generate lipid peroxidation products
which are an important risk factors for tissue damage.
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Chapter7
Lipid Peroxidation: Aging Kidney

Harnavi Harun

Abstract

Kidney is one of the tissues affected by age that involves cellular and structural
changes inside the kidney and notably implicates with comorbidity, related to
cardiovascular disease aging. Aging kidney causes the elderly susceptible to clinical
deterioration from ordinary stimulation that younger individual can compensate,
including acute renal injury, volume depletion or overload, sodium and potassium
level disorders, and toxic reaction against kidney excreted drugs. As one of the
organs with the fastest aging rate, kidney shows several age-related decline in both
structural and functional with 30% of the glomerulus are damaged and represent
diffuse glomerular sclerosis by age 75 and explain why the prevalence of chronic
kidney disease (CKD) and end-stage renal disease are very common in the elderly.
The cross-sectional population-based study by The National Health and Nutrition
Examination Survey supports the theory of age-related decline in kidney function,
although some other subjects did not have an absolute decline in kidney function.
The underlying molecular mechanisms could be the target of future therapeutic
strategies. Aging is a natural biological process characterized by a gradual decline
in cellular function as well as progressive structural change of organ systems. In
aging kidney, there are interactions of genetic factors, environmental changes, and
cellular dysfunction that lead to the typical structural and functional changes. One
of the most popular theory of aging is the theory of free radicals or oxidative stress
based on the fact that cells are under chronic oxidative stress due to an imbalance
between pro oxidants and antioxidants. Reactive oxygen species are oxygen-derived
oxidizing compounds that are highly reactive, consisting of free radicals and
non-radicals. Reactive oxygen species (ROS) and reactive nitrogen species (RNS)
refer to both reactive radicals and non-radical derivatives of oxygen and nitrogen.
Reactive oxygen and nitrogen species (RONS) are produced by all aerobic cells and
play an important role in aging as well as age-related diseases. Lipid peroxidation is
a process of oxidative degradation of lipids that process by which free radicals bind
to lipid electrons in the cell membrane resulting in direct cell damage. Lipid peroxi-
dation can cause cellular damage in several ways such as impairing the integrity of
the plasma membrane and subcellular organelles by peroxidation, “chain reaction”
of ROS production, and activation of phospholipase A2 (PLA2) caused by lipid
peroxidation. Fatty acids and other PLA2 metabolites (such as lysophospholipids)
are known to damage cell membranes. In the development of kidney damage, the
process of lipid peroxidation plays an important role. This is presumably due to
the large number of long-chain polyunsaturated fatty acids (PUFAs) in the lipid
composition of the kidneys and there are substantial evidence to suggest that ROS
is involved in the ischemic, toxic, and immunologically mediated pathogenesis of
renal injury, but the cellular mechanisms that result in cell injury and death are still
being studied.

Keywords: oxidative stress, aging, kidney
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1. Introduction

Kidney is one of the tissues affected by age. Aging involves cellular and struc-
tural changes inside the kidney and notably implicates with comorbidity, related to
cardiovascular disease aging [1, 2]. The Centers for Disease Control and Prevention
estimated that 72 million people in the United States (20% of population) will be
65 years old or more at 2030. Eurostat estimated, around 28% Europeans will be
65 years old at 2060. The increasing number of older adults will be predicted to
increase aging related kidney disorders as well [3].

Aging kidney causes the elderly susceptible to clinical deterioration from
ordinary stimulation that younger individual can compensate, including acute renal
injury, volume depletion or overload, sodium and potassium level disorders, and
toxic reaction against kidney excreted drugs [4]. Deficiency of kidney function is
associated with death in all populations [2]. Several studies have shown that the
decrease of function related to be structural (glomerulosclerosis, tubular atrophy
and interstitial fibrosis) and functional (reduced glomerular filtration rate, protein-
uria, decreased ability to concentrate or dilute urine, electrolyte imbalance and ion
transport disorders, changes in hormonal function, reduced drug excretion) [1, 5].

