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Oxidative Stress and Oral Diseases 1
Aravind Kumar Subramanian, Vivek Narayan, and R. Navaneethan

Abstract

Oral diseases such as dental caries, lichen planus, oral cancer, and most impor-
tantly chronic periodontitis are also believed to be linked to oxidative stress. In
periodontitis, the incessant presence of inflammation releases free radicals and via
various mechanisms such as DNA damage, lipid peroxidation, protein damage,
oxidation of antiproteases, and release of pro-inflammatory cytokines causes free
radical-induced damage. The role of free radicals in carcinogenesis has been
studied for many decades. The free radicals cause DNA alterations such as
mutations, DNA-based oxidation, mutation of tumor suppressor genes, and
oxidative protein damage which facilitate the development of oral cancer. The
inflammatory infiltrate present in oral lichen planus has CD4+ lymphocytes and is
a source of reactive oxygen species which causes cellular damage. Moreover, the
saliva itself has an antioxidant system which prevents free radical-mediated
damage in certain oral diseases. Hence this chapter is intended to provide an
insight about oxidative stress and its association with various oral diseases.
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1.1 Introduction

Oral diseases are numerous in number, and understanding their impact on general
health is paramount. Diseases of the teeth and surrounding soft tissue are frequently
the factors of bad health. General physicians often overlook this fact, thereby
resulting in poor diagnosis and treatment. On the other hand, a dentist’s judgment
is insufficient on the grounds that by instruction and propensity he is basically
worried about sparing teeth and his knowledge in pathology is limited to an
exceptionally thin field. The teeth and the oral tissues are continuous with the rest
of the body and is not a separate area. It is therefore essential that dentists and
physicians collaborate with each other for the welfare of the patient in order to arrive
at a proper diagnosis and initiate the appropriate treatment.

Oxidative stress happens as a condition of unsettling influence between free
radical delivered and the ability of antioxidant system to balance [1]. Free radicals
are chemicals with an unpaired electron, which are highly reactive and are poten-
tially harmful [2]. The two basic types of free radicals produced are the reactive
oxygen species (ROS) and reactive nitrogen species (RNS). ROS includes highly
reactive oxygen-containing molecules such as hydroperoxyl radical, hydrogen per-
oxide, and singlet and triplet oxygen [2], while nitric oxide, nitric dioxide, and
peroxynitrite comprise the RNS [1]. Biomarkers for oxidative stress can be studied
and evaluated in various biological fluids such as blood, saliva, and urine, which is
very helpful in understanding and diagnosis of various oral diseases and their
association with oxidative stress.

1.2 The Role of Oxidative Stress in Oral Diseases

1.2.1 Chronic Periodontitis

Periodontitis is one of the most common oral diseases affecting the teeth and their
supporting structures. Initially there is inflammation of the gingiva known as gingi-
vitis (Fig. 1.1) which eventually progresses to loss of attachment and bone loss

Fig. 1.1 Gingivitis of lower
anterior gingiva
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resulting in deepening of the gingival sulcus called as the periodontal pocket
formation which is a common manifestation of periodontitis (Fig. 1.2). Exfoliation
of the teeth occurs due to different types of periodontitis and can cause poor
mastication resulting in malabsorption and malnourishment. Chronic periodontitis
is also the cause for various systemic diseases of infective etiology by the mecha-
nism of oral foci of infection. Periodontitis is a chronic inflammation affecting the
supporting structures of the tooth, namely, gingiva, periodontal ligament, cementum,
and the alveolar bone which are collectively called periodontium. About 800 species
of bacteria are believed to be associated with periodontitis [3]. This bacterial spread
also determines the efficiency of the host immune response. Bacteria, host immunity,
and behavioral factors such as smoking are believed to play a vital role in causing
periodontitis [3]. Patients suffering from severe periodontitis are 10.5–12% of the
global population [4]. A systematic review, published before 2010, revealed that
men were more prevalent compared to women (37.4% versus 28.1%); this might be
due to the factor of smoking which is more common in men and can contribute to
periodontitis [5]. This was supported by the National Health and Nutrition Exami-
nation Survey (NHANES) in 2011 who also found out the prevalence of the disease
to be more in men than women [6]. The American Dental Association classifies
periodontitis based on the periodontal attachment status as follows:

• Type I: Gingivitis
• Type II: Mild periodontitis
• Type III: Moderate periodontitis
• Type IV: Advanced periodontitis [7]

A systematic review in 2010 evaluated about the sexual dimorphism in destructive
periodontal disease. In that review, it was found that periodontitis was more preva-
lent in males than females [5]. It also reports that periodontal surveys having more
than 750 subjects describe a more occurrence of periodontitis in men. The world
workshop for classifying periodontitis held in 2017 states that the factors smoking
and diabetes have to be incorporated in the grading of periodontal disease, and a
considerable amount of literature has found that the variables diabetes and smoking

Fig. 1.2 Periodontitis of
lower anterior gingiva
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have a significant weightage in causing periodontal disease [5]. The review
concludes by stating that variations in sex might become useful in indicating the risk.

1.2.2 Pathogenesis

The disease commences by the accumulation of the bacteria at the dentogingival
margin. Bacteria initiate the disease but the role of specific bacteria is obscure. The
host immune response determines the composition of the biofilm, and inflammation
precedes the overgrowth of the bacteria. The host immune mechanism responds by
producing inflammatory cell infiltrate near the periodontal pocket. The usual clinical
features include accumulation plaque which eventually leads to calculus formation
in the supragingival and subgingival areas. This is accompanied by inflammation of
the gingiva [8].

The initial stage is reaction of leukocytes and the endothelial cells to the biofilm
formation. There are no obvious clinical signs observed at this stage yet histologic
signs are evident. The junctional epithelium is triggered by the bacteria to produce
cytokines and neuropeptides resulting in vasodilatation. Chemokines aid the
neutrophils to be transferred to the inflammation site. Macrophages, lymphocytes,
plasma cells, and mast cells appear after the neutrophils. Rete pegs formation from
the epithelium occurs and activation of complement proteins takes place. This
clinically appears as gingival inflammation and bleeding is present. The gingival
crevicular fluid flow is increased [9].

The immune mechanism responsible so far was the innate immunity, and transi-
tion to acquired immunity takes place further. Accumulation of macrophages,
plasma cells, T lymphocytes, and IgG 1 and IgG 3 subclasses of B lymphocytes is
present. Impairment of flow of blood with increased collagenolytic activity occurs
along with increased production of collagen by fibroblasts. Clinically this manifests
as moderate to severe gingivitis characterized by gingival bleeding and color and
contour changes. The final stage would be an advanced periodontitis characterized
by irreversible attachment loss, bone loss, and the inflammation extending deeper
into the alveolar bone [9].

1.2.3 The Role of Oxidative Stress

The course and severity of the disease is determined by the host immune response
against the microorganisms [10]. The fundamental causative factor is the engage-
ment of host and the bacterial enzymes in the destroying the periodontium [11]. Poly-
morphonuclear neutrophil (PMN) is the primary cell which is produced initially by
the host immunity in response to the bacterial pathogens. PMNs arrive at the site of
inflammation due to the pro-inflammatory cytokines secreted as a result of the
immune mechanism. There is release of ROS and proteolytic enzymes catalyzed
by the NADPH oxidase [12]. The presence of unpaired electron in the free radicals
derived from oxygen makes it highly reactive in nature [13]. There is a rapid release
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of oxygen from the PMN by the mechanism called the “respiratory burst,” and this is
catalyzed by NADPH oxidase enzyme during the process of phagocytosis [14]. The
discharged free radicals are not target-specific, and there is complementary harm to
the host tissues, and this can happen either by direct oxidation of the fundamental
tissue parts or by actuation of transcription factors. ROS are also produced by
osteoclasts in the bone and might have influence bone resorption [15]. Hence the
PMN infiltration is considered to be the main event by the host immune system
against the invasive microorganisms. PMNs thereby lead to ROS formation resulting
in the destruction of periodontal tissues.

The role of oxygen tension appears to have a vital function in the production of
ROS by the PMNs. This is because the PMNs require 1% of oxygen concentration
and a pH of 7–7.5 approximately to produce the oxygen free radicals [16]. The
function of transition metal ions is significant in producing highly reactive OH
species. The presence of iron and copper in the gingival sulcus influences the growth
and virulence of the periodontal pathogens. The OH free radicals are produced by
Fenton and Haber-Weiss reaction. The extracellular matrix provides strength and
support to the cells in the connective tissue. They have fibrous collagenous and
non-collagenous network which surrounds the cell. The effect of ROS extends to the
connective tissue constituents such as proteoglycans and glycosaminoglycans.
Aggrecan is a type of proteoglycan having chondroitin sulfate/keratan sulfate gly-
cosaminoglycan chains. Non-radical species such as hypochlorous acid and hydro-
gen peroxide and radical species such as OH have been implicated in aggrecan
degradation by various in vitro studies. Reactive oxygen species play a vital function
in degradation of periodontal tissues. The ROS degrades the connective tissue
components and modifies the structures within the connective tissue, and this
eventually results in the loss of function of the connective tissue of the periodontium.

1.3 Potentially Malignant Disorders (PMDs) and Oral Cancer

The term “potentially malignant disorders” was defined by the World Health Orga-
nization (WHO) as the risk of malignancy being present in a lesion or condition
either during the time of initial diagnosis or at a future date [17]. This terminology
was a recent modification of older terminologies such as precancerous lesions and
conditions. A precancerous lesion is a morphologically altered tissue which has a
high capacity for transforming into malignancy, and precancerous condition is a
state of the entire body which makes the host susceptible to acquiring malignancy.
The potentially malignant disorders predispose the host to malignancies that affect
the oral cavity. The development of the PMDs is due to a spectrum of etiological
agents such as adverse habits which include tobacco in the form of smoking and
chewing along with areca nut usage. Areca nut contains alkaloids such as arecoline
and arecaidine which are believed to be the causative factor of a particular PMD.
Some examples of PMDs include oral leukoplakia, oral lichen planus, and oral
submucous fibrosis to name a few.

1 Oxidative Stress and Oral Diseases 5



1.3.1 Oral Lichen Planus

Oral lichen planus is defined as a chronic inflammatory mucocutaneous immune-
mediated condition. Erosive-type oral lichen planus appears to have the malignant
transformation potential, and the rate of it transforming into malignancy is sparse
[18]. Clinically the lesion appears as having a mixed red and white appearance. The
white component of the lesion appears as crisscross interlacing lines which are
referred to as “Wickham’s striae” and surrounds the erythematous eroded mucosa
(Fig. 1.3). The lesion is often noticed in the buccal mucosa of the person. The person
often has stomatodynia which gets intensified upon consuming spicy foods. The
condition also affects the skin and has lesions appearing as purple, pruritic, polygo-
nal papules. Oral lichen planus affects 1.27–2% of the population [17]. Patients with
oral lichen planus have high levels of malondialdehyde and 4-hydroxy-2-neonenal
which are products of lipid peroxidation [19]. The oxidative stress markers initiate a
series of biological responses including initiation of apoptosis. This cellular apopto-
sis is brought about by B-cell lymphoma 2-associated X proteins, pro-inflammatory
T-lymphocytes, nuclear localization, and activity of factor kappa B [20]. Reduction
of antioxidants in saliva of patients with oral lichen planus is observed when
compared with healthy controls in recent studies [21].

1.3.2 Oral Leukoplakia

Oral leukoplakia is the most common potentially malignant disorder of the oral
mucosa. It is defined as a white plaque of questionable risk having excluded (other)
known diseases or disorders that carry no increased risk for cancer [22]. The
common etiological agent is tobacco in the form of smoking. Smokeless forms
available as chewing products also are responsible for causing the lesion. The

Fig. 1.3 Oral erosive lichen
planus of the right buccal
mucosa
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prevalence of the lesion is 1.49–2.6% with a high occurrence among geriatrics
especially in India due to excessive use of chewing varieties of tobacco along with
areca nut [23]. Clinically the lesion commonly affects the buccal mucosa as the
concentration of hot smoke in individuals with smoking habit is more concentrated
in the commissures and the buccal mucosa (Fig. 1.4). The second likely place is the
lateral borders of the tongue. The lesion is often bilateral in presentation and appears
as thick non-scrapable white patch/plaque which is homogenous and having a
characteristic “cracked mud” appearance. The lesion appears raised and the affected
part of the mucosa is slightly roughened. Leukoplakia is of different types which are
homogenous, speckled/nodular type, verrucous, erythroleukoplakia, and
proliferative verrucous leukoplakia (PVL). Among these, the PVL and
erythroleukoplakia have a greater propensity for malignant transformation. Salivary
biomarkers of oxidative stress such as thiobarbituric acid and advanced glycation
end products are significantly higher in individuals with leukoplakia than in those
without the lesion, and the antioxidant levels were also found to be significantly
lesser in individuals with leukoplakia [24]. Lipid peroxidation as a result of ROS has
mutagenic effects. 8-Isoprostane (8-ISO) is an ROS and if present in high
concentrations can make the individuals more susceptible to leukoplakia
[25]. Lipid peroxidation can occur in cells with a cell membrane sensitive to ROS
leading to production of mutagenic carbonyl compounds which can result in malig-
nant transformation.

1.3.3 Oral Cancer

Oral cancer ranks the sixth leading type of cancer in Asia [26]. Almost 274,300 new
cases occur every year [27]. Oral cancer is a wide term under which many forms are
categorized. It can take origin from any type of tissue. The malignancies arising from

Fig. 1.4 Leukoplakia of the
left buccal mucosa
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an epithelial origin are called as carcinoma and those arising from the connective
tissue are sarcoma. The treatment and prognosis for oral cancer often depend on the
nature and more importantly the vehemency of the disease. It has a great influence on
the day to day functions of the patient. Most of the patients visiting the hospital are
often at the advanced stage of the disease. This unfortunate situation might be due to
the nature of the disease and how the disease unfolds itself to the patient. Patients
often do not notice the presence of the cancerous lesion in the early stages of the
disease as it is asymptomatic and is hardly noticeable. Adverse habits such as
smoking, chewing tobacco products along with areca nut and betel leaf, alcohol
consumption along with low socioeconomic status can lead to oral malignancies.
Most of the oral cancers are detected in individuals older than 40 years of age, and
the average age of diagnosis of oral cancer is 60 years [27]. The most common type
of oral cancer is oral squamous cell carcinoma. The lateral border of the tongue is
usually involved (Fig. 1.5).

The imbalance between the oxidants and the antioxidants seems to be playing the
etiological role in carcinogenesis [2]. Reactive oxygen species can cause tissue
damage by the following mechanisms,

• Lipid peroxidation
• Protein damage
• DNA damage
• Stimulation of pro-inflammatory cytokine
• Oxidation of antiproteases [28]

Fig. 1.5 Carcinoma of the
right dorsolateral aspect of
anterior two-thirds of tongue
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ROS can be produced by endogenous and exogenous sources. Endogenous
sources include mitochondria, peroxisomes, and cytochrome P450, and the exoge-
nous sources include inflammation, actinic radiation, and pathogens. These sources
trigger the oxidative stress and leads to damage to the genetic material, proteins, and
lipids, gene mutations, chromosomal alterations, and expression of the mutated gene
resulting in carcinogenesis (Fig. 1.6).

Carcinogenesis can be explained in three stages:

1. Initiation
2. Promotion
3. Progression

Initiation—the mutated DNA is present in a normal cell and the cell sustains
it. Then the DNA undergoes the process of synthesis and this mutated DNA is now
fixed. The mutated DNA in the cell now initiates the process of carcinogenesis.

PROGRESSION

PROMOTION

INITIATION

Endogenous sources 
mitochondria, cytochrome 

P450, peroxisomes

OXIDATIVE STRESS

Cell sustains DNA mutation 
and the DNA undergoes 

complete synthesis resulting 

in fixation of DNA mutation 
producing an INITIATED 

CELL

Oxidative stress stimulates 
proliferation of the initiated 

cells and activation of nuclear 

factor NFjB leading to 
inhibition of cellular 

apoptosis.

Stimulation of MMP, 
oxidative modification of 
DNA leading to genetic 

instability. ROS also 
promotes angiogenesis

CARCINOGENESIS

Exogenous sources 

actinic rays, pathogens, 

inflammation

Fig. 1.6 A flowchart showing the process of carcinogenesis by the mechanism of oxidative stress.
(Courtesy Katakwar P. et al., oxidative stress marker in oral cancer 2016 [2])
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Oxidative DNA changes happen in the cancer tissues due to the reactive oxygen
species [29].

Promotion—this stage takes place by the proliferation and expansion of the
initiated cells. This cancer development occurs by the combination of proliferation
of the initiated cells and inhibition of apoptosis. ROS favors the expansion of the
initiated cells by modulating the genes related to cellular proliferation and death
[30]. It leads to activation of NFjB activation with induction of genes coding for
proteins that inhibit apoptosis. Oxidative stress can stimulate cell division, thereby
promoting tumor growth.

Progression—stimulation of matrix metalloproteinases, inhibition of proteases,
and mutation are caused by the reactive oxygen species. DNA bases undergo
oxidative modifications, and this makes the cell genetically instable and increases
the chances of metastasis. ROS also influences angiogenesis in metastasis [31].

Tobacco in the form of smoking and chewing causes oxidative stress to increase,
thereby disrupting the balance between the antioxidants and oxidative stress. There
is also increased lipid peroxidation, oxidative damage to the DNA, and upsetting of
the antioxidant defense which would favor malignant transformation. Chronic alco-
hol ingestion causes single nucleotide polymorphism of CYP2E1. This then leads to
lipid peroxidation and mutation of the DNA [2].

1.4 Conclusion

The genes are often associated with oxidative stress, thereby predisposing
individuals to a lot oral diseases. Some lifestyle diseases are multifactorial; hence
other factors apart from oxidative stress also play a role in causing various diseases.
Advancement in technology has aided us in identifying biomarkers for various oral
diseases; hence, prompt diagnosis and initiating appropriate treatment are possible.
Recent advancement in the field of molecular biology has enabled us to store a lot of
genetic information about diseases and to aid in significant progress in the field. A lot
of adverse habits are closely associated with oxidative stress and also cause elevation
of the biomarkers for oxidative stress. Many environmental factors can release
oxygen species which causes lipid peroxidation and DNA damage paving way for
the development of carcinogenesis.
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Abstract

The liver plays a central role in the biotransformation of a variety of drugs and
xenobiotics. During the biotransformation of drugs and chemicals, the liver
generates various reactive intermediates and in turn attacks the hepatocyte mem-
brane to generate free radicals such as superoxide, hydroxyl, peroxyl, hydrogen
peroxide, peroxynitrite, peroxynitrous acid, etc. Hepatic stellate cells (HSCs), also
known as perisinusoidal cells or Ito cells play a central role in the onset of various
forms of chronic liver diseases. The free radicals liberated during biotransforma-
tion in the liver activate the quiescent HSCs into myofibroblast-like phenotype
responsible for the excessive synthesis of extracellular matrix proteins that cause
hepatic fibrosis, cirrhosis, portal hypertension, and hepatocellular carcinoma. On
the other hand, hepatocytes also have several first-line intracellular antioxidant
defenses such as superoxide dismutase, catalase, and glutathione and detoxifying
enzymes to neutralize/protect the free radicals generated during oxidative stress.
During chronic liver injury, the redox homeostasis is altered, and an enormous
amount of free radicals are released with the concomitant decrease in the intra-
cellular antioxidants causing oxidative stress. This chapter summarizes the
molecular mechanisms of oxidative stress-induced chronic liver diseases.
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2.1 Introduction

Chronic liver diseases (CLDs)-associated complications are responsible for signifi-
cant morbidity and mortality worldwide. Oxidative stress due to chronic liver injury
with excessive inflammation and mitochondrial dysfunction-mediated energy
metabolism often contributed to a variety of liver diseases [1]. The liver is one of
the highly susceptible organs due to its unique anatomic location and function
[2]. When the liver is injured by a variety of etiological factors including acute or
chronic ethanol intoxication, hepatotoxic drugs, aflatoxin contaminated food, hepa-
titis B and C virus (HBV and HCV) infections, metabolic diseases, etc. [3, 4], it
undergoes deviation from normal architecture into various hepatotoxic
manifestations like inflammation, steatosis, fibrosis, cirrhosis, and in some cases
hepatocellular carcinoma (HCC) [5]. Therefore, CLDs cannot be approached as a
single manifestation. Various forms of CLDs are depicted in Fig. 2.1. Ample
evidence has confirmed the predominant role of oxidant and antioxidant imbalance
in the pathogenesis of a variety of drugs and chemical-induced CLDs. Hence, this
chapter discusses the role of oxidative stress in the onset of various forms of CLDs.

2.2 Free Radicals and the Liver

Biotransformation of hepatotoxic drugs and chemicals in the liver produces a variety
of highly reactive metabolites including reactive oxygen/nitrogen species
(ROS/RNS) [6, 7]. Physiological ROS production is critical for redox homeostasis.
However, in pathological conditions, oxidative stress is said to occur when the
intracellular antioxidant defense system such as antioxidants is overwhelmed by
an increased intracellular ROS and other free radicals. Free radical is classically
referred to as an atom or molecule that contains one or more unpaired electrons in an
outermost shell of their orbitals and is capable of independent existence. The
presence of unpaired electrons in an outermost shell makes free radicals highly
unstable and electrophilic [2, 8]. When a free radical reacts with a non-radical to
stabilize the outermost shell, the latter generally becomes a radical and thus a series
of a chain of reaction is initiated. Some important free radicals known in biological
systems are singlet oxygen, superoxide (O2

•�), hydroxyl, peroxyl, hydrogen perox-
ide, peroxynitrite, peroxynitrous acid, and nitric oxide (NO2), and they act as a
source for ROS [9–11]. Hepatocyte intracellular organelles like endoplasmic reticu-
lum, mitochondria, and peroxisomes are the main sites for ROS production. A wide
array of enzymatic systems including cytochrome P450 enzymes, cyclo oxygenases,
lipoxygenases, xanthine oxidase, nicotinamide adenine dinucleotide phosphate
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oxidases, and NO2 synthase from these organelles contribute to ROS production
[12]. The free radicals primarily target polyunsaturated fatty acids of hepatocyte cell
membrane as they are rich in double bonds and hence, hepatocyte membrane is more
vulnerable to free radical attack during intracellular oxidative stress. Other cellular
structures that are mainly affected by free radicals are macromolecules including
structural and functional proteins, lipids, and DNA. On the other hand, overwhelmed
ROS generation depletes the intracellular antioxidants that consequently fail to
neutralize the excessive ROS leading to cellular injury. Undoubtedly, the exces-
sive intracellular ROS and other free radicals with concomitant downregulation of
antioxidants induce oxidative stress and have been associated with several forms of
CLDs [13]. Therefore, natural and synthetic antioxidants are often employed to treat
oxidative stress-induced CLDs.

2.3 The Role of Intracellular Antioxidants/Antioxidant
Response Element (ARE) in CLD

The liver contains several intracellular defenses in the name of antioxidants to
protect them from free radicals attack. The first-line intracellular enzymatic
antioxidants are the primary defense against free radicals, and these include super-
oxide dismutase (SOD) to dismutate O2

•� radicals, catalase (CAT) to neutralize
hydrogen peroxide radicals, glutathione reductase (GR), and glutathione peroxidases
(GPx), etc. The non-enzymatic antioxidants are reduced glutathione (GSH), vitamins
C and E, and β-carotene [2, 14]. Under oxidative stress conditions, intracellular
antioxidant levels are often reported to decrease due to their over-utilization towards
the suppression of various free radicals generated during the biotransformation of
various drugs and chemicals in the liver [6, 15]. However, studies are also reported
the increased levels of antioxidants during oxidative stress conditions. This was
correlated with the induction of oxidative stress contributing the cell to induce the
synthesis of antioxidants [16]. Both these hypotheses are accepted and reported
widely. Therefore, at this juncture, we do not know whether increased or decreased
intracellular antioxidants are responsible for oxidative stress conditions.

At the molecular level, transcription factors such as erythroid 2-related factor
2 (Nrf2) play a serious role in the oxidative stress condition and was shown to
upregulate several cytoprotective genes [17, 18]. Under normal physiological
conditions, Nrf2 gets activated via binding into kelch-like ECH-associated protein-
1 (Keap1) in the cytoplasm, and the unbound or inactivated Nrf2 is easily degraded.
Intracellular oxidative stress caused dissociation of Nrf2 from Keap1 by Keap1
modification or Nrf2 phosphorylation and is thus activated [19]. This activated
Nrf2 translocates into the nucleus, offers cytoprotective effect, and interacts with
ARE, promoting the expression of enzymic antioxidants and phase II detoxifying
enzymes such as heme oxygenase 1 (HO-1) and NAD(P)H dehydrogenase [quinone]
1 (NQO1) [14, 17, 20]. Thus, Nrf2 is considered as a potential therapeutic target to
attenuate oxidative stress-induced liver injury [21]. Several studies showed that
activation of Nrf2 signaling pathway can ameliorate liver injury [22–25].
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2.4 The Role of Oxidative Stress in CLDs

2.4.1 Oxidative Stress in Hepatic Steatosis

Hepatic steatosis is a multifactorial disease that occurs due to non-alcoholic fatty
liver disease (NAFLD), ethanol consumption, drugs used in chemotherapy, and
metabolic diseases, xenobiotics, infectious causes, and so on [26]. NAFLD is
commonly considered one of the most common forms of CLDs, and it refers to
various manifestations of liver damage including non-alcoholic steatohepatitis
(NASH), fibrosis, and cirrhosis [27]. Day and James [28] classically categorized
NASH as two-hit model. The “first hit” is hepatic steatosis that is a mild condition
and is considered less harmful. The “second hit” includes excess fat accumulation
and mitochondrial dysfunction that leads to inflammation and its associated damage
due to oxidative stress [29]. In view of the above report, it is clear that oxidative
stress is responsible for “second hit” and aggravates the pathogenesis of NASH.
NAFLD is often implicated with the presence of ROS-meadiated mitochondrial
dysfunction [30]. The mitochondrial respiratory chain is one of the major sources
of intracellular ROS, which in turn damage mitochondrial DNA, lipids, and proteins.
Lipid accumulation in hepatocytes increases the mitochondrial β-oxidation and
interferes with the electron transport chain that results in electron leakage. The
cytochrome C oxidase (VI complex)-mediated oxygen reaction and a proton reaction
are also impaired, and this, in turn, causes direct interaction of an electron with
oxygen forms ROS [30].

In experimental models of NASH, decreased GPx activity due to GSH depletion
and impaired GPx transport to mitochondrial matrix from cytosol were reported
[31]. Cardiolipin, an inner mitochondrial membrane phospholipid is reportedly
susceptible to ROS attack. Interestingly, cardiolipin abnormalities have been
implicated with a mitochondrial abnormality in several liver disease conditions,
including NAFLD [27]. In an experimentally induced NAFLD model, administra-
tion of a high fed diet caused downregulation of NRF-dependent transcription
signaling pathway, and cytoprotective enzymes like HO-1 and NQO1 with a con-
comitant increase in lipid peroxidation indicate the possibility of oxidative stress via
NRF signaling pathway in NAFLDs [32, 33]. Since oxidative stress is associated
with the progression of NAFLDs, antioxidants have been tried as a therapeutic
candidate against different NAFLD experiment models, and such studies concretely
proved that antioxidant treatments could decrease CLD progression through attenu-
ation of oxidative stress [33–36]. Clinically, oxidative stress has also been reported
in NAFLD patients, and therefore, antioxidants have also been tested in patients with
NAFLDs [37, 38].

Oxidative stress-mediated hepatic steatosis is also well established in alcohol
injury models. Acute alcohol intake increases oxidative stress and induces hepatic
lipid accumulation through cytochrome P450 2E1 (CYP2E1)-mediated reactions.
Direct involvement of CYP2E1 from mitochondria in ROS generation is reported
both in experimental and clinical models of NASH [30]. The c-Jun N-terminal
kinase (JNK) activation and ROS generation are significant events in acute alcohol
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intoxication-induced hepatic steatosis. Sterol regulatory element binding proteins
(SREBP) is an important transcription factor which regulates the ROS-mediated
inflammatory pathway and lipid synthesis via activation of hepatic nuclear factor
kappa B [9, 10]. Acute alcohol intake also decreased autophagy and increased
SREBP expression [39]. The mechanism of oxidative stress-induced fatty liver
disease is depicted in Fig. 2.2.

2.4.2 Oxidative Stress in Hepatic Fibrosis

Liver fibrosis is a significant health problem that affects 100 million people world-
wide with significant morbidity and mortality [40]. Liver fibrosis is a wound-healing
response that is responsible for the deposition of an enormous amount of extracellu-
lar matrix (ECM) in the liver as a result of chronic liver injury [41]. Hepatic stellate
cells (HSCs) are non-parenchymal cells that reside in the perisinusoidal space or

Fig. 2.2 Role of oxidative stress in the progression of steatotic liver injuries. HFD high fed diet,
CYP2El cytochrome P450 2E1, TNF-α tumor necrosis factor alpha, AMPK1 50 AMP-activated
protein kinase 1, SREBP1c sterol regulatory element-binding protein 1c, PPAR-α peroxisome
proliferator-activated receptor-alpha, ROS reactive oxygen species, RNS reactive nitrogen species,
JNK c-Jun N-terminal kinase, MAPK mitogen-activated protein kinase, NF-KB nuclear factor
kappa B, qHSC quiescent hepatic stellate cells, aHSCs activated hepatic stellate cells, HCC
hepatocellular carcinoma
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space of Disse is implicated in the hepatic fibrogenesis. In normal liver, quiescent
HSCs (qHSCs) are responsible for the synthesis of normal ECM and retinoid
storage. As a result of liver injury, qHSCs are activated by autocrine and/or paracrine
signalingmolecules from injured hepatocytes and acquired myofibroblast (MFB) like
phenotype [2, 3, 42]. This phenotypic transdifferentiation is responsible for the
synthesis of a variety of profibrogenic cytokines, i.e., transforming growth factor β
receptor type II (TGFRIIβ), platelet-derived growth factor receptor β (PDGFRβ), and
fibrosis markers such as fibril-forming collagens such as type I and III, vimentin,
desmin, α-smooth muscle actin, and so on [43]. Fibrogenic signaling mediates the
accumulation of excessive ECM in the perisinusoidal space which hinders liver
metabolic functions and increases portal hypertension. It is a proven fact that
oxidative stress is one of the main driven factors for the activation and phenotypic
transdifferentiation of qHSCs into MFBs.

In vitro, experimental studies have shown that lipid peroxidation products
can activate HSCs proliferation [44–46]. For instance, O2

•� radical is involved in
the progression of hepatic fibrosis, and entry of O2

•� radical via chloride channels
into HSCs is said to play a critical role in HSC activation [44]. In vivo, oxidative
stress-induced fibrosis has been well reported in ethanol, carbon tetrachloride,
thioacetamide, and dimethyl nitrosamine-induced experimental models [47]. For
instance, during the biotransformation of ethanol, it first oxidizes into acetaldehyde
by alcohol dehydrogenases, which subsequently oxidized to acetate by aldehyde
dehydrogenases. Ethanol biotransformation in the liver produces an enormous
amount of acetaldehyde and ROS, and these highly reactive intermediates, in turn,
upregulate the TGF-β signaling and activate the HSCs to synthesize high amount of
ECM [47, 48]. Accumulation of 4-hydroxynonenal (4-HNE), a lipid peroxidation
product, has been reported experimentally as well as in patients with alcoholic liver
diseases [49, 50]. Interestingly, unlike hepatocytes, HSCs are from mesenchymal
origin do not contain strong intracellular antioxidant defense like hepatocytes, and
hence they are more susceptible to get free radical attacks easily from injured
hepatocytes as well as from Kupffer cells in the injured liver. Thus, studies have
clearly shown that ROS accumulation could activate the HSCs and induce the fibro-
sis progression. Ironically, few studies have also reported that lipid peroxidation
products are not responsible for HSCs activation [51, 52]. However, this concept is
meagerly reported. Oxidative stress is now considered as a major contributor of
HSCs activation and hepatic fibrosis progression. The mechanism of oxidative
stress-induced HSCs activation and their consequence is presented in Fig. 2.3.

2.4.3 Oxidative Stress in Hepatocellular Carcinoma

HCC occurrence is increasing globally and ranks second in cancer-related mortality
worldwide [53]. Multiple etiological factors including HBV and HCV infections,
chronic ethanol consumption, NASH, obesity, diabetes, and aflatoxin-contaminated
food are involved in the progression of HCC [54]. HCV infection induces excessive
ROS and impairs the function of endogenous antioxidants, and therefore, HCV
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infection is considered as the predominant cause of ROS mediated HCC progression
[55]. ROS are capable of activating various signaling cascades responsible for
angiogenesis, cancer cells invasion, metastasis, proliferation, and survival. In a
recent preclinical study, thioredoxin reductase-1 (TrxR1), GR, and Nrf2 transcrip-
tion factor null mouse have demonstrated to have a high susceptibility to HCC
induced by diethylnitrosamine when compared to wild type indicating the possibility
of antioxidant diminution in the progression of HCC [56]. Protein sequestosome
1/p62 (p62) acts as an intracellular defense against oxidative stress through Keap1/
Nrf2 activation. Increased accumulation of p62 as inclusion bodies in HCC has been
reported [57]. Oxidative stress-responsive miRNAs are recently identified in HCC
cell lines. For instance, miR-34a-5p, miR-150-3p, miR-638, and miR-1915-3p are
modulated in oxidative stress condition; therefore, the analysis of such miRNAs
may provide a novel approach for the prognosis and diagnosis of HCC [58].

In clinical studies, oxidative stress was well correlated with the levels of NASH-
HCC markers. The diminished antioxidant functions were observed in patients
with NASH-HCC [59]. Interestingly, before tumor resection, HCC patients had
increased oxidative stress and diminished GSH and antioxidant capacity [60]. Surgi-
cal resection is the main treatment of HCC; however, patients may develop oxidative
stress-mediated liver inflammation after surgery, and coenzyme Q10 (ubiquinone),
an antioxidant, level has significantly decreased in patients with HCC, thus
confirming the oxidative stress. Therefore, coenzyme Q10 was used as an antioxi-
dant therapy in HCC patients who underwent surgery [61]. Expression of Nrf2 and
8-hydroxydeoxyguanosine (8-OHdG) remarkably increased in the cancerous tissue
of patients with HCC [62]. These studies are clearly indicating the concrete role of
oxidative stress in the progression of HCC.

2.5 Conclusion

Undoubtedly, chronic toxic insult to the liver produces a variety of free radicals.
When these free radical levels are increased in the intracellular milieu, it causes
oxidative stress with a concomitant decrease in the intracellular antioxidant defense.
The free radicals act as a signaling molecule and interfere with several cell signaling
responsible for liver pathogenesis. More importantly, in the view of the “second hit”
concept of steatosis, oxidative stress aggravates the simple fatty infiltration into
complex diseases like hepatic inflammation, NASH, fibrosis, and HCC. In fibrosis
conditions, free radicals from injured hepatocytes and Kupffer cells are responsible
for the phenotypic transdifferentiation of the qHSCs into MFBs, thereby worsening
the disease. Thus, oxidative stress injury plays a critical role in the onset of various
forms of CLDs. Therefore, several experimental and clinical studies are now focus-
ing on the verge of developing several antioxidants derived from synthetic and
natural sources for CLDs.
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3.1 Introduction

3.1.1 Nanoparticles Used in Antioxidant Activity

Nanotechnology is one of the most recent areas to be explored for its applications
related to engineering, medicine and various other sciences. Nanoparticles are
particles in the size range of 1–100 nm and have the most applications in nanotech-
nology. Nanoparticles in different forms play vital roles in biomedical applications.
The different types or forms of nanoparticles include metal nanoparticles (gold,
silver, zinc, copper, selenium, etc.), metal oxide nanoparticles (silver oxide, zinc
oxide, copper oxide, cadmium oxide and zirconium oxide), polymer nanoparticles
(chitosan, silica, polyethylene glycol, cellulose, polyvinyl alcohol and polyvinyl
pyrrolidine), carbon nanotubes, magnetic nanoparticles, nanohydrogels, aerogels,
graphene nanostructures, nanocomposites, nanoshells, nanohybrids and
biomolecules (curcumin, beta cyclodextrins, etc.).

Previously, nanoparticles were synthesized using physical and chemical
techniques such as chemical vapour deposition, microwave irradiation, sol–gel
techniques, plasma synthesis techniques, mechanical milling, ultrasound techniques,
the hydrothermal method, the solvothermal method, the electrodeposition process,
electroexplosion and laser techniques. Because of the high cost and environmental
factors, researchers have recently been exploring use of green materials for the
synthesis of nanoparticles, using microorganisms such as Bacillus subtilis, Klebsi-
ella planticola, Klebsiella pneumoniae and Aspergillus niger; plant extracts from
Coleus aromaticus, Pongamia pinnata, etc.; and algal extracts of Turbinaria
conoides, Padina tetrastromatica, etc. [1–6]. Synthesis of nanoparticles using
biological methods is very simple and cost effective. The prepared nanoparticles
have been characterized using various techniques such as scanning electron micros-
copy, atomic force microscopy, ultraviolet–visible light (UV-vis) spectroscopy,
dynamic light scattering, transmission electron microscopy, Fourier transform infra-
red spectroscopy, gas chromatography with mass spectroscopy, zeta potential anal-
ysis, thermogravimetric analysis, elemental dispersive analysis and x-ray diffraction
assays [7–9]. Figure 3.1 shows green synthesis of nanoparticles and their
characterization.

These nanoparticles are used in diverse applications such as anticancer activity.
Different types of nanoparticles are used for antioxidant activity in vitro and

in vivo. Among these nanoparticles, metal and metal oxide nanoparticles are majorly
involved in the activity in different experimental procedures. Figure 3.2 shows the
different types of nanoparticles involved in antioxidant activity.

3.1.1.1 Silver Nanoparticles
Silver nanoparticles are the major metal nanoparticles in use and are intensively used
in antimicrobial applications for their antibacterial and antifungal activities. In
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addition, silver nanoparticle have achieved very good results in anticancer and
antioxidant activities [10–13]. Table 3.1 provides information on green synthesis
of silver nanoparticles characterized using various techniques and antioxidant
activities.

Fig. 3.1 Biosynthesis and characterization of nanoparticles
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3.1.1.2 Gold Nanoparticles
Gold nanoparticles are widely used for delivery of drugs, proteins and genes in
biomedical applications because of their surface plasmon resonance. These
advanced metal nanoparticles also have applications in photothermal therapy, cancer
imaging, identification of pathogens using immune chromatographic techniques,
tissue imaging, anti-inflammatory activities and anticancer activities [39–
41]. Table 3.2 provides information on gold nanoparticles and their antioxidant
activities in various biochemical assays.

3.1.1.3 Zinc Oxide Nanoparticles
Zinc oxide nanoparticles have unique properties with many applications in many
fields such as photocatalytic activity; antibacterial and antifungal activity against
clinical, animal and plant pathogens; dye degradation and heavy metal degradation
activity; and UV-filtering properties [10, 50–52]. Zinc oxide nanoparticles are one of
the important types of semiconductor nanoparticles used in multitasking
applications, including antioxidant activity, as shown in Table 3.3.

3.1.1.4 Antioxidant Activity of Other Nanoparticles
Apart from silver, gold and zinc nanoparticles, other nanoparticles such as chitosan,
titanium dioxide, cerium oxide, selenium, magnetic nanoparticles, silicon dioxide
and nickel oxide nanoparticles also show very good antioxidant activity in different

Fig. 3.2 Different nanoparticles (NPs) used in antioxidant activity
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Table 3.3 Antioxidant activity of zinc oxide nanoparticles (ZnONPs)

Reducing agent Characterization of NPs
Antioxidant activity: method,
concentration, activity level Reference

Citrus pectin
powder,
chitosan,
sodium alginate

UV-vis spectroscopy
TEM: 46 nm
DLS, XRD, FTIR

DPPH assay
IC50 values 47.5 and 65 μg/mL
Antibacterial activity against
gram-positive and gram-negative
organisms and yeast
Anticancer activity against
Ehrlich ascites carcinoma

[53]

Inducible nitric
oxide synthase
(nos2) gene

TEM: 45 nm qPCR analysis
Western blot analysis

[54]

Psidium
guajava leaf
extract

UV-vis spectroscopy: 345 nm
SEM: Spherical shapes

DPPH assay: 77.80–81.35% [55]

Thymus
vulgaris leaf
extract

Size 50–60 nm
Shape: Irregular
TEM, XRD, EDX, DLS,
FTIR

DPPH assay:�75% antibacterial
activity against selected
foodborne pathogens

[56]

Mangifera
indica leaf
extract

UV-vis spectroscopy, TEM,
SEM, XRD, EDX
Size 45–60 nm
Shape: Spherical and
hexagonal quartzite

DPPH assay
Cytotoxicity assays: A549 lung
cancer cell line

[12]

Curcumin FTIR, field emission SEM,
XRD, UV-vis spectroscopy

DPPH assay: 24.25%
Stability of curcumin improved
( p < 0.05)

[57]

Synthesized by
aqueous and
polyol method

XRD: 10 and 40 nm
UV-vis spectroscopy
TEM: 10 and 15 nm

DPPH assay: IC50 values 39.38
and 43.33
Metal chelation: IC50 values
54.17 and 51.6
ABTS assay: IC50 values 38.31
and 39.15
Antibacterial activity

[58]

Pithecellobium
dulce peel
extract

Hexagonal crystalline
structure
Shape: Spherical
Size 11.5 � 2 nm

Photocatalytic activity
Antifungal activity

[59]

Tecomaca
stanifolia leaf
extract

UV-vis spectroscopy: 380 nm
Shape: Spherical
Size 70–75 nm

DPPH assay
Anticancer activity
IC50 65 μg/mL (A549 cell line)

[60]

Malus pumila
and Juglen
regia plant
extracts

UV-vis spectroscopy, TEM,
XRD, FTIR, DLS, SEM,
EDX
Size 12 and 16 nm

DPPH assay
Antibacterial activity

[61]

Artemisia
haussknechtii
leaf extract

UV-vis spectroscopy, TEM,
GC-MS, FTIR, AFM, SEM,
EDX, powder XRD
Size 50–60 nm
Shape: Hexagonal wurtzite

Total antioxidant capacity
DPPH assay
Disc diffusion assay

[62]

(continued)
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Table 3.3 (continued)

Reducing agent Characterization of NPs
Antioxidant activity: method,
concentration, activity level Reference

Oleic acid,
gluconic acid,
tween 80

Shapes: (1) flower-like
nanorods and nanoflakes;
(2) nanogranules, size
20–30 nm; (3) assembled
hierarchical structure

H2O2 free radical–scavenging
activity, ABTS assay, DPPH
assay

[63]

Ricinus
communis plant
seed extract

Shape: Crystalline hexagonal
arrangement
Size 20 nm
Powder XRD, FTIR, XRD,
TEM

Antioxidant activity
DPPH assay, FRAP assay
Anticancer activity: IC50 of
ZnONPs in MDA-MB-231
breast cancer cells: 7.103 μg/mL
Antifungal activity

[64]

Coccinia
abyssinica
tuber extract

Size 10.4 nm
Shape: Hexagonal (analysed
using TEM)

DPPH assay
IC50 127.74 μg/mL
Well diffusion assay

[65]

Codonopsis
lanceolata root
extract

Size and shape: 500 nm with
flower-like structure
confirmed by XRD and TEM
UV-vis spectroscopy: 365 nm

Photocatalytic degradation
activity

[66]

Vitamin E and
C mixture

DLS, TEM, inductive coupled
plasma mass spectrometry
Size 35 nm

Lipid peroxidation activity in
Nile tilapia tissues

[67]

Aqueous
extract of
chironji leaves

XRD, TEM and UV-vis
techniques: 363 nm
Shape: Hexagonal wurtzite

DPPH assay
IC50 8025 μg/mL
Antibacterial activity
Photocatalytic degradation
activity

[68]

Copditis
rhizome extract

Size 8.50 nm
Shapes: Spheres and rods
SEM, EDX, FTIR, XRD,
TEM, TGA, SAED, UV-vis
spectroscopy

DPPH assay: 1 mg/mL
(52.34%), >0.5 mg/mL
(51.57%), >0.25 mg/mL
(51.19%), >0.125 mg/mL
(38.12%)
Cytotoxicity against RAW 264.7
cells
Antibacterial activity

[69]

Water extract
of Garcinia
xanthochymus

UV-vis spectroscopy: 370 nm
SEM: Spongy cave-like
structures
XRD: Pure wurtzite structure

DPPH assay
Photocatalytic degradation
activity

[70]

Polygala
tenuifolia root
extract

UV-vis spectroscopy, FTIR,
TGA
TEM: 33.03–73.48 nm
Shape: Spherical

DPPH assay: 45.47% [71]

ABTS 2,20-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid), AFM atomic force microscopy,DLS
differential light scattering, DPPH 2,2-diphenyl-1-picryl-hydrazyl-hydrate, EDX energy-dispersive
x-ray, FRAP ferric-reducing ability of plasma, FTIR Fourier transform infrared, GC-MS gas
chromatography with mass spectrometry, IC50 half-maximal inhibitory concentration, qPCR quan-
titative polymerase chain reaction, SAED selected area electron diffraction, SEM scanning electron
microscopy, TEM transmission electron microscopy, TGA thermogravimetric analysis, UV-vis
ultraviolet–visible light, XRD x-ray diffraction
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assays. Figure 3.3 shows different antioxidant assays used for free radical–scaveng-
ing nanoparticles.

3.1.1.5 Antioxidant Activity of Polymer, Magnetic and Oxide
Nanoparticles

Chitosan is an important bioactive product, obtained from crab shells and prawn
shells. It shows good antimicrobial activity against Escherichia coli and Staphylo-
coccus aureus and antifungal activity against Candida albicans, and it has shown
good scavenging activity of 76% in a 2,2-diphenyl-1-picryl-hydrazyl-hydrate
(DPPH) assay [72]. Super-para iron oxide nanoparticles synthesized using Stevia
leaf extract had a spherical shape and were 25 nm in size on high-resolution
transmission electron microscopy (TEM) analysis. They showed good antioxidant
activity in a DPPH assay and a half-maximal inhibitory concentration (IC50) of
65 μg/mL [73]. Manganese oxide nanoparticles prepared using mature seeds of

Fig. 3.3 In vitro antioxidant activity of nanoparticles using various assays. ABTS 2,20-azino-bis
(3-ethylbenzothiazoline-6-sulphonic acid), DPPH 2,2-diphenyl-1-picryl-hydrazyl-hydrate
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Atropa belladonna L. showed a crystalline structure (on x-ray diffraction (XRD))
and a spherical shape with a size of 30 nm, confirmed by TEM. The free radical–
scavenging activity of MnO2 nanoparticles, investigated using a DPPH assay with
plantlets at 200 mg/L with an IC50 of 134.6 μg/mL and Fe2+-chelating activity, also
showed the same tendency [74].

Selenium nanoparticles synthesized using pectin showed DPPH radical–scaveng-
ing activity of 92%, a Trolox-equivalent antioxidant capacity assay value of
222.18 μmol Trolox per gram of the sample and a ferric-reducing ability of plasma
(FRAP) assay value of 127.51 μmol Fe2+ per gram of the sample [75]. A
hyperbranched polysaccharide from Lignosus rhinocerotis also showed good activ-
ity in a DPPH assay (24.29%, 23.28%, 44.84%, 52.31% and 43.22%) and in an
ABTS radical–scavenging assay (83.18% and 81.54%) [76].

Pisonia alba leaf extract–mediated cerium oxide nanoparticles with the
characteristics of a cubic fluorite crystal structure (on XRD), UV-vis spectroscopy
values of 258 and 317 nm, and a 12 nm size on TEM showed good antifungal
activity and moderate antioxidant activity in a DPPH assay and FRAP assay [77].

3.1.1.6 Antioxidant Activity of Nanoparticles In Vivo
In a recent research article, Qin et al. showed that layered double hydroxide (LDH)
nanoparticles possessed a DPPH-scavenging effect, a hydroxyl radical (OH)–scav-
enging effect and a pro-oxidative Cu2+-chelating effect. This was mainly due to folic
acid coupling with the LDH nanoparticles; moreover, folic acid–LDH was success-
ful in increasing glycogen levels in muscle and hepatic glycogen. It was suggested
that a folic acid–LDH antioxidant could have indications for use as a novel antioxi-
dant or an antifatigue nutritional supplement [78].

An in vivo study by Zhang et al. revealed that nano-gold loaded with resveratrol
(Res-GNPs) showed a better antitumour effect than resveratrol alone. This was due
to the fact that the gold nanoparticles could transport more resveratrol to cells and to
mitochondria; thus, the gold nanoparticles coupled with resveratrol reduced the
cancer effect both in vitro and in vivo [79].

The above studies clearly indicate that nanoparticles, when coupled with
antioxidants, provide more protection for healthy cells and provide anticancer
effects.

In in vitro studies on sulphoraphane-modified selenium nanoparticles, Krug et al.
showed anticancer action in several cancer cell cultures. They also showed that this
high antitumour activity and selectivity with regard to diseased and healthy cells is
an extremely promising treatment for cancer cells [80]. The different parameters
analysed to determine the in vivo antioxidant activity of the nanoparticles are shown
in Fig. 3.4.

Khan et al. studied the effects of cobalt-doped tin oxide (Co-doped SnO2)
nanoparticles and revealed that in breast carcinoma cells, green-synthesized
Co-doped SnO2 nanoparticles showed potential antioxidant activity in a DPPH
assay and also showed significant anticancer and antitumour activity in both
in vitro and in vivo conditions. The multipurpose properties of synthesized
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nanoparticles demonstrated in this study showed that they could be useful for
pharmaceutical and nanomedicine applications [81].

A research study by Tang et al. demonstrated the characterization of
epigallocatechin-3-gallate (EGCG)–functionalized chitin (CH) derivative
nanoparticles (CE-HKNPs) and compared their antitumour activity with that of
free Honokiol (HK). The result showed that the CE-HKNPs were effective,
inhibiting the cell proliferation of HepG2 cells and decreasing the mitochondrial
membrane potential. Moreover, in both in vitro and in vivo conditions they did not
elicit any side effects in the cells. It was suggested that CE-HKNPs are an effective
delivery system against liver cancer cells [82]

A recent article by Shanmugasundaram et al. described a Sprague Dawley
(SD) rat model in which hepatoprotective experiments were conducted against
diethyl nitrosamine (DEN)–stimulated liver cancer cells using biocompatible
nanoparticles of silver (AgNPs), gold (AuNPs) and their alloy (Ag/AuNPs),
synthesized from microbes. The animals treated with nanoparticles showed signifi-
cant tumour reduction in in vivo studies, and this was also confirmed by other
studies. The results showed anticancer activity only in DEN-stimulated liver cells,
due to the synthesized AgNPs, AuNPs and Ag/AuNPs. In nanodrug development,
microbial biocompatible nanoparticles have been shown to have potential as an
effective drug [83].

Fig. 3.4 In vivo antioxidant activity of nanoparticles. LDL low-density lipoprotein
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Sulaiman et al. described an experiment, using an Oleo europaea leaf extract, in
which copper oxide (CuO) nanoparticles (CuNPs) were synthesized. Because of the
stability of the antioxidant effect, the free radical–scavenging activity of the CuNPs
against 2,2-diphenyl-1-picryl-hydrazyl was assured. In mice, immune responses
were observed in both the thymus and the spleen. After CuNP treatment the thymus,
spleen and serum showed reductions in the adenosine deaminase (ADA) enzyme. In
a dose-dependent manner, application of CuNPs against AMJ-13 and SKOV-3
cancer cells induced cell death by apoptosis. Normal dermal fibroblast cells showed
less significant cytotoxic effects. Thus, CuNPs have the ability to act as an anticancer
agent [84].

In contrast, Nemmer et al. found that exposure to cerium oxide nanoparticles
(CeO2NPs) induced lung toxicity. In their study, a noticeable increase in neutrophils
in the bronchoalveolar lavage fluid, along with an increase in tumour necrosis factor
(TNF) and a drop in the activity of the antioxidant catalase, were stimulated by
CeO2NPs. Increased plasma levels of C-reactive protein and TNF were also noted
[85]. In this in vivo study it was found that thrombosis was due to acute pulmonary
oxidative damage and systemic inflammation.

Qiao et al. studied andrographolide (ADG), a diterpenoid separated from
Andrographis paniculata with a range of pharmacological activities including
antitumour, anti-inflammatory, anticancer and hepatoprotective effects. They
showed that a freeze-dried ADG nanosuspension (ADG-NS) could remain highly
stable [86].

Pramanik et al. performed in vitro and in vivo studies on biotin-enriched gold
nanoparticles targeted for delivering an anticancer active copper complex, copper
(II) diacetyl-bis (N4-methylthiosemicarbozane), tethered to 20 nm gold nanoparticles
(AuNPs) and additionally decorated with biotin for target achievement. They
revealed very good anticancer activity against HeLa cells derived from cervical
cancer cells; less activity was observed against HaCaT cells. In an in vivo compari-
son with a nanoparticle conjugate without biotin, using a HeLa cell xenograft tumour
model, the biotin-enriched nanoparticle conjugate showed a greater reduction
in tumour volume than the control (without biotin), suggesting significant
targeting [87].

3.2 Mechanisms of Action

Different metal nanoparticles, polymer nanoparticles, metal-coated polymer
nanoparticles and bioactive compound–coated/decorated nanoparticles act as
nanoantioxidants. The major mechanisms of action of these nanoparticles mimic
the behaviour of catalase (CAT), glutathione peroxidase (GPX), superoxide
dismutase (SOD) and chain-breaking activity. Examples of these nanoparticles and
their mechanisms of action in different assays are cerium oxide nanoparticles, which
show catalase-like behaviour in hydrogen peroxide disappearance on spectrophoto-
metric analysis [88], polyvinyl pyrrolidone–coated gold nanoparticles, which
decrease H2O2 in spectrometric analysis and show catalase-like behaviour [89],
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and gold nanorods, gold with platinum nanorods, core shells and gold with palla-
dium nanorods, which shows catalase-like behaviour in H2O2 assays, spectrophoto-
metric analysis and O2 evaluation using dark electrodes [90].

Nanoparticles such as manganese oxide nanoflowers and grapheme oxide–
supported selenium nanoparticles have shown glutathione peroxidase–like
behaviour in a glutathione reductase–coupled assay using spectrophotometric anal-
ysis [91, 92].

The chain-breaking mechanism is the major action in various antioxidants (also
called radical-trapping antioxidants) such as flavonoids, vitamin C, vitamin E and
many synthetic alternatives.

A chain-breaking or slowdown mechanism of action was found in some
nanoparticles, such as oleic acid–coated cerium oxide nanoparticles, when an
AAPH-derived radical-scavenging (oxygen radical absorbance capacity (ORAC))
assay was performed [93]. Polyacrylic acid–protected platinum nanoparticles were
analysed using a DPPH assay with spectrophotometric analysis. Inhibition of
linoleic acid peroxidation was observed with electron paramagnetic resonance
(EPR) detection of AAPH-derived radical–scavenging activity [94]. Zirconium
oxide nanoparticles and polyethylene glycol–coated melanin nanoparticles have
also shown chain-breaking activity, confirmed by a DPPH assay [95, 96].

Superoxide dismutase–like behaviour is the major mechanism in many antioxi-
dant nanomaterials and xanthine/xanthine oxidase and cytochrome C analysed by
spectrophotometric analysis, potassium oxide reaction, EPR study of reactions with
potassium oxide with 5-diethoxyphosphoryl 5-methyl-1-pyrroline-n-oxide
(DEPMPO) and oxide evaluation. The nanomaterials involved in these actions are
fullerene, multiwalled carbon nanotubes, trismalanyl C-60, dimercaptosuccinic
acid–coated Co3O4 nanoparticles, polyvinyl pyrrolidone–coated gold nanoparticles,
glycine-coated copper nanoparticles, polyethylene glycol–coated manganese and
carbon nanoclusters, palladium nanoparticles, platinum nanopowder and Mn3O4

nanoflowers [89, 91, 97–105].
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Abstract

Aging is one of the principal risk factors that play an important role in several
human conditions and pathogenesis, primarily neurodegenerative disorders, such
as amyotrophic lateral sclerosis (ALS), Parkinson’s disease (PD), and Alzheimer’s
disease (AD). A progressive loss of neurons, reduced motor or behavioral
functions, and abnormally aggregated proteins define these conditions. An unbal-
anced redox environment, including the generation of excessive reactive oxygen
species (ROS) or system deficiency, causes oxidative stress (OS). The brain is one
of the principal organs that are particularly susceptible to ROS because of its
elevated oxygen demand and the presence of abundant peroxidation-sensitive
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lipid cells. Previous studies have reported that widespread neurodegenerative
disease pathophysiology involves OS. Cellular antioxidants are known to alter
such redox status, target destruction, and regulate oxidative mechanisms engaged
in cell proliferation, gene expression, signal transduction, and cell death pathway.
Oxidants and antioxidants are important in maintaining free balance, metabolized,
environmental-related radicals and the body’s antioxidant mechanisms. In
biological systems, several complex natural antioxidant mechanisms occur that
work together to prevent prooxidant damage. The objective of this chapter is to
demonstrate that free radicals are engaged in neurodegenerative disease patho-
physiology and that antioxidants and scavenging products help in the prevention
and cure of such disease conditions. This chapter also examines the role of
antioxidants in neurodegenerative illnesses, in their chemoprevention and therapy.

Keywords

Oxidative stress · Neurodegenerative diseases · Antioxidants · Reactive oxygen
species

4.1 Introduction

Neurodegenerative illnesses are a heterogeneous group of disorders that are
portrayed by slow progressive loss of neurons. The etiology of neurodegenerative
maladies has not yet been completely explained. However, expanded oxidative
pressure has been proposed as one of the potential fundamental etiologies in
different neurodegenerative ailments. Aggregate oxidative pressure may initiate
cell harm, an impedance of the deoxyribonucleic acid (DNA) repair system, and
mitochondrial dysfunction, all of which have been reported as key factors in
speeding up the advancement of neurodegenerative processes [1–3]. Therefore,
much of the research efforts in this field have been channeled toward identifying
novel and effective therapies and strategies that can ensure protection against
oxidative harm and conceivably treat neurodegenerative ailments. This chapter
attempts to examine the crucial pathophysiological pathways involved in oxidative
stress in the advancement of neurodegenerative conditions, particularly Parkinson’s
disease (PD), amyotrophic lateral sclerosis (ALS), Huntington’s disease (HD), and
Alzheimer’s disease (AD) [4–6]. In addition, the chapter will also provide an outline
of the currently available information and evidence for the treatment of neurodegen-
erative maladies and their future perspectives.

4.2 Oxidative Stress

Reactive oxygen species (ROS) are usually generated in the cells of all biological
life-forms, in response to normal physiological processes and homeostasis
mechanisms that occur within the cells. In physiological conditions, low to direct
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convergences of ROS are associated with several events, for example, immune
response, inflammation, synaptic plasticity, learning, and memory. The overabun-
dance of ROS creates a toxic environment that could directly affect the functioning
of cellular structures like mitochondria, resulting in a myriad of diseases and
conditions. However, the human body is equipped with an assortment of antioxidant
agents that serve to balance the impact of oxidants. These include enzyme
frameworks like the superoxide dismutase (SOD) and the glutathione (GSH)
frameworks. When this equilibrium is affected, either due to the excessive genera-
tion of ROS or due to the depletion of antioxidant substances, it could lead to
oxidative impairment, resulting eventually in the overall disability of cellular
capacities. This phenomenon is seen in numerous pathophysiological conditions,
including mitochondrial dysfunction and other cellular abnormalities. The central
nervous system, especially the brain, is powerless against oxidative pressure and
harm on account of its high oxygen utilization, low antioxidant agent barriers, and
high abundance of polyunsaturated fats [7–11].

4.3 Mitochondrial Oxidative Stress and Its Role
in Neurodegenerative Diseases

Mitochondria are key multifunctional organelles that play various significant roles
within the cell (Fig. 4.1). They are crucial substances in thermogenesis, calcium
homeostasis, maintenance of key cell metabolites, and redox flagging. Neurons are
excitable cells that are progressively sensitive to the effects of oxidative harm and are
in contrast to other dividing cells. They are increasingly inclined to becoming
defective as they mature. Thus, it becomes significant that neuronal integrity and
their survival is primarily maintained and preserved by antioxidant defense systems
in the body [12–14]. All neurodegenerative conditions share general basic
highlights, for example, the aggregation of specific proteins, initiation of oxidative
harm, and eventual lead-up to mitochondrial dysfunction. A large number of the
genes related to PD or ALS have close associations with mitochondria. In addition,
the conglomeration of misfolded proteins (β-amyloid, tau, and α-synuclein) are also
known to restrain the mitochondrial framework that prompts oxidative pressure.
Thus, the identification of common mechanisms underlying such neurodegenerative
ailments, including mitochondrial dysfunction, will build our comprehension of the
basic prerequisites for neuronal survival that can expedite future neuroprotective
treatment strategies [15–18].

4.4 Epidemiology

Alzheimer’s disease is reported to be one of the most widely recognized diseases
among all existing neurological disorders. Approximately, around 50–60% of
subjects with dementia present clinical proof of presenile or decrepit types of
AD. The ongoing Canadian investigation on well-being and maturing estimated
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that the prevalence of dementia in people who were 65 years and over was 8.0%.
From this population, approximately 5.1% could experience the ill effects of
presenile or decrepit dementia of Alzheimer type. After the age of 75, AD is found
to predominantly impact women. PD and multiple sclerosis (MS) are commonly
viewed as less common conditions with a predominance of under 1.0%. Creutzfeldt-
Jakob illness (CJD) and ALS are relatively rare and are expressed less frequently
[19–22].

A recent study in India investigated the prevalence of neurological disorders in
six samples from different districts, including rustic populations in each of the six
studies and urban population in two of them, through house-to-house observations.
The unrefined frequency rate for every 100,000 population varied from 967 to 4070,
with an average of 2394. Corresponding to this result, the projected effects of
neurological problems in India were faced by about 30 million people from the
present population. Nevertheless, this is not the whole spectrum of the question since
in the studies, no variables are included, namely neuroinfections, injuries,
neoplasms, and metabolic issues. The low rate of commonness observed in the
study on Kashmir could be due to the exclusion of migraine, the most famous of
all diseases in the region. The fluctuations in prevalence levels observed across the
study areas could be due to the contrast in ID, the meaning of the disease, and the
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avoidance of some neurologic problem, as well as some predominant local problem.
Both age groups are affected by neurology problems. In certain populations, the
age-specific prevalence rates are more and more prominent. Expanding rates are
found in the city of Bangalore in elderly people claiming that the geriatric population
has the weight of nervous issues, where age rates per 100,000 are explicit: for age
<15: 2653, for ages 31–40: 3932, for ages >60: 5012. Neurological problems in the
rustic population are increasingly frequent as contrasted with the 1.9:1 urban popu-
lation. In Bangalore and Malda, the predominance of women was higher than in
men. In India, the predominance is similar to Nigeria and Ethiopia; however, the
prevalence rate is less than in Sicily and Tunisia [23–27].

The lifetime probability for PD is determined to be 2% for populations and 1.3%
for individuals. The value for parkinsonism is somewhere in the range of 3.7–4.4%.
Parkinsonism is a term used to describe conditions depicting akinesia that do not
meet idiopathic PD clinical or pathological criteria [28, 29].

ALS, otherwise called motor neuron disease, is an uncommon neuromuscular
ailment with a prevalence rate of around 1 out of every 100,000 individuals in the
population. High inhibitions are characterized by the degeneration of motor neurons
and are typically unaffected by acumen and features like PD. The National Institute
for Neurological Disorders and Stroke estimates that from changes associated with
the superoxide dismutase 1 protein, 5–10% of all ALS cases are due to inherited
characteristics [30, 31].

The epidemiologic assertion of HD relies on the determination, by a nervous
system specialist, of the family ancestry and its general setup. Expansive territorial
investigations that used existing clinical and institutional records, on the other hand,
revealed relatively lower rates. Huntington’s illness is an uncommon neuropsy-
chiatric disease with the pervasiveness of 5–10 for each 100,000 population
among the Caucasian people. In Japan, a much lower pervasiveness of around one
tenth of the commonness of the Caucasian populace is observed [32–34].

4.5 Pathophysiology

4.5.1 Alzheimer’s Disease (AD)

The pathophysiology of Alzheimer’s disease can be explained with the help of three
hypotheses.

4.5.1.1 Amyloid Cascade Hypothesis
Neuritic plaques are extracellular injuries found in the cerebrum and cerebral
vasculature. Amyloid precursor protein (APP) is the forerunner of amyloid plaque.
Plaques from AD cerebrums, to a great extent, comprise a protein called βAP. βAP is
formed from APP. The actual mechanisms and functions of APP are not clear yet. In
a general sense, it is known to have a critical role in the generation of βAP. βAP, in
turn, initiates the formation of plaques and plaque-initiated neurodegeneration. It
happens in the following three stages [35–37]:
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1. A sticky layer forms on the neurons.
2. Catalysts cut the APP into several parts of protein, including beta-amyloid.
3. Fragments of beta-amyloid unite in clusters to form plaques.

In AD, these clusters initiate the degeneration of neurons and influence the
hippocampus and different regions of the cerebral cortex.

4.5.1.2 Neurofibrillary Tangles (NFTs)
NFTs are ordinarily found in the cells of the hippocampus and cerebral cortex in
people with AD and are made up of unusually hyperphosphorylated tau protein.
Tau protein gives support to microtubules, cell transportation, and the skeletal
supportive network. At the point when tau fibers experience strange phosphorylation
at a particular site, they cannot tie successfully to microtubules and microtubule
breakdown. Without an intact arrangement of microtubules, the cells cannot work
appropriately and eventually die [38, 39].

4.5.1.3 Cholinergic Hypothesis
The cholinergic theory of AD came to fruition because of the combined perceptions
of shortfalls in choline acetyltransferase and acetylcholine (ACh). ACh is significant
in memory and learning. It is well known that a reduction in cholinergic neurons and
primarily cholinergic neurotransmission prompts a decrease in psychological and
noncognitive capacities. In addition, the utilization of cholinesterase inhibitors (CIs)
does not have a noteworthy impact on the greater part of Alzheimer’s affected
patients who are continuing with the treatment, showing the nearness of other
significant procedures in the transformation of the illness [40–42].

4.5.2 Parkinson

4.5.2.1 Low Dopamine Levels
Researchers have studied the effects of low or falling dimensions of dopamine, in the
synapse, with PD. This happens when cells that produce dopamine burn out.
Dopamine assumes a role in sending messages to the parts of the cerebrum that
control development and coordination. Low dopamine levels can make it harder for
individuals to control their developments. As dopamine levels fall in an individual
with PD, their manifestations steadily turn out to be progressively extreme [43, 44].

4.5.2.2 Low Norepinephrine Levels
Norepinephrine, another neurotransmitter, possesses a significant role in controlling
numerous biological functions, for example, the dissemination of blood. In PD, the
nerve endings that produce this neurotransmitter die. This may clarify why
individuals with PD experience development issues, as well as weakness, clogging,
and orthostatic hypotension, when circulatory strain switches on standing up,
prompting light-headedness [45–47].
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4.5.2.3 Lewy Bodies
An individual with PD may have clusters of protein in their cerebrum, known as
Lewy bodies. Lewy body dementia is an alternate condition, which has joined with
PD [48–50].

4.5.2.4 Genetic Factors
In most instances, PD seems to run in families; however, it is not constantly
inherited. Analysts are now in an attempt to recognize the explicit hereditary
components that may prompt PD. Moreover, it creates the impression that not one
but rather various variables are involved. Consequently, it is thought that a blend of
hereditary and ecological elements may prompt the condition. Other conceivable
external factors could also be involved. These could be poisons, for example,
pesticides, solvents, metals, and different contaminations [51–53].

4.5.3 Huntington’s Disease

HD is brought about by a faulty gene (mhTT) on chromosome number 4. An
ordinary duplication of the gene produces huntingtin, a protein. The defective
gene is bigger than it ought to be. This prompts the unreasonable production of
cytosine, adenine, and guanine (CAG), the structural parts of DNA. Typically, CAG
repeat somewhere around ten or more times, but in HD, they repeat 36 or more times.
Such a change results in a bigger type of huntingtin. This is dangerous as it makes
harmful synapses. Some synapses are sensitive to the bigger type of huntingtin,
particularly those identified with development, thinking, and memory. It undermines
these factors and eventually causes dangerous effects. Researchers are yet to identify
how precisely this occurs [54–56].

4.5.4 Risk Modifiers

4.5.4.1 Alcohol
Excessive utilization of alcohol has been linked to causing dementia due to its
harmful nature. A study conducted in France reported that older people who
consumed wine constantly have the possibility of acquiring AD, compared to
other age groups. In addition, the researcher in the Rotterdam Study reported that
consumption of moderate amounts of liquor would have the equivalent advanta-
geous impact. The advantages of liquor are attributed to the presence of antioxidants
[57–60].

4.5.4.2 Education and Early-Life Experience
The risks of acquiring AD is fundamentally higher among inadequately taught
people when compared to people who are educated on this. It is found that the
amount of formal instruction acquired plays a major role and has a defensive impact.
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Whether generally instructive accomplishment is a surrogate for other hereditary or
natural impact stays obscure. For instance, phonetic capacity during the second
decade of life is an indicator of consequent intellectual impedance. It was found
that the mental capacity scores in the youth were lower than normal among
youngsters, who in the long run acquired AD after the age of 65. These findings
would infer that the determinants of such illnesses are usually set up at an early age
and, thus, may influence the capacity to accomplish instructive accomplishment.
Thus, individuals who have acquired beneficial factors during the early part of their
lives have a lower danger of an ensuing disease as grown-ups [61–64].

4.5.4.3 Mental and Leisure Activity
The amount of time spent preoccupied with physical and mental exercises during
late life has been related to a lower risk of AD. The risk is further reduced in people
with complex action designs, which include continuous scholarly activities, active
lifestyle, and regular physical exercises. The Canadian Study of Health and Aging
identified that higher beneficial impact was acquired through regular physical
exercises [65–68].

4.5.4.4 Smoking
Several findings have reported and demonstrated that smokers have a two- to
fourfold higher risk of acquiring AD. This is also observed in people without an
APO-ε4 allele. In these investigations, smoking is thought to build the danger of
dementia through perplexing cooperation with the cerebral vessels. A related study
had reported that there was an 80% decrease in the levels of Aβ 1–42 peptide in
transgenic mice treated with nicotine and sucrose. Cortical insoluble peptide Aβ
1–40 and Aβ 1–42 peptide were found to be diminished fundamentally in the
nicotine-treated mice. On the other hand, abstinence from nicotine could offer a
potential advantage [69–72].

4.5.4.5 Down Syndrome
The neuropathological changes in AD were acquired in people with Down’s syn-
drome by 40. Not all patients are psychotic, however. Symptoms associated with AD
are doubled or tripled with Down family history. Schupf et al. examined a relation-
ship from an alternative perspective and found that mothers with children with
Down’s disease before 35 years were more at risk of AD than mothers who had
children with mental disorders of a different sort [73–75].

4.5.4.6 Depression
A discouraged state of mind could precede the state of Alzheimer’s illness. In a study
conducted among geriatric subjects, it has been reported that a discouraged state of
mind was related to a higher risk of dementia. Thus, it could be a predictive factor or
could be an early sign of the ailment [76–78].
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4.5.4.7 Traumatic Head Injury
Reports have shown that severe head injuries increase the risk of AD. Several studies
conducted in human subjects and in rodents have provided considerable evidence on
this [79–81].

4.5.4.8 Cardiovascular Disease and Related Vascular Risk Factors
Hyperlipidemia, obesity, diabetes, and related factors are generally attributed to
coronary disease or stroke as potential predictors of AD. The link between
Alzheimer’s and these cardiovascular variables could most closely be established
during the middle ages, years before dementia begins. It stays dubious whether these
elements are connected exclusively to stroke and coronary illness [82–84].

4.5.4.9 Anti-inflammatory Agents
Alzheimer’s ailment was observed to be less prevalent among people who consumed
anti-inflammatory agents. It is believed that there is a significant positive interaction
between anti-inflammatory agents and Aβ1–42 that provides this protective effect
toward AD. Moreover, some mitigating medications seem to modify gamma-
secretase, which is required for the production of Aβ peptides, without fundamen-
tally affecting other APP pathways [85, 86].

4.5.5 Risk Factors for Parkinson

The advancing age and sex of a person are two unavoidable variables that influence
the risk of PD.

4.5.5.1 Age
In the vast majority of people with PD, signs after 60 years have been found. In
5–10% of cases, they seem to have occurred prior to this age. If the signs begin
before age 50, it is classified as “early beginning” PD.

4.5.5.2 Sex
Men appear to be 50% more likely than women to develop PD. Nonetheless, one
study had discovered that the probability of developing AD in women increases
when they age [87, 88].

4.5.6 Genetic Factors and Family History

Family history of AD has been a major factor in the development of this disorder. It
is reported that there is a higher probability of developing AD when there is a close
family member who already has the disorder. As indicated by the Parkinson’s
Foundation, around 20–22% of cases are likely because of inherited genetic
variables. The others are “sporadic.”
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4.5.6.1 Autosomal Dominant
The condition results in a change in only one gene, which is affected, in 1–2% of
people with PD. Variations in the quality of alpha-synuclein (SNCA) and leucine-
rich recurrent kinase 2 (LRRK2) are also possible factors. As indicated by the
Parkinson’s Foundation, men belonging to the North African Arab communities
have a higher probability of having this autosomal dominant property [89–91].

4.5.6.2 Autosomal Recessive
It is reported that PD could also develop in cases where there are autosomal recessive
genes. This could probably happen when there are two duplicates in a specific factor.
These progressions may include factors or genes such as PRKN.

4.5.7 Risk-Factor Modifier Genes

These genes influence the risk of PD but do not cause manifestations. This gene
synthesizes the compound glucocerebrosidase, which is implicated in PD. Not every
person with a gene transformation will develop PD. Persons with a PD family history
are more prone or vulnerable to developing PD, as reported by several researchers
[92–94].

In light of the outcomes in this precise audit, hereditary components seem to
assume the most significant involvement in the development of HD. Among the
potential hazard factors, CAG rehash length in the allele was observed to be a
moderately significant hazard factor for the development of HD. Studies have
reported that CAG length is fundamentally connected with the rate of developing
HD. It has been also predicted that a higher number of CAG rehashes were related to
shorter survival [95].

4.6 Therapeutic Options

4.6.1 Antioxidants

Antioxidants have been proven to be therapeutic in the treatment and prevention of
many of the above ailments. There are numerous studies that support this claim. Cell
reinforcements and atoms that respond especially in the presence of ROS, thereby
inactivating them, have been of much interest as antioxidants, thereby restoring
health and longevity. Various studies have provided substantial evidence of protec-
tion in diseases like cancer and other neurological disorders. Antioxidants princi-
pally form part of our normal dietary necessities and in various cases have been
found to be disease preventive. Some of these are nutrient C, ubiquinone, β-carotene,
curcumin, and several red wine micronutrients, which have a great substance of
flavonoid and phenolic mixes.

In spite of the huge volume of positive research and findings that support
antioxidants, there have been relatively limited clinical studies. Potent antioxidants
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like α-tocopherol (nutrient E) have been widely studied in both PD and AD. The
findings were encouraging. Several constructive outcomes were observed in the AD
trial, with an expansion in the mean survival time for the treated subjects. Further
studies are currently ongoing [96–98].

One of the outcomes of ROS is the inception of excitotoxicity, forming by
activation of glutamate receptors and various medicines to promote these receptors.
This has shown that neurodegenerative disorder treatment is viable. Memantine,
which focuses on the N-methyl-D-aspartate (NMDA) receptor, has obtained FDA
endorsement for use in AD. Memantine moderates the advancement of the ailment
and has the advantage in patients with reasonably serious to severe form. Amanta-
dine, a fractional NMDA foe, has been utilized in the treatment of PD for quite a
while with humble clinical additions, including expanded survival times. Riluzole is
the principal medication used to treat ALS with any demonstrated adequacy. The
impact of riluzole is that it can broaden the mean survival time of patients by a few
months. Riluzole is proven to hinder glutamate discharge (and in this manner to
diminish excitotoxicity) by meddling with sodium channels [79, 84, 90].

4.6.2 Modulation of Metal–Protein Interactions

The basic reasons for oxidative pressure are the breakdown of metal homeostasis,
metalloenzyme degradation, or breakdown of antioxidant protection. Pharmacologi-
cal treatment focusing on these factors requires a distinguishing proof of atoms that
will repress the pernicious impact of deviant metal interactions. One of the strategies
is to focus on a metal–protein weakening compound (MPAC). This should not be
mistaken with “chelation treatment,” a term related to the evacuation of mass metals,
for example, in Wilson’s illness (Cu) and β-thalassemia (Fe). The breakdown in
metal homeostasis in these illnesses prompts tissue immersion with metals. The goal
of the MPAC is to upset an irregular metal–protein collaboration to accomplish an
unpretentious repartitioning of metals and a resulting standardization of metal
circulation [76, 82, 89, 93].

In a related study, patients were given intramuscular infusions of desferrioxamine
twice a day for 5 days for a week for 2 years. The treatment routine brought a
significant decrease in usual abilities when contrasted with control patients. In light
of the associations between Aβ and metals, we have researched the potential
utilization of MPACs in treating AD. A study utilized a hydrophobic moderate
metal chelator (clioquinol (CQ, 5-chloro-7-iodo-8-hydroxyquinoline)) equipped
for intersecting the blood–brain barrier (BBB) as a prototypic MPAC. CQ can
accommodate metal particles with moderate partiality. CQ was given orally to
Tg2576 transgenic mice113 in a blinded trial. The outcomes demonstrated a 49%
lessening of parameters when compared with nontreated controls. Following
9 weeks of study, the general well-being and body weight parameters were increas-
ingly steady in the treated animals. Treatment with CQ did not prompt an orderly
lessening in metal dimensions, which is most likely because of the medication’s
moderate restricting affinities. Strikingly, in a similar report, triethylenetetramine
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(TETA), a hydrophilic high-partial metal chelator that is unequipped for intersecting
the BBB and that has been utilized to treat Wilson’s illness, did not restrain Aβ
affidavit, showing that fundamental consumption of metal particles (chelation treat-
ment) is probably not going to be a powerful restorative system for the treatment of
AD [78, 85, 91, 96, 99].

4.7 Summary

The brain has a poor ability to adapt to oxidative pressure and shows minimal
regenerative capacities. Studies have been on the rise that substantiate the therapeu-
tic use of several elements, along with main proteins, in neurodegenerative diseases
like ALS, PD, and AD. Oxidative stress has been implicated with dangerous impact
across different pathways, which necessitates further research in this direction.
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Abstract

Oxidative stress can arise from excess production of endogenous reactive oxygen
species (ROS) or from exposure to exogenous ROS. In the lungs, oxidative stress
causes lipid, protein and DNA oxidation, changes to histone acetylation, and
inflammation. These pathways are thought to underlay the pathophysiology of
respiratory diseases such as asthma, chronic obstructive pulmonary disease,
cystic fibrosis, acute respiratory distress syndrome, pneumonia, lung cancer,
and obstructive sleep apnoea. This chapter discusses the risk factors for respira-
tory disease, the evidence for the role of oxidative stress in these diseases, and
proposed antioxidant therapies for the treatment of respiratory disease.
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5.1 Introduction

Reactive organic molecules are produced in low concentrations during normal
cellular metabolism for use in signal transduction [1]. At high concentrations,
these molecules can cause oxidative damage to cells [1]. Most reactive organic
molecules may be categorised into reactive oxygen species (ROS) or reactive
nitrogen species (RNS). ROS are by far the most common reactive organic species
and include free oxygen radicals such as superoxide anions and hydroxyl radicals, as
well as oxygen derivatives such as hydrogen peroxide and ozone [1]. The most
abundant RNS is nitrogen oxide (NO), which may react with superoxide radicals to
produce the ROS peroxynitrite and may also be converted into hydroxyl radicals [2].

Under normal physiological conditions, a homeostasis between ROS/RNS pro-
duction and defence mechanisms that remove ROS/RNS is maintained. This redox
balance is necessary to enable the proper functioning of signalling pathways that
control cell proliferation, differentiation, and apoptosis. Excesses of ROS/RNS or
deficiencies in antioxidant mechanisms can disrupt this delicate balance in favour of
oxidants, resulting in oxidative stress [3]. Oxidative stress is now recognised to be a
key part of the pathophysiology of many diseases. In particular, the lung is especially
prone to oxidative stress owing to its large surface area, high vascularity, exposure to
high levels of oxygen, and exposure to environmental oxidants [1]. Many respiratory
diseases involve oxidative stress as a cause or as part of disease progression
(Fig. 5.1).

5.1.1 Sources of Oxidative Stress

Oxidative stress can be the result of excess production of endogenous ROS or
environmental factors.

ROS in lung cells may be endogenous or exogenous. Endogenous ROS are
produced in all cells by electron leakage at complex I and III in the electron transport
chain (ETC) [3] and by enzymes, primarily NADPH oxidase (Nox) [1]. An ETC is a
series of complexes that transfer electrons from electron donors to electron acceptors
via redox (both reduction and oxidation occurring simultaneously) reactions and
couples this electron transfer with the transfer of protons (H+ ions) across a mem-
brane. In addition, NO is produced by nitric oxide synthase (NOS), but in the
absence of oxygen or co-factors, NOS uncoupling results in production of superox-
ide anions instead of NO [3]. Thus, during metabolic dysfunction where oxidant-
producing enzymes are upregulated, excess endogenous ROS may be produced,
resulting in oxidative stress.