As one of the organs with the fastest aging rate, kidney shows several age-
related decline in both structural and functional. The renal parenchyma decreases
about 1%, and creatinine clearance or GFR decrease is about 1.0 mL/minute per
1.73 m2 per year in elderly subjects [6]. In normal aging kidneys, 30% of the
glomerulus are damaged and represent diffuse glomerular sclerosis by age 75.
Meanwhile the remaining glomerulus denote impaired filtration ability [2]. This
could explain why the prevalence of chronic kidney disease (CKD) and end-stage
renal disease are very common in the elderly [6]. Chronic kidney disease is a major
growing health and economic burden. About 8-13% of the world’s population
suffers from CKD [7].

2. Age-related kidney changes

Age-related loss of kidney function has been recognized for decades. The
cross-sectional population-based study by The National Health and Nutrition
Examination Survey supports the theory of age-related decline in kidney function,
although some other subjects did not have an absolute decline in kidney function.
Although the rate of this decline is low, the process may have negative effects on
many organ systems and thus reduce overall health and physical function in the
elderly individual [6]. Epidemiological, clinical, and molecular evidence suggest
that aging is a major contributor to the increased incidence of acute kidney injury
and CKD. Renal function recovery after an episode of acute kidney injury is sig-
nificantly worse in elderly patients. Reduction of regenerative potential, which is a
feature of the aging process, may be caused by aging cells [8].

With increasing age, many individuals show progressive reductions in glomerular
filtration rate (GFR), renal blood flow (RBF), and loss of nephron function with
wide variability between individuals [9]. The aging kidney undergoes complex
changes that affect the pathology of the kidney. The underlying molecular mecha-
nisms could be the target of future therapeutic strategies [8].

The accumulation of old cells explains the ineffectiveness of cell repair and the
loss of functional ability wherein studies have shown that the removal of old cells
results in delayed kidney aging. Other potential mechanisms are autophagic changes
responding to renal stress and the inflammatory response [8].
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3. Kidney aging and oxidative stress

Aging is a natural biological process, progressive and inevitable characterized
by a gradual decline in cellular function as well as progressive structural change of
organ systems. This reduction means a reduced capacity to maintain homeostatic
control over essential functions and ultimately results in the death of the organism
[5, 10]. These anatomical and physiological changes are called senescence, a term
that describes changes more related to age than changes caused by disease [11].

The aging mechanism does not stand alone but involves the interaction of several
factors. These factors were put forward by Fontana and Klein: (1) Oxidative stress
will damage protein and DNA, this condition is also followed by a decrease in the
ability to repair DNA, and an imbalance in the mitochondrial and nucleus genome;
(2) The existence of chronic inflammation which increases with age; (3) Changes
in fatty acid metabolism, which acid is associated with insulin resistence. So that
there is excess free fatty acids in plasma; (4) There is an interruption of normal
cell physiology due to excessive excess of metabolic and product such as Advanced
glycolysis end products (AGE), amyloid, and other proteins; (5) the sympathetic
nervous system and the activation of angiotensin system and changes in the neuro-
endocrine system; (6) post-mitotic cell loss, resulting in a decrease in the number of
neurons and muscle cells and damage to cell structure and function in all tissues and
organs [12].

The kidneys have higher activity (highly energetic) than other organs, thus
they produce a lot of free radicals as intermediate substances (as free radical stores)
which cause oxidative stress which results in impaired signal delivery, increased
apoptosis, decreased ability to regenerate cells, and fibrosis in the kidneys. This
characteristics make kidney one of the organs that ages more rapidly than the other
organs [13].

In aging kidney, there are interactions of genetic factors, environmental
changes, and cellular dysfunction that lead to the typical structural and functional
changes. The exact biological and cellular mechanisms responsible for aging are not
yet known. One of the most popular theories of aging is the theory of free radicals
or oxidative stress. This theory is based on the fact that cells are under chronic
oxidative stress due to an imbalance between pro oxidants and antioxidants [14, 15].