As an example, for endogenous ROS activity, it can occur as a result of inflam-
mation. Factors that induce pulmonary inflammation, such as infection or inhaled
substances, activate alveolar macrophages and neutrophil recruitment resulting in
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ROS overproduction and oxidative stress. In the site of inflammation, phagocytic
cells contain more ROS-producing enzymes such as haem peroxidase,
myeloperoxidase, and eosinophil peroxidase and produce large amounts of ROS in
a reaction known as the respiratory burst [1].

Exogenous sources of ROS include both tobacco and e-cigarette smoke, airborne
pollutants, and particulate matter [1]. Radicals in these inhaled substances, such as
superoxide anions in the gas phase of cigarette smoke, directly damage the respira-
tory epithelium or induce inflammation to further contribute to oxidative stress [4].

5.1.2 Pathways from Oxidative Stress to Pathology

There are few known pathways for OS to cause respiratory diseases (Fig. 5.2). These
pathways include the following:

Pathway 1: Lipid peroxidation. ROS can oxidise membrane phospholipids and free
fatty acids. Lipid peroxidation products include malondialdehyde, thiobarbituric
acid reactive substances, oxidised low-density lipoprotein [3], and
F2-isoprostanes (8-isoprostanes). F2-isoprostanes can further act to cause smooth
muscle constriction and hyperplasia [4], while malondialdehyde can modify
proteins, nucleotides, and other lipids and induce inflammation [5]. In addition,

Fig. 5.1 Respiratory diseases associated with an imbalance in the oxidant/antioxidant ratio in
favour of oxidants
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damage to the membrane may lead to loss of integrity of lung epithelium,
increasing permeability and contributing to greater mucus secretion [6].

Pathway 2: Protein oxidation and modulation of signalling pathways. Oxidative
alteration of proteins may be reversible or irreversible [4]. Irreversible changes
are typically in the form of carbonylation of protein residues, while reversible
changes involve disulphide formation, S-glutathionylation, or S-nitrosylation of
cysteine residues. These modifications are used physiologically to regulate pro-
tein function, and thus oxidative stress results in overactivation or underactivation
of proteins and disruption to several signalling pathways [7]. As pathways
modulated by ROS are mainly inflammatory signalling pathways, the effect of
ROS on these pathways will be further discussed in Pathway 5.

Pathway 3: DNA oxidation. The reaction of ROS with DNA results mainly in
8-oxo-20-deoxyguanosine (8-oxodG) adducts, as well as double- or single-
stranded breaks [2]. These lesions can cause abnormal gene expression that can
be pro-inflammatory, impair cellular function, or result in tumorigenesis [8]. Mito-
chondrial DNA (mtDNA) is especially predisposed to oxidative damage due to its
proximity to the ROS-producing electron transport chain, limited DNA repair
mechanisms, and lack of histones [2]. Damaged mtDNA interacts with Z binding
protein-1 (ZBP1) to trigger an inflammatory response in the cell and is released
from the cell to induce inflammatory responses in neighbouring cells [9]. Exces-
sive damage may also result in apoptosis of alveolar epithelial cells, impairing
lung function and promoting pulmonary fibrosis [10].

Pathway 4: Effects on histone acetylation. Levels of gene transcription are directly
related to levels of histone acetylation, which is promoted by histone
acetyltransferases (HATs) and inhibited by histone deacetylases (HDACs).
While the exact pathways are still unclear, oxidative stress is associated with
changes in histone acetylation and chromatin remodelling, resulting in increased
expression of pro-inflammatory genes such as IL-8 [11].

Pathway 5: Inflammation. Several of the pathways above share a common endpoint:
the recruitment of inflammatory cells and release of inflammatory mediators.
These mediators increase vascular permeability and oedema and enable extrava-
sation of phagocytic cells that further contribute to increased oxidative stress
[12]. Inflammation in the respiratory system is an important step in the pathogen-
esis and exacerbation of several respiratory diseases including chronic obstructive
pulmonary disease (COPD) and asthma [13].

In addition, as mentioned above, oxidative stress disrupts several inflammatory
signalling pathways. Some of the key pathways include NF-κB, HIF1, and Nrf2
which will be discussed in details.

NF-κB: Nuclear factor-kappa B (NF-κB) is a key transcription factor involved in
oxidative stress-induced damage and controls the expression of genes encoding
adhesion molecules and inflammatory cytokines such IL-4, IL-5, IL-9, IL-15,
TNF-α, and vascular cell adhesion molecule-1 [1]. In the absence of stimulation,
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NF-κB is bound to inhibitor of κB (IκB) and remains inactive in the cytoplasm.
Phosphorylation of IκB results in release of NF-κB, which translocates to the
nucleus to produce its effects [4]. In alveolar macrophages, ROS may directly
activate NF-κB by oxidation of its cysteine-SH group or cause the ubiquitination
and proteolysis of IκB to release NF-κB, resulting in greater production of
inflammatory mediators. Moreover, activation of NF-κB in alveolar macrophages
and neutrophils results in the production of elastolytic enzymes such as
metalloproteinase (MMP) 9, which contribute to alveolar destruction and
mucus secretion [14].

HIF1: Hypoxia-induced factor 1 (HIF1) is an oncogene that activates transcription of
hypoxia response genes [1] such as MMP2 and MMP9, which cause alveolar
destruction, vascular endothelial growth factor (VEGF) contributing to abnormal
angiogenesis, and B cell lymphoma-2 (Bcl-2), which induces apoptosis [15]. The
α subunit of HIF is stabilised by ROS, and thus HIF1 activity is elevated in
oxidative stress.

Nrf2: Nuclear factor E2-related factor 2 (Nrf2) is a transcription factor responsible
for the activation of antioxidant response enzymes. ROS-mediated modification
of protein thiols results in activation of Nrf2. While this is initially protective
against oxidative damage, during chronic oxidative stress, oxidative damage
exceeds the protective effects of Nrf2 [4]. Overactivation of Nrf2 also contributes
to epithelial cell hyperplasia and carcinogenesis [16].

5.1.3 Exogenous Risk Factors

Multiple risk factors predispose an individual to oxidative stress in the respiratory
system, the most common of which is smoking. A meta-analysis of 36 studies
showed that smoking was associated with a systemic increase in oxidative stress,
as measured by urinary markers of oxidative stress [17]. Tobacco smoke contains
gaseous radicals that can directly damage cells in the respiratory epithelium. For
example, gaseous radicals inactivate human alpha-1-proteinase inhibitor, leading to
the development of emphysema in smokers [18]. Tobacco smoke also contains
compounds that induce inflammation and endogenous ROS generation in lung
epithelial cells [19] and cause oxidative DNA damage [8]. These compounds include
benzo[a]pyrene, which induces chromosomal mutation in lung cells and macrophage
apoptosis [20], and acrolein, which induces ROS generation in lung epithelial cells
and degranulation of airway mast cells, leading to airway inflammation [21]. In
addition, acrolein induces DNA adduct formation and damages rRNA, which
activates tumour protein p53 and results in apoptosis [22]. Such mechanisms may
explain why smoking is the most significant risk factor associated with both COPD
[23] and lung cancer [8].

This problem has perhaps been further confounded with the rise of e-cigarettes
marketed as a ‘safe’ alternative to conventional cigarettes. Use of e-cigarettes has
been shown to induce production of ROS in human bronchial [24] and lung epithe-
lial cells [25] in vitro, as well as in healthy human subjects [26].
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Chronic ethanol consumption may also increase risk of oxidative stress in the
respiratory system. A large amount of ingested alcohol reaches the lungs, where it is
metabolised through the cytochrome P-450 system, generating ROS as side products
[27]. Alcohol that diffuses and vaporises into the airways is deposited back into the
airway lining, increasing exposure of the airway epithelium to alcohol [28]. As such,
alcohol abuse is associated with increased risk of acute respiratory distress syndrome
(ARDS) and susceptibility to respiratory infections [29]. While few studies have
investigated the mechanisms by which this occurs in human subjects, ethanol has
been shown to increase oxidative stress in human airway smooth muscle cell cultures
[27]. In rat models, ethanol ingestion increased oxidant levels and decreased antiox-
idant levels in lung tissue, leading to alveolar degeneration and leukocyte infiltration
[28, 30].

Air pollution is another risk factor for oxidative stress. Air pollutants comprise a
wide range of gases such as nitrogen oxides, sulphur dioxide and ozone, aerosols, as
well as particulate matter (PM), particularly fine PMs (diameter < 2.5 μm; PM2.5).
While the mechanisms for each pollutant differ, air pollutants generally produce
ROS directly within airway or lung tissue or induce inflammatory reactions that in
turn produce ROS [31]. For example, polycyclic aromatic hydrocarbons are
converted by the P450 system to quinones that act as oxidants [2], and ozone
exposure is associated with greater oxidant status in bronchiolar epithelium [32]
resulting in increased respiratory mortality, decreased lung function, and COPD
hospitalization [33]. PMs containing transition metals can produce hydroxyl radicals
via Fenton-type reactions, while silica PMs induce apoptosis in alveolar
macrophages [34]. Exposure to such PMs is linked to increased risk of lung cancer
and respiratory death [35].

Finally, occupational hazards can increase workers’ risk of oxidative stress and
respiratory pathology. Occupations that increase exposure to the air pollutants
discussed above will inherently increase risk of oxidative stress. Studies have
reported higher oxidant status in sewage workers due to inhalation of dust and
gaseous pollutants [36], welders exposed to respirable dust in welding fumes [37],
sugarcane workers during burnt sugarcane harvesting [38], and ceramic workers
exposed to silica dust [39]. Asbestos exposure in many professions is also well
established as a cause of pulmonary fibrosis (asbestosis) and lung cancer [40]. It has
been suggested that inhaled asbestos fibres trigger a strong inflammatory response
and also complex with iron to catalyse ROS formation, thus increasing oxidative
stress in alveolar epithelial cells [41].

5.1.4 Genetic Risk Factors

The genetic contribution to risk of disease is most well established in lung cancer. In
the gene encoding paraoxonase-1, an antioxidant enzyme, the R662S GG genotype
[42] and Q192R QR and RR genotypes [43] are associated with increased risk of
lung cancer. In addition, the R662S GG genotype was associated with increased
level of 8-hydroxy-20-deoxyguanosine (8-OHdG), predominant form of free radical-
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induced oxidative lesions detected in urine, demonstrating a genetic predisposition
to increased oxidative stress [42]. Other polymorphisms associated with increased
risk of lung cancer include the C47T polymorphism in superoxide dismutase
2 (SOD2) [23] and the m1 CC and m2 AG genotypes in the gene encoding
CYP1A1, an ROS-producing enzyme [44]. In patients with COPD, single nucleotide
polymorphisms in the genes encoding IDH3B and SOD3, both antioxidant enzymes,
are also associated with greater rate of decline in forced expiratory volume [45]. It is
thus apparent that polymorphisms in genes related to oxidative stress may predispose
individuals to developing oxidative stress-induced respiratory disease.

5.2 Oxidative Stress in Respiratory Diseases

5.2.1 Asthma

Asthma is a chronic condition characterised by airway inflammation, remodelling,
and hyperresponsiveness, leading to recurrent exacerbations with symptoms such as
wheezing and breathlessness [46]. In allergic asthma, the most common form of
asthma, exacerbations are triggered by allergens, which activate IgE-dependent
mechanisms to release histamine, and inflammatory mediators and recruit high
numbers of eosinophils, degranulated mast cells, and Th2 lymphocytes to the
airways [47].

In asthma, oxidative stress may induce production of inflammatory mediators and
contribute to the chronic inflammation [47] (pathway 5). In addition, oxidative stress
is associated with bronchoconstriction and airway hyperresponsiveness [48]. While
the pathways here have not been entirely characterised, studies in human airway
smooth muscle cells suggest that ROS activate calcium channels to increase airway
contractility [49]. In addition, in vivo animal studies suggest that ROS cause
hyperactivity of muscarinic receptors and beta-adrenergic receptors [50] and may
increase Ca2+ transport in pulmonary microsomes resulting in increased smooth
muscle contractility [51] and sustained airway constriction [52].

There is strong evidence for an association between oxidative stress and asthma.
Studies on childhood-onset asthma have focused on oxidant and antioxidant statuses
in plasma, urine, and exhaled breath condensate (EBC) in children. In plasma,
asthmatic children have been shown to have higher total oxidant status [53], higher
levels of malondialdehyde as a biomarker of oxidative stress, and decreased levels of
reduced glutathione [54]. These findings suggest a systemic oxidant-antioxidant
imbalance in asthmatic children. Moreover, in EBC, multiple studies have consis-
tently found elevated malondialdehyde levels and decreased levels of reduced
glutathione in asthmatic children, demonstrating oxidative stress localised to the
airways [55, 56].

Similarly, in adults, plasma biomarkers of oxidative stress such as
malondialdehyde, myeloperoxidase [47], clusterin [57], and 8-isoprostane [58]
have been shown to be elevated in asthmatic patients. These levels were positively
correlated with poor asthma control [58] and decreased pulmonary function
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[57]. Total antioxidant capacity, which is measured by challenging the ability of a
sample of plasma to reduce an oxidant substrate, has also been found to be decreased
in such patients [59]. In EBC, asthmatic patients have increased concentrations of
hydrogen peroxide [60, 61] and 8-isoprostane [62], as well as decreased levels of
reduced glutathione [63].

Lastly, multiple factors that induce oxidative stress have been linked to higher
rates of asthma in children and adults. These factors include chronic exposure to
irritants in the workplace [64], decreased dietary intake of antioxidants [65], and
exposure to traffic-associated air pollution [66].

5.2.2 Chronic Obstructive Pulmonary Disease

Chronic obstructive pulmonary disease (COPD) is a progressive inflammatory
disease characterised by chronic bronchitis, inflammation of the airways and emphy-
sema, and destruction of lung parenchyma, resulting in irreversible limitation of
airflow [67]. In patients with COPD, lung cells enter a senescent state and secrete
pro-inflammatory cytokines, similar to what is observed in natural lung ageing
[68]. COPD is predominantly caused by cigarette smoking, with active smoking
being associated with COPD severity [69], but COPD may also be caused or
exacerbated by environmental factors such as exposure to coal dust [70], aromatic
solvents, and biomass fuels [71]. Genetic factors such as alpha-1 antitrypsin defi-
ciency can also lead to early-onset COPD [72].

The role of oxidative stress has been well established in the pathogenesis of
COPD. In susceptible individuals, exposure to risk factors such as dusts and gaseous
irritants induces local inflammation. In particular, cigarette smoke, which is the main
risk factor for developing COPD, contains ROS which react with the plasma
membranes of airway epithelial cells, activating Toll-like receptor (TLR) signalling
and NF-κB [73]. This induces expression of pro-inflammatory genes and production
of profibrotic mediators such as TGF-β [74]. Expression of epithelial growth factor
receptors is also upregulated, resulting in mucus hypersecretion, to obstruct the
lumen of small airways [75].

Inflammatory mediators released by ROS exposure stimulate neutrophils and
alveolar macrophages (pathway 5), which release proteolytic enzymes such as
MMPs, resulting in the destruction of pulmonary parenchyma [76]. Moreover, in
COPD patients, alveolar macrophages secrete more inflammatory proteins with
greater elastolytic activity, suggesting that oxidative stress induces greater activation
of macrophages compared to other physiological stimuli [74].

Cigarette smoke also induces production of endogenous ROS from the electron
transfer chain in the mitochondria, resulting in an excess of ROS in mitochondria
and elevated oxidative stress. This causes oxidative damage to mtDNA and impaired
mitochondrial function [76] associated with lung cell apoptosis as seen in emphy-
sema and cellular senescence characteristic of COPD [77].

Finally, ROS may have a significant effect on DNA in airway tissue. Increased
oxidative stress impairs telomerase activity, leading to telomere shortening. COPD
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patients have been shown to have significantly shorter telomere length, associated
with lower levels of the antioxidant enzyme superoxide dismutase [78]. Telomere
shortening activates p21 (a major target of p53 activity and a regulator of cell cycle
progression), resulting in cellular senescence and further release of inflammatory
mediators [68]. ROS also decrease levels and activities of histone deacetylases
(HDACs), which regulate DNA expression. Decreased activity of HDAC2 results
in cellular senescence, while decreased activity of Sirtuin 1 (HDAC3) is associated
with increased p53 acetylation and apoptosis [79] (pathway 4). This may contribute
to emphysema characteristic of COPD.

Multiple studies have demonstrated elevated oxidative stress in COPD patients.
COPD patients exhibit higher concentrations of hydrogen peroxide in EBC [80],
higher levels of malondialdehyde in sputum [81], and lower levels of glutathione in
sputum [82] and epithelial lining fluid, correlating with the degree of airflow limita-
tion [83]. Lung tissue biopsies also showed significant 8-OHdG formation in COPD
patients, confirming a large increase in oxidative stress localised to the respiratory
system in COPD [84]. In plasma and serum, total oxidant status [85], ischemia-
modified albumin, oxidised low-density lipoprotein [86], 8-OHdG [87], and
malondialdehyde [88] were significantly elevated in COPD patients, while levels
of antioxidants such as ascorbic acid, lycopene, carotenoids [89], reduced glutathi-
one, superoxide dismutase [90], and paraoxonase-1 [91] were decreased. Oxidative
stress markers also negatively correlated with forced expiratory volume, indicating
an association between oxidative stress and severity of COPD [92]. Overall, these
findings point to an elevation in oxidative stress both locally in pulmonary tissue and
throughout the body in COPD.

5.2.3 Cystic Fibrosis

Cystic fibrosis (CF) is an autosomal recessive disorder, caused by mutations in a
gene on chromosome 7 encoding cystic fibrosis transmembrane regulator (CFTR), a
membrane chloride channel [93]. The lungs are the most severely affected by these
mutations. In airway epithelial cells, CFTR mutations result in chloride imperme-
ability leading to production of thick, sticky mucus which obstructs the airways. This
enables bacterial colonization of the airways by pathogens such as Pseudomonas,
Haemophilus influenzae, and Staphylococcus aureus, which in turn induces local
inflammation [94].

Oxidative stress plays an important role in the pathogenesis of CF. Chronic
inflammation in CF results in increased infiltration of neutrophils into lung tissue
[95], which then produce ROS and oxidised proteins. This results in elevated
oxidative stress associated with greater lipid peroxidation and cell damage [96], as
well as activation of signalling pathways that culminate in induction of inflammatory
genes, thus further contributing to inflammation in the respiratory system [97]
(pathway 2). In children with CF, analysis of bronchoalveolar lavage fluid showed
higher protein carbonyl levels correlating positively with neutrophil count and
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inversely to lung function, suggesting that neutrophils may be responsible for
elevated oxidative stress and damage to the airway epithelium in CF [98].

In addition, CFTR is involved in the transmembrane transport of reduced gluta-
thione (GSH), a key antioxidant [97]. CFTR mutations directly impair GSH trans-
port into extracellular fluid. As GSH catalyses cleavage of disulphide bonds in
mucus, GSH deficiency may impair mucolysis and contribute to the build-up of
mucus characteristic of CF [96]. Studies of CFTR-deficient cell lines have shown
lower GSH content in apical fluid despite similar intracellular GSH levels compared
to controls, suggesting a decrease in GSH efflux [99].

Elevated oxidative stress has been demonstrated in CF patients in several studies.
CF patients show higher malondialdehyde levels in sputum [100], higher levels of
CO [101] and 8-isoprostane [102] in EBC, and lower concentrations of glutathione
in bronchoalveolar lavage [103] and EBC [104]. In plasma, levels of 8-isoprostane
[105] and malondialdehyde are also raised [100], and malondialdehyde levels
increased with respiratory exacerbations [106], reduced pulmonary function, and
CF severity [107]. Levels of antioxidants such as vitamin C, beta-carotene [105], and
superoxide dismutase [108] were also decreased in plasma [109].

5.2.4 Acute Respiratory Distress Syndrome

Acute respiratory distress syndrome (ARDS) is an illness with a high morbidity and
mortality burden, characterised by severe pulmonary oedema leading to progressive
hypoxemia [110]. Unlike the diseases discussed in prior sections, the causes of
ARDS are less defined. It may result from acute lung injury such as pneumonia
and inhalation of harmful substances or indirect causes such as sepsis and pancreati-
tis, resulting in alveolar capillary injury that then triggers inflammation and
increased alveolar capillary permeability [111]. As a result of inflammation, large
numbers of neutrophils infiltrate lung tissue [112].

Oxidative stress is thought to be an important mediator of alveolar capillary injury
in ARDS. ROS may be produced as a result of hypoxemia or activated neutrophils
and can damage the phospholipid membrane and increase permeability (pathway 1).
In one study, healthy plasma incubated with stimulated polymorphonuclear
leukocytes showed a similar pattern of decreased antioxidant levels compared to
plasma from ARDS patients, as well as increased levels of lipid peroxides suggesting
that the immune response plays a key role in generating oxidative stress and lipid
damage [113]. ROS may also downregulate expression of the sodium-potassium
pump and epithelial sodium channel, which decreases the clearance of alveolar
liquid across the epithelium and contributes to pulmonary oedema [114].

At the nuclear level, ROS such as hydrogen peroxide can decrease transcription
of Nrf2 [115], which regulates antioxidant production, apoptosis, and autophagy
[116]. In addition, ROS signalling is involved in the regulation of HIF-1, and
increased ROS production may upregulate hypoxia-inducible factor (HIF-1),
resulting in the release of vascular endothelial growth factor (VEGF) (pathway 2).
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This has been suggested to be an important mediator of endothelial barrier dysfunc-
tion and increased fluid entry into the alveoli [117].

Development of oxidative stress may provide the mechanism underlying the
association between chronic alcohol abuse and ARDS. Chronic alcohol consump-
tion has been shown to impair alveolar macrophage function, resulting in greater
ROS production via increased activity of the ROS-producing enzymes NADPH
oxidase-2 (Nox2) [118] and xanthine oxidoreductase [119]. In addition, alcohol
exposure decreases levels of glutathione in alveolar epithelial lining fluid, resulting
in greater susceptibility to oxidative stress [120].

There is strong evidence for the presence of oxidative stress during ARDS. In
ARDS patients, levels of malondialdehyde and hydrogen peroxide are elevated, and
levels of superoxide dismutase are lower in plasma and EBC [121]. Plasma levels of
the antioxidants beta-carotene [122] and citrulline are also decreased [123]. More-
over, restoration of glutathione peroxidase via selenium administration improved
airway resistance in ARDS patients, suggesting an association between oxidative
stress due to antioxidant deficiency and development of ARDS [124].

5.2.5 Pneumonia

Pneumonia refers to an infection of the lung parenchyma when pathogens reach the
alveoli and are not sufficiently controlled by host defences. Pneumonia may be
divided into community-acquired pneumonia (CAP), acquired in a non-hospitalised
population, or hospital-acquired pneumonia, most commonly ventilator-associated
pneumonia (VAP), associated with mechanical ventilation [125]. The severity of
pneumonia is dependent on both immune resistance, the ability of host defences to
remove pathogens, and tissue resilience, the ability of lung tissues to tolerate the
stress of infection [126].

Based on the close relationship between inflammation and oxidative stress and
the inflammation that occurs in pneumonia, it is not unreasonable to expect that
elevated oxidative stress also occurs in pneumonia. A study of pneumonia induced
by lipopolysaccharide injection in rats showed higher ROS generation in the blood
and lung tissue associated with greater neutrophil activation, suggesting that inflam-
mation in pneumonia can induce local oxidative stress [127]. In addition, mouse
models of viral pneumonia due to influenza A (H1N1) show higher levels of
xanthine oxidase and 8-OHdG in the lung tissue [128].

Elevated oxidative stress may also occur due to factors released by pneumonia-
causing pathogens. Streptococcus pneumoniae, the most common causal pathogen
of pneumonia, has been shown to release hydrogen peroxide, resulting in lower
reduced glutathione levels, Nrf2 activation, and increased oxidative stress in airway
epithelial cells [129].

Susceptibility to pneumonia may also occur as a result of elevated oxidative
stress. Welders exposed to ROS-inducing metal fumes have been shown to have
higher risk of pneumonia. Studies in mice suggest that this association is mediated
by an increase in lung platelet-activating factor receptor (PAFR) mRNA. As
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S. pneumoniae adheres to PAFR to infect cells, upregulation of PAFR may result in
greater susceptibility to pneumonia [130].

Patients with CAP have been shown to have increased ROS production due to
upregulation of Nox2 and subsequent activation of polymorphonuclear leukocytes
[131]. A separate study found higher serum isoprostanes associated with higher
levels of bacterial endotoxins in serum, suggesting an association between pneumo-
nia severity and level of oxidative stress [132]. Higher levels of malondialdehyde
and lower levels of reduced glutathione, beta-carotene, vitamin C, vitamin E, and
superoxide dismutase have also been observed in patients with CAP
[133, 134]. Finally, higher levels of thiobarbituric acid reactant substances, a
byproduct of lipid peroxidation and a measure of oxidative stress, were found in
plasma and bronchoalveolar lavage samples from patients with VAP [135].

5.2.6 Lung Cancer

Lung cancer is the most common cancer and the leading cause of cancer-related
death globally. Lung cancer can be divided into non-small cell lung cancer
(NSCLC), which comprises 80–85% of cases, and small cell lung cancer [136].

It has been well established that oxidative stress is a major factor in carcinogene-
sis. Excessive ROS in cells can cause point mutations, single- or double-stranded
DNA breaks, and DNA cross-linking (pathway 3). When such mutations occur in
proto-oncogenes, this can act as a driving force for tumorigenesis [137, 138]. Signifi-
cantly higher DNA oxidative modifications have been observed in lung tissue from
patients with lung cancer [139], and levels of oxidatively damaged DNA in the blood
show high sensitivity and specificity for lung cancer [140]. Hence, the effect of
oxidative stress on changes at the genetic level cannot be understated.

As endogenous ROS usually act as intracellular signals, excessive ROS can also
indirectly influence expression of genes by overstimulation of signalling pathways.
Mitogen-activated protein kinase (MAPK) pathways can be overactivated in this
fashion, leading to cellular proliferation [137]. Similarly, ROS-mediated
overactivation of NF-κB leads to the production of inflammatory mediators and
cell cycle proteins such as cyclins D1, D2, D3, and E1 and cyclin-dependent kinases,
further contributing to proliferation, and upregulation of VEGF can lead to angio-
genesis, a hallmark of cancer (pathway 2). In lung cancer patients, VEGF levels have
been shown to be elevated in serum and correlated with serum markers of oxidative
stress [141].

Other ROS-mediated changes at the genetic level include telomere shortening,
which results in genomic instability and susceptibility to chromosomal breaks and
mutation [2], and epigenetic changes in the form of DNA methylation and histone
modification. For example, oxidative stress may downregulate the HDAC SIRT1
(from the histone deacetylase superfamily, Sirtuins) in the lung tissue, which results
in upregulation of NF-κB, and downregulation of the oxidative stress sensor KEAP1
by CpG methylation, which results in cellular susceptibility to stress [142] (pathway
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4). Ultimately, the net effect of oxidative stress in lung cells is a continuous
accumulation of genetic changes that drive tumorigenesis [143].

Finally, oxidative stress can damage and alter cellular proteins. ROS have been
shown to damage tumour suppressor proteins, resulting in decreased apoptosis and
increased proliferation [137] (pathway 2). Recently, it has also been reported that
ROS can alter proteins in lung tumour cells to produce novel epitopes to avoid
phagocytosis, promoting survival of the tumour [144].

No discussion of lung cancer would be complete without consideration of its risk
factors. Multiple environmental factors are associated with significantly increased
risk of lung cancer, and these risk factors are also associated with increased oxidative
stress. Notably, tobacco smoking, which is one of the most significant risk factors for
lung cancer [145], is associated with higher carbonyl levels, lower levels of super-
oxide dismutase in plasma of lung cancer patients [146], and higher levels of
8-OHdG levels in airways of lung cancer patients correlating with smoking index
[8]. Inhalation of organophosphate pesticides, another risk factor, is also associated
with higher ROS generation and impaired DNA repair pathways in lung cancer cell
lines [147].

Innumerable studies have demonstrated the presence of oxidative stress in lung
cancer. In plasma, malondialdehyde levels and catalase activity are elevated and
correspond with advancing stage of lung cancer, while glutathione peroxidase
activity, superoxide dismutase activity, and levels of beta-carotene, ascorbic acid,
and glutathione are decreased [148–150]. Urine levels of 8-OHdG are also elevated
in primary or metastatic lung cancer [151, 152].

5.2.7 Obstructive Sleep Apnoea

Obstructive sleep apnoea (OSA) is characterised by recurrent collapses of the upper
airway during sleep. This may be due to reduced airway dimensions, lack of the
pharyngeal protective reflex, increased airway resistance, increased pharyngeal
collapsibility, or a combination thereof [153]. Partial or complete collapse of the
airway results in intermittent episodes of hypoxia, which plays a significant role in
the development of comorbidities such as cardiovascular disease, excessive daytime
sleepiness [153], endocrine dysfunction, and increased risk of vehicle
accidents [154].

Oxidative stress may play both the roles of cause and consequence of OSA. ROS
in the upper airway can activate neutrophils and induce release of inflammatory
mediators (pathway 4), resulting in vasodilation, squamous cell hyperplasia, and
blunting of the physiological dilator reflex [155], leading to narrowing of the upper
airway and increased risk of upper airway collapse. The intermittent hypoxia caused
by recurrent airway collapse is analogous to repeated ischemia and reperfusion of
tissues [3]. This is thought to result in systemic production of ROS [156], thus
further contributing to oxidative stress.

Oxidative stress caused by intermittent hypoxia activates NF-κB (pathway 2),
which induces inflammation in the arterial wall and endothelial dysfunction
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[156]. Endothelial dysfunction is considered a precursor lesion of atherosclerosis
[156] and may also lead to vasoconstriction and smooth muscle hyperplasia,
manifesting as hypertension [157]. Moreover, ROS produced in the aorta may lead
to aortic remodelling [158], which is a risk factor for stroke and aortic
dissection [159].

There is strong evidence for systemic oxidative stress in OSA. In serum, patients
with OSA have been shown to have higher levels of malondialdehyde [160],
thioredoxin [161], superoxide radical [162], hypoxanthine [163], advanced oxida-
tion protein products, and total oxidant status, with lower total antioxidative capacity
[164] and serum native thiol levels [165]. Urinary isoprostanes [166] and 8-hydroxy-
20-deoxyguanosine (8-OHdG) [167] were also elevated in patients with OSA.
Moreover, thioredoxin [161] and hypoxanthine [163] were significantly and posi-
tively correlated with apnoea hypopnea index (AHI), an indicator of OSA severity,
and plasma markers of oxidative stress were lowered after treatment of OSA
[168]. These studies indicate a strong association between OSA pathophysiology
and systemic oxidative stress. What remain less clear, perhaps, are the level of
oxidative stress localised to the upper airway and its role in causing upper airway
collapse. Patients with OSA have been shown to have higher levels of exhaled
malondialdehyde [169] and 8-isoprostane [170], but it is not known whether this was
due to local oxidative stress in the upper airways or simply a reflection of systemic
oxidative stress.

5.3 Biomarkers of Oxidative Stress in Respiratory Diseases

A clinically useful biomarker is a substance, measurement, or process that shows
specificity for a certain disease, has prognostic value, and/or correlates with disease
activity. Numerous molecules have been investigated as putative biomarkers of
oxidative stress in respiratory disease.

Firstly, the reaction of ROS with lipids produces aldehydes, which further react
with proteins to produce advanced lipoxidation end products. One such aldehyde is
malondialdehyde, which is one of the most commonly investigated markers of
oxidative stress. While multiple studies have demonstrated an increase in serum
malondialdehyde in COPD [88, 171], OSA [160], CF [100], and ARDS [121], it has
been suggested that malondialdehyde lacks sensitivity as it is generally protein-
bound and often undetected [172]. Other oxidation products include isoprostanes
formed by oxidation of arachidonic acid, among which F2-isoprostanes are consid-
ered the most reliable markers of oxidative stress [172]. 8-Isoprostane, an
F2-isoprostane, has been shown to be increased in EBC in COPD [173], CF [104],
and asthma [174, 175]. In COPD, 8-isoprostane levels did not correlate with forced
expiration volume and thus did not reflect disease severity [173], but in asthma,
levels correlated with cysteinyl leukotrienes, markers of allergic inflammation
[175]. In addition, in urine, 8-isoprostane levels were elevated in patients with
lung cancer and correlated with higher risk of lung cancer [151]. Thus,
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8-isoprostane in EBC or urine is a promising biomarker in respiratory disease and
warrants greater investigation into its correlation with disease severity or treatment.

8-OHdG, the main result of ROS-induced DNA damage [176], is also used as a
marker of oxidative stress. 8-OHdG levels in peripheral blood mononuclear cells
have been shown to be elevated in COPD and negatively correlate with lung
function, with good correlation with oxidative DNA damage in lung tissue
[84]. Moreover, 8-OHdG levels demonstrate high sensitivity and specificity for
lung cancer [140]. 8-OHdG levels are also elevated in urine following oxidative
damage due to asbestos exposure [177]. As such, 8-OHdG may prove to be a useful
biomarker in respiratory disease. Its use as a clinical biomarker is presently limited
by the need for chromatography with mass spectrometry to reliably quantify
8-OHdG levels, but this may change with the advent of new technologies [176].

Protein products of genes regulated by ROS can also reflect changes in the
cellular oxidative state. As discussed in previous sections, NF-κB and HIF-1α are
signalling factors involved in inflammation, and oxidative stress is known to change
expression of these factors. In patients with OSA, NF-κB and HIF-1α protein levels
were shown to be elevated and correlated with disease severity [158].

Finally, as oxidative stress inherently causes an imbalance in the oxidant/antioxi-
dant ratio, decreased levels of antioxidants may act as markers for oxidative stress.
GSH, the main antioxidant in lung epithelial lining fluid, is sensitive to oxidative
stress [178]. GSH levels are decreased in patients with CF, especially in lobes with
structural disease, and negatively correlate with disease scores [179]. In patients with
lung cancer, low levels of GSH have been suggested to reflect tumour
aggressiveness [136]. GSH thus shows potential as a clinical biomarker of respira-
tory disease, but care should be taken during interpretation of GSH levels as they
may be influenced by nutritional deficiencies in cysteine [172].

5.4 Therapeutics Targeting Oxidative Stress

Oxidative stress plays an important role in the pathophysiology of many respiratory
diseases, in which case antioxidant therapies may be of use. Most attention has been
focused on the small molecule thiol drug N-acetyl-L-cysteine (NAC). NAC reduces
disulphide bonds in proteins, resulting in a mucolytic action [180]. While NAC has
been in use as a mucolytic for many decades, it is also thought to have antioxidative
activity by scavenging free radicals [181]. In addition, NAC is a precursor to GSH
and thus promotes GSH synthesis [182]. It may also scavenge free radicals and
reduce disulphide bonds in proteins, resulting in a mucolytic action [180]. In the
BRONCUS (Bronchitis Randomised on NAC Cost-Utility Study), 423 COPD
patients were randomly assigned to NAC (600 mg oral daily) or placebo. NAC
was not shown to affect the rate of decline of forced expiratory volume [183]. How-
ever, in the PANTHEON study with 1006 COPD patients randomly allocated to
receive NAC (600 mg oral twice daily) or placebo, the rate of exacerbations was
reduced [184]. Similarly, in the HIACE study, COPD patients given NAC (600 mg
twice daily) showed increased forced expiratory volume and decreased exacerbation
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frequency [185]. A meta-analysis of the evidence suggested that a high dose of NAC
(>600 mg daily) may benefit COPD patients with confirmed airway obstruction,
whereas a low dose of NAC may benefit patients with bronchitis but not airway
obstruction [180]. In CF, a phase II randomised controlled trial demonstrated that
oral NAC decreased the rate of lung function decline [186]. It remains to be seen
whether NAC does play a role in the treatment of other respiratory diseases and
whether its therapeutic effects are due to its antioxidant properties or its mucolytic
effect. Other thiol drugs under investigation include procysteine, erdosteine [187],
and carbocysteine, which were shown to decrease the exacerbation rate of COPD in
a randomised controlled trial [188].

Direct administration of GSH by oral, intravenous, or inhalation routes has also
been investigated. A randomised, single-blind controlled trial suggested that inhaled
GSH increases forced expiratory volume over 12 months in patients with CF
compared to placebo, but markers of oxidative stress in serum were not decreased
[189]. A meta-analysis showed that evidence on the effectiveness of GSH is
conflicting, and it remains uncertain whether improvements in patients are due to
the antioxidant effects of GSH, other effects of GSH, or other concurrent
treatment [190].

Another approach to antioxidant therapies is pharmacological activation of Nrf2
to promote endogenous antioxidant production. The Nrf2 activator sulforaphane has
been shown to improve phagocytosis in vitro in alveolar macrophages taken from
COPD patients [191] but was not shown to have any effect on Nrf2 expression or
antioxidant levels during phase II clinical trials [192].

Finally, some studies have suggested dietary modification and supplementation to
increase antioxidant levels in the body. Fruits and vegetables are rich in naturally
occurring dietary antioxidants including polyphenols such as resveratrol, beta-
carotene, and bioflavonoids. Resveratrol, found in grapes, has been the centre of
much research as it has been shown to improve mitochondrial function,
downregulate NF-κB, and activate Nrf2 [193] resulting in restoration of GSH levels
in human airway epithelial cell lines exposed to cigarette smoke [194]. Generally,
dietary antioxidants do not appear to be beneficial [182] due to their low bioavail-
ability [187], and thus their use is limited to patients in whom dietary intake of
antioxidants has been proven to be lacking. COPD patients who increased their
intake of bioflavonoid-rich foods did not improve over 12 weeks but demonstrated
increased forced expiratory volume over 3 years [195]. In addition, a pilot study of
flaxseed supplementation in CF patients showed that patients with low lignan
(a flaxseed metabolite) levels experienced a significant decrease in oxidative stress
[196]. This suggests that the use of dietary antioxidants as a therapeutic may be
limited to patients in whom disease pathology is a direct result of antioxidant
deficiency.

Ultimately, the use of antioxidant therapy is still a relatively unexplored area, and
much more research is needed to determine the role of antioxidants in treating lung
disease.
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5.5 Conclusion

The role of oxidative stress in the pathophysiology of respiratory disease cannot be
understated. In COPD, and lung cancer, there is strong evidence for oxidative stress
being the cause of pathology. In diseases such as OSA, asthma, and CF, while
oxidative stress may not be the root cause, disease progression generally involves
oxidative stress as a key step. Thus, it is important to recognise and target oxidative
stress in the treatment of such diseases. While some antioxidant-based therapeutics
such as NAC and resveratrol have some evidence for efficacy in treating respiratory
disease, there is still a dearth of evidence, and this remains an avenue for further
research.
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The Role of Synbiotics in Alleviating
Oxidative Stress in Colorectal Cancer 6
Monica Gulati, Sachin Kumar Singh, and Apoorva Singh

Abstract

Colorectal cancer (CRC) is one of the leading malignancies that result in high
morbidity and mortality among both the genders, though the incidence is higher
in females. It is a multifactorial and multistage disease. One of the major
progenitors of colorectal cancer is the reactive oxygen species. A disturbance in
the prooxidant-antioxidant balance in the cells leads to compromise in DNA
repair mechanism, protein denaturation, lipid peroxidation, and apoptosis leading
finally to tumor proliferation. Dysbiosis in the colon is a known cause of oxida-
tive stress. This chapter aims to elucidate the role played by oxidative stress in
colorectal oncogenesis. The potential palliative role of probiotics against CRC is
also discussed. Probiotics have been known for possessing potent antioxidant
attributes and preventing colorectal carcinogenesis. However, mechanism of
action of probiotics in amelioration of oxidative stress is not very clear. Thus,
the aim of the present chapter is also to review the antioxidant mechanisms of
probiotics, choice of species specific to colorectal disease, and role of prebiotics
in potentiating the effect of probiotics by balancing the microbiota and physico-
chemical conditions of colorectal milieu, in the production of anti-cancer
compounds and in decreasing oxidative stress. Synbiotics, i.e., the combination
of probiotics and prebiotics, are known to be an effective potential strategy in
combating CRC.
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6.1 Colorectal Cancer

Worldwide, CRC is reported as the third most prevalent malignancy in men and the
second most prevalent malignancy in women. The incidence of CRC over various
regions is reported to vary over tenfolds. Highest incidence rates are reported in
Australia, New Zealand, Europe, and North America, while Africa and South
Central Asia report the lowest incidence [1]. Apart from the geographic disparity
that could to be attributed to variation in diet, environmental factors as well as
genetic susceptibility, age, socioeconomic status, physical inactivity, smoking, alco-
hol consumption, and obesity are the common risk factors.

Molecular mechanisms of pathogenesis of CRC are not completely deciphered
hitherto despite significant efforts by a number of groups working in this direction. A
number of factors are involved in the etiology of CRC. These include genetic
mutations, diet, inflammatory processes, and an imbalance in the gut microflora.
Most of the colorectal cancers (more than 95%) are reported to be sporadic, i.e.,
occurring in patients who do not possess genetic predisposition toward the disease
[2]. Approximately 3% of the cases are attributed to Lynch syndrome or hereditary
nonpolyposis colorectal cancer (HNPCC), while 1% are attributed to certain other
hereditary conditions including familial adenomatous polyposis (FAP) and
MYH-associated polyposis (MAP) [3].