This theory states that aging is caused by accumulated oxidative damage. As
organisms getting older, they produce more free radicals, some of which are not
completely neutralized by the endogenous antioxidant defense mechanisms. These
free radicals then react with biomolecules and cause the accumulation of toxic
oxidative products that lead to oxidative stress and accumulation of toxic oxidative
products [10].

The kidneys depend on aerobic metabolism and oxidative phosphorylation for
the production of the energy required for tubular reabsorption [16]. Due to their
high metabolism, the kidneys are very susceptible to oxidative damage, and several
trials have shown that oxidative stress can cause or accelerate the progression of
kidney disease and its complications [17]. Most of the age-dependent renal changes
such as excessive fibrosis, general lack of regenerative ability, and increased
apoptosis in cells that determine healthy kidney function are often associated with
excess OS [18].

The mechanism of free radicals damaging cells can be in several ways: (1) free
radicals will damage the double layer lipid membrane causing disruption of the
fluidity and permeability properties of the membrane. (2) Free radicals enhance
protein cross-linking processes, especially those mediated by sulfthydryl groups,
resulting in degradation and loss of cell activity. (3) DNA damage induced by free
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radicals causes the breakdown of DNA strands. (4) Impaired function of cellular
receptors, neurotransmitters and hormonal responses due to oxidative damage to
carbohydrates [17].

Research shows that in the aging process of organisms, excessive oxidative stress
can activate many pro inflammatory pathways, including the NF-«kB signaling
pathway. Oxidative stress also induces ongoing regulation (chronic) of pro inflam-
matory mediators (such as TNF-a, IL1-B, IL-6, COX-2, iNOS) which lead to tissue
and organ aging [19]. Besides, oxidative stress is also involved in various disease
processes and degenerative syndromes. In mild oxidative stress due to normal
metabolism results; The resulting biomolecular damage cannot be completely
repaired or eliminated by cell degradation systems, such as lysosomes, proteasomes,
and cytosol and mitochondrial proteases [12].

In oxidative stress, oxygen-free radicals are formed excessively as well as H,0,, so
that the body’s protection system such as catalase and glutathione peroxidase enzymes
can no longer neutralize all oxygen free radicals that are formed. Furthermore, if H,0,
reacts with Fe* and Cu™", hydroxyl free radicals are formed through the Fenton and
Haber-Weiss reaction. The hydroxyl radical is a very reactive species.

Reactive oxygen species and reactive nitrogen species can attack all types of
biomolecules, especially unsaturated fatty acids which are important components
of phospholipids making up cell membranes. This accumulation of oxidative dam-
age is considered to be an important mechanism underlying aging and an increase
in age-related pathology, as well as a progressive decrease in the functional
efficiency of various cellular processes [14, 15]. Among the ROS, the most widely
known, are superoxide ion (02" "), hydrogen peroxide (H202), and peroxyl radi-
cals (OH"), while RNS is nitric oxide (NO) and peroxy nitrite (ONOO~) (Figure1)
[18]. At the molecular level, increased oxidative damage and its products have been
reported. This contributes to a chronic inflammatory response with the accumula-
tion of macrophages and lymphocytes in the interstitium [1].

. RONS: (02:-); (H202); (OH");

AARAARAA ﬁﬂﬂﬁﬂﬂﬂﬂﬂﬂﬂﬂ e ore
UUBUUHLY | UM B s e

/\

Subtoxic conditions Toxic conditions
Cell survival Cell apoptosis Cell necrosis

\

Aging kidney

Figure 1.
Schematic mechanism of cell damage according to the theory of free vadical aging. In this case the kidney.
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In certain conditions that are triggered by oxidative stress, there is an insuffi-
ciency of endogenous antioxidants, both enzymatic and non enzymatic. Enzymatic
antioxidants include glutathione peroxidase, catalase, and superoxide dismutase.
Non enzymatic antioxidants include vitamin E, vitamin C, thiol antioxidants (glu-
tathione, thioredoxin, and lipoic acid), melatonin, carotenoids, natural flavonoids,
and others [7, 20]. Studies on old mice kidneys support the theory that thereisa
decreased antioxidant capacity and decreased levels of Cu/Zn-SOD, catalase, and
GSH reductase.