An imbalance in the optimum composition of gut microbiota has been largely
considered as a significant factor for the development of CRC. However, the exact
mechanism through which the gut microbiota influences the development of CRC is
not very clear. It is generally believed that many factors like inflammation, lifestyle,
and genetics play a role to increase the gut carcinogenicity of altered gut microbial
picture [4].

6.2 Role of Oxidative Stress

Majority of factors involved in colon carcinogenesis involve intracellular redox
imbalance in the colon cells. There is an excessive production of reactive oxygen
species (ROS) with concomitant compromise in anti-oxidative protection. It is
widely known that ROS induces DNA damages and genetic mutations, which, in
turn, are a critical cause of CRC. The main causative factors for CRC are reported to
be inflammation, fat metabolism, consumption of meat and alcohol, and tobacco
smoking. The only similarity in the outcomes of all these contributing factors is the
production of ROS and lipid peroxidation. The dichotomy in roles of these ROSs is
very significant. While at optimum concentrations, they are indispensable as
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mediators of critical physiological phenomena of cell survival and proliferation, at
high concentrations, the same reactive species become cytotoxic. At high
concentrations, they lead to pathological oxidation of DNA, lipids, and proteins.

There are a number of causative factors leading to oxidative damage that may
ultimately lead to CRCs. These include:

6.2.1 Inflammation

Inflammation was acknowledged as a cofactor in carcinogenesis in 1863 when
Rudolf Virchow observed leucocytes in the cancer tissues and suggested an associa-
tion between inflammation and cancer [5]. This is particularly applicable in case of
sporadic colitis-associated cancer (CAC) and CRC. During inflammation, the
activated macrophages produce reactive oxygen species (ROS) and reactive nitrogen
species (RON) that can induce oxidation of nucleic acids, proteins, and lipids.
Oxidation of polyunsaturated fatty acids generates reactive aldehydes that can
diffuse throughout the cell [6]. Cytokines, and other inflammatory modulators, on
the other hand, lead to generation of ROS inside the epithelial cells, which, in turn,
induces mutations and epigenetic silencing of tumor suppressor genes.

Chronic inflammation in CAC has been reported to cause p53 mutations observed
in tumor cells, inactivation of mismatch repair (MMR) genes, and inactivation of
mismatch repair enzymes at protein level [7]. Production of proteases that are
responsible for disruption of extracellular matrix is enhanced by inflammatory
signals. These, in turn, facilitate the invasion and extravasation of cancer cells.

6.2.2 Consumption of Alcohol

A strong correlation has been established between alcohol consumption and occur-
rence of colorectal cancer [8]. Alcohol consumption has been reported to increase
the incidence of CRC by a factor of 60% [9]. This correlation, however, is reported
to vary according to race, lifestyle including cigarette smoking, body weight, type
and quantity of alcohol consumed, and tumor site.

This epidemiological correlation has been attributed to many potential
mechanisms for the effect of alcohol on risk of development of colorectal cancers.
The evidence points in several directions. First, alcohol is metabolized by alcohol
dehydrogenases (ADH), catalase, or cytochrome P450 2E1 (CYP2E1) to acetalde-
hyde. Acetaldehyde is a well-known oxidative stressor [10]. It is widely reported to
interfere with DNA methylation, synthesis, and repair. Moreover, it binds to protein
molecules as well as deoxynucleotides of DNA, which, in turn, leads to damage to
the DNA and eventually to cell proliferation. Second, the high levels of acetaldehyde
in the colon are reported to degrade folate, which is known to reduce the occurrence
of CRC. Third, alcohol is a known antagonist of metabolism of methyl-group,
which, in turn, leads to formation of aberrant DNA methylation profiles and eventu-
ally to cancer-related gene expression. Fourth, alcohol use is known to lead to
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immunosuppression. Impairment of host defense due to alcohol consumption is
attributed to a plethora of factors including a compromise in inflammatory response,
decrease in cytokine formation, formation of abnormal ROS, and decrease in T
lymphocyte and antigen-presenting cell functions. Apart from these, there are a
number of factors associated with alcohol consumption that may lead to increased
risk of CRC that include disruption of intestinal epithelial barrier, alteration in
normal microbiota, increased uptake of carcinogens, activation of liver
pro-carcinogens by induction of cytochrome P-450 enzymes, and changes in bile
acid composition [11].

6.2.3 Consumption of Red Meat

In a recent prospective study with a follow-up of 5.7 years, a strong correlation has
been established between red and processed meat consumption and occurrence of
CRC [12]. Carcinogenicity associated with red meat is largely attributed to the
presence of heme (iron-protoporphyrin IX) which is an essential cofactor involved
in a number of biological processes. On the other hand, free heme (not bound to
proteins) is known to catalyze the production of ROS, which, in turn, leads to
oxidative stress. This free heme contains iron with strong redox properties that can
participate in all four types of lipid peroxidation, i.e., Fenton reaction, iron(III)/iron
(IV) mechanism, pseudoperoxidase mechanism, and iron(II)/iron(IV) mechanism.
These lead to the formation of free hydroxyl, alkoxyl, and peroxyl radicals. The
generated ROS damage is cytotoxic and genotoxic as they damage lipid membranes,
proteins, and nucleic acids. As the heme molecules are lipophilic in nature, they get
well accommodated among the phospholipid molecules and intercalate between the
phospholipid bilayers of cell membranes. As phospholipids are highly susceptible to
oxidation, the heme iron catalyzes the oxidation reaction and enhances lipid perox-
ide formation [13]. Increased intracellular levels of iron were observed on incubation
of colon adenocarcinoma, SW480 cells with Hb, leading to DNA oxidation. Hb from
both red meat and colonic bleeding was found to lead to an increase in fatty acid
hydroperoxide genotoxicity, which, in turn, results in DNA lesions in colon cells.
The major aldehyde products of lipid peroxidation are malondialdehyde (MDA) and
4-hydroxynonenal (4-HNE). While MDA reacts with DNA to form adducts with
deoxyguanosine, deoxyadenosine, and deoxycytidine, 4-HNE affects the signal
transduction pathways and is known to induce apoptosis [14].

6.2.4 Tobacco Smoking

A number of epidemiological studies have linked tobacco smoking with the risk for
occurrence of CRC [15]. Though the molecular mechanism is still regarded as
uncertain, the carcinogenic potential is largely attributed to the presence of free
radicals and oxidants in cigarette smoke. These result in oxidative damage to DNA
and modified products such as 8-oxodeoxyguanosine, thymine glycol, thymidine
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glycol, and 5-hydroxymethyluracil. Cessation of smoking has been reported to
decrease the formation of 8-oxodeoxyguanosine substantially [16]. A strong corre-
lation has been reported between smoking and urinary excretion of 3,N4-
ethenodeoxycytidine, the generation of which has been attributed to lipid
peroxidation.

Though smoking of E-cigarettes, also known as vaping, is generally considered
as safe by smokers, recent reports indicate otherwise. A detailed report by Tommasi
et al. demonstrates a deregulation of critically important genes and associated
molecular pathways in the oral epithelium of vapers that bears both resemblances
and differences with that of smokers [17].

6.2.5 Psychological Stress

In the 1980s, an epidemiological trend was observed that indicated an increased
susceptibility to cancer after bereavement, more specifically widowhood. The asso-
ciation was attributed to psychological trauma of losing a spouse [18]. In a cohort
study on the survival rates of married, divorced, never married, or widowed patients
diagnosed with colon and rectal cancer, the widowed group was found to show the
minimum survival rate [19]. These studies lead to a number of systematic studies that
clearly indicated a relationship between stress and susceptibility to CRC [20]. In
order to find the causative factor of this increased susceptibility, the levels of
8-hydroxy-20-deoxyguanosine, a biomarker of oxidative stress, were studied in
relation to tension, anxiety, depression, rejection, anger, hostility, fatigue, and
confusion scores of the Profile of Mood States. The levels were found to be
significantly increased in response to stress conditions [21]. 8-Hydroxy-dG is one
of the most significant products of DNA oxidation and important predictor of
carcinogenesis. The oxidative stress caused by the perceived psychological stress
was, therefore, considered to lead to carcinogenesis by oxidative DNA damage. A
vicious cycle has been observed with depression and anxiety leading to CRC.
Depression in CRC patients further accelerates oxidative damage, hinders the repair
of DNA, and aggravates the condition [22].

6.2.6 Radiation

Several studies indicate that patients who have undergone radiotherapy to treat the
cancers located in the pelvic region have a higher risk factor to develop CRC as the
colorectal region gets exposed to some radiation inadvertently. Radiotherapy
administered for ureteral, urinary bladder, ovarian, uterine, endometrial, cervical,
vaginal, testicular, and prostate cancer leads to generation of oxygen free radicals by
the ionizing nature of the radiation, which in turn causes damage to DNA. The
oxidative damage of DNA leads to apoptosis, finally leading to development of CRC
[23]. The susceptibility to the development of CRC and the latency period, i.e., the
interval between the radiation exposure to the diagnosis of the secondary cancer, is
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reported to vary according to the strength of radiation, mode of administration, and
the duration of radiotherapy [24].

6.2.7 Overweight

Obesity, also termed as adiposity, has been considered as a strong risk factor for
CRCs. Earlier, the risk of CRC due to obesity and physical inactivity was considered
to be more pronounced in men as compared to women. But in some recent studies,
not only the risk has been ascertained in women, but an early onset of CRC has also
been associated with obesity among women [25]. Higher levels of estrogens along
with lower levels of insulin sensitivity are thought to be the attributing factors for
CRCs resulting from high adiposity. Risk has been more significantly related to
abdominal adiposity than to overall obesity. As an extension of obesity, lack of
physical activity has also been considered as a significant risk factor [26]. Increase in
physical activity is also reported to reduce the risk of recurrence of CRCs [27].

Body mass index (BMI) has been the conventional measure of obesity. Recently,
however, newer indices/ratios have been in trend for the measurement of body fat,
particularly the fat located in the intestines. The risk of CRCs due to higher adiposity
is attributed to the generation of pro-inflammatory cytokines like IL-2, IL-6, and
IL-8 and enzymes like LDH and TNFα. These, as discussed in Sect. 6.2.1, lead to
high risk of CRC. Also, fatty acid peroxidation leads to generation of metabolites
with oncogenic properties. These are known to increase the levels of prostaglandin
E2, which, in turn, is associated with CRC [28].

Insulin resistance related to obesity has been reported to increase the levels of free
IGF-1, while a decrease in free IGF-1 is observed in the insulin-sensitive subjects.
Increased levels of insulin also leads to dysregulation of IGF-1 signaling leading to
higher levels of free IGF. Higher levels of IGF-1 have been associated with an
increase in the CRC risk [29].

6.2.8 Antibiotics

The use of antibiotics, particularly antianaerobic antibiotics, has been consistently
associated with the higher risk of CRC. Antibiotic use compromises the natural
colonic flora, thereby promoting colorectal colonization with enterobacteria. The
ratio of bacteria like Peptostreptococcus anaerobius vis-à-vis the commensal bacte-
ria increases in the colorectal milieu. Bacteria like P. anaerobius are known to lead
to formation of ROS that have a definite oncogenic role by promoting cholesterol
synthesis and cell proliferation [30]. The risk for development of CRC due to
antibiotic therapy has been reported to be more with the long-term use rather than
with shorter durations of therapy [31].

Surprisingly, the use of antibiotics has been shown to reduce the risk of colorectal
oncogenesis in a recent study [32]. Interestingly, the seemingly opposite results in
the study also are attributed to the suppression of the growth of the bacteria having
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oncogenic potential due to antibiotic therapy. These bacterial subgroups have been
identified as Clostridium leptum and Bacteroides fragilis. Antibiotic therapy, in this
study, was found to inhibit the deviant methylation in the epithelial cells of colon,
which, in turn, leads to a decrease in CRCs. This has been attributed to the anti-
inflammatory role of the antibiotics. As discussed in Sect. 6.2.1, inflammation itself
plays a significant role in colorectal oncogenesis.

6.2.9 Age

Aging is one of the important risk factors of CRC. The free radical theory of aging
considers aging as a result of the failure of inherent defense system of the body to
handle the reactive oxygen species (ROS)-induced damage. Moreover, on aging, the
resident gut microflora like Bifidobacteria and Lactobacillus reduce, while opportu-
nistic ones like Clostridia increase in ratio due to a decrease in physical activity and
diet pattern. Only about 11% of diagnoses of CRC are made in patients below
50 years of age [33].
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6.3 Colorectal Dysbiosis

All the abovementioned factors leading to oxidative damage have been clearly
implicated in affecting the colonic microbiome locally and/or systemically. Apart
from their individual effects, all these factors have a complicated interplay with the
gut bacteria and thus exert a two pronged-effect on the CRC development. Almost
every major modern lifestyle attribute described in Sect. 6.2 brings about a change in
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the gut microflora to favor oncogenesis. The microflora of the gut helps to maintain a
homeostasis in the body. An alteration in normal colonic microflora has been
unequivocally reported to be an important causative factor in the development of
CRC [34]. The colonic microbiota along with the mucosal epithelial cells, diet
components that act as probiotics and prebiotics, enzymes, mucus, and bile salts
are a part of a complex mutualistic microecosystem. Colon, which is the main
colonization site in the body, houses about 1014 microbial cells with more than
1000 different bacterial species wherein Bacteroidetes, Firmicutes, Actinobacteria,
Verrucomicrobia, and Proteobacteria are the dominant species. Prevalent
conditions in colonic milieu such as near-neutral pH, low concentration of bile
salts, anaerobic conditions, long transit time, high viscosity, and very weak peristal-
sis are favorable for the proliferation of this anaerobic microbiota. Some facultative
anaerobes/aerotolerant bacteria such as enterobacteria, enterococci, lactobacilli, and
streptococci that constitute a critical component of microbial homeostasis are also
present, though to a lesser extent. Because of the action of the bacterial enzymes on
the undigested dietary residues as well as endogenous mucins in the colon, the
colonic microbiota acts like a metabolic organ [35]. This leads to the production of
energy through the formation of short-chain fatty acids from these residues.

An optimum balance among the constituents of the colonic ecosystem results in
the production of essential nutrients, absorption of nutrients and strengthens the
immune. It also prevents the colonization of pathogen and dysbiosis which leads to
inflammation, damage of tissue mucosa, compromise in barrier integrity and func-
tion, eventually leading to colon cancer [36]. The process of oncogenesis is a
complex one, involving a gradual change in the gut microflora, as well as their
biological milieu, which, in turn, leads to dysbiosis, and the altered ratio of resident
to potential oncopathogenic microbes leads to oncogenesis. The presence of certain
non-commensal bacterial species like Fusobacterium nucleatum, Escherichia coli,
Bacteroides fragilis, and Enterococcus faecalis has been linked to the occurrence of
CRC [37].

These bacteria with carcinogenic potential exert their effect by different
mechanisms. F. nucleatum, the epithelial adherent bacteria, act through different
routes leading to tumorigenesis. While acting through their FadA adhesion, they
modify the E-cadherin/beta-catenin signaling, through their nuclear factor-kappa b
(NF-κb) signaling pathway, they lead to inflammation [38]. E. coli, on the other
hand, produce enterobacterial genotoxins, which are a potential tumorigens
[39]. Tumorigenic mechanism of B. fragilis is somewhat similar to that of
F. nucleatum involving toxin production and E-cadherin cleavage and resulting in
inflammation through Th17/IL-17 pathway [40]. E. faecalis, on the other hand,
produces extracellular superoxide which leads to DNA breaks [41].

6.4 Role of Synbiotics

Apart from playing a well-documented role in the prevention and treatment of CRC,
another area of protagonistic contribution of synbiotics is that as an adjunct therapy
for conventional therapies of CRCs for mitigation of their adverse effects.
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Individually, the use of probiotics defined as “live microorganisms that, when
administered in adequate amounts, confer a health benefit on the host” and prebiotics
as “a nondigestible food ingredient that beneficially affects the host by selectively
stimulating the growth and activity of one or a limited number of bacteria in the
colon that have the potential to improve host health” has long been recognized as
helpful in the prevention of CRC [42]. It is interesting to note that both probiotics
and prebiotics help in replenishing the balance of gut microecosystem. Prebiotics
constitute the food for probiotics and allow them to flourish. Therefore, combining
the two leads to an increased efficiency of the process, thereby culminating in the
formulation of “synbiotics.” Probiotic strains like Lactobacillus, Bifidobacteria and
Pediococcus, Leuconostoc, and Enterococcus and yeast such as Saccharomyces
boulardii are reported to reduce the incidence of colon cancer. Synbiotics are
known to act through a number of ways to prevent CRC. These include:

6.4.1 Effect on Carcinogenic Metabolic Products

The bacterial enzymes β-glucuronidase, azoreductase, and nitroreductases have the
ability to hydrolyze many xenobiotics and mutagens in cooked meat. These enzymes
convert procarcinogens to carcinogenic molecules, e.g., aromatic amines, hydrogen
sulfide, acetaldehydes, secondary bile salts, aglycones, and ROS, and release them in
the colorectal milieu. Probiotics like L. rhamnosus, L. acidophilus, and L. casei were
found to decrease the levels of these enzymes and thus inhibit carcinogenesis. On
discontinuing the probiotic therapy, the effect was found to be reversed [43]. Intesti-
nal metabolic products of proteins like N-nitroso compounds, indoles, etc. which are
known to possess tumorigenic properties are deactivated, thus reducing their detri-
mental effect on mesenchymal cells and epithelial cells. Many species of
L. rhamnosus, B. longum, L. acidophilus, and S. salivarius are reported to bind the
mutagenic heterocyclic amines and release them into feces. Certain Lactobacillus
species have the capability of scavenging reactive intermediates of carcinogenic
compounds like N-methyl-N9-nitro-N-nitrosoguanidine (MNNG) and dimethylhy-
drazine (DMH). This is accomplished by generating certain chemoprotective
enzymes like glutathione-S-transferase, glutathione reductase, glutathione peroxi-
dase, and superoxide dismutase and catalase which deactivate carcinogens
[44]. Many Lactobacillus species like L. casei and L. helveticus are reported to
have produce chemicals having a capability to chelate transition metal ions, which
are instrumental in catalyzing oxidation leading to the formation of peroxyl and
alkoxyl radicals by the decomposition of hydroperoxides.

6.4.2 Alteration of Physicochemical Conditions in the Colon

The pH in the human colon varies from about 5 to 7 with the values in ascending and
transverse colon being lower than that in distal colon. During CRC, the colorectal pH
shifts from normal to a higher value. This, in turn, alters the composition of the
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microflora. Certain bacterial fermentation processes like butyrogenic reactions occur
at mildly acidic pH, while reactions leading to the formation of propionate occur at
neutral pH. Butyrogenic bacteria like Faecali bacterium and Roseburia grow better
at mildly acidic pH which protects against DNA damage caused by hydrogen
peroxide-induced oxidative stress. Propionate, generally produced by Bacteroides,
shows anti-inflammatory properties which, per se, are protective against CRC as
discussed in Sect. 6.2.1 [45]. Even prebiotic inulin has been reported to lead to
decrease in colonic pH, shifting the microbial ecosystem toward higher concentra-
tion of lactobacilli. Levels of procarcinogenic markers like aberrant crypt foci were
found to be reduced [46]. Another mechanism by which synbiotics act is by
regularizing the bowel movement [47]. Though there is no significant correlation
between bowel movement frequency and CRC risk reported, loose stools and the use
of non-fiber laxatives are considered as a risk for CRC development [48].

6.4.3 Short-Chain Fatty Acid (SCFA) Production

SCFAs produced by probiotics and prebiotics exert their protective effects by
different routes. In in vitro studies, butyrate, one of the most significant SCFAs,
has been reported to exhibit antiproliferative effect against cancer cells and promote
apoptosis.

A high butyrate-producing strain of Butyrivibrio fibrisolvens was found to reduce
the glucuronidase activity in the colorectal milieu, increase the numbers of natural
killer cells, and reduce the number of aberrant crypts in mouse model of colon
cancer. SCFAs increased the immune response, indicated by an increase in NK cell
numbers. Apart from this, SCFAs are known to improve barrier function and
intestinal mucus synthesis, stimulate immunosuppressive cytokines such as interleu-
kin 10 (IL-10), and decrease the concentration of pro-inflammatory mediators.
Moreover, they lead to preferential growth of protective bacteria over pathogenic
strains. Propionate- and acetate-producing probiotics, Propionibacterium
acidipropionici, have also been reported to have similar protective effects against
CRC [49].

6.4.4 Apoptosis Induction

Apoptosis, a programmed cell death, is a genetic suicidal process for the mainte-
nance of tissue homeostasis and safeguards against the process of tumorigenesis.
While CRC oncogenesis processes take place, the cancer cells become resistant to
apoptosis due to certain genetic and epigenetic alterations. A number of reports
indicate that probiotics play a significant role in the regulation of cell apoptosis via
both intrinsic and extrinsic pathways. The proapoptotic effect of probiotics has been
attributed to their ability to bring about differentiation, arrest cell cycle, and enhance
the apoptotic mechanisms in cancer cells. These effects, however, vary greatly with
the phenotypic state of cells as well as the probiotic strain used. In a recent study,
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ferrichrome has been identified as the molecule produced by probiotics that induces
apoptosis. Ferrichrome produced by L. casei exerts a tumoricidal effect which is
greater than that of cisplatin and 5-fluorouracil while having less effect on noncan-
cerous cells than both the established anticancer drugs [50].

6.4.5 Elevation of the Host’s Immune Response

Probiotics are reported to enhance both the adaptive and innate immune responses of
the hosts. While the adaptive immune response depends on B and T lymphocytes,
the innate immune response depends on the pathogen-associated molecular patterns
(PAMPs) shared by the vast majority of pathogens. These PAMPs bind to the pattern
recognition receptors (PPRs) like Toll-like receptors (TLRs) to trigger the primary
response. TLRs are transmembrane receptors located on cell surface of a number of
cells including B cells, NK cells, dendritic cells, macrophages, fibroblasts, epithelial
cells, and endothelial cells. Probiotics are reported to downregulate the TLR expres-
sion, inhibit TNF-α from entering blood mononuclear cells, and inhibit NF-κB
signaling. A strain of Lactobacillus casei has been reported to enhance the innate
immune response by phosphorylation of NF-κB, p65, p3, MAPK, and MAPKAPK-
2 signaling pathway. In another study, probiotic mixture was found to inhibit IL-8
and TNF-α production. Moreover, probiotics have a capability to combat dendritic
cells that play a significant role in both innate and adaptive immunity [51].

6.5 Conclusion

Synbiotics have shown substantial palliative as well as curative effects in CRC.
Probiotics, prebiotics, as well as synbiotics have demonstrated potential against
CRC through a number of in vitro and in vivo studies. Nevertheless, before pre-
scribing them for CRC in a routine manner, proper deliberations must be done for the
selection of the probiotic and its supportive prebiotic and standardized dose. Most of
the studies point to the fact that symbiotic combinations with their synergistic effect
produce maximum beneficial effects during initiation or early stage of colon cancer.
Though results from animal studies have proven that synbiotics form an effective
strategy for tumor preventive effects, substantial data is lacking in human trials and a
number of clinical trials are still underway. Fixation of a standard treatment regimen
in all CRC patients seems to be unconvincing as a large number of variables are
associated with the colonic microflora picture, which may be decisive factor for the
selection of the probiotics and prebiotics. In order to overcome the limitations
associated with synbiotics like allergy, gut discomfort or chances of infection,
platelet aggregation, and aggravation of hemolytic uremic syndrome, the new
concept of metabiotics has emerged recently. These are metabolites produced by
probiotics that help in the maintenance of gut homeostasis, which, in turn, leads to
increase in the growth of bacterial species that inhibit the conversion of
procarcinogens into carcinogens by decreasing the levels of enzymes like
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nitroreductase, β-glucuronidase, and β-glucosidase [52].As these possess an exact
chemical structure, precisely dosage, safety, and longer shelf life as compared to
classic probiotics, they may be positioned to replace all three options, i.e., probiotics,
prebiotics, and synbiotics.
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Abstract

Mycobacterium tuberculosis (Mtb), the causitive agent of Tuberculosis (TB) is
the leading cause of infection. The infection is caused by aerosols and infects the
alveolar macrophage. The lungs counteract against the infection by the antioxi-
dant system in response to the oxidative stress (OS) caused. Mycobacterium
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stimulates the lung macrophage to produce reactive oxygen species (ROS).
Furthermore, the treatment involves long term multiple drug regimens resulting
in poor patient compliance leading to multidrug resistance (MDR-TB). The
different first-line and second-line antibiotics are administered in an inactive
form which gets converted into the active form by the OS response system of
the host and the Mtb. Mtb alters the redox balance via mycolic acid, NADH/
NAD+ ratio, and antioxidant enzymes in response to stress. In the following
chapter, we have discussed the role of oxidative stress in the host and the
pathogen along with the immunological complexities and the genetic
modifications resulting in multidrug-resistant tuberculosis. It also discusses the
different strategies to target the Mtb infection.
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7.1 Introduction

Mycobacterium tuberculosis (Mtb) is the major cause of tuberculosis, however it can
also be caused by other members of family Mycobacteriacea, includingM. africanum
and M. bovis. Tuberculosis (TB) is the leading cause of death because of a single
infectious agent causing 1.3 million deaths in 2017 itself [1]. It was estimated that
10.0 million people developed TB in 2017 globally, out of which 5.8 million were
males, 3.2 million females, and 1.0 million children. Development of drug-resistant
TB has been one of the crucial concerns worldwide. In 2017, 558,000 cases were
rifampicin resistant (RR-TB), and 82% of the TB account for multidrug resistance
(MDR) [1].

It is predominantly spread by sneezing, spitting, or coughing as aerosols from an
active TB patient. When inhaled these pathogens by the new host, it leads to the
infection. So, the infection starts in the new host by the inhalation of these pathogen
carrying droplets deep into the lungs and its internalization in the alveolar macrophages
[2]. Mtb fuses with lysosome by preventing the maturation of phagosome that allows it
to reside in the macrophages [3]. This stage of the disease is inevitable. A latent
infection is controlled bymaintaining the low viability ofMtbwithminimal symptoms.
When Mtb does not replicate in infected macrophages, it results in granulomatous
inflammatory disease. Further, infected macrophages are surrounded by other
macrophages which fuse to form multinucleated giant cells. The lesions caused
are composed of central necrotic tissue composed of macrophages, bound by
T lymphocytes andB lymphocytes. This leads tofibrosis, cavitations, lung parenchyma
destruction, and bronchiectasis [4, 5]. The additional symptoms of infection are fever,
weight loss, and night sweats. However, even after successful treatment of Mtb
infection, individuals may develop chronic airway obstruction and loss of pulmonary
function [6]. So, it is essential to identify the specific pathophysiology behind the lung
tissue damage in TB patients to reduce the impact of the disease.

7.2 Oxidative Stress by Mtb on the Lungs

Oxidative stress (OS) occurs via imbalance between reactive oxygen species (ROS)
and antioxidants in the body. Lungs are exposed to various exogenous sources
of oxidative stress including pollutants, pathogens, cigarette smoke, and allergens
[7–9]. These exogenous factors induce inflammatory cells to produce free radicals.
Along with different enzyme-mediated pathways such as Nicotinamide adenine
dinucleotide phosphate (NADP) oxidases, eosinophil peroxidase produces endoge-
nous ROS such as superoxide, hydrogen peroxide, etc. ROS not only damages the
host cell but also destroys the pathogens that enter the human body by binding on
amino acid side chains like histidine, proline, arginine, lysine for oxidation,
modifying tyrosine to nitrotyrosine, causing modification to the structure and func-
tion of proteins [10, 11]. It also causes oxidation of polyunsaturated fatty
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acids (PUFA) of the microbial cell membrane via process known as lipid peroxida-
tion. ROS directly or indirectly damages the DNA, protein, and lipids [11].

Mtb invades and replicates in the alveolar macrophage of the host. These
macrophages cause a respiratory burst to produce a high level of ROS against Mtb
[12]. It is evident by elevated levels of serum malondialdehyde, a biomarker for lipid
peroxidation in TB patients [12]. Mtb antioxidant system is stronger than host ROS
allowing it to survive and multiply. NO (Nitric oxide) is another important OS
biomarker and is an anti-TB agent [13]. A study reports that NO synthase-deficient
mice are highly susceptible to Mtb infection because NO is produced in macrophage.
Therefore, high levels of NO have been observed in active TB patients [14]. Mtb has
been reported to act in dose-dependent manner against ROS production. High
concentration has been reported to be lethal for Mtb. Whereas, in low ROS produc-
tion, Mtb stimulates the production of DNA damage-responsive genes for repair
within the Mycobacteria, while the high concentration of ROS is lethal for the
bacteria [15, 16].

7.3 Oxidative Stress Endurance and Emergence
of Multidrug-Resistant Tuberculosis (MDR-TB)

Mtb acts against redox defense of the host through several mechanisms. The cell
wall-associated lipid mycolic acid acts as a physical barrier against the host-
associated OS. The difference in the mycolic acid production in phylogenetically
linked Mtb affecting the interaction with the host has been demonstrated by
Portevien and coworkers [17]. Various cellular mechanisms act against the redox
imbalance and affect the efficiency of the specific antibiotic. A point mutation in ndh
gene encoding for NADH II dehydrogenase results in elevated NADH/NAD+,
causing co-resistance to ethionamide and isoniazid. Such strains are resistant to
acidified nitrites and peroxides [18]. Some of the Mtb have a specific protein called
enhanced intracellular survival (Eis) which identifies and counteracts the ROS
[19]. Mtb has peroxiredoxin composed of thioredoxin reductase (TrxR) and
thioredoxin that can repair and alter oxidative stress through disulfide reductase
activity [20, 21].

It produces antioxidant enzymes during OS, such as KatG, a catalase peroxidase
and SOD (Superoxide dismutase). KatG gene is responsible for catalase, peroxidase,
and peroxynitrite activity. KatG is also responsible for metalloenzymes, iron-
containing SOD (SodA), and copper-zinc-containing SOD (SodC) [22]. SodA is
responsible for the protection against superoxide, while SodC encodes superoxide
dismutase [23]. Further analysis shows the presence of DosS and DosT as redox
sensors activate the transcription factor DosR to aid anaerobic survival of Mtb and
leads to a latent phase of infection [24, 25].
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7.4 The Role of Immune Factors in the Development
of MDR-TB

The association of multiple factors like patient age, previous anti-TB therapies,
educational status, employment status, income level, socio-economic status, family
history, alcohol abuse, etc. has been considered to be posing a risk for the develop-
ment of MDR-TB. Recently, other independent risk factors like human immunode-
ficiency virus (HIV) infection, nutritional status, etc. have been linked to MDR-TB
fuelling the need for the investigation of immune factors associated with the disease.
Various researchers around the globe have then conducted individual studies to
reveal the parallelism among immunological factors and MDR-TB.

In order to ascertain the relation between immune components and drug-resistant
TB, a study was conducted on drug-resistant pulmonary TB and drug-susceptible TB
pulmonary patients by En-too Sun et al. The analysis in their study revealed that the
re-treatment was related to drug-resistant TB. Patients having a previous treatment
history are more susceptible to multidrug-resistant TB (MDR-TB) than the ones
previously untreated [26]. The first-line anti-TB drugs also seems to have little effect
on re-treatment. In addition, one-third of the cases falls under the category of MDR-
TB. To maintain a safe limit of the pathogen Mycobacterium tuberculosis, T cells
and their subsets, i.e., CD4+ and CD8+, have a significant role as they produce
cytokines for the containment of Mycobacterium tuberculosis. CD4 and CD8
together can accurately differentiate between the active TB and inactive or dormant
TB [27–29]. This study has produced data to support its finding that the CD3 and
CD4 are associated with drug-resistant TB and MDR-TB patients had increased
levels of CD3 and CD4. Recently, the role of CD4+ T-cell subset called as “Treg”
has come into play and was found to be expressed in higher concentrations in
MDR-TB patients as compared to drug-susceptible patients. However, the levels
of Treg dropped to healthy control level following a 6-month anti-TB treatment.

T-regulatory cells (Treg) have also been studied by another group of researchers
where they compared the relative frequencies of Treg in drug-susceptible and
MDR-TB, both before and after anti-TB treatment. Flow cytometry was used to
measure circulatory Treg by utilizing the CD4 cell surface marker and FoxP3
intracellular marker. Treg was found to be in almost the same concentrations in
DS-TB and MDR-TB patients and was much higher than the control patients. Prior
to treatment, it was present in sufficiently high amounts in active infection stage.
Posttreatment, the frequency of Treg normalized to the level of control in both
MDR-TB and DS-TB patients [30].

In accordance with the reports of L. Geffner et al. [31] the immune response to
different strains of MDR-TB is dependent upon the equilibrium between the ability
of the strains to drive Th1 and Th2 profiles and the individual response of the host
[31]. They considered two strains of Mycobacterium tuberculosis, i.e., Ra and M,
and evaluated the produced immune response in peripheral blood mononuclear cells.
The patients studied were both with active MDR-TB or DS-TB and healthy controls.
Through their study, they unveiled that strain M was a weaker IFN-γ (gamma-
interferon) inducer as compared to H37Rv for control group, but it could provoke the
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highest IL-4 (interleukin-4) expression in CD4+ and CD8+ T-cells from MDR-TB
and DS-TB coupled with an extremely low CTL (cytotoxic T lymphocytes) activity
in diseased and control groups. This CTL impairment is a characteristic feature of
strain M, and in this way it evades the effectors of macrophages by M-specific CTL
effectors. Also, they revealed an increase in Treg cells upon stimulation by
M. tuberculosis.

Achkar et al. and J. Chan et al. independently suggested the roles of B cells and
antibodies of humoral immune response and the mechanisms by which they provide
protection against the infections caused by Mycobacterium tuberculosis [32, 33].

IgM is also studied in association with DR-TB with IgM concentration being
directly proportional to the magnitude of infection. The reason for the elevation of
only IgM and not any other antibodies in DR-TB patients became a topic of interest
of many researchers. Further studies explained the reason for these differences in
antibodies. According to them, IgM is the first Ab of the humoral immunity which is
synthesized and secreted, and the patients were possibly in that stage of humoral
immunity when they were under consideration. Other factors regulating the IgM
response includes the state of infection, i.e., active/dormant, bacillary load affecting
IgG response and subsequently IgM response, TB recurrence, individual differences
at the genetic level, nutritional status, etc. [34].

At the time of chronic or advanced-stage DR-TB, the bacillary load is very high
which stimulates the production of antigens leading to a dysregulation of T-cell
homeostasis. Hence, the bacillary count is indicative of MDR-TB [35].

7.5 Genetic Complexities in the Development of MDR-TB

Mtb is an obligate pathogen existing in nature for millions of years now. Its
metabolism and physiology have adapted itself so well to the environment and in
the human host all through these years that it now becomes extremely challenging to
propose a therapy against them [36, 37]. Mtb uses a wide range of mechanisms to
evade the drug treatment complicating the possibility to design new therapeutics
against MDR-TB. In Mtb, the acquisition of drug resistance is related to SNPs (Sin-
gle nucleotide polymorphisms), multinucleotide polymorphism, rearrangement,
insertion, and deletion in the genes coding for the drug targets, drug efflux systems,
and the enzymes that are responsible for metabolizing prodrugs into active drugs
[38–40].

In context to antibiotic resistance in the bacteria, the role of DNA repair systems
has emerged since they seem to have a direct influence on the mutations occurring in
the bacteria. Any sort of impairment in DNA repair system alters the repair
mechanisms of damaged DNA, thereby enhancing the rate of mutation [41, 42]
and the survivability of the bacteria under stressful conditions. M. Ebrahimi-Rad
et al. [43] studied the correlation among mutations in the repair mechanism,
hypermutator phenotypes, and the tendency to develop antibiotic resistance in the
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Beijing lineage [43]. Unique polymorphisms in three anti-mutator genes (mut) were
observed due in part to missense mutations in the mut genes. Confirmatory studies
from the whole-genome sequencing have also hypothesized that Beijing lineages are
more variable in comparison with the non-Beijing ones. In this parameter, some
genes of the DNA repair proteins were found to be variable too fuelling the
requirement for further study.

Chromosomal mutations in certain genes are a prominent cause of drug-resistant
TB [44]. This mutation-mediated resistance can be validated by tests like Genotype
MTBDR-plus v2 [45], AID-TB resistance line probe assay [46], etc., but these tests
are less sensitive for hetero-resistant strains when the mutant frequency drops below
5–50% [47, 48]. Accurate identification of chromosomal mutation can be done using
whole-genome sequencing (WGS) of the isolates. The predictive power of WGS is
so high that it differentiates the strains on the basis of the resistor types [49].

Exposure to certain antibiotics like fluoroquinolones (primary mode of action:
damage to DNA) can significantly raise the risk of mutation. Fluoroquinolones, in
particular, generate ds-DNA breaks by targeting DNA gyrase and generating tran-
scriptional modifications in the genes involved in DNA repair and in preserving the
integrity of genome [50]. The stimulation of DNA repair clusters in response to
fluoroquinolones has been studied in Mtb using genome-wide expression studies
[51, 52].

Another genetic factor, an SOS-induced DNA polymerase DnaE2, does not have
its own proofreading activity causing mutations. DnaE2 mediates induced mutagen-
esis rate up to 20–50 times and is a major factor for the drug resistance stage inMtb.
Mutations in the genes gyrA and gyrB have shown to produce cross-resistance to
multiple fluoroquinolones [53]. Also, rpoB mutations confer cross-resistance to
other rifamycins. In another such example, a mutation in RV0678, a transcriptional
regulator results in cross-resistance to clofazimine, a leprosy drug widely used in the
treatment of DR-TB, and to Bedaquiline, a newly accepted MDR-TB treatment drug.

Bacterial genetics alone cannot be blamed for the resistance, host variation has a
major hand in it too. Gene polymorphisms which code for drug-metabolizing
enzymes or transmembrane transporters too are attributed to be linked to resistance
development to TB treatment [54]. The key transporters coded by multidrug-
resistant MDR1 (ABCB1 gene) which are involved in drug uptake and efflux are
named p-glycoproteins (P-gp). They are located in the kidney, colon, liver, and
placenta leucocytes, and they also shield the tissues from cytotoxic agents,
xenobiotics, and other physiologically active substances [55]. Various single nucle-
otide polymorphisms (SNPs) of the gene ABCB1 have been identified, mutations in
amino acids of which can alter the mRNA stability and thereby the P-gp expression
[56]. This has a direct influence on the drug pharmacology and hence on the
bioavailability of the drug [57]. The expression levels and functionality of ABCB1
gene and its products exert an influence on the response to any treatment. This study
conducted by Y. Pontual et al. [58] was the first in its own which correlated the
combination of ABCB1 gene and SNPs to the drug resistance in TB patients
[58, 59].
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7.6 Targeting Virulence: A New Paradigm for Antimicrobial
Therapy

With the advancement of every antibiotic drug, there is a significant antibiotic
resistance associated with the clinical nature of the drug. Consequently, the need
for treatment of antibiotic resistance has surpassed the production of new antibiotics.
Researchers have been interested in the study of virulence factors responsible for the
damage to the host and the progression of the disease [60]. An alternative approach
for the treatment of resistance rather than conventional antibiotics is to target the
salient functions essential for causing infection. This approach would be beneficial
in preserving the endogenous microbiome of the host, enhancing the repository of
bacterial targets and imposing less selective pressure that would lead to decreased
resistance. Since the last three decades, there has been a widespread enhancement in
the production of novel antibiotics for the treatment of diseases such as tuberculosis
[60]. Scientists are in the race to discover novel antimicrobial targets against
antibiotic-resistant strains. Antibiotics have been widely classified according to
their ability to inhibit growth (bacteriostatic) and to kill bacteria (bactericidal).
Essential bacterial functions such as DNA replication, RNA transcription, cell wall
synthesis, and protein synthesis are inhibited by these drugs [61]. However, the
action of these drugs leads to selective pressure that would facilitate the growth of
antibiotic-resistant strains. Hence, there is a wide gap between the treatment of such
strains and the production of new drugs posing a threat to post antibiotic era.
Moreover, it is necessary to discover novel modes of action against such strains [62].

The tremendous effort of understanding the mechanism of bacteria causing
diseases would lead to the study of pathogens that could be targeted to eradicate
the infection in lieu of targeting in vitro bacterial viability. The paradigm of targeting
virulence has helped to disrupt the interactions between the host and the pathogen.
Virulence is defined as the ability of a pathogen to cause a particular disease with
compliance to the conventional concept [61]. Bacterial factors such as toxins,
proteases, and cytolysins and the mechanisms that actively cause damage to host
tissues are defined as virulence determinants. Inhibition of these virulence factors by
developing anti-virulence therapies is a new approach for disarming the pathogens
that have direct harm on the host. Targeting virulence in vivo, compounds are
created with live and attenuated strain. This therapeutic approach would lead to
the clearance of harmful pathogens by the host immune response with limited impact
on human microbiota. Inhibiting virulence by new antimicrobials poses a potential
advantage rather than inhibiting growth; this would impose lesser selective pressure
for the development of antibiotic resistance [60] (Fig. 7.1).

7.6.1 Strategies for the Paradigm of Targeting Virulence

7.6.1.1 Inhibition of Toxin Function
Damage to the host tissue by bacteria is caused by the release of toxins. These toxins
are released in the form of proteins that disrupt the cellular functions of the host and
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ultimately lead to cell death [60]. There could be various approaches for the inhibi-
tion of bacterial virulence that tends to disrupt the toxicity of the function incurred.
In the direct approach, the inhibition of toxicity occurs by itself, whereas in indirect
approach, modulation of cellular responses to the toxins is incurred. Antibodies
against tuberculosis are examples of direct inhibition of toxins using a conventional
method. Many efforts have been made to withstand the effects of three major
proteins involved in tuberculosis infection such as edema factor (EF), lethal factor
(LF), and protective antigen (PA) [60]. However, the presence of each component of
the toxins would not cause any effect, but rather the synergism of any of the two out
of three toxins are responsible for the disease pathology. The mechanism of toxins
infusion into the mammalian cells occurs through the diffusion of PA monomers into
the surface of the cells where proteolytic cleavage happens by host proteases
[61]. Oligomerization of cleaved PA into heptamers occurs where PA binds to either
LF or EF. Endocytosis over the cell surface occurs where the complexes such as

Fig. 7.1 Targets of antibacterial compounds. These antibiotic compounds function by inhibiting
protein synthesis (e.g., aminoglycosides), cell wall synthesis (e.g., β-lactams), DNA or RNA
synthesis (e.g., fluoroquinolones), folate synthesis (e.g., sulfa drugs), or depolarizing membrane
potential (daptomycin) [60]
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PA-EF and PA-LF are trafficked to the endosome. This results in the decrease in pH
of the cell membrane which causes a conformational change in the PA to transfer to
the transmembrane pore. Respective toxic effects of LF and EF are exerted when
they are translocated through PA pore into the host cytosol [61] (Fig. 7.2).

Fig. 7.2 Virulence inhibitors targeting toxic functions. The various functions that could be targeted
to inhibit virulence include toxin delivery, targeting and inhibiting various bacterial systems such as
type II or type III secretion (T3SS), inhibiting transcriptional regulators that control virulence gene
expression, inhibiting the regulation of virulence gene (e.g., AHL-mediated quorum sensing
circuitry (LuxI or LuxR homologs)), inhibiting toxin function (e.g., B. anthracis LF catalytic
activity or translocation through PA), or bacterial adhesion to host cells (e.g., inhibition of the
formation of pilicides) [60]
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7.6.1.2 Targeting the Regulation of Virulence Expression or Inhibition
of Quorum Signaling

It is preferred to disrupt the regulation of the mechanism of toxin action in regard to
target toxin function or delivery that would prevent the formation of the toxin.
Quorum signaling or sensing is a mode of bacterial communication found to be
used by many bacterial species to regulate their essential processes such as biofilm
formation, bioluminescence, virulence factor expression, etc. [62]. In order to sense
their population density, bacteria utilize quorum sensing phenomenon. They release
diffusible signaling molecules that get accumulated in the population and the
surrounding environment. Up to a certain threshold concentration of these
molecules, the bacterial population increases [61]. Various genes get expressed
which are involved in the virulence at the critical threshold concentrations. In
order to cause infection, the bacteria express certain virulence factors when they
reach a significantly large population size. Therefore, bacterial virulence mechanism
could be inhibited by interfering with the quorum sensing pathways [61].

In M. tuberculosis, this phenomenon is mediated by acyl homoserine lactone
molecules. They are synthesized and recognized by quorum sensing circuits com-
posed of Lux1 and LuxR homologs. Through the common metabolite intermediate
S-adenosylmethionine, AHL molecules are synthesized by Lux1 homologs and acyl-
acyl carrier protein. Genes associated with the virulence are triggered by the binding
of AHL molecules with their respective transcriptional activator at critical threshold
concentrations. Thus, by inhibiting the enzymes responsible for the synthesis of
Lux1 homologs, one could inhibit the AHL-mediated quorum sensing [60]. Another
way of inhibiting quorum sensing is that by altering the concentrations of AHL
signaling molecules through degradation. Some species of Mycobacterium produce
acyl homoserine lactonase enzyme which could hydrolyze the lactone ring of AHLs.
This results in the alteration of signaling molecules [60].

7.6.1.3 Targeting Oxidative Phosphorylation in Mycobacterium
tuberculosis

Using the oxidative phosphorylation pathway, bacteria can synthesize ATP
molecules by substrate-level phosphorylation of fermentable carbon sources. They
need oxidative phosphorylation for their growth [60]. A proton motive force is
generated during oxidative phosphorylation across the biomembrane. This energy
is utilized by the ATP synthase for the production of ATP. In M. tuberculosis, the
production of ATP through the inflow of electrons and maintenance of proton
motive force is essential for survival and growth [62]. As virulence target, one
could employ small molecule inhibitors for oxidative phosphorylation which could
block the production of ATP by preventing respiratory electron transport and
breaking down of proton motive force. Some of the drugs which can act as small
molecule inhibitors are discussed below [62].

In bacteria, type II NADH dehydrogenase acts as the entry point of electrons into
the respiratory chain and can be targeted by phenothiazine drugs. Clofazimine is
used as an anti-TB drug. Other drugs approved for the treatment of TB are antipsy-
chotic drugs such as thioridazine. ATP synthase of Mycobacterium can be inhibited
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by the small molecules of diarylquinoline class. Selective inhibition of oxidative
phosphorylation may decrease the virulence. Targeting oxidative phosphorylation
pathway has been regarded as a tool for eradicating virulence factors as this pathway
is highly conserved between the eukaryotes and prokaryotes. Studies have shown
that imidazopyridine causes significant inhibition of mycobacterial growth at
non-molar concentrations [61] (Fig. 7.3).

7.6.1.4 Dismantling Bacterial Membrane Microdomains
In order to overcome the multidrug-resistant pathogens in M. tuberculosis, the
suitable new therapeutic strategies are to design antimicrobial compounds that
could target bacterial structures [62]. The bacterial cytoplasmic membrane acts as
a protective barrier for the maintenance of intracellular physical chemical conditions
for bacterial metabolism. It helps in the exchange of the information and substances
with the extracellular domain. Hence, certain changes in the cellular membrane
could disrupt its integrity and prevent the bacteria from causing virulence. Func-
tional membrane microdomains are present in bacterial membranes which are lipid
raft-like domains. They contain a characteristic lipid and protein content [62]. They
are highly rich in polyisoprenoid lipids such as carotenoids and hopanoids imparting
rigidity and compact features to the hydrophobic nature of FMM-associated proteins
to prevent their diffusion away from them. Flotillins are essential FMM components
that are present in the bacterial membrane [62]. They are involved in the regulation
of membrane fluidity and are closely associated with microdomains and help in
stabilizing and promoting the association of specific protein complexes via their
scaffold activity. Some FMM-associated proteins play a vital role in protein secre-
tion machinery signaling networks and proteolytic complexes [61].

7.6.1.5 Preventing Biofilm Formation
Biofilm is a structure formed by bacteria using extracellular polymeric substances
such as protein, DNA, and polysaccharides. Colonization and dispersion of bacterial
colonies take place through biofilm formation [61]. This helps in protecting bacteria
against environmental stresses such as antibiotics and host defense components.
Mycobacterium tuberculosis form biofilm over clinical devices such as medical
devices, implants, endotracheal tubes, catheter, and others. Formation of biofilm
on these surfaces acts as a source of infection. These biofilms can cause chronic
infection and limit the success of antibiotics [61]. Many of the antibiotics available
today fail to affect biofilm formation. New therapies to treat biofilm consist of
organic and inorganic chemical compounds. Some anti-virulence compounds are
used to inhibit the formation of biofilms in order to limit the bacterial adhesion on
surfaces [61]. This affects the production of the extracellular matrix. In this process,
it interferes with compounds that form flagella like structures that ensures the
mobility of the bacteria and interaction with the surfaces through which the bacterial
adhesion occurs. Coumarins from many medicinal plants have shown to reduce the
biofilm formation. TCC or tetrachlorosalicylanilide is a chemical compound that
inhibits the biofilm formation inMycobacterium by interfering with the SinR protein
that is involved in extracellular matrix production [61].

118 R. Wadhwa et al.



Fi
g
.7

.3
O
xi
da
tiv

e
ph

os
ph

or
yl
at
io
n
in

M
yc
ob

ac
te
ri
um

tu
be
rc
ul
os
is
.E

le
ct
ro
ns

th
at
ar
e
de
ri
ve
d
fr
om

N
A
D
H
ar
e
tr
an
sf
er
re
d
in
to

th
e
el
ec
tr
on

tr
an
sp
or
tc
ha
in

by
N
A
D
H

de
hy

dr
og

en
as
e,

le
ad
in
g
to

th
e
re
du

ct
io
n
of

th
e
m
en
aq
ui
no

ne
po

ol
(M

K
/M

K
H
2)
.
T
yp

e
1
N
A
D
H

de
hy

dr
og

en
as
e
is

a
ho

m
ol
og

of
co
m
pl
ex

I
in

m
ito

ch
on

dr
ia

in
M
.
tu
be
rc
ul
os
is

w
hi
ch

is
di
sp
en
sa
bl
e
fo
r
gr
ow

th
.
T
yp

e
II

N
A
D
H

de
hy

dr
og

en
as
e
(N

D
H
-2
)
is

pr
es
en
t
in

tw
o
co
pi
es

in
M
.
tu
be
rc
ul
os
is
.

A
lte
rn
at
iv
e
el
ec
tr
on

do
no

rs
re
du

ce
m
en
aq
ui
no

ne
vi
a
su
cc
in
at
e
de
hy

dr
og

en
as
e
(S
D
H
).
T
he
re

ar
e
tw
o
su
cc
in
at
e
de
hy

dr
og

en
as
e
en
zy
m
es

(S
dh

-1
an
d
S
dh

-2
)
an
d

on
e
fu
m
ar
at
e
re
du

ct
as
e
pr
es
en
t
in

M
.
tu
be
rc
ul
os
is

w
hi
ch

ca
ta
ly
ze

th
e
re
ve
rs
e
re
ac
tio

n.
E
le
ct
ro
ns

ca
n
be

tr
an
sf
er
re
d
to

cy
to
ch
ro
m
e
bc
1
co
m
pl
ex

fr
om

th
e

m
en
aq
ui
no

ne
po

ol
.
W
ith

th
e
ai
d
of

cy
to
ch
ro
m
e
aa
3-
ty
pe

te
rm

in
al

ox
id
as
e,

th
e
cy
to
ch
ro
m
e
bc
1
in

m
yc
ob

ac
te
ri
a
tr
an
sf
er
s
th
e
el
ec
tr
on

s
on

to
ox

yg
en
.
In

th
e

al
te
rn
at
iv
e
ca
se
,c
yt
oc
hr
om

e
bd

-t
yp

e
te
rm

in
al
ox

id
as
e
re
du

ce
s
th
e
ox

yg
en

w
hi
ch

di
re
ct
ly
ac
ce
pt
s
el
ec
tr
on

s
fr
om

th
e
m
en
aq
ui
no

ne
po

ol
.A

pr
ot
on

m
ot
iv
e
fo
rc
e
is

ge
ne
ra
te
d
w
he
n
pr
ot
on

s
ar
e
pu

m
pe
d
ac
ro
ss

th
e
m
em

br
an
e
du

ri
ng

el
ec
tr
on

tr
an
sp
or
t
al
on

g
th
e
re
sp
ir
at
or
y
ch
ai
n.

T
he

en
er
gy

of
th
e
P
M
F
ca
n
be

us
ed

by
A
T
P

sy
nt
ha
se

fo
r
th
e
sy
nt
he
si
s
of

A
T
P
[6
2]

7 Oxidative Stress and Immunological Complexities in Multidrug-Resistant. . . 119



7.7 Future Prospects

The burden of MDR-TB/XDR-TB is increasing due to inadequate monitoring and
lack of proper diagnosis and treatment [63]. The statistics of MDR-TB cases around
the globe is worrisome, and the number of new cases is exceeding. The current
treatment strategies are expensive and more toxic in comparison with the therapies
for drug-susceptible TB. Hence, the introduction of a novel, reliable, nontoxic, easy-
to-implement treatment strategies is the need of the hour.

Gene therapy is an emerging and promising tool for the treatment of various
diseases. CRISPR (clustered regulatory interspaced short palindromic repeats) is one
of the most widely accepted genome editing tool owing to its simplicity, robustness,
and ease of implementation. CRISPR was used to decrease the expression of
Mycobacterium tuberculosis up to >80% and to inhibit the expression of many
other related genes. This was proven to accelerate the development of new therapies
for Mycobacterium tuberculosis [64, 65].

According to D. Sharma and Bisht [66], iron is required as a functional element
for the drug resistance in Mtb. Bacterioferritin and ferritin, the iron storage proteins,
were shown to be overexpressed in the drug resistance stage [66]. These proteins
along with their binding partners like Rv1877, trigger factor, MT3948 (transcription
regulatory protein), MT1928, MT3947, glnA3 (glutamine synthetase), etc. regulate
the growth, antibiotic resistance (particularly aminoglycoside), homeostasis, etc. in
Mtb. Hence, these proteins can be a good source of information to produce novel
drugs for the drug-resistant TB. Another beneficial approach could be nano-
formulations with specific ligands which would attack a specific target to produce
a therapeutic response. An example of it is the work done by Lemmer et al. [67] who
used mycolic acid as a ligand and isoniazid PLGA nanoparticles for drug targeting
[67]. The Mycobacterium-infected macrophages were observed to increasingly take
up these mycolic acid NPs which makes mycolic acid a potential target ligand for
further development of any effective formulation.

The effectiveness of a treatment can be determined using randomized controlled
trials (RCTs). But, RCTs face a major challenge of the lack of accuracy of disease
confirmation due to lesser site capacity and other diagnostic difficulties. This should
be surmounted to maximize the effectiveness of a drug prepared after a certain
diagnostic observation has been drawn. MODS (microscopic observation drug
susceptibility) assay has been developed as an accurate, rapid diagnostic assay for
TB detection in sputum. However, the policymakers still need to address the issue of
affordability, scale-up, implementation to wider health groups, and the optimisation
of the detection tests. This will help in enhancing the epidemiological footprints of
disease prevention [68]. It has been a challenge to effectively treat MDR-TB since
there is a dire requirement of at least four drugs which could keep up with the current
magnitude of XDR/MDR-TB. The market is still deficient in the powerful third-line
drugs to cure MDR-TB. Currently available third-line drugs include linezolid,
clofazimine, imipenem plus cilastatin, amoxicillin plus clavulanate, and
clarithromycin; however, their efficacy is still lagging and their exact roles are not
clear [69]. Also, since the second-line drugs are costly for the majority of the

120 R. Wadhwa et al.



population of most of the middle- and low-income countries, to afford the third line
drugs for the treatment seems an unattainable dream. Hence, this needs to be
worked upon.

Scale-up, speed, and pragmatism remain underworked upon with respect to the
treatment regimens. So, the policymakers, agencies, and different research groups
are working on its applications in future regimens. Early and quick detection;
allocation of safe, affordable, and accessible third-line drugs; and monitoring the
potential patients who could transmit the disease are some of the pivotal issues to be
addressed in order to decrease the prevalence of MDR-TB globally.

7.8 Conclusion

Oxidative stress caused by host macrophage plays an essential role in the prevention
of the growth and development of the Mtb. Some drug-resistant strains of the
Mycobacterium inhibit the oxidative stress burst via mycolic acid in the cell wall;
antioxidant enzyme system including SOD, KatG, and NADH/NAD+ ratio, etc.
However, several mechanisms are involved in the emergence of drug resistance,
which are not completely understood and need immediate attention. Drug resistance
is attributed to growth deficits incurred by resistance mutations, strain genetic
background, and compensatory evolution. The growing threat of MDR-TB promotes
the need to study the complexities of drug resistance, diagnosis, and anti-TB drugs in
order to provide a new direction to the tuberculosis clinics.
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Abstract

Globally, the burden of chronic respiratory diseases (CRDs) is increasing rapidly.
These include asthma, chronic respiratory obstructive diseases (COPD) and
cystic fibrosis (CF). Patients with CRDs often exhibit increased levels of oxidant
burden in the lungs that is primarily due to chronic exposure to deleterious
particles, including cigarette smoke, air pollution, occupational exposure to
chemicals and fumes and a variety of allergens. In homeostasis, a delicate balance
exists between the pro-oxidant and antioxidant molecules/entities. Both structural
and immune cells, when encountering these foreign particles, generally respond
by triggering pro-oxidative stress-related pathways in the lungs, thereby
disturbing the pulmonary redox homeostasis. Moreover, patients with CRDs are
also susceptible to frequent/recurrent microbial infections that lead to worsening
of disease which often requires hospitalizations. Several pathogens, such as
Streptococcus pneumoniae, non-typeable Haemophilus influenzae,
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Mycobacterium tuberculosis, Aspergillus fumigatus, etc., have the ability to elicit
pro-oxidant pathways in the respiratory tract. Also, these pathogens are equipped
with enzymatic and non-enzymatic mechanisms to neutralize host-associated
oxidative molecules that facilitate the persistence of these pathogens in the
lungs. We will discuss the CRD/pathogen-triggered oxidative stress in the
lungs. We will also discuss the microbial mechanisms that may further increase
oxidative stress in patients with CRDs that potentially results in the heightened
inflammatory response in the lungs. Finally, we will discuss the current treatment
strategies to limit the oxidative response-associated lung pathologies.

Keywords

Airway infections · Asthma · Chronic obstructive pulmonary diseases · Cystic
fibrosis · Oxidative stress

8.1 Introduction

The global burden of chronic lung diseases (CRD) is rapidly increasing which
presents a unique challenge to healthcare professionals to devise more effective
strategies for managing these conditions. An important aspect of lung pathogenesis
in patients with CRDs is the increased levels of oxidative stress [1]. The human body
is equipped to maintain a delicate balance between increased oxidative stress factors
and antioxidant defence mechanisms. An imbalance between oxidant-antioxidant
mechanisms/factors, i.e. increases in reactive oxygen species (ROS) or reactive
nitrogen species (RNS) or their intermediates, in conjunction with depletion of
innate antioxidant mechanisms (such as superoxide dismutase, glutathione and
catalase), leads to a condition which is generally referred to as oxidative stress
(OS) [1].

A range of microbial infections has the potential to elicit oxidative burden in the
lungs, which usually becomes even more effective in conjunction with
downregulating the host antioxidant defence mechanisms. In this review article,
we will summarize the key oxidant-antioxidant molecules, the role of oxidative
stress in major CRDs (chronic obstructive pulmonary disease, asthma and cystic
fibrosis) and the role of key pathogenic microbes in regulating pulmonary oxidative
burden. We will then briefly discuss the roles of major co-infections in inducing the
oxidative stress markers in the lungs. Finally, we will discuss the currently
investigated therapeutic strategies to maintain oxidant-antioxidant homeostasis in
the lungs.
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8.2 Key Molecules in Oxidative Stress

8.2.1 Pro-oxidant Molecules

A number of factors elicit the oxidative response in the lungs, including but not
limited to altered oxygen tension, microbial infections, various environmental
factors (cigarette smoke, air pollution, occupational exposure, etc.) and systemic
diseases [2]. ROS are referred to as molecules that are highly potent to either
accepting or donating a free electron, which also render these oxygen-containing
entities somewhat unstable with high potential reactivity with other biological
molecules [3, 4]. ROS generated takes place in aerobic cells/organisms by intracel-
lular reactions, which commences with the reduction of molecular oxygen by one
electron [3]. This leads to the production of hyperoxide/superoxide O2

�, which is
highly unstable and rapidly reduced to hydrogen peroxide H2O2, which is relatively
stable and often migratory [3]. In the presence of iron, H2O2 may result in highly
reactive hydroxyl radical •OH (Fenton’s reaction) [3]. Oxidative burden increases
when the generation of free radicals is substantially higher than the capacity of innate
antioxidant defences. Several potential free radicals contributing to oxidative stress
burden include alkoxyl radical (RO•), peroxyl radical (ROO•), hypochlorite anion
(OCl�), singlet oxygen (1O2), ozone (O3), nitric oxide (•NO), peroxynitrite
(ONOO�), nitrogen dioxide (•NO2) and nitrogen oxides (NOx) [4].

8.2.2 Key Antioxidant Molecules

The respiratory airway epithelium effectively counters the exogenous oxidative
burden by utilizing innate antioxidant defence system. Major molecules with
antioxidative activity include glutathione (GSH); vitamins A, C and E; uric acid;
β-carotene; and a variety of antioxidant enzymes (e.g. superoxide dismutase, catalase
and peroxidases). Notably, GSH is one of the most important antioxidant
mechanisms in lung epithelium [5].

8.3 Microbial Infections in Chronic Respiratory Diseases

CRDs, including asthma, chronic obstructive respiratory disease (COPD) and cystic
fibrosis (CF), are highly heterogeneous lung conditions that are further complicated
by frequent microbial infections, which are often considered as major comorbidities
in these difficult-to-treat diseases [6]. The major pathogens implicated in lung
infections include viruses (rhinoviruses, respiratory syncytial virus, influenza virus
and metapneumoviruses), bacteria (Streptococcus pneumonia, Haemophilus
influenzae, Moraxella catarrhalis, Pseudomonas aeruginosa and Mycobacterium
tuberculosis), fungi (Aspergillus fumigatus and Candida albicans) and atypical
bacteria (Chlamydia pneumonia) [7]. The generation of OS is an important and
one of the initial mechanisms to limit the damage caused by microbial pathogens in
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the lungs. However, the microorganisms have developed strategies, especially
enzymatic, to counter the host OS [8]. Moreover, these acute or chronic infections
often contribute to a heightened burden of OS in the host that leads to tissue damage
resulting in colonization/multiplication of pathogens in the lung [9]. Co-infections
with more than one pathogen are extremely deleterious for the host. For instance,
viral infection-induced increased production of ROS and RNS leads to the dysfunc-
tional epithelial barrier and lung injury, which then further increases the host
susceptibility to secondary infections (Fig. 8.1) [9].

8.4 Mechanism of Induction of Oxidative Stress in the Lung

The lung is highly susceptible to OS as it is continuously challenged by ROS and
RNS, which either acquired exogenously or synthesized endogenously by metabolic
activity. Under physiological conditions, the lung is exposed to a huge amount of
environmental oxygen together with other ecological substances that increase the
amount of ROS and RNS in the lung. In this case, exogenous ROS and RNS will be
the leading cause of OS in the lung. The sources of exogenous ROS and RNS
include cigarette smoke, inhaled oxidants, and airborne pollutants. There are more
than 4700 chemical substances and a high number of oxidants found in cigarette
smoke [10]. Moreover, it is demonstrated that smokers inhale more than 1000
different types of oxidants, including superoxide anion (O2

�), �NO, sulphur dioxide
(SO2) and hydrogen peroxide (H2O2), contained in each puff of smoke [11]. While
the actual mechanism of smoking-induced OS in the cell remains obscure, there are
pieces of evidence that confirm the correlation between cigarette smoke and redox
imbalance in smokers, present in either gas or tobacco residue of cigarette smoke
[10, 12]. Beside pre-existing oxidants, �NO can react with O2

� under diffusion-
limited reaction and produce ONOO� that further increases the ROS levels in the
lung [13]. On the other hand, there are large amounts of semiquinone radicals in
tobacco residue of cigarette smoke, which can react with O2

� and produce �OH and
H2O2 continuously under aqueous condition [14, 15].

Apart from cigarette smoke, inhaled airborne pollutants also elevate ROS and
RNS levels. Based on the US Environmental Protection Agency, the burden of
airborne particles in environmental air is steadily increasing worldwide, and the
key sources of these airborne particles include the chemical or non-chemical

Fig. 8.1 Infection-induced oxidative stress in the lung and associated pathology in chronic
respiratory diseases
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industrial product (66%), transportation (27%) and fuel combustion (35%)
[16]. While there is a heterogeneous mixture of airborne particulates varying in
size, shape, structure, biopersistance, surface reactivity and solubility within the
polluted air, these particulates are collectively categorized based on their size
fractions as particulate matter (PM) [17–19]. Coarse particles with PM more than
2.5 μM (PM > 2.5) mainly consist of dust from the road, agriculture or construction
work, whereas fine and ultrafine particles with PM range less than 2.5 μM
(PM < 2.5) mostly originate from mining, fuel combustion and transportation
[20]. Among these, fine and ultrafine particles exert more significant damage to
upper and lower respiratory airways compared to coarse particles as they have a
larger surface-to-mass ratio [20]. In Sprague-Dawley rat models, exposure to PM2.5
for 10 weeks increases blood O2

� level. Interestingly, this OS effect is reversible
with N-omega-nitro-L-arginine methyl ester, which is an inhibitor for nitride oxide
synthase (NOS) [21]. Further studies also link NOS with increased ROS production
and reduced antioxidant capacity, suggesting an essential role played by NOS in
redox reaction [22, 23]. Moreover, several studies report that mice challenged with
PM2.5 showed not only elevated �NO but also increased cytochrome P450 and
glutathione S-transferase levels, indicating the involvement of these oxidase
synthases in exogenous induction of OS [24].

ROS and RNS can also be produced endogenously in our body, either by
chemical reaction with certain inducers or as a defence mechanism against invading
pathogens. Heavy metals, such as mercury, nickel, or cadmium, can deplete gluta-
thione and reduce the antioxidant capability, whereas arsenic can compete and
bound to thiols and enhance H2O2 formation. Hence, these metals can either directly
or indirectly increase the accumulation of ROS in the body. On the other hand, ROS
is also being produced endogenously as a defence mechanism against exogenous
pathogens or foreign materials including bacteria, parasite, fungi and allergens
[1]. In this case, immune cells, including neutrophils, eosinophils and macrophages,
enhance the production of O2

� and H2O2 via mitochondrial respiration, NADPH
oxidase, xanthine/xanthine oxidase or cytochrome P450 [25–29]. Likewise,
phagocytes, such as neutrophils and macrophages, are also equipped with haem
peroxidase and myeloperoxidase that can produce potent oxidants, hypochlorous
and hypobromous acid [26].

Interestingly, a few studies have also proposed a link between OS and endoplas-
mic reticulum stress (ERS) [30, 31]. ERS is a condition where there is an accumula-
tion of misfolded proteins in the cells, which can enhance the production of ROS via
oxidative protein refolding process [32]. Also, an increase in ROS can damage ER
and further increase the production of misfolded proteins which exacerbates the
ERS, and the vicious cycle of ERS and OS continuously worsens the cell cycle
[32, 33]. However, the precise mechanism of this ERS-OS cycle in the human
respiratory system remains obscure, and further studies are warranted to fully
understand the role of ERS-induced OS in the lung.
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8.5 Oxidative Stress in Chronic Respiratory Diseases

COPD is a complex non-communicable disease that is primarily characterized by
airway inflammation, emphysema and decline in lung function capacity in response
to chronic exposure to noxious particles and gases [34]. The major risk factor for
COPD includes long-term exposure to cigarette and non-cigarette smoke
(i.e. ambient, indoor and occupational) [35]. Asthma is another non-communicable
disease that is characterized by chronic lung inflammation which results in airflow
limitation, hyperreactivity and airway remodelling [36, 37]. Cystic fibrosis (CF) is
primarily a genetic disorder, which is characterized by underlying mutation(s) in a
gene coding the cystic fibrosis transmembrane conductance regulator (CFTR) pro-
tein. CFTR is an ion channel regulator of basic ions, such as chloride, bicarbonate,
sodium and fluid fluxes, at epithelial surfaces [38]. These CRDs are difficult to treat
and currently available therapies only provide symptomatic relief to patients.

There is now substantial evidence that there is an increase in the levels of oxidants
and decrease in protective antioxidant levels in the lung of patients with CRDs [39–
41]. For instance, the levels of H2O2 in exhaled breath condensate (EBC) is signifi-
cantly increased in COPD, dependent on the severity of COPD, with exacerbating
COPD patients showing the highest levels (mean ¼ 0.600 μM), followed by patients
with stable COPD (mean ¼ 0.205 μM), and lowest in healthy controls
(mean ¼ 0.029 μM) [42]. Moreover, other key markers of oxidative burden,
including 8-isoprostane [43], malondialdehyde [44], nitrotyrosine and inducible
nitric oxide synthase (iNOS) [45], have been shown to be elevated in COPD when
compared to healthy participants. In addition to increased levels of pro-oxidants in
the lung, the antioxidant levels, especially SOD and glucocorticoid receptor, are
shown to be significantly depleted in COPD patients [46].

Patients with asthma exhibit increased levels of eosinophil peroxidase (EPO) and
myeloperoxidase (MPO) in the peripheral blood, induced sputum and BAL fluid
[47]. Moreover, patients with asthma also exhibited increased levels of superoxide
production from leukocytes, increased total nitrites and nitrates, elevated protein
carbonyls, and increased lipid peroxidation products, and reductions in protein
sulfhydryls in plasma, indicative of heightened oxidant burden in asthma [48].

Patients with CF also exhibit increased oxidative stress irrespective of dietary
intake of antioxidants. For instance, 8-iso-PGF2alpha concentration in plasma was
significantly higher in CF patients (214 pg/mL) compared to age- and gender-
matched healthy individuals (135 pg/mL) [49]. Moreover, plasma antioxidant
concentrations (vitamins E and C, β-carotene) were reduced in CF patients [49]. Fur-
thermore, patients experiencing CF exacerbations demonstrate increased oxidative
stress, as well as sputum concentrations of bioactive lipid mediators
(8-iso-PGF2alpha, cysteinyl leukotrienes and prostaglandin (PG)-E2) [50]. Notably,
there was a strong negative correlation between FEV1 %predicted and sputum
8-iso-PGF2alpha, cysteinyl leukotrienes and prostaglandin (PG)-E2 [50].
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8.6 Bacterial Infections and Oxidative Stress in Lungs

8.6.1 Streptococcus pneumoniae

S. pneumoniae, a gram-positive bacterium that commonly causes community-
acquired pneumonia, induces oxidative stress, which is most likely due to pneumo-
coccal autolysin, LytA, and independent of H2O2 produced by both bacterial and host
metabolism [51]. Especially, the upper airway epithelial cells are found to be highly
sensitive to the oxidative stress induced by S. pneumonia. Host’s immune defences
commonly respond to pneumococcal invasion by increased production of
superoxide’s by polymorphonuclear leukocytes (neutrophils) as a key defence
[52]. In vitro analysis using neutrophils acquired from diseased individuals showed
that S. pneumonia alone was unable to induce superoxide production during its
logarithmic growth phase; however, the autolysis of the cells triggered the respira-
tory burst of neutrophils. Furthermore, pneumococcal lysis resulted in the release of
bacterial components that come in contact with host respiratory epithelia, thereby
resulting in a reduction in the levels of the antioxidant enzyme, namely, glutathione
(GSH), potentially via nuclear factor erythroid 2-related factor 2 (Nrf2). Importantly,
pretreatment of respiratory cells with the Nrf2 inducer (resveratrol) prevented
pneumococci-related oxidative stress induction [51]. In addition, another study
demonstrated the role of glutathione (GSH) as one of the major antioxidative stress
proteins which are protective against ROS/RNS, toxic metal concentrations and
osmotic and acidic stress, which is synthesized by bacteria or acquired from extra-
cellular environment (host) through ABC transporter substrate binding protein
GshT. Mutations in GshT and gor (glutathione reductase) genes has led to increased
pneumococcal sensitivity to host-produced superoxides [53]. Further, studies using
superoxide dismutase 3-deficient mice (SOD3�/�) found that SOD3 deficiency leads
to increased levels of ROS in phagosomal cells initiating early neutrophilic apoptosis
in pneumococcal infections [54].

8.6.2 Haemophilus influenza

Haemophilus influenza is a gram-negative, facultative anaerobic coccobacillus that
resides in the upper airways of children and adults as a commensal. It can be broadly
divided into two subgroups based on the presence or absence of external capsule,
i.e. encapsulated or typeable Haemophilus influenza strains (HiB) and
non-capsulated or non-typeable Haemophilus influenza strains (NTHi). The
encapsulated stains are further subdivided into seven types (a–g) based upon the
chemical nature and antigenic determinants located on the capsule, which provide
added protection against host immune defences and cause critical conditions, such as
meningitis and septicaemia, in case the host conditions become favourable for
bacterial growth, e.g. pre-existing disease and/or certain pharmacotherapies, whereas
the non-typeable strains are found to cause or exacerbate various respiratory tract
disorders driven by increased oxidative stress levels. NTHi strains are the most
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common bacteria isolated from the human subjects suffering from chronic respira-
tory diseases, including COPD, bronchiectasis, asthma and cystic fibrosis
[55]. Importantly, NTHi possesses increased tolerance towards the oxidative stress
(H2O2, hydroxyl radicals, other radicals produced through Fenton’s reaction) pro-
duced endogenously by the host and other invading microflora, especially
co-pathogen S. pneumoniae, through various defence mechanisms to survive in the
hostile environment [56]. Studies conducted on NTHI isolate strain 86-028NP have
shown that the bacteria have the ability to encode genes for catalase (Hkte),
peroxiredoxin/glutaredoxin (Pgdx) and ferritin-like proteins (Dps), which provides
a protective shield against host/self-produced free radicals (aerobic respiration or
enzyme activity like NADPH oxidases) [57]. King et al. showed that NTHi was
capable of inducing increased ROS production in human fibroblasts, epithelial cells,
macrophages and neutrophils, with highest levels of ROS recorded in phagocytic
cells. The study also revealed that the production of the oxidant 3-nitrotyrosine
(3-NT) in mice lungs was increased in response to NTHi infections [58]. Further-
more, the above results were backed up by other independent studies conducted in
patients suffering from COPD elsewhere [59]. Thus, in addition to highly pathogenic
pneumococci, a less virulent bacterium such as NTHicloud also elevates the oxida-
tive stress levels and exacerbates the pre-existing conditions in patients suffering
from chronic respiratory illnesses.

8.6.3 Moraxella catarrhalis

Moraxella catarrhalis is a gram-negative, aerobic diplococcus well known for its
fastidious nature and identified to exclusively cause respiratory infections in the
upper respiratory tract (acute otitis media (15–20%)) or exacerbate pre-existing
respiratory disorders like COPD (10%), particularly in infants and children.
M. catarrhalis strains are found to produce β-lactamase making them resistant to a
wide spectrum of antibiotics that are having a β-lactam ring in their structure
(penicillin, ampicillin, cephalosporins, etc.) [60, 61]. Studies show that
M. catarrhalis codes for SodA and OxyR, a LysR family transcriptional regulator
protein that provides resistance against endogenous (detoxification) and exogenous
(host produced) oxygen free radicals and hydrogen peroxide (H2O2). In addition,
they possess genes coding for KatA (predicted catalase) and AhpCF (alkyl hydro-
peroxide) which were upregulated upon exposure to a dose-dependent increase in
H2O2 levels [61, 62]. The ability of M. catarrhalis to induce oxidative burst in
human subjects was studied using adenocarcinoma human alveolar basal epithelial
cells (A549) and isolated human alveolar epithelial cells. The infection with
M. catarrhalis was able to induce increased monocyte burst and superoxide genera-
tion compared to inflammatory cytokines like TNFα, 1L1β or IFNγ [63]. Recent
studies found that M. catarrhalis infection can elicit a dose-dependent activation of
bronchial epithelial cells to induce activation of IL8 gene transcription resulting in
strong inflammatory response resulting in an increased influx of immune cells,
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especially neutrophils, which leads to elevated oxidative stress and drives the
pathogenesis of COPD [64].

8.6.4 Pseudomonas aeruginosa

Pseudomonas aeruginosa, a gram-negative, rod-shaped opportunistic pathogenic
bacterium, could induce lethal diseases in immunocompromised hosts. It is well
known to cause or exacerbate pre-existing respiratory illnesses like cystic fibrosis
and severe COPD [65]. P. aeruginosa APO1 encodes a unique gene ospR (oxidative
stress response and pigment production regulator), a global regulator gene that can
sense oxidative stress and regulate other metabolic pathways (β-lactam resistance,
pigment production) and provides defence against host produced H2O2. The deletion
of ospR gene knockouts showed decreased resistance against oxidation stress
[66]. In addition, P. aeruginosa APO1 encodes for alkyl hydroperoxide reductase
(AhpB and AhpC), SOD and catalases (KatA and KatB) which protect the bacterial
cell from endogenous/exogenous (host) peroxides [67]. Studies showed that the
expression of gene enolase eno is a key virulence factor, as the mutations in eno
gene have led to increased susceptibility of the pathogen’s neutrophilic killings [68].

8.7 Viral Infections and Oxidative Stress in the Lungs

8.7.1 Rhinoviruses

Rhinovirus (RV) infections are well documented to be associated with the develop-
ment of respiratory illnesses like common cold, sinusitis and otitis media and also
intervene in exacerbations of chronic respiratory disorders like asthma and COPD.
Several cross-sectional studies have shown the direct correlation between the sever-
ity of symptoms associated with rhinovirus infection and the concentration of
interleukin 8 (IL8), a cytokine involved in the recruitment of neutrophils. An
in vitro study using Beas-2b cells showed that the RV was able to stimulate the
IL-8 production by generating oxidative species and subsequent activation of NF-KB
during viral replication [69]. In addition, other studies showed that the blocking of
viral replication had no effect in regulating the oxidative stress in patients infected
with RV virus since the presence of RV at the cell surface is enough to trigger the
production of oxidative spp. [70]. Furthermore, the RV-1B infection was found to
cause impairment in mitochondrial respiration, increased proton leak across the
barrier and increased pro-inflammatory cytokines leading to increased oxidative
stress levels [71]. A similar study using primary human nasal and bronchial epithe-
lial cells, ex vivo conditions, showed that the infection with rhinovirus or RIG-1
triggered a robust NRF2-dependent oxidative stress response in later cells compared
with nasal epithelial cells, which shows the differed sensitivity of various cells to RV
infection within respiratory tract [72].

8 Infection-Induced Oxidative Stress in Chronic Respiratory Diseases 133



8.7.2 Respiratory Syncytial Viruses

Respiratory syncytial virus or RSV is a well-known causative agent in inducing
upper and lower airway respiratory infections, particularly in children. There are no
effective treatments or accurate knowledge of RSV-induced cellular oxidative stress
mechanisms. In vitro and in vivo studies using A549, alveolar type II-like epithelial
cell lines and small airway epithelial cells showed that RSV infection generates lipid
peroxidation products and ROS and significantly decreases the levels of glutathione
(GSH), along with the levels of sodium dismutase 1 and 3, catalase, glutathione
peroxidase (GPx) and glutathione S-transferase (GST), which creates an imbalance
in ROS/antioxidant defence mechanisms leading to cellular oxidative stress and
oxidative damage in the lungs [73, 74]. Importantly, it was found that RSV
infections actually downregulate the expression of various antioxidant enzyme
(AOEs) by reducing the levels of nuclear and total cellular Nrf2 transcription factor
[75], which compromises the antioxidative stress mechanisms of the host which
leads to elevated oxidative stress levels and injury of tissue.

8.7.3 Influenza Virus

Influenza virus is a type of RNA virus known to cause pulmonary pandemics across
the globe. Based on the antigenic determinants on the surface area, they are further
classified into three subgroups (A, B and C), among which influenza virus A is
known to be associated with various respiratory illness and flu pandemics across the
globe [76]. Studies using pathogenic strains like H5N1 infecting the lung epithelial
cells (in vitro) have shown the downregulation of superoxide dismutase SOD1 in
both transcriptome and translational levels and increased production of ROS. Forced
expression of SOD1 showed a positive effect, i.e. decreased the H5N1-induced
production of ROS/viral replication and inflammatory cytokines [77]. In addition,
similar studies carried elsewhere have also shown the increased mRNA expression
of major antioxidant enzymes (AOEs) like Mn-superoxide dismutase, 2,3
dioxygenase. Further, in vivo studies carried out by Buffington et al. confirm the
increased production of superoxide anion radical in cells of bronchoalveolar fluid
(BALF), and increased hydrogen peroxide content aids the in vitro results [78].