Several processes can suppress oxidative stress: (1) reduce radiation and
pollutant that affect the environment; (2) enhance antioxidant both endogen and
exogen to neutralize ROS before it oxidizes cells; (3) suppress oxidative stress
formation through stabilization of production and efficiency of energy in mito-
chondria [12].

4., The source of ROS formation

Reactive oxygen species are oxygen-derived oxidizing compounds that are
highly reactive, consisting of free radicals and non-radicals. Apart from oxygen
derivates, free radicals also come from nitrogen derivatives. Free radicals are atoms
or molecules with unpaired electron, which are very unstable and very reactive.
Therefore, they try to pair up with the free electrons around them, so that they
will form other free radicals or paired electrons, where their radical characteristics
may be lost. If a new free radical is formed, it is also unstable and react with other
molecules to produce other free radicals or non-radical molecules due to the elec-
tron pair of the new formed molecule. Thus, a free radical chain reaction will form
excessive free radicals.

Free radicals include superoxide anion (O,), Hydroxyl radicals (OH"), hydro-
peroxyl (HO,) Peroxyl radicals (RO,), alkoxyl (RO), carbonate (CO37), nitric
oxide (NO), nitrogen dioxide (NO,), peroxy nitrite (ONOQO"), nitroxyl ion, purine
radical. Meanwhile, non-radicals are hydrogen peroxide (H,0,), organic peroxides
(ROOH), ozone, oxygen siglet, and lipidperosides.

Free radicals are formed in cells through oxidation and reduction of one
electron. If the formed free radicals are the oxygen’s derivative, they are called
reactive oxygen species (ROS). Reactive nitrogen species (RNS) are those derived
from nitrogen. All of aerobic cells will produce reactive oxygen and nitrogen
species (RONS) which have critical role in cell’s aging and age-related diseases.
The formation of RONS is not only limited to its deleterious effects but also plays a
role in energy extraction from organic molecules, immune defense, and signaling
processes [18, 20].

Sources of RONS can be endogenous and exogenous. Endogenous sources of
RONS are generated by several major enzymatic processes such as cellular respira-
tion (by the mitochondrial electron transport chain) or the activity of the nicotin-
amide adenine dinucleotide phosphate (NADPH) oxidase enzyme complex [7, 20].
Approximately 1-4% of the oxygen metabolized by mitochondria is converted to
superoxide ions which in turn produce free radicals capable of damaging structural
proteins and DNA [12]. Exogenous generated RONS are induced by external factors,
such as chemical pollutants, environmental pollutants, such as cigarette smoke, some
drugs, exposure to UV rays, alcohol, ionizing radiation, pesticides, ozone [12, 20].
X-rays and ultraviolet rays can break down water to form radicals (OH"). Metal ions
such as Fe**, Ca**, Cu*, can also react with oxygen or hydrogen peroxide to produce
OH radicals.
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Among the ROS, the most widely known are superoxide ions (0,"), hydrogen
peroxide (H,0,), and peroxyl radicals (OH"), while RNS is nitric oxide (NO) and
peroxy nitrite (ONOO~) [18]. In general, free radicals are needed for the continuity
of physiological processes, especially for electron transport, cell development, as
well as helping leukocytes in destroying germs in the immune system. When free
radical products are balanced with the antioxidant capacity, it directs cells into
growth, signaling and survival.

If these free radical products exceed the antioxidant capacity, cells will lead to
oxidative stress, apoptosis and necrosis [18]. Mitochondria play an important role
in the aging process because these organelles are the main source of free radical
production as a side effect of energy formation. Mitochondrial dysfunction has long
been considered a major contributor to aging and age-related diseases. In young
mitochondria, this condition can be overcome by the presence of antioxidants in
the body. However, the old mitochondria do not produce enough of the antioxidants
needed to neutralize the free radicals that are formed, so there is an imbalance
between the production of free radicals and antioxidants. Apart from that, mito-
chondria also play an important role in amino acid and lipid metabolism, calcium
homeostasis, apoptosis regulation, cell cycle regulation, and thermogenesis [15, 21].
Renal fibrosis results from loss of ATP production due to mitochondrial dysfunc-
tion, which is associated with increased free radical formation and oxidative stress.
Thus, oxidative stress, which involves various reactive oxygen and nitrogen species,
has an important role in the pathophysiology of CKD [16].

Dysfunction of the mitochondrial electron-transport system leads to increased
production of ROS, which results in mtDNA damage followed by mutations that
lead to impaired mitochondrial protein function and a further increase in RONS
production [21]. Electron leakage causes the reduction of one oxygen electron to
form superoxide anions which are the precursors of most ROS and mediators in
oxidative chain reactions. The superoxide anion then undergoes dismutation which
is catalyzed by superoxide dismutase to produce durable hydrogen peroxide and a
permanent membrane. This molecule can be reduced entirely or partially to water
or hydroxyl radicals. Under normal conditions, ROS is maintained at a physiological
level by several systems of endogenous antioxidant enzymes, such as SOD, catalase,
glutathione peroxidase and glutathione reductase [17].

5. Lipid peroxidation

Oxidative stress causes tissue damage including the kidneys by a variety of
different mechanisms, specifically damaging cell membranes, DNA damage, and
protein modification. The term lipid peroxidation is a process of oxidative degrada-
tion of lipids. Lipid peroxidation is a process by which free radicals bind to lipid
electrons in the cell membrane resulting in direct cell damage. The kidneys are
highly susceptible to damage caused by ROS, possibly due to the large number of
long-chain polyunsaturated fatty acids (PUFAs) in the lipid composition of the
kidneys [18]. Allylic hydrogen in PUFA is very sensitive to free radical attack [14].

In response to membrane lipid peroxidation, depending on the specific cellular
metabolic state and repair capacity, cells may increase cell survival or cause cell
death. In conditions where the level of lipid peroxidation is physiological or low
(called the subtoxic state), cells stimulate their maintenance and survival through
constitutive antioxidant defense systems or activation of signaling pathways that
regulates antioxidant proteins resulting in adaptive stress responses. Conversely,
under moderate or high levels of lipid peroxidation (toxic conditions), the rate of
oxidative damage exceeds the repair capacity. This causes programmed cell death,
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apoptosis or necrosis; both processes eventually cause molecular cell damage which
can facilitate the development of various pathological conditions, and also acceler-
ate aging [22].

Lipid peroxidation plays an important role physically because it decreases
membrane fluidity, thereby facilitating the exchange of phospholipids between
two monolayers, and increases the leakage of the bilayer membrane to substances
that do not normally cross the membrane other than through certain channels
[14]. Lipid peroxidation is followed by oxygen release, which is reduced into water
via the mitochondrial respiratory chain. At the same time, lipids can be oxidized
by efficient ROS initiators, particularly hydroxyl radicals and dihydroxyl radicals
(HO2'), forming water and lipid radicals. This process leads to initiation of lipid
peroxidation reactions, which are constantly occurring in the cell [23].

Lipid peroxidation is an autocatalytic radical process which consists of three
stages; the first is initiation, followed by propagation, and the last is the cessation
of peroxidation which is the result of lipid radical interactions and/or the forma-
tion of non-radical species due to the action of peroxyl radicals. Lipid peroxidation
is primarily initiated by hydroxyl radicals, which are generated through reactions
catalyzed by transition metals, such as the Fenton reaction [24].

At the initiation step of lipid peroxidation, prooxidants such as hydroxyl radicals
(OH") abstract allylic hydrogen to form carbon-centered lipid radicals (L). In the
propagation phase, the lipid radical (L) rapidly reacts with oxygen to form peroxy
lipid radical (LOO). Lipid peroxyl radicals are unstable molecules and can combine
with other fatty acids (LH) nearby to form different lipid hydroperoxides (LOOH)
and lipid radicals. Lipid peroxyl radicals can also react with themselves. The lipid
hydroperoxides can then be broken down into alhoxyl lipid radicals (LO") and
hydroxyl radicals (OH"). The lipid radicals formed in the previous stage can react
with oxygen to produce other lipid peroxyl radicals, and so on. So, this process is
called the “lipid peroxidation chain reaction” (Figure 2) [22-24].