8.8 Fungal Infections and Oxidative Stress in the Lungs

Fungal pathogens implicated in lung diseases are increasing rapidly, primarily in
individuals with a compromised immune system or those exhibiting higher suscep-
tibility due to underlying lung diseases such as COPD [79]. Present trends of
prescribing long-term immune-suppressing regimens, such as oral and/or inhaled
corticosteroids for the management of COPD and asthma, also contribute substan-
tially to the increasing prevalence of fungal lung infections, which could be invasive
if not diagnosed and treated appropriately [79]. Importantly, Aspergillus spp. is the
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most common fungal pathogen affecting human health, which can cause allergic
bronchopulmonary aspergillosis, aspergilloma and invasive pulmonary aspergillosis
[80]. Moreover, sensitization to A. fumigatus has been shown to be associated with
the development of fixed airflow obstruction, more bronchiectasis and increased
sputum neutrophils in severe asthmatics [81]. Furthermore, both neutrophils and
eosinophils were elevated in sputum obtained from patients with allergic
bronchopulmonary aspergillosis [82]. A prospective observational study of 89 cystic
fibrosis patients spanned over 11 years reported the airway colonization of Candida
albicans, which was associated with increased rates of exacerbations, reduction in
FEV1 and reduction in BMI [83]. C. albicans also co-colonize with Pseudomonas
sp. [83]. Long-term or intermittent colonization of lungs with fungal pathogens
could result in increased oxidative stress or further increase the oxidative stress
and associated pathology in the lungs of patients with an underlying chronic disease.

Fungal spores from Aspergillus flavus, Aspergillus penicillioides, Penicillium
citrinum and Penicillium chrysogenum, when administered intranasally into
BALB/c mice, resulted in significantly increased production of reactive oxygen
species (malondialdehyde and myeloperoxidase) and reductions in antioxidant
markers (SOD and GSH) [84]. Host immune cells, primarily macrophages and
neutrophils, when contacted by fungal pathogens, often generate ROS and RNS
that is highly toxic to fungi due to damage to DNA, proteins and lipids. Several
mechanisms have been proposed that result in fungi-induced oxidative stress in the
lungs. In an in vitro model, murine alveolar macrophages showed significantly
increased levels of nitric oxide (NO) production when co-incubated with Crypto-
coccus neoformans and A. fumigatus [85]. This, in part, was mediated by interferon
gamma (IFN-gamma), as IFN-gamma pretreated alveolar macrophages exhibited
increased accumulation and attachment of A. fumigatus conidia [85]. Also, NO
production from alveolar macrophages correlated with the killing of
C. neoformans that was confirmed by NO inhibitor [85]. In another study, the
conidicidal activity of mice alveolar macrophages against A. fumigatus was found
to be mediated by reactive oxidant intermediates, namely, NADPH oxidase and
inducible nitric oxide synthase [86], which was confirmed by administration of
NADPH oxidase inhibitor, which had a dual function of reducing the production
of reactive oxidant intermediates and subsequent inhibition of A. fumigatus killing
[86]. For instance, mice exposed to Aspergillus fumigatus exhibited increased
endoplasmic reticulum (ER) stress markers, unfolded protein response (UPR)-
related proteins, phosphorylated Akt, production of mitochondrial reactive oxygen
species (mtROS), eosinophilic allergic inflammation and airway
hyperresponsiveness (AHR) in the lung [87]. Administration of PI3K-δ inhibitor
(IC87114) resulted in reduced A. fumigatus-induced mtROS production, as well as
amelioration of ER stress upon administration of NecroX-5, a mtROS scavenger
[87]. The authors also showed inhibition of ER stress by blocking PI3K-δ in primary
tracheal epithelial cells in vitro [87].

Despite the luxury of oxidative stress-dependent defence mechanisms in the host,
major fungal pathogens mount an effective response to counter host oxidative stress
that then results in the establishment of disease [88]. These mechanisms could be
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either enzymatic or non-enzymatic in nature and are extensively reviewed byMissall
et al. [88]. Briefly, the major antioxidant enzymes in fungi include superoxide
dismutase (SOD), catalases, thiol peroxidases, glutaredoxins, GSH peroxidases
and GSH S-transferases and methionine sulfoxide reductase [88]. The
non-enzymatic mechanisms include modulation of excessive host oxidative stress
via melanin, mannitol and trehalose [88].

The increased oxidative stress has been reported in patients with chronic lung
diseases. Both chronic and intermittent fungal infections could lead to a further
increase in oxidative stress in the lungs, thereby contributing to overall increases in
the inflammation and associated pathophysiology.

8.9 Atypical Bacterial Infections and Oxidative Stress
in the Lungs

While often considered as non-significant pathogens in the lungs, atypical bacteria
are now recognized as causative of acute and chronic, mild to severe respiratory
infections with pulmonary and extra-pulmonary symptoms [89, 90]. The most
common atypical bacteria responsible for pneumonia are Mycoplasma pneumoniae,
Chlamydia pneumoniae, Legionella pneumophila and the zoonotic bacteria Coxiella
burnettii and Francisella tularensis [90]. These bacteria are facultative or obligate
intracellular pathogens that replicate inside specific host cells such as lung epithelial
cells, airway macrophages, monocytes and neutrophils [89, 91–93]. In host cells,
atypical bacteria are constitutively exposed to oxidative stress. Indeed, infection by
Mycoplasma pneumoniae induces reactive oxygen species (ROS) released from the
A549 human lung carcinoma cell line [94]. Similarly, infection of a murine macro-
phage cell line by Chlamydia pneumoniae prompted an increase in NADPH oxidase
and cytochrome c oxidase activities, thereby favouring ROS production [95]. As
mentioned earlier, this oxidative burst is an innate immune mechanism allowing
protection of host cells against pathogens, including atypical bacteria. In vitro
treatments of murine primary macrophages or peritoneal exudate cells with inducer
of oxidative stress such as interferon gamma (IFNγ) and sodium nitroprusside reduce
levels of infections by Coxiella burnetii and Francisella tularensis [92, 93, 96],
while treatments with inhibitors of inducible nitric oxide synthase (iNOS), catalase
(hydrogen peroxide [H2O2] scavenger) or a catalyst of peroxynitrite (ONOO

�) can
restore infection levels [92, 96]. Similarly, treatments with inhibitors of NO synthase
lead to an increase in the frequency of replicative vacuoles of Coxiella burnetii in
infected primary macrophages [93]. In vivo data confirm the critical role of the
oxidative burst in the protection against infection, as mice deficient in p47phox (the
main regulator of NADPH oxidase activation) and iNOS were more susceptible to
intraperitoneal infection by Coxiella burnetii compared to WT mice [96].

Oxidative stress can protect host cells against atypical infection by enhancing the
killing capacity of phagocyte cells, as ROS formation was shown to increase the
bactericidal ability of neutrophils against Legionella pneumophila in a murine model
of experimental airway infection [97]. In addition to this direct action, infection-
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induced oxidative stress can also activate critical signalling pathways. Indeed,
infection with Mycoplasma hyopneumoniae and Mycoplasma ovipneumoniae,
responsible for pneumonia in swine, goat and sheep, can increase ROS production,
decrease antioxidant levels and disrupt the integrity of the mitochondrial membrane,
resulting in caspase-mediated apoptosis in, respectively, porcine alveolar macro-
phage 3D4/21 cells or air-liquid interface culture of sheep bronchial epithelial cells
[98–100]. Inhibition of NO synthase and treatments with oxidants were able to
restore caspase activation and limit apoptosis, suggesting that oxidative stress
activates caspase-mediated apoptosis in infected macrophages [98].

Atypical bacteria possess several mechanisms to survive oxidative burst, such as
producing proteins able to directly detoxify their intracellular replicative vacuoles
from ROS. For instance, Coxiella burnetii possess a thiol-specific peroxidase and
Legionella pneumophila express alkyl hydroperoxide reductases (AhpC1 and
AhpC2D) and an outer membrane channel tunnel protein TolC that participates in
either efflux or degradation of ROS [101–103]. In addition, atypical bacteria can
affect the cellular redox balance and inhibit the host NADPH oxidase. Indeed,
Mycoplasma pneumoniae possess a glycerol 3-phosphate oxidase named GlpD
that can produce H2O2 in a glycerol-dependent manner, thereby increasing oxidative
burst and cytotoxicity in infected cells [104]. In more, the lipid-associated membrane
proteins (LAMPS) of Mycoplasma pneumoniae have been shown to disrupt host
signalling and induce the translocation of the transcription factor nuclear factor
E2-related factor 2 (Nrf2) to the nucleus of the infected THP-1 monocyte cells,
reducing oxidative stress and expression of pro-inflammatory mediators [91].
Francisella tularensis can overcome high levels of ROS in infected macrophages
and epithelial cells through the transcriptional regulator OxyR that favours
antioxidants by binding to their promoter regions [105, 106]. These antioxidants can
prevent the accumulation of ROS in macrophages and the subsequent activation of the
NF-κB pathway and secretion of pro-inflammatory mediators, consequently increas-
ing survival of Francisella tularensis [107, 108]. Neutrophils infected by Coxiella
burnetiiwere shown to lack translocation of the NADPH oxidase components p47phox

and p67phox from the cytosol to the membrane, which resulted in a defect in NADPH
oxidase assembly and in production of the reduced amount of ROS compared to
neutrophils infected by Staphylococcus aureus or Escherichia coli [109]. Confirming
these results, an acid phosphatase of Coxiella burnetii has been shown to prevent the
release of reactive oxygen intermediates through inhibition of the formation of the
NADPH oxidase complex in polymorphonuclear leukocytes [110].

Infection-induced ROS can affect the pathogenesis of the lung by damaging the
host DNA, cytotoxicity and induction of apoptosis [94, 98–100, 104]. Using a
murine model of 16 weeks of environmental cigarette smoking and Mycoplasma
pneumoniae infection, a study suggests that enhanced levels of oxidative stress
resulting from infection can exacerbate lung diseases in smokers. In summary,
they show that the increase in the antioxidant glutathione in the epithelium lining
fluid of cigarette-exposed mice was impaired when mice were infected intranasally
by Mycoplasma pneumoniae. In addition, smoke-exposed infected mice displayed
higher levels of oxidized glutathione compared to smoke-exposed noninfected mice
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consequently of a drop in glutathione reductase levels, thus implying that Myco-
plasma pneumoniae infection can increase oxidative stress in the lungs of mice
exposed to smoke [111]. Overall, the oxidative status of infected cells and the
capacity of atypical bacteria to survive to those conditions are key determinants of
the outcome and pathogenesis of respiratory infection by atypical bacteria.

8.10 Viral-Bacterial Co-infection and Oxidative Stress

In the human respiratory tract, respiratory viruses, such as influenza, can interact
with either exogenous bacterial pathogen or host-commensal flora, and these
interactions can reduce host-microbe defence system and leave the host susceptible
to a secondary infection [112]. This viral-bacterial co-infection is common in
patients with chronic respiratory disease; however, it has a significant impact on
the outcome of the treatment. One of the great examples to illustrate the devastating
effect of viral-bacterial co-infection is the 1918 influenza pandemic, also referred to
as “Spanish flu” [113]. The influenza pandemic killed more than 50 million people
and was mainly due to the secondary bacterial infection, such as Staphylococcus
aureus and Streptococcus pneumonia, rather than from virus alone [113]. Research
in this field has led to advances in understanding that viral infection can favour
secondary bacterial infection by different pathways. These include impairing the
barrier function [114, 115], creating a microenvironment that promotes bacterial
growth and survival [116, 117], reducing responsiveness and effectiveness of
immune system [118, 119] or increasing the availability of different receptors for
bacterial binding [120, 121].

Growing number of studies suggest a possible role of OS in the viral co-infection.
For instance, a study documented that post-influenza Staphylococcus aureus causes
severe lung inflammation because of NADPH oxidase 2 (NOX2)-dependent and
OS-associated inflammatory response [122]. NOX2 is a catalytic subunit for
NADPH oxidase, and it is used for the production of ROS and oxidative burst, an
essential anti-Staphylococcus aureus immune defence process [122]. However
importantly, the oxidative burst is a double-edged sword since it is a non-specific
process and often causes lethal damage to surrounding tissues and also disrupts the
redox balance in the tissues. One of the studies showed that compromised host
immune response during influenza initiates NOX2-dependent oxidative burst which
when further challenged by Staphylococcus aureus caused systemic, lethal damage
in the host respiratory tract [123].

Besides influenza and Staphylococcus aureus co-infection, Mycobacterium
tuberculosis and HIV co-infection, which are discussed in later sections, also set
an exemplary example of the effect of OS during viral-bacterial co-infections.
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8.11 Co-infection of Mycobacterium tuberculosis and HIV

Tuberculosis (TB) is a major cause of mortality globally. It is estimated that in 2017
alone, 1.6 million people died from the disease making it the largest cause of death
due to a single infectious agent [124]. While most cases are attributable exclusively
to infection with Mycobacterium tuberculosis (MTB), approximately, 300,000 TB
mortalities occurred in individuals who were also living with HIV. Furthermore, of
the 10 million people who developed TB during 2017, 920,000 (9%) were
HIV-positive [124]. Therefore, MTB/HIV co-infection is a major feature of the
biology of TB internationally.

It has been well established that HIV/AIDS weakens the CD4+ T cell-mediated
immune response, thereby increasing susceptibility to the development of TB [125–
129]. The risk of death in MTB/HIV co-infected TB patients is significantly higher
than in TB patients who are HIV-negative [130–132]. TB accounts for approxi-
mately 26% of AIDS-related deaths, making it a dominant cause of mortality in
HIV/AIDS cases [133].

The structural damage to the lungs of pulmonary TB patients involves extensive
fibrosis, cavitation, traction bronchiectasis, bronchostenosis or parenchymal destruc-
tion [134, 135]. There is growing evidence that TB disease also changes parameters
in the host that favour HIV replication such that TB hastens the progression of
HIV/AIDS. For example, MTB infection has been shown to result in upregulated
viral gene expression in HIV transgenic mice which can be suppressed through
treatment with antitubercular drugs [136]. The induction of HIV gene expression by
co-infection with MTB is dependent on the surface presentation of Toll-like receptor
2 (TLR2) [137]. This activity is mediated by an interaction between TLR-2 and a
constituent of the MTB membrane, phosphatidylinositol mannoside 6 (PIM6) [138].

Interestingly, a recent study has reported that macrophages infected with virulent
MTB release exosomes that induce oxidative stress in neighbouring noninfected
immune cells [139]. This was associated with reactivation of HIV in monocytes and
lymphocytes which was abrogated through the administration of a known antioxi-
dant, N-acetylcysteine [139]. The reactivation of HIV by MTB-specific exosomes
was accompanied by altered expression of genes associated with redox metabolism
including upregulation of component genes of superoxide-producing enzyme-
NADPH oxidase, e.g. cytochrome B-245 beta chain (CYBB) and neutrophil cyto-
solic factors 1 (NCF1) and 2 (NCF2) [139].

While the initiation of a respiratory burst to produce reactive oxygen species is an
important immune response by macrophages for the killing of MTB [140], this
defence mechanism may paradoxically participate in the reactivation of HIV repli-
cation and in the elevation of titres of the virus in a co-infected host. Therefore, it is
apparent that TB control programmes are integral in reducing the incidence of
MTB/HIV co-infection and hence slowing the progression of HIV/AIDS disease.

8 Infection-Induced Oxidative Stress in Chronic Respiratory Diseases 139



8.12 Co-infection of Mycobacterium tuberculosis and Fungi

Patients with pre-existing TB are more susceptible to pulmonary fungal infections.
The prevalence of Candida co-infection in TB patients was reported to be approxi-
mately 15–32% [141]. As stated earlier, M. tuberculosis induces ROS production
from alveolar macrophages that is a major host-defence mechanism against TB
development/progression [139]. There is good evidence that the diagnosis of fungal
infections, namely, invasive pulmonary aspergillosis, is often misdiagnosed as the
development of TB in patients receiving various organ transplantations and the
incidence of misdiagnosis is significantly higher in certain geological locations
[142]. Moreover, a recent study confirmed the diagnosis of chronic pulmonary
aspergillosis (CPA) in treated TB patients and recommended a combination of
CPA diagnosis strategies to increase the sensitivity of diagnosis by combining
chest X-ray cavitation, serological assays with Aspergillus specific IgG, chronic
cough or haemoptysis assays [143]. The killing of Aspergillus conidia is primarily
mediated by phagocytes, including alveolar macrophages and neutrophils, most
importantly by ROS-mediated pathways [144]. However, Aspergillus constitutes a
range of antioxidant mechanism to evade phagocytic killing, including a range of
ROS scavengers [144]. The combination of TB-fungal infections could lead to
further increases in OS burden in the lungs, thus enabling both pathogens to persist.
Also, increased OS may lead to elevated inflammatory responses leading to height-
ened pulmonary damage that may aid in the dissemination of both TB and fungal
pathogens.

8.13 Treatments

Infection-induced oxidative stress in the lungs is generally deleterious, particularly
in patients with pre-existing chronic diseases. Although currently prescribed treat-
ment regimens are beneficial in alleviating the symptoms of CRDs, these treatments
do not completely cure the disease. Moreover, an important aspect of CRDs,
i.e. oxidative stress, is only beginning to be investigated in the context of manage-
ment of CRDs. Few examples of antioxidative drugs include flavonoids, glutathione
(GSH), N-acetylcysteine, ascorbic acid (vitamin C) and tocopherol (vitamin E),
3-methyl-1-phenyl-2-pyrazolin-5-one (edaravone), ebselen, etc.
[145]. Supplementing current treatment regimens with antioxidant drugs could be
beneficial to limit microbial infections in CRDs, especially the microbial pathogens
that are equipped with antioxidant mechanisms. However, these antioxidant
therapies have been only marginally successful in preventing and/or treating
CRDs. One possible explanation may be the inability of these therapies in
distinguishing the pathways that are harmful in increased ROS/RNS activities
from those that are actually beneficial in nature. Thus, refining the existing knowl-
edge may ensure the reduction in OS-related lung pathology and will potentially
reduce pulmonary inflammation that is a hallmark feature of CRDs, which will be
essential in improving the overall quality of life.
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8.14 Summary and Conclusion

Oxidative stress is an integral mechanism to counter foreign particles, including
microbial pathogens, in the lungs. However, the chronic exposure to exogenous
factors, such as cigarette smoke, air pollution and recurrent infections, may lead to
dysregulation of the oxidant-antioxidant balance in the lung. Furthermore, increased
oxidative stress markers are often reported in both pulmonary and systemic samples
of patients with CRDs. Major microbial lung pathogens are shown to possess
sophisticated mechanisms to counter the host oxidants and survive/persist in the
lungs. Notably, several pathogens increase the oxidative burden in the host either by
activating ROS/RNS production or by reducing host antioxidant defence
mechanisms. This persistent microbial load, as well as an increased oxidative
burden, may lead to a heightened risk of further lung pathology and tissue destruc-
tion, potentially leading to increased risk of morbidity and mortality in patients with
CRDs. Although antioxidant therapies, drugs that may restore the balance between
oxidants and antioxidants, are either currently available or under intense investiga-
tion, these remain under-/unutilized in patients with CRDs. Focused investigations
are needed to fully understand the effects of microbial pathogens in the lungs of
CRD patients.
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Oxidative Stress in Depression and Other
Comorbid Disorders 9
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Abstract

Reactive oxygen species (ROS) play an important role in the pathophysiology of
central nervous system (CNS) disorders such as depression, Alzheimer’s disease,
and Parkinson’s disease. A decreased antioxidant capacity may not be able to
protect against ROS, resulting in damage to endogenous vital body molecules
such as fat, DNA, and protein. The increased oxidative stress linked with
increased expression of nuclear factor (NF)-κβ, which is responsible for modula-
tion of various proinflammatory cytokines and neuronal inflammation, results in
neuronal death. Moreover, increased oxidative stress also stimulates the caspase-
3-mediated apoptotic pathway and leads to neuronal death.

Coexistence of magnified oxidative stress and the appearance of depressive
disorders is evidenced by enhanced lipid peroxidation. Earlier studies reported
that malondialdehyde (MDA), a metabolized output of lipid peroxidation, was
found in greater amounts in the biomatrix of patients with CNS disorders as
compared with control subjects. Reduced glutathione (GSH), catalase (CAT), and
superoxide dismutase (SOD) enzyme levels/activity play significant roles in
antioxidant defense mechanisms. High GSH levels lead to scavenging of free
radicals. Some previous reports have shown that lower levels of the antioxidant
GSH play an important role in the pathophysiology of CNS disorders. The CAT
enzyme catalyzes the conversion of hydrogen peroxide into water and oxygen.
Previous studies have reported decreases in CAT and SOD levels in the prefrontal
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cortex, the hippocampus, and the striatum of stressed mice, indicating depression-
like behavior. CAT mediates signaling in cell growth abnormality, the death of
neurons, sugar metabolism, and platelet aggregation.

SOD is another important antioxidant enzyme, which promotes dismutation of
superoxide into oxygen and hydrogen peroxide. SOD is an important enzyme
involved in CNS disorders, cofactored with copper and zinc. Mice deficient in
SOD2 have been shown to have major oxidative stress and died soon after birth.
Overall increased levels or imbalances of oxidative stress enzymes are responsi-
ble for various CNS disorders. The roles of these enzymes or oxidative stress
markers in various disorders are discussed in various sections of this book
chapter.

Keywords

Neurological disorders · Oxidative stress · SOD · GSH · CAT

9.1 Outline

• Oxidative stress
• Oxidant and antioxidant systems
• Role of oxidative stress in various neurological disorders
• Expert opinion

9.2 Introduction to Oxidative Stress

Oxidative stress is a disturbance or imbalance between the production of reactive
oxygen species (ROS; i.e., free radicals) and antioxidant defense mechanisms [1]. In
other words, oxidative stress is the result of production of oxygen radicals in cells,
which can overpower the normal antioxidant mechanism(s) [2]. This imbalance may
be responsible for the pathogenesis of various central nervous system (CNS)
disorders such as depression, anxiety, Alzheimer’s disease (AD), and Parkinson’s
disease (PD). Individual internal defense mechanisms such as antioxidants
(tocopherols, ascorbic acid, and glutathione) or enzymes involved in oxygen radical
scavenging (catalase (CAT), glutathione (GSH), and superoxide dismutase (SOD)),
which are required for fighting oxidative damage to proteins, lipids, and DNA, can
lead to cytotoxicity/genotoxicity and sometimes lead to carcinogenesis, when
affected mutated cells can proliferate [2]. ROS serve as an important mediators in
various physiological roles (i.e., cell signaling), and they are generated in the body as
by-products of biotransformation of oxygen. In addition, different environmental
stressors (e.g., ultraviolet (UV) light, x-rays, pollutants, and metallic ions),
xenobiotics (e.g., antiblastic drugs), and external substances (e.g., cigarette smoke,
pesticides, and ozone) can cause the formation of free radicals in the body and
contribute to greater ROS production, causing an imbalance that leads to cell and
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tissue damage due to excessive oxidative stress [3]. The basic components of the
oxidative and antioxidative systems are shown in Fig. 9.1.

Hydroxyl ion radicals (•OH), superoxide free radicals (O2
•�), hydrogen peroxide

(H2O2), and singlet oxygen (
1O2) are frequently defined as ROS and are responsible

for generation of oxidative stress; these free radicals are generated as by-products of
various biological activities in vivo [4].

Production of ROS takes place in mitochondria in a normal physiological pro-
cess; that is, O2

•� can be formed by the cellular respiration process, by lipoxygenases
(LOX) and cyclooxygenases (COX) during the biotransformation of arachidonic
acid, and by vascular endothelial and inflammatory cells [5]. Oxidative stress has
been associated with various CNS disorders, such as PD, AD, amyotrophic lateral
sclerosis (ALS), multiple sclerosis (MS), depression, and memory loss [6–8]. In
different sections of this book chapter, we discuss the role of oxidative stress in some
of these disorders.

9.3 The Antioxidant System

Oxidative stress initiates structure and function alterations of key biomolecules.
To overcome uncontrolled generation of free radicals, cells have evolved defense
mechanisms for protection against ROS-mediated oxidative damage. These
include antioxidant defense mechanism(s) to monitor the generation of ROS.
Antioxidants are present in lesser concentration in the cells and significantly
delay or prevent oxidation of various cellular oxidizable substrates. Antioxidants
work by donating their electrons to ROS and thereby reduce their adverse effects.
Three prominent mechanisms of antioxidants are (1) minimization of ROS
production, (2) scavenging of ROS, and (3) repair of damaged target
molecules [9].

Oxidative Stress

Catalase

SOD

GSH

Lipid Peroxides

Nitrates

Anti-Oxidative System Oxidative System

Fig. 9.1 Oxidative and antioxidative systems. GSH glutathione, SOD superoxide dismutase
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9.4 Oxidative Stress in Depression

The World Health Organization (WHO) previously stated that by the year 2020,
depressive disorder would be the illness with the maximum burden of disease. In
particular, unipolar major depressive disorder is the psychiatric disorder with the
highest prevalence and incidence rates, is cost intensive, and has relatively high
morbidity [10]. Oxidative stress plays a crucial role in the pathogenesis of depres-
sion. Data from various studies have suggested that the severity of depression
increases with increases in oxidative stress. Increased oxidative stress in unipolar
depressive disorder is mediated by elevated concentrations of free radicals.
According to studies, important causes of major depression are inflammation,
autoimmune disease-induced tissue damage, and prolonged exposure to stress,
leading to oxidative stress. In several studies, malondialdehyde (MDA) levels have
been found to be increased in depression [11]. Moreover, long-term stress is closely
related to various neurological disorders, including depression. Excessive stress
leads to alterations in neuronal signaling, immune responses, the cardiovascular
system, the neuroendocrine system, and the sympathetic nervous system via activa-
tion of the hypothalamus–pituitary–adrenal (HPA) axis [12, 13]. In normal physio-
logical conditions, oxygen-derived species are converted into less toxic compounds
with participation of the most significant antioxidant enzymes such as SOD, CAT,
and GSH [14]. Increases in stress cause deregulation of the antioxidant activity of
enzymes such as GSH, SOD, and CAT, and increases lipid peroxide and nitrite
levels in the brain structure of rodents [15, 16], leading to depression.

Increased activity of ROS causes damage to endogenous biological molecules
such as protein, fat, and DNA [17–19]. Increased oxidative stress leads to increased
expression of nuclear factor (NF)-κβ, which leads to increased levels of various
proinflammatory cytokines (such as TNF-α and interleukin (IL)-1β) and neuronal
inflammation, followed by neuronal death. In addition to neuronal inflammation,
oxidative stress activates caspase-3-mediated apoptotic neuronal death, as shown in
Fig. 9.2.
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Fig. 9.2 Increased oxidative stress leads to neuronal death in depression. IL interleukin, NF
nuclear factor, TNF tumor necrosis factor
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9.5 Oxidative Stress in Alzheimer’s Disease

Alzheimer’s disease is the most common cause of disability in individuals over the
age of 60 years. Oxidative stress plays an important role in the pathophysiology of
AD, a destructive disorder in the elderly. The brain is more prone than other organs
to be affected by oxidative stress, and most of the components of neurons (lipids,
proteins, and nucleic acids) can be oxidized in AD as a result of mitochondrial
dysfunction, increased metal levels, inflammation, and β-amyloid (Aβ) peptide
accumulation. Many blood/serum markers of oxidative stress have been identified
in AD patients or related animal models, including protein carbonyls and
3-nitrotyrosine [20, 21], 8-hydroxydeoxyguanosine (8-OHdG), 8-hydroxyguanosine
(8-OHG), malondialdehyde (MDA) [12], 4-hydroxynonenal (4-HNE), and
F2-isoprostanes (F2-IsoPs). Some studies have suggested that mitochondrial dysfunc-
tion, metal accumulation, Tau hyperphosphorylation, and Aβ peptide accumulation
are basic mechanisms involved in increased oxidative stress. Aβ accumulation is the
most important factor in the progression of AD; it disrupts the electron transport chain
(ETC) by reducing the activities of some important enzymes and affects mitochondrial
function [22, 23]. In addition, soluble Aβ is related to rises in H2O2 levels and
reductions in the activity of cytochrome c oxidase in mice [24]. Moreover, treatment
with Aβ in isolated mitochondria causes oxidative injury to the membrane of
mitochondria, impairs lipid polarity, and inhibits the most necessary enzymes of the
respiratory chain [25, 26].

Abnormally high accumulation of Zn, Cu, and Fe has been seen in patients with
AD. Interaction of these metal ions leads to increases in oxidative stress. By binding
to these metal ions, Aβ produces ROS through redox activity. However, metal
chelators reduce the activity of Aβ and prevent aggregation of metal overload. For
example, binding of Aβ to cupric ion forms a cuproenzyme-like complex and during
this process, formation of Aβ free radicals and hydrogen peroxide take place.

In addition, oxidative stress has a genetic link with AD, particularly with respect
to apolipoprotein E4 (ApoE4) [27]. Moreover, higher levels of F2-isoprostanes have
been observed in patients with AD. A high incidence of cell death or apoptosis has
been observed in patients with AD, which is further associated with oxidative stress
[28] (Fig. 9.3).

9.6 Oxidative Stress in Anxiety

Consumption of O2 with less antioxidant defenses and more fat content make the
brain highly vulnerable to redox imbalances. Recently, many studies have suggested
that oxidative stress is associated with anxiety and depression, as well as comorbid
depression and anxiety. In the process of high oxidative stress, the lipid-rich
constitution of the brain enhances peroxidation of lipids, leading to a decrease in
the strength of cellular membranes, as well as damage to membrane proteins, and
also inactivating receptors, enzymes, and ion channels. This overall process
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imbalance in oxidative stress can alter neuronal signaling, neuronal function, and
overall brain activity.

In 2005, Hovatta et al. [29] identified a close relationship between antioxidative
defense mechanisms and anxiety-related phenotypes in six inbred mouse strains.
They observed that in the brain, expression of the glutathione reductase 1 and
glyoxalase 1 genes (which are related to antioxidant metabolism) is highly correlated
with phenotypes of anxiety. Overexpression of the aforementioned enzymes in the
cingulated cortex of the mouse brain results in an increase in anxiety-like behavior,
while inhibition of glyoxalase 1 expression produces low-anxiety mice.

Some studies have also demonstrated the role of the HPA axis in anxiety. The
literature shows a link between anxiety and oxidative stress. Berry et al. [30] showed
that in wild mice, pain sensitivity and emotional behavior increase with age, likely
because of the increase in oxidative stress and the reduction in antioxidant
mechanisms. They demonstrated that deletion of the p66Shc gene (which is respon-
sible for the regulation of reactive species metabolism) leads to a reduction in
anxiety-like behavior and oxidative stress in mice. Desrumaux et al. [31] correlated
a reduction in vitamin E levels with an increase in anxiety-like behavior. Moreover,
decreased levels of antioxidant enzymes such as SOD and glutathione peroxidase
(GPx) and higher lipid peroxide levels have been observed in patients with anxiety,
particularly those suffering with obsessive–compulsive disorder and panic disorder.
Similarly, Yasunari et al. [32] found a marked link between ROS and anxiety in
patients with hypertension. Some recent studies have also demonstrated a positive
correlation between oxidative stress markers and human aging [33] (Fig. 9.4).

9.7 Oxidative Stress in Schizophrenia

It is well known that both genetic and environmental factors are involved in the
pathogenesis of schizophrenia. Oxidative stress has an important place in the
pathophysiology of schizophrenia, which may lead to novel treatment strategies.

Step 1: Abnormally high 
accumulation of Zn, Cu and Fe 

Step 2: Binding to these metal ions 
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Step 4: Increases in apoptotic 
activity and neuronal cell death

Fig. 9.3 Role of oxidative
stress in the progression of
Alzheimer’s disease. Aβ
β-amyloid, ROS reactive
oxygen species
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Recent human studies support the concept that oxidative stress plays a putative role
in the progression of schizophrenia. Elevated levels of oxidative enzymes and
decreased levels of antioxidant enzymes are observed in early schizophrenia. High
levels of oxidative enzymes result in damage to lipids, proteins, nucleic acids, and
tissue. Incapability of the antioxidant defense system has been observed both in
patients with neuroleptic-naive first-episode schizophrenia and in patients with
chronic schizophrenia being treated with medication, and indicates the presence of
oxidative stress in schizophrenia. Bitanihirwe and Woo [34] and Huang and Liu [35]
have noted that levels of erythrocyte thiobarbituric acid reactive substances
(TBARS) in patients with chronic schizophrenia treated with stable daily doses of
neuroleptics and serum levels of MDA in patients newly affected with schizophrenia
are significantly increased. Moreover, increased lipid peroxidation levels have been
found in the hippocampus and thalamus of patients with schizophrenia. A recent
meta-analysis has shown that there is an increase in the levels of lipid peroxidation
products and NO (discussed in further detail below) in schizophrenia, while SOD
activity has been found to be significantly decreased in this disorder [36]. This
analysis also reported that the activities of GPx and CAT are not affected in patients

Neuronal 
inflammation and 

apoptosis

Dysfunctional 
neuronal integrity 

and impaired 
neuroplasticity

Impact of Oxidative 
Stress on Anxiety 

Progression

Impaired 
neurotransmission, 

i.e., GABA 
neurotransmitter; 

HPA axis 
dysregulation

Fig. 9.4 Role of oxidative stress in the progression of anxiety. GABA γ-aminobutyric acid, HPA
hypothalamus–pituitary–adrenal
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with schizophrenia [36]. However various studies have reported lower, normal, and
increased levels of CAT in the brains of patients with schizophrenia. The same
pattern has been found for SOD. Postmortem studies of human brains have reported
a 40% depletion of GSH levels in the caudate nucleus of patients with schizophrenia
[37] (Fig. 9.5).

The levels of plasma antioxidants (uric acid, albumin, and bilirubin) have been
reported to be significantly decreased in schizophrenia [38–40]. These findings were
found to be independent of smoking status [38]. Plasma levels of α-tocopherol [41]
and ascorbic acid have also been reported to be decreased in patients with schizo-
phrenia. In contrast, thioredoxin levels have been shown to be increased during the
acute phase of schizophrenia [42] but become normalized in patients with chronic
schizophrenic on long-term antipsychotic pharmacotherapy [42].

9.8 Impact of Oxidative Stress on Parkinson’s Disease

The mechanisms responsible for neuronal degeneration in PD are highly complex
and remain to be completely elucidated. The majority (90–95%) of PD cases are
idiopathic. In both idiopathic and genetic cases of PD, oxidative stress is thought to
be the generic underlying mechanism causing cellular dysfunction and demise
[43]. Although the exact mechanism pertaining to ROS generation related to PD is
still unknown, many theories have been proposed in support of the role of oxidative
stress in PD. In this chapter, we summarize the major sources of oxidative stress and
oxidative cellular dysfunction, and their impacts on the progress and maintenance of
PD. Extensive production of ROS in the brain may provide an explanation for the
magnitude of the role that these reactive molecules play in PD. ROS are generally
produced in the cell in the mitochondrial ETC or redox reactions, and they are in fact
essential constituents of cellular homeostasis [44]. The oxidative process alters
mitochondrial respiration and induces a change in the permeability of transition
pores in brain mitochondria [45]. Examples of ROS are the superoxide anion radical
(O2

2�), the hydroxyl radical (•OH), and hydrogen peroxide (H2O2). The superoxide
anion, which is mainly generated by mitochondrial Complexes I and III of the ETC,
is highly reactive and can easily cross the inner mitochondrial membrane, forming
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Fig. 9.5 Roles of genetic and environmental factors and inflammasomes in the progression of
oxidative stress and the pathophysiology of schizophrenia. AP activator protein, ERK extracellular
signal-related kinase, IFNγ interferon-γ, JNK c-Jun NH2-terminal protein kinase, NF nuclear factor,
TNF tumor necrosis factor
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H2O2 [46]. Extensive production of ROS in the brain possibly provides an explana-
tion for the significance of the role that these reactive molecules play in the
pathophysiology of PD. The brain ingests about 20% of the oxygen source in the
body, and a substantial portion of that oxygen is converted to ROS. ROS can be
generated in the brain from several sources, in both neurons and glia, with the ETC
being the major contributor at the mitochondrial level [23]. Considerable experi-
mental evidence suggests that a significant contributor to dopaminergic (DAergic)
neuronal loss in the brain of patients with PD is ROS, resulting from dopamine
metabolism, low GSH levels, and high levels of iron and calcium in the substantia
nigra pars compacta (SNpc) [47].

9.9 Mitochondrial Dysfunction in Parkinson’s Disease

Mitochondria are dynamic organelles with many purposes. Besides their participa-
tion in energy generation, they are closely engaged in calcium homeostasis, stress
response, and cell death pathways [48]. Mitochondrial dysfunction was first linked
to PD upon the recognition of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-induced PD among some drug abusers, and the finding of substantial
DAergic neuron loss in their substantia nigra on postmortem investigation
[49]. MPTP crosses the blood–brain barrier and is taken up by astrocytes, where it
is metabolized into 1-methyl-4-phenylpyridinuim (MPP+) by monoamine oxidase B
(MAO-B) and is released into the extracellular space. MPP+ is a substrate for the
dopamine transporter and is taken up selectively into DAergic neurons, where it
inhibits Complex I of the mitochondrial ETC [50]. Damage to mitochondrial
Complex I in the ETC causes leakage of electrons, which in turn causes ROS
generation. As such, the Complex I inhibitors rotenone and MPTP, when injected
intraperitoneally, exert preferential cytotoxicity to the DAergic neurons [51]. Addi-
tional evidence for mitochondrial dysfunction linked to oxidative stress and dopa-
mine (DA) cell damage comes from findings that mutations in genes that encode
proteins such as α-syn, parkin, DJ-1, or PINK are linked to familial forms of
PD. Mutations in these genes affect mitochondrial function and integrity, and are
associated with increases in oxidative stress. ROS influence proteasomal, lysosomal,
and mitochondrial function, which in turn regulate the cellular response to oxidative
damage [52]. Protein misfolding along with mutation in genes may play significant
roles in the occurrence of deleterious events involved in the neurodegenerative
process of PD [53].
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9.10 Physiological and External Determinants of Oxidative
Stress in Parkinson’s Disease

9.10.1 Aging

Age is the major risk factor for PD, with an exponential increase of the disease
incidence above the age of 65 years [54]. Age-linked mitochondrial dysfunction and
subsequent increased ROS production seem to be essential aspects of neurodegen-
erative disorders that develop later in life. In the brains of elderly patients with PD,
high intensities of mitochondrial DNA (mtDNA) deletions are observed in
pigmented neurons of the substantia nigra [55]. Furthermore, with aging, mitochon-
drial function weakens concomitantly with alterations in their morphology and
decreased numbers [56], and age-related decreased autophagy results in the accu-
mulation of defective mitochondria [57].

9.10.2 Toxins

The risk of PD may be greater after exposure to multiple pesticides than after
exposure to any one pesticide alone [58]. In addition, consumption of pesticide-
contaminated well water may increase the risk of PD [59]. Although these toxins act
through different mechanisms, they have common characteristics of enhanced oxi-
dative stress due to increased ROS production. An example is the herbicide paraquat,
which has been linked to an increased risk of PD [60]. Another pesticide, rotenone,
can freely access cellular membranes and stores in mitochondria, where it hinders
Complex I by weakening oxidative phosphorylation [61]. With these observations it
can be summarized that toxins play significant roles in ROS and PD. The effects of
environmental factors on the progression of PD are shown in Fig. 9.6.

9.11 Expert Opinion

Redox degenerative chain reactions in living systems inevitably produce ROS and
their derivatives. Oxidative stress is the consequence of an imbalance in the equilib-
rium of pro-oxidant/antioxidant homeostasis, leading to the generation of toxic ROS,
such as hydrogen peroxide, organic hydroperoxides, nitric oxide, superoxide, and
hydroxyl radicals. Information is accumulating steadily that supports the general
importance of oxidative damage to tissue and cellular components as a primary or
secondary causative factor in aging processes and many different human diseases
such as PD, AD, and depression.

On the basis of various literature reports and research work, we can conclude that
oxidative stress plays a major role in the pathophysiology of various CNS disorders.
The main culprits causing disease in all of these cases are imbalances between
oxidative and antioxidant metabolism processes. These imbalances lead to increases
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in the activity of inflammasomes and other apoptotic mediators such as caspase-3,
and finally lead to neuronal death.
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Oxidative Stress Monitoring in In Vitro
and In Vivo Models 10
Thania Rios Rossi Lima, Bianca Camargo Penteado Sales,
and Lilian Cristina Pereira

Abstract

In aerobic organisms, cellular respiration is an essential process that is divided
into several steps. The third and last step is called oxidative phosphorylation,
which occurs in the mitochondria, specifically in the inner mitochondrial mem-
brane. The mitochondria are considered the cell “powerhouse” because they
generate energy through oxidative phosphorylation, which is the main energy
source in aerobic organisms. The generated energy is stored in the ATP molecule
and is used to maintain various biological processes. Conversely, the
mitochondria are also the primary site for reactive oxygen species (ROS) produc-
tion. If ROS are produced beyond the capacity of antioxidant systems to neutral-
ize them, they induce oxidative stress. This condition is harmful for
macromolecules and can lead to cell death. Oxidative stress and its consequences
can be monitored by many assays that employ in vitro and in vivo models, which
will be discussed throughout this chapter.
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10.1 Overview of Oxidative Stress

Owing to their bioenergetic functionality, the mitochondria are considered the most
important organelle in eukaryotic organisms. They are the center of oxidative
phosphorylation (OXPHOS), thereby playing a crucial role in energy metabolism,
i.e., adenosine triphosphate (ATP) production, in aerobic cells [1]. OXPHOS is a
complex and systematic process that occurs in the inner mitochondrial membrane
and involves two interrelated steps: the electron transport chain (ETC) and
chemiosmosis. The ETC comprises four distinct protein complexes (I, II, III, and
IV) that are inserted in the inner mitochondrial membrane, namely, NADH dehy-
drogenase, succinate dehydrogenase, ubiquinol-cytochrome c reductase, and cyto-
chrome c oxidase, respectively. Each of these complexes acts as sequential electron
carriers via reduction and oxidation (redox) reactions up to a final acceptor, molecu-
lar oxygen (O2), which is reduced to water. The electrons that participate in the ETC
come from early cellular respiration stages and are channeled through universal
acceptors, the coenzymes nicotinamide adenine dinucleotide (NADH) and flavin
adenine dinucleotide (FADH2) [2, 3]. In association with the four multienzymatic
complexes I–IV, other proteins such as coenzyme Q (or ubiquinone), cytochromes,
and iron-sulfur proteins are involved in electron transport along the ETC [4]. Simul-
taneously with the electron transport through the respiratory chain, H+ ions are
pumped into the intermembrane space, generating a proton-motive force. Next,
ATP synthase couples the backflow of these protons to ATP synthesis from ADP
and phosphate [3–5]. At the end of OXPHOS, a total of 32–34 ATP molecules are
obtained. The entire oxidative phosphorylation process has been discussed in previ-
ous chapters (see Chap. 1).

When this sequence of events is overstimulated or blocked, electrons leak and
reactive oxygen species (ROS), including hydrogen peroxide (H2O2), superoxide
(O2

�), hydroxyl radical (OH�), singlet oxygen (O2), and alpha-oxygen (α-O), are
produced. Normally, ROS regulate many cellular processes like proliferation, quies-
cence, and phenotypic determination, but when such reactive species are generated
beyond the neutralizing capacity of antioxidant systems, they can induce an oxida-
tive stress condition that impairs proteins and DNA and which even culminates in
cell death [6, 7]. Clearly, the mitochondria are major ROS sources, so they are also
primary injury sites. However, other sources have been identified, such as p66shc
and Nox4 proteins [6].

Under normal conditions, the antioxidant activity can balance the ROS amount
that causes oxidative damage and prevent a target molecule from being damaged by
ROS (see Fig. 10.1) [8]. Antioxidant enzymes are necessary to maintain life: they
intercept and repair damages in the organism, thanks to their association with the
detoxification of xenobiotics. The members of this enzymatic system are catalase
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(CAT), superoxide dismutase (SOD), glutathione peroxidase (GPx), and
glutathione-S-transferase (GST), while vitamin E, vitamin C, reduced glutathione
(GSH), and other compounds [9, 10] represent nonenzymatic antioxidants.

According to the World Health Organization (WHO), around 22% of all the
diseases are associated with environmental factors. Pesticides and metals are among
the main environmental toxicants, and they can severely impact animal and human
health on the tissue, organ, and systemic levels. Numerous pesticides are known to
induce ROS. A classic example is the herbicide paraquat, which inhibits the ETC
and preferentially affects the nigrostriatal region, cerebral cortex, and hippocampus.
Methylmercury (MeHg), a highly poisonous heavy metal that is released into the
environment and which has bioaccumulative properties, is another common exam-
ple. Currently, exposure to MeHg occurs mainly through contaminated fish and
shellfish intake [11]. MeHg increases ROS production and decreases glutathione
levels [1, 7]. Because the neuronal tissue has high energy demands and may
therefore be a critical ROS accumulation site, exposure to toxic substances and the
consequent oxidative stress generation have been suggested to trigger different
diseases, especially neurodegenerative diseases (e.g., Parkinson’s and Alzheimer’s
disease).

10.2 Relevance of Experimental Studies and Use of Alternative
Methods in Biomedical Research

The intensive use of hazardous compounds in human activities adversely affects the
human health and contaminates various environments, including soil, groundwater,
and surface water, thereby impairing different ecological levels. Unintentional
poisonings are estimated to lead to 193,000 deaths/year globally even though most
exposures could be controlled. According to projections of the Organization for
Economic Cooperation and Development (OECD), the production of chemicals,

Fig. 10.1 Reactions involved in ROS formation and detoxification. The O2
� originating from

molecular oxygen monoelectronic reduction is converted to H2O2 by the enzyme SOD; the enzyme
CAT decomposes H2O2 into water and oxygen and/or is oxidized by action of the GPx enzyme.
Oxidized glutathione is recycled to maintain the reduced glutathione levels. In the presence of some
transition metals (e.g., iron and copper), H2O2 generates OH

�
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such as household and occupational substances, will grow fast up to 2050, increasing
chemical exposure and potential poisoning [12]. Therefore, assessing the hazard and
the risk of chemical substances is extremely important in biomedical research.
Considering the scientific historical context in the last decades, most of these studies
have been carried out with animal models that allow the adverse effects to be
characterized and the mode and mechanism of action of the investigated compounds
to be understood. Animal models have also played a pivotal role in understanding
the pathogenesis of the well-known Zika virus (ZIKV), which emerged suddenly in
2015 and was associated with a widespread outbreak of microcephaly and other
severe congenital abnormalities in newborns of infected mothers [13]. Recently,
brain organoids have been extensively used to study how ZIKV is associated with
neurological alterations [14, 15]. In summary, this technology represents one of the
innovations in in vitro methods that mimic an organ through self-organized three-
dimensional tissue cultures that are derived from stem cells [16].

In the world scenario, there has been a progressive increase in the use of
alternative methods to animal experimentation in different academic research and
industrial sector. This has happened due to efforts made by the global scientific
community to establish cost-efficient, inhumanity-free, and increasingly predictive
experimental models associated with the ethical-social pressure to follow the 3R
principles—Replacement, Reduction, and Refinement—postulated by Russell and
Burch in the late 1950s [17, 18]. The 3R program aims to develop and to validate
new means of evaluation, to harmonize the use of experimental models, to demon-
strate the use of new procedures aimed at reducing the number of animals, to replace
the use of animals whenever possible, to improve on methods that have already been
described to minimize animal discomfort, and to recommend that alternative tests be
implemented in vivo and in vitro [17–19]. Although the concern with animal welfare
has taken on greater proportions over the past decades, it is nothing new (see
Fig. 10.2). The first worldwide act (Martin’s Act, 3 Geo IV, c 71) to prevent animal

Fig. 10.2 Progress of regulations on animal welfare. Beginning in 1822, with the approval of
Martin’s Act, and culminating in the emergence of Ethics Committees on Animal Use
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cruelty, which discussed the improper treatment of cattle, was implemented in 1822
in the United Kingdom [20]. In Brazil, the first decree on animal welfare requiring
adequate animal care and punishment for noncompliance was only endorsed in 1934
(Decree no. 24.645, July 10, 1934) [21]. The Arouca Law no. 11.794, which was
sanctioned in 2008, regulates and establishes procedures for the use of animals for
scientific purposes. The Arouca Law also created the National Council for Animal
Control and Experimentation (CONCEA), which makes the Ethics Committees on
the Use of Animals (CEUA) compulsory in institutions that conduct research or
teaching activities in order to guarantee adequate animal care and ethical animal
management [22]. Such events in Brazil followed the same pathway as other events
on animal welfare around the world, including the creation of the European Centre
for Validation of Alternative Methods (ECVAM) and the Interagency Coordinating
Committee on the Validation of Alternative Methods (ICCVAM) [23].

10.2.1 In Vitro Experimental Models with Cell Culture

Despite confusion between the terms “alternative method” and “in vitro method,”
they are different. Alternative approaches include distinct nonanimal methods like
computerized modeling, decision-aiding tools, data sources to enhance sharing, and
assessment of existing knowledge or in vitro models [24, 25]. An in vitro method
(Latin meaning in the glass) entails maintaining a given biological model in a
controlled environment outside a living organism. In vitro methods can employ
microorganisms (e.g., bacteria or fungi), cells derived from multicellular organisms
(e.g., the HepG2 or MCF-7 cell lines), or intracellular components (e.g.,
mitochondria), among others. In vitro models for cell culture can be prepared by
two main techniques: two-dimensional (2D) and three-dimensional (3D) cell culture
[26–28].

The 2D cell culture method is widely used because it is easy to handle, its
maintenance is inexpensive, and it can be performed with adherent cells or cells in
suspension. Although 2D systems are well accepted and have advanced our under-
standing of cell behavior significantly, they do not represent the biological
characteristics and the functional bioactivities that are observed in vivo. The increas-
ing use of in vitro models has stimulated the research and the development of new
methods that can reflect the body response to aggression better. In this context, 3D
systems can mimic the highly complex physiological environment through cell-cell
and cell-extracellular matrix (ECM) interactions. These interactions influence cell
differentiation, proliferation, viability, and expression of genes and proteins, and
they are tied to the functions of whole organs [26–28]. With respect to the methods
that are applied to prepare 3D models, they can be divided into the scaffold-based
and the scaffold-free method (see Fig. 10.3). In the scaffold-based method, the cells
are encapsulated by a physical structure manufactured from a natural or synthetic
material that acts as an ECM, enabling the cells to interact with their surroundings
and creating an artificial microenvironment. In scaffold-free models, cells aggregate
due to an external force, which stimulates the formation of their own ECM
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components [29, 30]. Nowadays, a 3D culture can be obtained from numerous
techniques, such as magnetic levitation, hanging drop, use of Matrigel or Alginate
hydrogel, or use of bioreactors. Both the 2D and the 3D systems can be achieved by
using cocultures in which different cell types grow together in the same environ-
ment. This type of culture enables cells to communicate in almost the same way they
interact in organisms. In cocultures, it is possible to distinguish between target cells
and assistance cells that support target cell growth and development [26].

The famous statement of the statistician George E. P. Box [31], “essentially, all
models are wrong, but some are useful,” is not restricted to mathematics, but it
certainly extends to biomedical science. Therefore, the more predictive and repro-
ducible the applied model, the greater its reliability. How much an in vitro assay is
reliable is directly related to how similar the chosen model is to the cell phenotype
within the target tissue in physiological conditions [32]. For example, the size of

Fig. 10.3 Cell culture methods. (a) Cells growing in a monolayer, (b) cell culture in suspension,
(c) scaffold-free 3D culture, (d) scaffold-based 3D cell culture, and (e) 3D cell culture using
bioreactors
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spheroids can interfere in the observed outcome: larger spheroids may transport
oxygen and nutrients inefficiently, producing areas of necrotic cells at their center.
However, under healthy conditions, these models are not recommended for cytotox-
icity evaluation, such as those related to ROS generation and oxidative stress
induction, because cytotoxicity depends on oxygen availability, and these models
may more closely reflect the structure of some tumor types in vivo [30].

10.2.2 Zebrafish as Experimental Model In Vivo

The zebrafish, of South Asian origin, is a small teleost of the Danio rerio species
measuring about 4 cm [33]. It was described by Francis Hamilton in 1822 and is part
of the vertebrate family Cyprinidae, which has the largest number of species.
According to European Union regulations, using the zebrafish during embryonic
stages (until 72 h) does not upset the animal welfare [34]: the embryos have not
reached exogenous feeding, and they do not have the immunological system
completely developed, so they are not considered to be animals [35–37]. Therefore,
the zebrafish embryos constitute a greatly relevant in vitro model [34, 36, 37]. As an
adult, the zebrafish can also be considered an alternative method to the use of
conventional animals in research (e.g., rat, mice, and guinea pig) especially if one
considers the reduction principle described in the 3R concept. The black and white
stripes throughout the body are the most relevant characteristics of the zebrafish in
the adult phase [36, 38].

The zebrafish is an important model for research—a large part of its genome has
been sequenced, and it shares similarities with other vertebrates, including humans,
with whom it has about 70% of gene equivalence (35). In the biomedical area, the
zebrafish is an appropriate specimen in studies that focus on ecotoxicology, which
encompasses assessing the risk of chemical compounds [36, 39–41]. The zebrafish
develops rapidly, is easy to manipulate, and requires a small space for management,
breeding, and experiments [36]. Compared to other models, it represents a robust
and low-cost model [42]. The zebrafish has a life cycle that involves four different
stages (embryonic, larval, juvenile, and adult) (see Fig. 10.4). Most of the time, the
life cycle can be monitored under a microscope because the zebrafish is transparent
in the early stages, which allows changes in development and particularly in
organogenesis to be observed.

As a model organism, the zebrafish in the embryonic phase aids understanding of
various biological processes that take place during the development of the analyzed
tissue. Indeed, the zebrafish allows noninvasive visualization of the embryo (which
has external development) in a transparent egg [36, 41]. Given that the zebrafish
develops in translucid structures, it has been used to understand the processes of cell
death (apoptosis), differentiation, and proliferation, as well as the cellular redox
state, which are essential stages during fish embryogenesis. The model has become
highly targeted because such pathways are functionally similar to the corresponding
pathways in mammals [43].
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Contamination of the aquatic environment with a range of toxic agents
represented by heavy metals, agrochemicals, and organic compounds [44] has raised
the interest in evaluating toxicity in aquatic organisms to assess environmental
conditions and human exposure. In this scenario, experimentation with zebrafish is
valuable in biomedical research—many studies have helped to understand how
environmental contaminants interfere in the development of organisms and to
study the toxic effects that these compounds elicit [36, 39, 45].

10.3 Assays for Oxidative Stress Monitoring in Zebrafish
and Cell Culture

Countless chemical substances are being continuously released into the environ-
ment, including pesticides, polycyclic aromatic hydrocarbons (PAHs), dioxins, and
furans produced by urban communities [46]. These chemicals can affect the aquatic
ecosystem. In addition, they have bioaccumulative properties, which means that
several compounds can reach humans. The biotransformation and detoxification of
these chemical substances are an important source of reactive oxygen species (ROS),
among which O2

�, H2O2, and OH
� stand out [47]. An imbalance in the ROS amount

may result in cellular, molecular, and biochemical damage and culminate in cell
death [48–51]. In this sense, oxidative stress can be monitored by various assays that
employ ROS as biomarkers and which measure the levels of defense against cellular
damage or quantify oxidative damage (see Fig. 10.5) [52, 53]. Some of the chief
evaluated endpoints are listed below.

Fig. 10.5 Exposure to hazardous compounds induces oxidative stress, a condition that impairs the
biological system at different levels and which can be monitored by focusing on different endpoints,
including ROS determination, antioxidant system assessment, and macromolecule oxidative dam-
age evaluation
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10.3.1 Reactive Oxygen Species (ROS) Determination

10.3.1.1 Fluorescent Probes
ROS are easily measured in living cells by using fluorescent dye-based assays such
as the CM-H2DCFDA assay. The chloromethyl group facilitates passive
CM-H2DCFDA diffusion into the cell, where the H2DCFDAacetate groups react
with intracellular thiols and are cleaved by intracellular esterases, to give a fluores-
cent adduct that gets trapped inside the cell. The fluorescence status is directly
related to the presence of ROS [54]. Numerous studies with the CM-H2DCFDA
probe have been carried out to evaluate the free radical content in zebrafish and cell
culture [55–59]. The advantages of CM-H2DCFDA include its easy application, its
sensitivity to changes in the cell redox state, and its ability to monitor alterations in
ROS over time [54]. Amplex® Red (10-acetyl-3,7-dihydroxyphenoxazine) is
another example of a probe that can be used to identify and to quantify H2O2 or
peroxidase activity. In the presence of horseradish peroxidase (HRP), the Amplex®

Red reagent reacts stoichiometrically with H2O2, to yield the highly fluorescent
resorufin [60, 61].

10.3.2 Antioxidant Defense Evaluation

10.3.2.1 Superoxide Dismutase Activity (SOD)
The enzyme superoxide dismutase (SOD) converts O2

� to H2O2 [62]. SOD contains
two subunits: the CuZn-SOD subunit (bearing copper and zinc in its active site) is
present in the cell cytoplasm, mainly in lysosomes and peroxisomes, whereas the
Mn-SOD subunit (bearing manganese in its active site) participates in O2

� regula-
tion in the intramitochondrial space and therefore acts against oxidative stress
[63]. Several methods can be used to assess SOD activity, including spectrophoto-
metric measurements, calculated according to the standard curve and expressed as
U/mg of protein [62, 64–66]. Nitroblue tetrazolium (NBT) reduction is an additional
method to determine SOD activity that indicates O2

� production. SOD competes
with NBT for O2

�, and the percent inhibition of NBT reduction is related to the
amount of SOD that is present in the medium [67].

10.3.2.2 Catalase Activity (CAT)
Catalases are enzymes that can metabolize H2O2 to water and molecular oxygen
[63]. They are abundant in peroxisomes, which are vesicles enveloped by a mem-
brane [47]. To determine CAT activity in aquatic organisms (like the zebrafish) and
cell cultures, the H2O2 consumption rate is most commonly measured by spectro-
photometry [68–70].

10.3.2.3 Glutathione System (GR, GPx, and GST)
Glutathione (GSH) is a broad nonlinear tripeptide that is present in all aerobic
organisms. GSH plays an essential role in the balance of ROS formation, in the
cell redox status maintenance, in the defense against electrophilic agents, and in the
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detoxification of xenobiotics [71–73]. Glutathione reductase (GR) reduces oxidized
glutathione (GSSG) to GSH while simultaneously oxidizing β-nicotinamide adenine
dinucleotide phosphate (β-NADPH2). The GSH/GSSG ratio is crucial to intracellu-
lar homeostasis maintenance. However, when cells are subject to an oxidative stress
condition, GSSG can accumulate, and the GSH/GSSG ratio can consequently
decrease. Therefore, the GSH/GSSG ratio is a useful indicator of oxidative stress
in cells and tissues and can be assessed by reacting GSH with Ellman’s reagent
(5,50-dithiobis-2-nitrobenzoic acid (DTNB)), which can be spectrophotometrically
quantified at 412 nm [71]. Glutathione-S-transferase (GST) conjugates the electro-
philic xenobiotics to GSH, allowing the transport system to eliminate these
conjugates to the extracellular medium. GPx and GST are important biomarkers
[74, 75]. The GST, GPx, and GR activities in zebrafish are usually measured in
tissues by using 1-chloro-2,4-dinitrobenzene (CDNB) as substrate. The formation of
the adduct CDNB, S-2, 4-dinitrophenyl glutathione, is monitored by measuring the
increase in the absorbance rate at 340 nm for 2 min in a spectrophotometer. The
specific GR and GPx activities are spectrophotometrically obtained from NADPH
oxidation [76–78].

10.3.2.4 Analysis of Other Thiol Groups
Apart from the aforementioned assays, thiol levels can be evaluated in zebrafish
larvae by incubation with the fluorescent dye monobromobimane (mBrB).
Decreased thiol levels can be associated with thiol consumption during detoxifica-
tion [79, 80].

Another method to evaluate thiol levels in cell cultures is to measure the fluores-
cence intensity produced by the interaction between biological thiols and the dye
Granada Green dinitrobenzene sulfonate (GGDNBS). This assay helps to determine
cellular oxidative stress on the basis of changes in biothiol concentrations [81].

10.3.3 DNA Damage, Lipid Peroxidation, and Protein Oxidation

Oxidative stress damages macromolecules. Hence, the extent of DNA damage and
the levels of lipid peroxidation and protein oxidation are an indirect way of assessing
a stress condition.

10.3.3.1 DNA Damage
8-Hydroxydesoxyguanosine (8-OHdG) is one of the most common markers of
oxidative DNA damage [82]. The increase in 8-OHdG activity in tissues corresponds
to the oxidative stress level. 8-OHdG has been used to evaluate zebrafish and cellular
DNA injury by ELISA or immunofluorescence [83–86].

10.3.3.2 Lipid Peroxidation
Numerous biochemical events occur during oxidative stress, which can lead to
deleterious effects on the lipid membranes, also called lipid peroxidation
(LP) [8]. Malondialdehyde (MDA) is a product of lipid peroxidation that is applied
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as an indicator of oxidative stress. MDA levels can be estimated by reaction with
2-thiobarbituric acid (TBA) in an assay known as TBARs. Each MDA molecule
reacts with two TBA molecules, to form products that can be quantified by spectro-
photometry [87–90]. In cell cultures, LP can also be estimated by detecting
hydroperoxides, such as 4-hydroxynonenal (4-HNE), by GC-mass spectrometry
analysis [91].

10.3.3.3 Protein Determination
Protein oxidation occurs by action of ROS, to generate stable products that serve as
biomarkers in in vitro and in vivo models. Oxidative stress can modify the protein
structure and consequently alter the cellular functions and the normal intracellular
equilibrium, affecting cell viability [6, 7]. To determine protein in cells and tissues,
the Bradford technique is frequently employed. The Bradford protein assay is based
on the interaction between the protein molecules and the Coomassie dye under acidic
conditions, which results in a color change from brown to blue [59, 77, 92]. The
carbonyl assay is also a common biomarker of protein damage: carbonyl groups can
arise as a result of protein binding to aldehydes (including many of the aldehydes
emerging during lipid peroxidation) or direct protein oxidation by ROS, and they can
be measured spectrophotometrically or by ELISA [93].

10.4 Conclusion

This chapter has described that ROS formation and accumulation triggers oxidative
stress, consequently inducing severe damage to cellular components, including
DNA, proteins, and lipids. Most of the existing protocols for oxidative stress
assessment can be applied in in vivo and in vitro studies. Although there are
numerous assays for this purpose, it is noteworthy that oxidation-reduction reactions
can also occur during sample manipulation. To avoid this, minimal sample manipu-
lation and sample protection from heat and light are recommended. Apart from
careful performance of all the procedures, critical analysis of the results is crucial for
the generation of reliable data.
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Effects of Yoga on Oxidative Stress During
Aging 11
Riya Gupta and Pawan K. Maurya

Abstract

As research in medicine flourishes, so does the life expectancy. The average life
expectancy is consistently growing and has come to be 70 years for most adults
in the developed and developing countries. However, even as the life expectancy
is growing, the lifespan, i.e. the age for healthy living, isn’t growing as much. In
diseases such as dementia, brain functioning is easily depleted in the later years.
A good and natural way to combat this is yoga. Yoga is a process to open up the
mind to work at its full potential. Through this review, we wanted to see if this is
also true for the elderly, whose brain functioning is already depleted. Can yoga
rejuvenate the minds of the elderly?

Keywords

Yoga · Oxidative stress · Aging

11.1 Introduction

11.1.1 Process of Aging

The twenty-first century is seeing an aging population like never before, and it has
now become a challenge for the developed countries to combat aging. An interna-
tional agency has been created to research on this issue. The “International Agency
for Research on Aging” is affiliated to an intergovernmental institution like the
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World Health Organization. It is a path for promoting gerontology (study on human
aging) and promotes research on geroprotectors for humans [1]. The main goal of
gerontology and preventive medicine is to extend the healthy lifespan. Medications
like antioxidants, calorie restriction mimetics, autophagy inducers, etc. that target
aging all help in promoting and extending healthy lifestyle in various animal species.
The geroprotectors.org database currently lists more than 200 substances that help in
increasing lifespan [1].

Human aging is associated with many pathways, and potential interventions may
help to prevent it. Many pathways that have been affected have been identified, and
the behavioural, dietary and pharmacological approaches to prevent these disorders
are being identified. New anti-aging drugs are regularly being developed and are
going to be of great help in the upcoming years [1]. Successful aging is used to
describe aging that occurs throughout the lifespan in gerontology. Successful aging
looks at aspects like longevity, life satisfaction, no disability, growth, active engage-
ment in life and independence. This term can also be referred to as “active aging” or
“vital aging” or “productive aging” as aging should be accompanied by sustained
health and vitality, where elderly are also contributors to the society instead of being
dependent on one another, that is, the ability of maintaining functionality as long as
possible [2]. One approach that has been available since hundreds of years but is yet
to gain popularity for anti-aging is the practice of Yoga. Yoga has been commonly
practised in Hinduism and has scientifically been proven to reduce oxidative stress
from the body—one of the key factors in combating aging.

The Hindu culture believes in a four-stage life model of aging. In this stage, youth is
the preparation age (Brahmacharya), where one studies and prepares for the later
stages in life. The second stage (Grihastha) is the productive stage which involves
family and work and ways of contributing to the society. The third stage is the
transition to a more self-oriented person (Vanaprastha, the “retired person”) and
leads a more introspective life. In this stage, individuals renounce from the home
and work practices and spend more of their time in meditation and prayer. This life is
filled with a general sense of happiness and a feeling of readiness to let the son of the
family take hold of the house. This gives them enough time to contemplate over their
death and rebirth. At this stage one can choose to become a hermit or get involved in
active worship of the Hindu gods and goddesses. The last stage is known as Sannyasa,
the “ascetic”. This is the when one is free from all the attachment to desires, hopes,
fears, duties and responsibilities of the previous stages of life. At this stage one
becomes holy and can attain enlightenment and achieve the true wisdom of the cosmos
[2]. One thing that is common throughout the lifecycle in the Hindu culture is the
practice of yoga, ensuring the connection between body and mind at all stages.

11.2 Mechanisms of Aging

It has been a dream since the dawn of civilization to slow down aging. All old
civilizations and cultures have stories like the fountain of youth or other writings
which clearly indicate the fondness with youth and anti-aging during those times. In
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fact, the fascination with aging has not ended. Scientists all over the world have been
anticipating for the day when the process of aging could be slowed down. The
breakthrough research on aging is however new. Since a long time people have
thought of aging as a natural process which occurs due to the wear and tear of the
body due to natural and inevitable processes [3].

To slow down the process of aging, however, it is necessary to know the reasons
behind aging. But till date the mechanisms behind aging are still not understood to a
great extent [4]. It is known however that aging is a degenerative process and occurs
due to cellular-, tissue- and organ-level damage accumulated over the years. Several
theories on aging have been proposed to explain this phenomenon. The most
applauded theory that has taken the centre stage has been the mitochondrial free
radical theory of aging (MFRTA) [4].

According to the MFRTA theory, aerobic metabolism produces toxic byproducts,
i.e. the ROS which cause oxidative damage due to their high chemical reactivity and
various cellular macromolecules which are injured [4]. The main production site of
superoxide is the respiratory chain (RC) located in the inner mitochondrial mem-
brane. During electron transport, abundant amount of ROS complexes I and III are
formed in the mitochondria. SOD converts the superoxide anion into hydrogen
peroxide. In the presence of transition metals, hydrogen peroxide turns into a highly
reactive hydroxyl radical through the Fenton reaction. Hydroxyl radical is consid-
ered the most damaging form of ROS and causes oxidative damage in almost all
types of molecules in the cell including proteins, nucleic acids and lipids [4].

Another process of aging understood by scientists is that it is controlled by
signalling pathways and transcription factors through complicated biological pro-
cesses [3]. For example in the case of yeast as explained by Mark A. McCormick
et al., two methods can be used to assay aging in yeast: chronological lifespan (CLS)
and replicative lifespan (RLS). RLS is the number of daughter cells a mother can
produce till it stops dividing; it is proposed as an assay which can help identify
conserved pathways that affect the viability of dividing cells in humans. In fact, it
was identified that the genes that were responsible for RLS in yeasts were the same
as the genes that cause aging in worms. Mark A. McCormick et al. [5] furthermore
studied many pathways that a yeast undergoes in the process of aging.

Their study has identified the role of Los1-mediated tRNA in the dietary restric-
tion in downstream transport. In many aging pathways, the nuclear tRNAs providing
longevity are being identified which were not considered earlier. The data showed
Rad53 and mTOR are regulated by DR pathway and have mechanisms that influence
the localisation of Los1. This is in accordance with prior study that Rad53 regulates
Los1 in response to damage of DNA. Ntg1 is translocated during stress on mtDNA,
and hexokinase Hxk2 which is responsible for nutrient responsiveness and cAMP-
dependent protein kinase A (PKA) signalling pathway are all necessary for the
regulation of Rad53 gene checkpoint which responses to DNA damage. With
these results, it can be noted that both Hxk2 and PKA act in the DR pathway in
yeast. This leads to the conclusion that neither DR nor overexpression of Rad53 is
enough to induce the damage checkpoint of DNA when there is no DNA damage.
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Thus, the connections between DNA maintenance, nutrient response pathways,
tRNA transport and aging can be contrived [5].

For a cell to survive basal level of oxidative stress, reactive oxygen species and
reactive nitrogen species are essential [6]. If the oxidative stress is severe, then it may
also lead to oxidative damage and cell death. The level of oxidative stress at a
moderate level can actually be beneficial and adapt to cellular responses better. The
pathological challenges in aging and aging-associated diseases such as ischemia can
be better handled in case of moderate-level oxidative stress. Moderate level of
oxidative stress can even be termed as positive stress as done by Liang Jun-Yang
in his review. Oxidative stress causes formation of lipid peroxidation and protein
oxidation which at a moderate level can actually benefit the aging process. Since this
is true, positive oxidation can even be used as a way to overcome the aging process.
It can be used to target aging and aging-related diseases. However, even though this
basal-level oxidative stress seems to be good, when the oxidation level increases to a
severe level, it causes damage to cells and impairs their self-repair activity, thus
causing cell death [6].

Through the last three decades, studies have shown changed patterns in the DNA
methylation process due to chronological aging during the entire lifespan of a person
[7]. This phenomenon is known as the epigenetic drift. This phenomenon accounts
that epigenetic similarities among youngsters are lost over time and turned into
divergent methylomes found in the elderly population. DNA methylation is an
irreversible change involving hypermethylation and hypomethylation of the
methylome and also causes progressive accumulation of epigenetic damage due to
environmental factors or due to errors in the transmission of epigenetic information.
This leads to different unpredictable methylomes in the aging population. This
indicates that these changes are not programmed changes but occur randomly.
Also several studies show aging-associated differentially methylated regions which
create clusters of consecutive CpG sites which create changes over time in the same
direction. The presence of DMRs indicates that biological mechanisms are involved
in aging process or longevity. The initial analyses on aging are focused on the loci of
candidate with a potential relevance of aging-related diseases. Altogether, the
conclusion from this study shows that aging is somewhat similar to cancer as it is
also associated with changes in DNA methylation which are gradual but profound
where epigenome is marked by genome-wide hypomethylation and site-specific
hypermethylation preferentially occurring at CGI promoters [7].

11.2.1 Methods to Overcome Aging

Aging and the diseases associated with it are the current big challenges in developing
as well as developed countries [8]. Even though we see the life expectancy has
increased manyfold in the recent years to an average of 100 in the developed
countries, it is still not considered as an increase in the healthy life expectancy
also termed as healthspan. Due to this, studies on longevity extension have gained a
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lot of scepticism as it is determined to leave a lot of elderly population and thus the
prevalence of aging-related diseases [8].

Experiments on invertebrates and rodents have shown that a major extension of
the lifespan can take place when induced to chronic dietary restrictions (DR) and
mutation in growth and nutrient pathways. This can extend their longevity from 30%
to 50%. Dietary restriction has also been found to reduce the occurrence of aging-
related function and many diseases like tumour, cardiovascular disease and
neurodegeneration. It also protects against diabetes, cardiovascular disease,
sarcopenia, cancer and neurodegeneration [8] in certain brain regions in an experi-
ment conducted on rhesus monkeys and also extended their lifespan. In the case of
humans, DR continued for a long term causes several changes both metabolic and
molecular in nature and protects against aging-related pathologies, and this includes
changes in type 2 diabetes markers, cardiovascular diseases, hypertension and
dementia. Chronic DR also reduces age expected alterations like autonomic func-
tion, myocardial stiffness and changes in skeletal muscle gene expression. Even
though all these positive changes come with chronic dietary restrictions, it also
comes with undesirable side effects. Thus, instead of recommending to make drastic
nutritional changes, scientists are trying to come up with drugs that target the nutrient
response pathways which are safer and can be used more effectively [8]. However,
for now, just calorie restriction is not the ultimate answer to achieving a healthy
lifespan.

Another instance where diet was seen as an important factor in aging can be seen
by analysing the traditional Okinawa diet and see how it affects in impairing
symptoms of aging [9]. The basic ingredient in the Okinawa traditional diet is the
root vegetables. These include sweet potato, soybean-based foods, green and yellow
vegetables and medicinal plants. Also food items like lean meats, marine foods, fruit,
medicinal garnishes, tea, spices and alcohol are also moderately consumed. This diet
resembles to other diets like the Mediterranean diet, DASH diet and portfolio diet
which are also considered as healthy diets. These can help reduce the risk of
cardiovascular diseases and other age-associated diseases. These diet include unre-
fined carbohydrates, moderate protein like vegetables/legumes, fish and lean meats
as sources. It also includes the intake of healthy fats like higher mono-/
polyunsaturated fats, lower levels of saturated fat and foods rich in omega � 3. By
taking healthy fats, it reduces inflammation and optimizes cholesterol and other risk
factors. Plant-rich diets have lower caloric density and high amount of
phytonutrients and antioxidants which is beneficial for one’s well-being. And also
as it has been mentioned before with the presence of antioxidants, superoxides can
be converted back into non-harming form and thus decrease the level of cellular
destruction. Other features of this diet are low glycaemic load, less inflammation and
oxidative stress and modulation of aging-related biological pathways. Thus a
thoughtful diet can help reduce the risk of chronic aging diseases and promote
healthy aging and longevity [9].

As calorie restriction has become the most discussed method of anti-aging, many
drugs have also been generated to create this effect [10]. Pathways involved in
energy sensing, i.e. insulin/IGF1 signalling, sirtuins and mammalian target of
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rapamycin (mTOR), are considered to be the pathways modified due to anti-aging
actions of DR. Compounds involved in these pathways are DR mimetics (also
metformin), resveratrol (sirtuins) and rapamycin (mTOR). Rapamycin was found
to have increased both the healthspan and lifespan in mice. However, rapamycin
does have negative effects like developing an induction of insulin resistance, poten-
tially limiting its translation into humans. In an experiment by Yu Z et al., it was
found that both DR and rapamycin inhibit lipogenesis, activate lipolysis and increase
serum levels of nonesterified fatty acids and that only DR is able to activate
β-oxidation of the fatty acids leading to the production of ketone bodies [10].

Vitamin C has also shown some anti-aging effects. It is essential for the synthesis
of collagen biosynthesis and serves as a cofactor for prolyl and lysyl hydroxylase
which are the key enzymes needed to cross-link and stabilize collagen fibres.
Vitamin C is also involved in the activation of transcription factors which help in
the synthesis of collagen and stabilizes procollagen messenger RNA (mRNA) which
regulates synthesis of type I and III collagen. Vitamin C also decreases the degrada-
tion of collagen and increases its gene expression and tissue inhibitor MMP-1
synthesis. Three percent topical Vitamin C applied daily over a 4-month period in
a study led to a significant increase in the density of dermal papillae [11].

Recently, in a study, it was observed that metformin, i.e. the drug used to cure
type 2 diabetes, has shown some anti-aging effects. It was found by Cabreiro et al.
that 25, 50 and 100 mM of metformin managed to increase lifespan by, respectively,
18%, 36% and 3% in a study on C. elegans. And another study by Martin-Montalvo
et al. done on mouse breeds showed an increase in lifespan by 4–6% due to
metformin. However, when a dose higher than 1% was given, it was found to be
toxic. Another study claimed that when metformin is started at an early stage, the
mean lifespan increases by 14% which is approximately 1 month, whereas when
started at a later stage, the effect is less. Study on metformin done in the UK
Prospective Diabetes Study (UKPDS) showed decrease in cardiovascular disease,
overall mortality and incidence of cancer, as compared to the other antidiabetic
drugs [12].

11.2.2 Yoga and Aging

Yoga which encompasses meditation and pranayam (breathing practices) has also
found to delay the process of aging. Yogic practices are clearly shown to evolve
strength, muscles, body flexibility and also improve cardiovascular and respiratory
functions. It can even help in the recovery from different kinds of addictions, reduce
the level of stress and anxiety, depression and chronic pain, improve sleep patterns
and enhance overall well-being and quality of life. These practices facilitate
oxygenated blood to various organs and body tissues; improve proper coordination
of the body, emotions and mind; and eliminate waste. A longer healthspan can be
sustained when physical, mental and emotional body is fit and leads to a longer life
span [13].
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11.2.3 What Is Yoga?

Yoga is an ancient science, initially originated in India. Over the years, its physical
practice and teachings about the way of life have grown popular in the Western
countries. Physical yoga includes disciplines like asanas (postures), dhyana (medi-
tation) and pranayama (breathing techniques). Yoga teaches us tools that are used to
withdraw one’s senses (pratyahara), develop unwavering awareness (dhyana) and
concentrate the mind (dharana). These tools can be manifested in oneself by dedi-
cated practice of yoga. More than stretching, yoga comprises movements with
efficient breathing. Many health benefits are related to yoga like physical stamina,
balance, flexibility and relaxation. In addition to this, yoga appears to offer psycho-
logical benefits, through its mindfulness training which involves meditation and its
combination of perceptive and interceptive awareness. With regular practice of these
skills, one can increase its awareness and be able to focus profoundly in the present
moment without any judgment [14].

Yoga and mindfulness lead to physical and cognitive benefits which may be due
to mechanisms including pranayama and the activation of the parasympathetic
nervous system, activate an increased volume of grey matter; enlarge the amygdala;
increase the perception of body; and increase the functional connectivity within the
basal ganglia [14].

Initially yoga originated as physical and spiritual practices which lead to a greater
union with true self or the divine. Later, these teachings were compiled, and till the
fifteenth century, all these aspects of physical and spiritual health were written down.
Modern yoga practices in Western countries are mostly associated with hatha yoga.
Hatha yoga compromises of numerous styles all emphasizing different physical and
lifestyle practices. Examples of hatha yoga practices are Kripalu Iyengar, Sivananda,
Asthanga and Vinyasa and others with more focus on esoteric aspects of yoga
philosophy like Sahaj, Kundalini and Siddha. Other yoga regimens, focusing on
the physical aspects of yoga, are recently being introduced in fitness training such as
Yogafit, Bikram Yoga (a kind of hot yoga) and Power Yoga, mainly in the United
States. On the other hand, interventions of yogic practices in healthcare usually refer
to various breathing techniques including Kirtan Kriya (meditative chanting from
Kundalini yoga), Sudarshan Kriya yoga (rhythmic breathing practices) and yoga
Nidra (deep relaxation through meditation).

11.2.4 Memory Implications

Memory has long been known to decline over the years of aging; long-term
memories are shortened and easily forgotten with the implications of aging. These
mind impairments can even become severe and increase the susceptibility to develop
dementia later in life. Out of all the reasons hypothesized for it, it has been concluded
by studies that aging lies as the foremost factor for dementia. Another reason for this
worry about aging is the fact that by 2030 approximately 23% of the people in the
United States will be above 65 years, and this percentage may even be higher in other
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countries. This indicates a demographic phenomenon also given the term “silver
tsunami” to establish its magnitude.

It is our memories that make us the individuals we are and gives meaning to our
lives, and with this impact on memory destruction for a big percentage of population,
this can lead to devastating consequences. The US government has projected the cost
of $20 trillion to care for dementia over the next 35 years. Therefore, scientific
advances for aging-related memory remedies are greatly needed to lower this
tremendous economic strain upcoming in the aging developed countries
[15]. Many studies have been looked at including the Swedish Betula study on
aging, memory and dementias suggesting that hippocampus/MTL activity is altered
due to aging. A cross-sectional study of face name-encoding and retrieval showed a
decline in hippocampal function across the adult lifespan. The reduction became
significant after 65 years. Additional studies showed hippocampal activity is well
preserved for older adults and maintained through 15–20 years. A longitudinal study
showed that the hippocampal activity during episodic encoding declined signifi-
cantly over 6 years in older adults with memory decline [16].

These and other studies collectively show that older adults face an episodic
memory decline and show a less stronger activity in their hippocampal/MTL region
compared to the younger adults. However, this aging-related effect varies in magni-
tude of the memory impairment. The resting state activity of the cortical seems to be
reduced in older age. This was concluded after analysing the Betula study results
[16]. The prefrontal cortex to MTL connectivity has been shown to be altered in
aging. It was found that the left hippocampus and the right hippocampus interact
with each other and several cortical regions, including the left PFC, when episodic
memory is encoded in the brain. The connectivity within the network decreases as a
function of age and was related positively to performance as well. Thus, it can be
concluded from these studies that the efficacy of interactions between the hippocam-
pus and the other regions of brain including the PFC decreases significantly with
age [16].

A network of regions called DMN shows activity patterns when the brain is at rest
and a decreased mind is engaged in the external environment. This compromises
areas of the PCC, medical prefrontal cortex, precuneus and medical temporal lobe
structures like hippocampus. DMN is found to be involved in episodic memory
retrieval, social cognition, prospective memory encoding, self-referential processing
including self-prospecting and internal monitoring, future planning, autobiographi-
cal memory retrieval and theory of mind. Research also suggests that during aging,
DMN is the main rs-fMRI network that is affected, due to reduced connectivity
between anterior and posterior nodes [17].