Once formed, LOOH can undergo reductive degradation which reduces or
increases the cytotoxic potential, depending on the underlying conditions. In
addition, LOOH or other intermediate peroxidation products can trigger signal
transduction pathways requiring greater cytoprotection shelter (eg. upregula-
tion of detoxification enzymes) or planned termination (apoptotic death) [25].
Lipid hydroperoxides are fairly stable compounds, but their decomposition can
be catalyzed by transition metals and metal complexes, giving rise to new radicals
capable of stimulating further lipid peroxidation or the formation of oxidation end
products with various toxicities, such as malondialdehyde (MDA), hydroxynonenal

--------------------------------------------------------

Aldehydes

- =_
: 402 —» 100-+1H — L++LOOH !
' HOp :
i LO- ;
- —— + !

OH» :

i Propagation phase
Figure 2.
Schematic reaction of the lipid peroxidation chain. LH™ lipid molecules, L™ lipid radicals, LOO™ lipid peroxyl

radical, LOOH" lipid hydroperoxide, LO™ lipid alhoxyl vadical, OH" hydroxyl radical, HO2"~ Perhydroxyl
radical. The stopping phase occurs until the substrate runs out or the process is stopped by antioxidants.
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and hexanal. This reaction will continue until the substrate runs out, or the process
is interrupted by antioxidants [24].

In the stopping phase, an antioxidant such as vitamin E donates a hydrogen
atom to the LOO’ species and forms the associated vitamin E radical which reacts
with other non-radical LOO" forming products. After lipid peroxidation has
started, a multiplication chain reaction will continue until a stopping product is
produced [22, 23].

Lipid peroxidation produces a wide variety of oxidation products. The primary
product of lipid peroxidation is lipid hydroperoxide (LOOH). Secondary products
of lipid peroxidation include malondialdehyde (MDA), propanal, hexanal and
4-hydroxynonenal (4-HNE). Among these secondary products, MDA appears to be
the most mutagenic lipid peroxidation product, whereas 4-HNE is the most toxic
[22]. Peroxidation products are involved in many cellular processes including cell
metabolism, signaling, and cell survival. Lipid molecules, particularly PUFAs and
cholesterol, undergo variable oxidation rate initiated by RONS [26].

6. Lipid peroxidation and its effects on the kidneys

Aging is associated with increased oxidative stress. Most of the changes in the
kidneys are age dependent, such as excessive fibrosis, lack of regenerative ability
in general, and increased apoptosis. At the molecular level there is an increase in
mutations in both nuclear and mitochondrial DNA (mtDNA), increased lipofuscin,
AGEs, oxidative stress and apoptosis. Proximal tubular cells contain a large number
of mitochondria and are most dependent on oxidative phosphorylation and are
most susceptible to apoptosis, oxidant-induced mutations. Recent studies have
shown that the anti-aging gene, klotho, is an important factor in kidney aging and
kidney damage due to oxidative stress [18].

Lipid peroxidation can cause cellular damage in several ways. First, the integrity
of the plasma membrane and subcellular organelles are impaired by peroxidation.
Second, the interaction of ROS with PUFAs leads to the formation of additional radi-
cals (hydroperoxide and hydroperoxide metabolites) which result in a “chain reaction”
of ROS production. This process increases the production of ROS which can cause
cell damage by interacting with cellular proteins and DNA. Finally, lipid peroxidation
causes activation of phospholipase A2 (PLA2). Fatty acids and other PLA2 metabolites
(such as lysophospholipids) are known to damage cell membranes. So PLA2-induced
free fatty acid release can cause additive injury to the cell membrane [27].

In the development of kidney damage, the process of lipid peroxidation plays an
important role [28]. The kidneys are organs that are highly susceptible to damage
caused by ROS. This is presumably due to the large number of long-chain polyun-
saturated fatty acids (PUFAs) in the lipid composition of the kidneys [18]. There
are substantial evidence to suggest that ROS is involved in the ischemic, toxic, and
immunologically mediated pathogenesis of renal injury [29]. Experimentally it
has been shown that ROS plays a role in the pathogenesis of kidney disease, but the
cellular mechanisms that result in cell injury and death are still being studied [27].

In general, human and animal studies suggest that lipid oxidation plays an
important role in predicting the development of cardiovascular and renal disease
and the response to therapy. In kidney disease, the use of biomarkers such as malo-
ndialdehyde (MDA), isoprostanes (IsoPs) or isolevuglandins (IsoLGs) has been
reported. Malondialdehyde can interact with proteins and can potentially cause
atherogenicity [7].

ROS causes lipid peroxidation in cell membranes and organelles, thereby impair-
ing structural integrity and capacity for cell transport and energy production,
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particularly in the proximal tubular segment. In addition, lipid peroxidation co-
mediates decreased glomerular blood flow and glomerular filtration through release
of vasoconstrictive bioactive lipids (prostaglandins, thromboxanes, and platelet
activating factors) and, possibly, nitric oxide relaxation inactivation [29].

Li et al’s study of 2,169 adult patients stated that oxidative stress can be demon-
strated by plasma MDA levels associated with the prevalence of mild acute renal
insufficiency and/or CKD. Although MDA increases the load on the kidneys and/or
causes oxidative stress cycle in the body, high levels of MDA in plasma may be associ-
ated with age-related decline in kidney function as well [6].

Gomes et al. examined renal oxidative stress status in old Winstar Kyoto (WKY)
mice. This research was conducted by measuring H202 levels in the kidneys. In
this study, it was found that the renal and medullary cortical H202 production
increased sharply in old WKY. This suggests that the dramatic increase in the rate
of H202 production in the old WKY kidney is indicative of a significant increase
in oxidative stress in this tissue. Moreover, increased renal ROS production and
lipid-related oxidative damage may play a role in the pathogenesis of kidney disease.
Overall, these data suggest that elderly WKY exhibits the first signs of renal oxida-
tive damage [5].

Lim et al’s study on old C57/BL6 mice showed that aging kidneys exhibited
increased levels of reactive oxygen species and thiobarbiturate acid reactive
substances, which are associated with oxidative lipid damage. In addition, other
markers of oxidative stress and lipid peroxidation, such as isoprostane, AGE, and
elevated heme oxygenase, were also found in old mice. This research also shows that
Sirtuin 1 and Klotho also decrease with aging [30].

Antioxidant enzymes are able to remove reactive oxygen species and lipid
peroxidation products. In aging, physiological functions change due to a decrease
in endogenous antioxidants, such as SOD, CAT, and GSH-Px. In contrast MDA,

a good indicator of lipid peroxidation showed an increase. Chen et al. in their
study of old mice showed that the activity of SOD, CAT and GSH-Px in the liver
and kidneys decreased compared to the group of young mice. In addition, MDA
levels in the liver and kidneys of old rats were increased compared to the group of
young mice [31].

Besides the endogenous antioxidants above, there is also a role for enzymes
involved in oxidative stress response, aging and various metabolic regulation in
the body, namely Sirtuinl. This enzyme is known as the master regulator. Starting
with the discovery of the silent information regulator 2 (Sir2) gene in yeast in 1986.
Where the long-lived yeast has an overexpression of this gene, while in the shorter-
lived yeast it is found to have low expression. Since then Sir2 is believed to be a gene
that plays a role in longer survival (longevity) [32, 33]. Homologous Sir2 gene in
mammals, is sirtuin (SIRT).

Sirtuin is a class IIT histone deacetylase protein group that has deacetylation
activity against histones and non-histones that do not contain nicotinamide
adenine dinucleotide (NAD) deacetylase and/or adenosine diphospate (ADP)
ribosyltransferase. This enzyme works with the help of the coenzyme NAD to
carry out its function [34]. Sirtuin 1 (SIRT1) is considered to be most homologous
to yeast sir2. In the study of young mice, Sirtuinl is expressed by various cells in
organs such as kidneys, liver, lymph, skin, but mostly in the kidneys, especially the
medulla [35-38].

Sirtuin 1 not only has deacetylation activity against histones but also on many
transcription factors and cofactors, such as p53, FOXO, peroxisome proliferator
activated receptor y (PPAR-y), co-activator-la and NF-xB which play a role in
crucial cellular activity including the response to stress, metabolism and longevity
(cell senescence) [39, 40].
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As a function of redox regulator, sirtuin detects surrounding imbalance through
NAD levels, sirtuin 1 will deacetylase the substrate so that it will activate antioxi-
dant genes such as SOD2 (superoxide dismutase 2), GPX1 (glutathione peroxidase
1) which can anticipate free radicals. Under conditions of oxidative stress, sirtuin
can produce O-acetyl-ADP ribose (OAADPR) which can turn into ADP ribose, both
of which have a protective effect against oxidative stress [41].

The role of sirtuin through the Forkhead box (FOXO) is to regulate apoptosis,
lipid metabolism, cell proliferation, inflammation, autophagy and stress resistance.
Where FOXO3 acetylation expresses apotosis-related genes, such as: Bim, TRAIL
and FasL [33]. Nuclear factor-kB (NF-«B) is a widespread transcription factor
affecting inflammation, apoptosis, adhesion and the cell cycle through regulation
of target genes. Sirtuin can inhibit the activity of NF-kB so that it can play a role in
glucose control, AGEs, cytokines, growth factors, dan toll-like receptors [42].

Sirtuin 1 regulates lipid homeostasis by regulating the sterol regulatory element
binding protein (SREBP), liver X receptor (LXR) and farnesoid x receptor (FXR).
Sirtuin 1 directly deacetylates SREBP, inhibits SREBP target gene expression and
reduces lipid and cholesterol levels [33, 34]. Tumor suppressor p53 is a transcrip-
tion factor associated with oxidative stress responses. With the ability of SIRT 1 to
deacetylate P53 it will reduce transcription activity.

Increased oxidative stress in the elderly will decrease SIRT1 levels, resulting
in increased inflammation, increased apoptosis, decreased autophagy, decreased
levels of endothelial nitric oxide synthase (eNOS), increased AT1R expression,
reduced ability in redox reactions and lipid metabolism. The reduced expression
of SIRT1 due to aging will make the kidneys prone to progressive structural and
functional disorders (Figure 3) [12, 33, 43].

Kume et al. (2010) found the association between mitochondrial damage of
proximal tubular cells in aging kidneys with reduced expression of sirtuin. In
proximal tubular cells of old mice, autophagy responses to kidney hypoxia were
decreased and caused dysfunction and fibrosis. Increasing sirtuin expression
by caloric restriction helps improvement of aging kidneys [44]. The similar
result was stated by He et al. (2010), who found sirtuin expression protected
kidneys in oxidized state and provided anti apoptotic and anti fibrotic effects to
kidneys [45].

Kidney function is determined by glomerular filtration rate. This filtration
barrier consists of endothelial cells, glomerular basal membrane and podocytes.
Podocyte is critical in maintaining glomerular filtration. Podocyte damage caused
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Figure 3.
The role of SIRT1 in metabolic Homeostais [42]
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by oxidative stress leads to reduction of glomerular filtration rate. Sirtuin preserves
homeostasis and protects podocytes from oxidation.

Transforming growth factor (TGF)-p is a key cytokine that regulates apoptosis,
cell cycle, differentiation and accumulation of extracellular matrix. Association
between TGF-p/Smad and kidney fibrosis occurrence has been proven in many
studies. Sirtuin, which suppress expression of TGF-p, is decreased in aging kidneys.
This results in increased expression of TGF-p thus also increases kidney fibrosis.
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