Research by Harris et al. suggests that yoga may be helpful in enhancing memory,
mainly visual memory encoding. Additionally, more yogic practices may cause even
further improvements. It was suggested that this betterment was due to increased
DMN connectivity in anterior, posterior and frontal medial areas. There are various
other studies which support these findings. Wells et al. in their pilot study explored
the effect of MBSR vs. usual care on 14 MCI subjects. Later, when structural MRI
and rs-fMRI data around the hippocampus and DMN, respectively, were inspected,

186 R. Gupta and P. K. Maurya



enhanced activity of DMN (due to an increase in connectivity between medial
prefrontal cortices and PCC and the hippocampus) was seen, and additionally
bilateral atrophy in the hippocampus was decreased. It is believed that yoga works
by lowering inflammation, lowering stress, increasing antioxidant levels, increasing
telomerase activity and enhancing neuroplasticity processes (like producing brain-
derived neurotrophic factor). Many other studies have also made the same conclu-
sion regarding meditation effects on yoga. Another example is when Taylor et al.
compared DMN functionality between experienced and beginner mediators, and the
conclusion was increased functional connectivity between DMN in experienced
mediators with an increase in emotional appraisal and self-referential processing.
However, their processing of present moment awareness had decreased. It is under-
stood that present moment awareness is involved in verbal memory, processing and
recall at the present moment. Then another study with Brewer et al. analysed in a
similar way between different levels of meditators. Their criteria for analysis were
loving kindness, concentration and choice-less awareness. Experienced mediators
had deactivated main DMN nodes (MFC and PCC) and also stronger coupling
between PC, dorsal ACC and dorsolateral prefrontal cortices at both baseline and
during meditation. This indicates enhanced efficiency of cognitive and self-
monitoring control. Kirtan Kriya is a complex form of meditation involving
chanting, visualization and hand movements, which is believed to enhance verbal
and visual memory as seen in this study. Other mechanism proposed suggests it
could be due to increased global attention/awareness and stress reduction. Higher
connectivity in the parietal network gives improved visual-spatial memory perfor-
mance, which is thought to be associated with attention, translation of visual motor
information and working memory. These changes on the network connectivity lead
to enhancement in efficiency in relevant brain regions including the precuneus
cortex, bilateral posterior cingulated cortex, precentral and parietal operculum cortex
and postcentral gyrus. It was concluded in the study that yoga improves the connec-
tivity of the white matter and thus helps in reducing neuronal activity resulting in
improved visuospatial memory performance [17].

11.2.5 Anxiety

Late-life anxiety hasn’t been much investigated; however, the research done
concludes it to be true. The elderly often face subsyndromal symptoms and have
been reported to a 12-month prevalence rate of 26.2% for subthreshold anxiety
versus 5.6% for DSM-IV anxiety disorders. Additionally, these subsyndromal
symptoms of anxiety cause severe outcomes like cognitive decline, reduced
health-related quality of life and increased healthcare cost. Anxiety has recently
been categorized as dimensional rather than categorical construct in the late life by
experts. Therefore, one should look for symptoms of anxiety rather than anxiety
disorders.

In one study by Pink et al., associations between lower global thickness, lower
thickness in frontal and temporal cortical regions and anxiety symptoms were
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investigated. This study also took age, sex, antidepressant medication, education,
medical comorbidity and global cognition into account. After adjusting depressive
symptoms, the results found anxiety symptoms are related to the thickness of insula.
This could be due to insula’s interconnections between other cortical and subcortical
regions. In addition to that, insula is also responsible in emotional responses, and its
size and reactivity has been linked to bodily responses and anxiety. Another region
that is investigated in anxiety disorders is the amygdala. The amygdalar volume
reduces in anxiety disorders [18].

Mostly adults with early stages of dementia or depression have higher rates of
anxiety symptoms. They start to anticipate their cognitive decline, better understand
their diagnosis and know there is no cure which leads to fear that there is no cure.
Other fears include losing their intellectual abilities, embarrassing themselves by
forgetting who people are and not being able to follow conversations. All in all, they
fear not being able to contribute to the society, and this builds on the anxiety [19].

Stress and its prolonged exposure are shown by various studies in reducing the
sense of well-being of the individual. In a work life, one goes through continuous
link between self-esteem, self-efficacy and societal status. Other than that, there is
also the burden of long working hours, inadequate pay, job dissatisfaction, ambigu-
ous roles and other conflicts associated at the workplace. All of these are examples of
workplace stress, and this stress can be caused in other situations including family,
relationship and social issues as well. And the modern, fast-paced lifestyle of the
society also adds to the increase of stress level [20].

Prolonged exposure to all these stresses can lead to the person experiencing
emotional distress, risk of autonomic arousal (anxiety disorder), increased insecurity
and anxiety and stress-associated reactions. Overall stress as a result impacts mental
health and well-being negatively. The relationship between stress and anxiety is very
close. Stress is due to a threat, i.e. a stimulus caused due to a threat in any situation,
whereas anxiety is the reaction to stress. Both stress and anxiety are physiologically
stimulated by the parasympathetic nervous system and the hypothalamic-pituitary-
adrenal axis. Earlier studies have also shown how anxiety is detrimental to mental
health. Anxiety negatively impacts one’s well-being and is associated with depres-
sion, quality of life and decreased self-esteem [20].

A study to test association of mindfulness to combating stress was done on school
teachers. Using mindfulness-based stress reduction (MBSR), teachers were
measured before and after a 2.5-h weekly session for 8 weeks and 5 h of silence in
week 5- and 6-week mindfulness programmes. This showed a reduction in depres-
sion and stress in nine school teachers and two teaching assistants ranging from ages
late of 20s to late 50s. Depression Anxiety Stress Scales (DASS21) were used to
make these measures [20]. In another study by Shirley Telles et al., 118 primary
school teachers, naïve to yoga, were given a residential yoga programme to test their
levels of anxiety. After the programme, significant level of reduction in the state of
anxiety and an improvement in their total well-being were seen, whereas the control
group which did not perform any yoga showed no improvement at all [20]. Another
study tested on chronically ill patients to measure their anxiety levels also showed an
improvement in anxiety levels after a prolonged practice of yoga. It was also
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reported from this study that the time per day given on yoga did not make that much
an impact on yogic practices than the duration of ongoing yoga practice [21]. As it is
known that the DMN is one of the parts of the brain involved in anxiety, it is already
seen from the studies on memory that DMN is significantly enhanced after yoga
practices and thus can also help in reducing anxiety especially in the elderly.
However, some studies on anxiety have also shown no effect of yoga at all. Like
in the case of one study, anxiety was tested after acute sessions of YogaFit. The
STAAI-Y1 scores for anxiety in this study decreased between the baseline and post-
condition, but they were seen to return to baseline post-exposure. Even though there
was a decrease in anxiety right after the exercise, this condition did not persist after
30–40 min [22]. There could be many causes of such a result: (1) the duration of
yoga practice wasn’t enough to make a permanent change in the anxiety levels.
(2) Since these were acute sessions of YogaFit, these weren’t the right yogic
exercises for anxiety, as anxiety would be better combated by meditation and
mindfulness exercises.

11.2.6 Distress Tolerance

One of the most common diseases due to aging is CVD (cardiovascular disease).
Heart attacks due to cardiovascular dysfunction are the leading cause of deaths in the
United States. And this number is growing with the increasing elderly population.
Aging causes diminished peripheral vascular function, the main cause of cardiovas-
cular dysfunction and also stress. Peripheral vascular dysfunction also leads to redox
imbalance and creates free radicals and oxidative stress leading to impact on the
vascular endothelium [23].

A study done by Elissa S et al. revealed that better stress adapted bodies tend to
live longer. Resistance to stress is suggested to change the effects of many aging
mechanisms. During aging, a large variety of cellular proteins tend to accumulate in
insoluble forms causing homeostasis. Mutations that cause stress resistance and
longevity slow down the accumulation of these insoluble proteins. In C. elegans,
enhancing chaperone activity leads to increase in both stress tolerance and lifespan
[24]. Even though homeostatis is the main connection seen between stress tolerance
and longevity, there are other mechanisms connecting the two that are equally
important. Some of these include oxidative stress and environmental toxins, telo-
mere dysfunction or shortness and inflammation [24].

Aging and chronic stress are both associated with altered plasticity of the brain
and thus increase in the risk of developing brain disorders. LPA1 is the main receptor
for emotion processing in the brain and thus is the ideal receptor to control the impact
of stress on behaviour and neurological variables. This receptor also regulates the
effective state in aging. Latest research suggests that changes in LPA/LPA1 receptor
signalling pathway lead to late-life depression syndromes, thus indicating a clear
connection between the two [25].

Low DT, i.e. low distress tolerance, leads to negative emotion and even becomes
threatening. Their sufferers are highly inclined to reduce or avoid such experiences.
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Due to the disease, these individuals have difficulty in regulating their emotions
leading to maladaptive strategies, like overeating to avoid their distress. Hatha Yoga
increases one’s present awareness and thus acts as a potential to reduce physical and
psychological discomfort in patients suffering from DT. In an experiment by Johnna
Medina et al., they found that yoga directly enhanced DTS subscales like tolerance
(i.e. metacognitions about capacity to handle distress) and absorption (i.e. attention
interference during distress). Cognitive components in the brain involved in dis-
tressed processing were particularly impacted after 8 weeks of Bikram Yoga prac-
tice. Another two factors, i.e. appraisal and regulation, related to emotional and
behavioural distress weren’t impacted as much. Other studies have also proven in the
past that regular mind-body practice leads to enhanced capacity to stay attentive
while completing a task. In fact, it is found that experienced yoga practitioners are
better at performing cognitive attention tasks than non-meditators. Another experi-
ment showed that some mindfulness decreased the dependence on alcohol for people
addicted to it [26].

Reasons of increased DT by yoga interventions were examined, and significant
changes in the mental health were observed. Meditation showed increased
DTS-absorption scores and mediated a positive effect on emotional eating. Due to
improved absorption, emotional eating was reported to improve by 15%. It is
inferred that emotional eating is controlled by yoga due to its ability to improve
concentration and the ability to think clearly (enhanced cognitive capacity) even
when influenced by distress. It is interesting to note that although yoga decreased DT
in general, only reductions in the level of absorption helped tackle the criterion for
emotional eating [26].

11.2.7 Depression

Population of depressive elderly in the year 2006 according to NHANES data in the
United States consisted of 4.1% with major depression, 5.1% other depression and
9.1% any depression, whereas in 2010 between 1.2 and 1.8 million elderly were
reported to have depressive disorders which is 3–4.5% of their population. People
who are admitted in the nursing homes in this age group have even higher rates of
depressive symptoms, i.e. 49.6% [27].

Main symptoms of depression were reported to be “trouble sleeping or sleeping
too much”; “feeling tired or having little energy”; “feeling down, depressed or
hopeless”; and “little interest in doing things” [27]. The cycle of depression which
causes individuals to show depression-related behaviours, feeling and thoughts, if
unrecognized and untreated, causes distress and dysfunction. A higher level of care,
including hospitalization among the elderly patients, is usually common. Depression
reduces the pace of recovery after treatments in individuals [28].

Even though the risk and frequency of depression is clearly known among
medically ill older individuals, depression is often unrecognized as a disorder.
Depression can be rectified and have treatments; however, GP are usually not able
to recognize depression. Thus, efforts need to be made to understand the problems
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the elderly are facing to be able to recognize symptoms of depression better. Best
way to combat depression is by practising yoga and mindfulness, which will avoid
one from even having depression in the first place [28].

The estimate is that there are 350 million people worldwide suffering from
depression. It is currently the most common mental illness in the world. In the
United States, 16 million people have had depressive episodes in the past year. One’s
life can be substantially affected by depression, altering their mood and actions. The
WHO reports depression as the leading cause of disability worldwide and is believed
as the major contributor of the overall global burden of diseases [29]. Depression has
been consistently ranked among the most common healthcare which can be self-
treated with yoga. Self-treatment methods used by individuals include breathing
exercises, relaxation techniques and meditation which are all elements of yoga. Yoga
also appeals to depression patients as the perfect remedy mostly because of its ease
of access, low cost, high social acceptance and the fact that yoga focuses on the
whole person including the mind, body and spirit [30].

In a meta-analysis using 12 randomized controlled trials (RCT), depression was
concluded to be better cured by yoga than the other self-care control exercises, such
as relaxation or aerobics. Other physical health outcomes due to depression can also
be cured by yoga. However, all these studies done on yoga to decrease depression
also have many limitations like small sample sizes, lack of outcome assessments,
lack of assessment of trainer, lack of intent to treat analysis and also insufficient
documentation of randomization procedures [31].

A study by Uebelacker L et al. showed that participants who performed yoga
showed lower levels of depression and also an overall improvements in general
health, as well as improvement in their social work and role functioning. However
none of these changes were acute and could have been better after a 3 months’ or
6 months’ treatment. When compared to health education however, yoga has a more
enduring effect on the patients. In this study participants were also encouraged to
practise yoga at home. Thus, this could have made participants better at coping with
depressed mood and cognitions, and practising skills regularly and even outside
class helped accumulate the beneficial effects pretty well over time. Additionally
data also suggests cognitive behavioural therapy is better at preventing relapse than
medications, maybe because therapy teaches patients to relate to the negative
cognitive content and deal with it better even after therapy [31].

11.2.8 Cognitive Enhancement

After the age of 20, volume of grey matter begins to decrease. The prefrontal cortex
constitutes the most atrophy. Changes with age are more moderate in the temporal
lobes, and the volume of the hippocampus also decreases. The entorhinal cortex
however doesn’t show decrease in normal aging; however, it decreases in volume in
Alzheimer’s. The possible cause of grey matter volume decline is implicated to be
the death of neurons, which causes the detrimental effect. Reduction of synaptic
density due to decrease in the size and number of connections because of fewer
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neurons is well documented in older adults. According to the model created by Terry
and Katzman, the cognitive ability of a 130 year old will be the same as of someone
with Alzheimer’s dementia [32].

The volume of white matter decreases even faster than grey matter with the
increasing age. When tested using morphometric methods from autopsy data in a
study, a 16–20% decrease in white matter in subjects older than 70 years compared
to younger subjects was observed. Shrinkage in white matter was noted in the gyrus
rectus, corpus callosum and precentral gyrus. These findings have also been
supported by other studies like Rogalski et al., who also described a decrease in
parahippocampal white matter. Also studies with diffusion tensor imaging (DTI)
show a decline of white matter with age [32].

One study examined the effects of six 60 min of yoga sessions, including
mindfulness and improved WM (DS and LNS) functions. DS stands for digit span
and LNS for letter number sequencing. The result showed an overall improvement in
WM measures [14]. Another study by Nagendra H et al. used engineering student
volunteers from IIT, Roorkee, to test the implications of yoga on their cognitive
skills. EEG band scores were analysed of these students before and after 5 months of
yoga. The results showed an increase of α, β and δ EEG band powers and a decrease
in the θ, γ band powers. β band increase shows the enhanced cognitive functions like
alertness. In addition, the increased α and decreased δ indicate high vigilance level
and thus increased alertness. Thus, the results of increased higher-frequency α and β
band powers and decreased lower-frequency θ and δ band powers lead to enhance-
ment of cognitive skills like visual information processing and memory [33].

Other behaviour parameters that can be evaluated on the basis of these results
include θ/α, β/α, β/θ, (δ + θ)/α, β/(α + θ) and (δ + θ)/(α + β). θ/β ratio indicates
arousal in the central nervous system (CNS). This ratio decreased in the yoga group
indicating the increase in arousal and thus reflecting a shift in α and θ activity
towards β activity. Increased β implicates an increase in the brain cognitive perfor-
mance like memory, attention and concentration. Also the α/δ ratio was seen to have
increased in the yoga practised group. This indicates the brain perfusion index,
which indicated the amount of blood flow to different parts of the brain. This was
4.6% higher in yoga practitioners. Due to this, the overall brain functioning is
enhanced. LF/HF ratio is expressed in the terms of (θ + δ)/(α + β) which indicated
the balance of sympathovagal in the autonomic nervous system (ANS). This ratio
decreased in the yoga group, indicating a better ANS balance. When brain
oscillations are slower (θ and δ), more neurons are harmonized across larger brain
areas, and faster oscillation (α and β) is involved in harmonizing more focused,
smaller neuronal assemblies. The ratio of α/β which analyses decreased
desynchronization which is a good thing. On the other hand, the ratio of δ/θ
representing synchronization increased. Also α/δ ratio increased in the parietal and
temporal lobes and decreased in frontal, central and occipital lobes [33].
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11.3 Discussion and Conclusion

All these findings show that yoga is overall beneficial for our well-being. Yoga when
implemented to our daily lives can benefit us mentally and physically. Mindfulness
helps us get in touch with ourselves internally and introspectively. When the practice of
yoga was studied in the elderly, it turned out that they were able to function better which
enhanced their cognitive ability. Memory stays as the most important factor in our lives,
since it makes us who we are and helps us remember our experiences. It was something
that needed to be tested on the elderly, as late-life memory disorders are common.

After having volunteers take yoga classes for an established period of time, the
results for the DMN connectivity before and after were recorded. DMN is the area of
the brain which connects its right and left ventricles and is responsible for memory
recollections. With these results, it was concluded that DMN function is enhanced
after yoga practices, thus implementing a better memory due to yoga. On top of this,
yoga is also been identified in improving one’s distress tolerance. Distress is very
common in the elderly as when they stop being able to take control of their lives,
they tend to get distressed. Doing yoga on the other hand calms the mind down and
takes care of distress. One of the symptoms of distress is overeating, and this was
seen to be improved in yoga practitioners in a study.

The most easily combated disease from yoga would be depression. In fact, the
ease with which one can access yoga makes it the best remedy for the disease. With
meditation and mindfulness exercises, the mind can be more efficient and thus less
depressed. Yoga enlivens not only one’s body and mind but also one’s spirit which
should be another way to combat depression. Cognitive functions in the brain also
decline with aging. However, with yoga even that is seen to get better due to better
blood flow in the brain.

All of these prove the positive effects of yoga in the aging population and thus
should be promoted among the young and old alike.
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Molecular Level Insight into
the Involvement of Heat Shock Proteins
in Oxidative-Stress-Mediated Human
Diseases

12
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Abstract

Heat shock proteins (HSPs) are molecular chaperons that are duly responsible for
catalyzing the bonafide folding of incipient proteins as well as refolding of
denatured proteins. Under certain pathological conditions, these stress proteins
play a few cytoprotective ventures through the commencement of protein folding,
repairing, misfolded peptide refolding, as well as feasible degradation of irreme-
diable ones. Elevated reactive oxygen species (ROS) in cellular levels often result
in imprudent apoptosis. This subsequently leads to the amplification of inflam-
matory reactions. This is familiar in the pathogenesis as well as in the succession
of various human inflammatory diseases (HIDs), respiratory diseases, cancer, and
other deadly diseases. For example, chronic obstructive pulmonary disease
(COPD) is designated by an imbalance in oxidants and antioxidants, as well as
vivid inflammatory response. Evidence proposes that HSPs have a crucial role in
retaining a proper balance between oxidants/antioxidants in COPD patients. HSP
70 usually plays a key role in neuroprotection by delaying the prognosis of
neurodegenerative diseases as well as preventing senescence. This chapter
discusses how some of the important oxidative-stress-mediated human diseases
can be barcoded by several heat shock proteins to redeem their disease-specific
aggregation.
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12.1 Introduction

Various research revealed that oxidative stress is a substantial result of the imbal-
anced production of ROS, as well as due to biological incompetence; proper
detoxification of those species results in further damage. The effects of oxidative
stress correlate with its impact on cellular arrangement. The elevation of oxidative
stress often leads to necrosis and depletion of ATP and also helps to prevent
controlled apoptotic death. When normal condition prevails, a large number of
cells are kept in a compressing environment preserved by enzymes. In the normal
redox state, any kind of imbalance results in toxicity mediated by the production of
peroxides and free radicals (enacting nitrogen species/reactive oxygen), which
severely damage cell DNA, proteins, and sometimes also lipids. There are mainly
two types of ROS; one is less reactive, and the other is aggressive. By virtue of
normal aerobic metabolism, less reactive species are evolved at low concentration.
ROS species often cause cellular damage, which remains under persistent repairing.
In some instances, it is very much evident that due to the oxidoreduction reactions
along with transition metals, the less reactive superoxide’s are readily transformed
into much more aggressive radicals which eventually promotes DNA damage. ROS
have a crucial role in cell signaling. In order to cultivate a convenient cellular
homeostasis, a suitable harmony must be maintained between the production of
reactive oxygen as well as its utilization. Enormous free radicals or ROS either must
be converted into metabolically noncalamitous molecules or should have to be
neutralized right after their formation. This vigilant mechanism is termed as the
antioxidant defense system, which is responsible for inhibiting free-radical-
arbitrated damage of cells, resulting in various diseases and aging [1].

12.2 Role of Heat Shock Protein

Depending on their molecular shape and size, Hsps have been restricted to six prime
families (small heat shock proteins, Hsp40, Hsp60, Hsp70, Hsp90, and Hsp100).
The individual family comprises members who are able to be integrally expressed, to
be analytically regulated, and to be targeted to various chambers. Grp94 shows a
corresponding function in the endoplasmic reticulum, while Hsp90 incorporates its
role in both the nuclear and cytosolic compartments. It is found that Hsp70 family
members incorporate a highly complex pattern of stress-induced as well as growth-
regulated gene expressions. For these reasons, Hsp70 is being chosen often for
contrasting subcellular chambers. For example, Hsp70 and Hsc70 (heat shock
constitutive 70) proteins are nuclear as well as cytosolic in nature; conversely,
Grp74 (glucose-regulated protein 74) is localized in mitochondria, and Grp78
(glucose-regulated protein 78) is an endoplasmic reticulum constrained protein [2]
(Table 12.1).

The transcription of genes in Hsp is often synchronized by transcription factors,
which belong to the heat shock factor family. This usually verifies the rapid
transcriptional activation during stress. The family of Hsf gene includes heat shock
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transcription factor 1 (hsf1), heat shock transcription factor 2 (hsf2), and heat shock
transcription factor 4 (hsf4). It is evident that the fundamental Hsps can be traced in a
diverse array of multiprotein complexes carrying both the Hsps and their cofactors.
Hsp90 is found to be very much dynamic and thus forms complexes comprising a
huge number of cellular kinases and transcription factors [3].

Genes that are responsible for encrypting HSPs are also transcriptionally
regulated by a variety of physiologic processes. It is not always necessary that
they will cogitate on cell stress, which includes the cell cycle, proliferation, and
differentiation [4, 5]. Based on these observations, researchers have suggested that
Hsp90 and Hsp70 may also have crucial activities during cell growth and can be
eventually incorporated with the cell cycle and cell proliferation [6, 7]. The obser-
vation also gives evidence that Hsp expression can be harmonized with many of the
conditions that subsequently leads to apoptosis. This event very much correlates
with some pathologic states such as fever, ischemia, inflammation, and
infections [8].

Table 12.1 Heat shock protein families and their detailed features correlated with oxidative stress

Heat
stress
proteins

Cellular
localization Cellular functions

Important remarks/
features

Hsp10 Mainly
mitochondria

Acts as a biomarker in endometrial
cancer

Helps in protein
folding

Hsp20 Cytoplasm Vasorelaxation Apoptosis, cardiac
dysfunction

Hsp27 Nucleus, cytosol,
endoplasmic
reticulum (ER)

Acts as chaperone and accelerates
refolding of denatured proteins
Serves as biomarker in several
diseases, especially in cancer

Cofactor for
HSP70

Hsp40 Cytosol Assists in protein folding Cochaperoning
with Hsp70

Hsp60 Mitochondria/
cytoplasm

Forms hetero-oligomer complexes and
thus assembles unfolded proteins

Prevents protein
aggregation

Hsp70 Nucleus/cytosol Aids in degradation and assembling of
folded peptides

Integrally
expressed
molecular
chaperones

Hsp90 Nucleus/cytoplasm Promotes myosin folding complexes to
refold the misfolded proteins

Acts as chaperone
for protein kinase

Hsp100 Cytoplasm Facilitates signal transduction Helps in refolding

Hsp110 Nucleus/cytosol Facilitates immune response as well as
helps in the formation of complexes
with Hsp70

Assists to survive
under severe stress
factors
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12.3 Relation Between Oxidative Stress and Various Diseases

12.3.1 Oxidative Stress and Respiratory Disease

The distinct imbalance between the reactive oxygen/nitrogen species formed and the
cell/tissue damage becomes one of the main reasons for the occurrence of many
severe diseases. In humans, oxidative stress results in various diseases in so many
ways. Oxidative stress is interrelated with several pathological conditions, along
with the accumulation of ROS and mutations in the mitochondrial DNA (mtDNA). It
leads to the development of chronic obstructive pulmonary diseases (COPDs).
COPD is outlined by an imbalance in oxidants and antioxidants, as well as vivid
inflammatory response. Cigarette smoking is a prime factor that facilitates the
gradual advancement and progress of COPD. It triggers different free radicals and
toxic substances, which adversely affect protease/antiprotease as well as oxidants/
antioxidants [9, 10].

COPD is also described as a slowly accelerating state that is categorized by
airflow limitation and is inevitable to some extent. One of the major reasons behind
the development of this condition is cigarette smoking. Studies have shown that
more than 90% of patients with COPD are smokers but not all smokers develop
COPD. Evidence shows that 14–20% of cigarette smokers are definitely inclined to
its effects and thus experience a rapid decrease in forced expiratory volume in 1 s
(FEV1). It subsequently helps to develop the disease further. The elevated oxidant
burden in chain smokers can be attributed to the fact that cigarette smoke contains
>1015 oxidant/free radical mol/puff. Among these, there are comparatively long-
lived tar semiquinone, which is able to produce Fenton-reaction-mediated hydrogen
peroxide (H2O2) and OH. Several different factors such as infections, air pollutants,
and occupational dusts eventually induce COPD as well as promote oxidative stress
[11] (Fig. 12.1).

It is observed that the oxidant burden in the lungs of smokers is apparently
elevated due to the release of ROS macrophages as well as from neutrophils, and
both of them are known for their migration into the lungs of chain and passive
cigarette smokers. These two produce ROS by means of the NADPH oxidase
system. It is also indicated that with higher levels of COPD, the circulation of
neutrophils from the smokers releases more and more oxygen [11].

12.3.2 Oxidative Stress and Inflammatory Disease

Inflammation is defined as a therapeutic condition that is characterized by immune
cell infiltration into the vascular wall as well as extra dilation of the immune cells in
the tissue. The release of ROS by these cells often leads to severe injury to the tissue.
ROS produced by inflammatory cells also induce various avenues that amplify the
inflammation. ROS-induced activation of kinases (or enzymes that facilitate phos-
phorylation), such as protein kinase C (PKC), c-Jun-N-terminal kinase (JNK), and
p38 mitogen-activated protein kinase (MAPK), subsequently activates the
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transcription factors and gradually promotes the production of pro-inflammatory
cytokines as well as chemokines. When induced, these chemo- and cytokines hold
together to their respective receptors (epidermal growth factor receptors, platelet-
derived growth factor receptor, VEGF receptor, etc.) that are well capable of
producing ROS. Thus, ROS can be traced both up- and downstream during the
cycle of inflammation (Fig. 12.2) [12].

An increased level of ROS results in apoptosis, which leads to successive
increased inflammatory reactions. This eventuallly results in successions as well as
in pathogenesis of human inflammatory diseases (HIDs) by virtue of antioxidant
mechanism. In order to make sure the cellular importance of the fighting mechanism
against infections and other inflammatory reactions, ROS levels are kept on
checking under a normal physiological condition. Any disruption in this balance
leads to oxidative stress and massive cellular destruction. One may infer naturally
that adaptability between apoptosis, oxidants and inflammation performs a certain
kind of dysfunction within the antioxidant system. It often accelerates the progres-
sion of HIDs [13].

12.3.3 Oxidative Stress and Neurodegenerative Disease

Neurodegeneration depicts an escalating dysfunction and neuronal loss in the central
nervous system (CNS). This is eventually considered as a prime reason for cognitive

Oxidative

COPD

 stress in

Bronco constriction

Epithelial permeability

Mitochondrial damage

Depletion of antioxidants

Muscle disfunction

Lipid peroxidation

Extra cellular remodeling

Cell proliferation

Cell death and cell damage

Extra cellular remodeling

Fig. 12.1 ROS-meditated cellular feedback in COPD
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as well as motor dysfunction. The blood-brain barrier separates the CNS from the
remaining part of the body. The microglia are known to be the immune cells of the
CNS, and studies suggest that in response to injury or infection, they release ROS
and pro-inflammatory cytokines, which are linked to neurodegenerative diseases.
Studies have shown that a salient feature of neurodegenerative diseases, like
Parkinson’s and Alzheimer’s disease, is microglia activation. Deposition of amyloid
plaque carried out by amyloid-β peptide (Aβ) chelating transition metal ions like
Fe3+, Zn2+ and Cu2+ can be taken as a featured character of Alzheimer’s disease.
The leap transition metals of Cu2+ and Fe3+ eventually facilitate some major
chemical reactions, which often results in the altered oxidation state of both the
metals. Parkinson’s disease is brought about by α-synuclein (the accumulated
aggregates of protein). Some of the major mutations in α-synuclein promote this
disease. These mutations eventually result in mitochondria-mediated dysfunction
and progressively lead to a massive production of ROS [12].

12.4 Role of HSPs in Neutralizing Diseases Inflicted by
Oxidative Stress

Another prime necessity for cellular growth, cell functioning, and its further survival
is the proper folding, degradation, and maturation of stressed proteins. These kinds
of mechanism are taken up by molecular chaperones; out of them, few are heat shock
proteins. The transcription of heat shock genes is hugely controlled by heat shock

Fig. 12.2 Oxidative-stress-mediated redox-dependent signaling avenues and inflammation
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factor 1 (HSF1). Evidence shows that some of the Hsp families play a crucial role as
protein quality control machinery. They are ATP-independent small heat shock
proteins (aA-crystallin, aB-crystallin, Hsp20), Hsp40, Hsp70, Hsp90, and Hsp110.
These proteins are generally pretending to be a cochaperone for Hsp70. They also
restrict the binding of ATP-dependent polypeptide to Hsp70, thus preventing the
folding activity of the premature polypeptide of Hsp70. They contribute significantly
to the prevention of diseases induced by oxidative stress [14].

12.4.1 Control of COPD Mediated by HSPs

Studies have shown that elevated HSPs levels are generally observed in COPD
patients. Especially, HSP60 is said to have a role in COPD pathogenesis. Studies
revealed that few HSPs are used as a possible serum marker in patients who
developed COPD because of excessive smoking. Their studies elucidated a higher
level of HSP27 in the serum of COPD patients. This can be attributed to the fact that
elevated conditions of HSP27 are associated primarily with partial inflammation as
well as oxidative stress. Several other studies have shown that inhaled toxins in
smokers, causing immune response, often leads to distinctive pulmonary changes
and also decreases the level of HSP27 in the pulmonary vascular network in COPD-
sensitive patients [15]. It was concluded that serum HSP27 in elevated conditions
may not be directly interconnected with smoking and can be found elevated after the
development of COPD.

12.4.2 Control of Inflammatory Diseases Mediated by HSPs

HSPs are found to have an elevated state in several inflammatory diseases. In chronic
allograft nephropathy and other inflammatory disorders such as acute coronary
syndrome, a distinct serum elevation of HSP27 was reported. It is also noted that
in the highly inflammatory regions of human atherosclerotic plaque, an elevated
level of HSP90 immunostaining was predominantly observed [16–18]. Those that
are able to control the folding and further processing of denatured and damaged
proteins are often considered as highly conserved molecular chaperones. By
executing significant anti-inflammatory actions, they are able to modulate inflam-
mation through several mechanisms [19].

It is found that models of inflammation and stroke show a reduced expression of
production of nitric oxide and COX-2 when they are exposed to upregulation as well
as in preconditioning stress of Hsp70. These anti-inflammatory actions of Hsp70 are
facilitated by the binding of Hsp70 to NF kappa B and followed by its gradual
inhibition. It has been elucidated that Hsp70 hinders the nuclear translocation of NF
kappa B, and this effect is mediated by the prevention of upstream events, which
leads to NF kappa B activation. On the contrary, inflammation acts as a predominant
stimulus for the upregulation of Hsp70 construction [20].
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12.4.3 Prevention of Neurodegenerative Diseases by HSPs

In several neurodegenerative diseases (Alzheimer’s disease and Parkinson’s dis-
ease), the deposition of plaques and protein misfolding are mediated by oxidative
stress, thus promoting the formation of aggregates [21]. The protein aggregates are
resulted from highly instructed filamentous insertion with the proper conformation
of β-sheet in the core. These accumulations or deposits are of two types: fibrillar and
insoluble [22, 23].

Alzheimer’s disease is usually contemplated as one of the most common state of
dementia, which eventually influences the aging population. In this disease, oxida-
tive stress is incorporated with one of the earlier events. With regard to other
neurodegenerative diseases that are associated with misfolded proteins, an analysis
of Alzheimer disease brains revealed elevated levels of Hsps and their cochaperones,
including Hsp27, Hsp70, and STI1 [24–26]. Studies have shown that there are a
number of Hsp70 and Hsp90 cochaperones that possess a distinctive influence on
neurodegenerative diseases. High-molecular weight FKBP51 and FKBP52 are able
to induce a variety of effects on tau (an abundant CNS protein) structure and
function, which play key roles in AD.

The relation between molecular chaperones in this particular disease was first
suggested after observing Hsp27, Hsp40, Hsp60, and Hsp70, which were found to
be confined in Lewy bodies [6]. A plethora of evidence suggests that a protective
action of molecular chaperones against α-synuclein-induced toxicity is present both
inside and out. It is also noticed that the recombinant human Hsp70 was very much
capable of binding α-synuclein filaments. It also attenuates its inhibitory activity,
just like chymotrypsin. Further, it can be added that heat shock in fibroblasts that
expresses α-synuclein subsequently leads to a distinct elevated condition in Hsp70,
which is also able to decrease the hindered effects of α-synuclein on the
proteasome [26].

12.4.4 Deregulation of Hsp Genes and Cancer

It has been observed that tissues or cells from a vivid area of tumors exhibit levels of
one or more Hsps [27, 28]. These observations have led to suggestions that some of
the Hsps can be treated as a possible candiate for biomarkers. In breast cancer, the
expression of Hsp is associated with bad forecast. Moreover, it is also resistant to
radiation therapy and chemotherapy [28]. In endometrial, leukemia, and breast
cancers, increased levels of Hsp27, as compared to those in nontransformed cells,
are being diagnosed. Additionally, a distinct phosphorylation pattern is being
observed in the Hsp27 of tumor cells [29].

It is found in the case of breast tumors that the expression of Hsp70 is related to
short-term disease-free survival and metastasis among diseased patients who have
been treated with combined hyperthermia, radiation therapy, and chemotherapy [30–
32]. Several other Hsp family members (Hsp60, Hsp90α, and Hsp90β) show their
overexpression in leukemia, breast tumors, Hodgkin’s disease, and lung cancer [33–
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35]. Overexpression of Hsp 70 gene is also observed in the adenovirus-transformed
human embryonic kidney 293 cell line, which is related to the influential presence of
adenovirus trans-activator E1a [36–38].

12.4.5 Bronchial Epithelial Carcinogenesis and Its Relationship
to Hsps

It is found that the overexpression of Hsp60 and Hsp10 confer protection on the cells
against ischemia/hypoxic/oxidative injury, and as a result, apoptosis is completely
inhibited [39, 40]. During prostatic, exocervical, and colorectal carcinogenesis,
overexpressive Hsp10 and Hsp60 were highly observed [41–43]. Further studies
also confirmed these results. The relation between the prognosis of tumoral patients
and Hsp60 levels is being reported in the case of acute myeloid leukemia [44] and
bladder carcinoma. Hsp60 overexpression was found to be correlated with adverse
prognosis. It was evident that Hsp60 is involved in oxidative-stress-mediated
necrotic cell death or apoptosis. Based on the findings on the relation between
smoking and lung cancer (LC), a higher frequency of adenocarcinoma was previ-
ously reported in patients suffering from COPD. The main focus of the study was to
find out the expression of Hsp 60 and Hsp10 in bronchial biopsies from lung cancer
patients and smokers with COPD and to show the interconnection between the
carcinogenic steps of lung cancer and elevated expression of Hsps. The results
showed conclusive evidence proving that the loss of Hsp10 and Hsp60
immunopositivity is correlated with progression to bronchial cancer in smokers
having COPD [42, 45].

12.4.6 Oxidative Stress in Lungs and Hsps

It is a well-documented fact that oxidative stress is responsible for the pathogenesis
of various kinds of diseases and that it is an important mediator in different
biological processes like atherosclerosis, aging, carcinogenesis, ischemia-perfusion
tissue injury, and chronic and acute inflammatory disorders. Major toxic and harmful
reactive oxygen species (ROS) like superoxide, hydroxyl peroxide, and hydrogen
radicals, which are produced during normal cellular respiration and aerobic metabo-
lism, may turn to be fatal agents in destroying a cell’s viability. This is facilitated by
the oxidation of nucleic acids, membrane lipids, and proteins [46, 47].

In the case of bacteria, several antioxidant enzyme (AOE) genes have been found
that are under the control of some genetic regulons. They are able to protect the cells
against ROS. In Escherichia coli, oxyR gene products are found to facilitate the
transcription of different genes, which include peroxide-destroying catalase, gluta-
thione reductase, and alkyl hydroperoxide reductase [48].

Superoxides, on the other hand, can promote the induction of soxRS gene
products, which in turn promotes the transcription of several genes, which encodes
specific proteins like manganese-containing superoxide dismutase (MnSOD) and
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glucose-6-phosphate dehydrogenase. If eukaryotes are taken into consideration, it is
observed that along with enzymatic agents, they do contain several nonenzymatic
features such as protection against oxidative stress. Nonenzymatic defense agents
include vitamins, sulfhydryl-containing glutathione, albumin, transferrin-lactoferrin,
and ceruloplasmin, whereas enzymatic agents are glutathione peroxidase (GP),
superoxide dismutase, and catalase (CAT) [49] (Fig. 12.3).

Lungs can be treated as a major target organ for injury caused by ROS.
Researchers found that both chronic as well as acute inflammatory diseases like
asthma, adult respiratory distress syndrome (ARDS), and pulmonary fibrosis are
caused by ROS [47]. When oxidative stress is being imposed on cultured cells, it is
found that they elicit several AOE genes, which include CAT, MnSOD, copper-zinc
SOD (CuZnSOD), and GP [48, 49]. A notable function of these enzymes is
scavenging ROS, as well as helping attenuate the “pro-oxidant” state of the cell in
order to sustain regular homeostasis of cells [46, 47].

A substantial amount of research that was performed to decipher the function as
well as the regulation of AOEs in lung injury mediated by oxidation is a great source
of our understanding in this particular field. Presumably, the expression of various
genes also upregulated right after oxidant lung injury. Notable genes among them
are heme oxygenase-l (HO-I), heat shock proteins (HSP), and metallothionein (MT).

Fig. 12.3 The figure depicts molecular and cellular level responses to oxidative-stress-related
factors
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Investigators have shed light on the fact that transcriptional regulators like Egr-l and
NF-KB take active roles in the molecular event of cellular response to oxidative
stress during early phase [48–50].

12.5 Conclusion

Since their discovery, heat shock proteins have gained substantial amount of
interests from researchers. They contribute to various physiological functions, say
for example preventing the misfolding of proteins and protein-protein interactions.
They are often found to influence the redox state and hydration of cells. On the other
hand, oxidative stress is principally responsible for the pathogenesis of several
diseases and is involved in biological processes like ischemia, aging, atherosclerosis,
respiratory disease carcinogenesis, and other inflammatory disorders. In cell signal-
ing, reactive oxygen species (ROS) often possess an antioxidant defense protective
mechanism to prevent further cell damage, which can be responsible for the occur-
rence of various diseases. Heat shock proteins have an inevitable correlation with
ROS and oxidative stress in several human diseases. Owing to their significant role
in propagation of several human diseases, human heat shock proteins have gained
much importance in research as well as in the medical field in recent years.
Therefore, giving suitable emphasis on Hsps especially on oxidative stress-mediated
diseases, respiratory diseases and most importantly human inflammatory diseases
(HIDs) will serve as a potential tool to facilitate their treatment. Further research
works may shed some light on the field of drug delivery system, which may result in
developing some significant candidate drugs that can serve as a potential and
consequential outcome in the early detection of these diseases.
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Oxidative Stress in Liver Diseases 13
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Abstract

Liver, being the second largest organ, maintains homeostasis by undergoing a
number of risk factors that include alcohol, drugs, environmental pollutants, and
radiation. All these factors are capable of inducing oxidative stress by generating
free radicals that eventually result in various forms of severe liver diseases. In this
chapter, the consequences of oxidative stress are studied, along with its patho-
physiology, its effects on organelles, physiological alterations, and the common
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diseases that occur due to oxidative stress. The progression of various liver
diseases primarily involves lipid peroxidation, deoxyribonucleic acid (DNA)
damage, signaling of inflammatory mediators, and ultimately generation of free
radicals. The inarguable role of prooxidants in hepatic pathogenesis can be
evidenced by an increase in the levels of biomarkers of oxidative stress, namely,
malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE), to name a few. These
markers are paralleled by utilizing endogenous antioxidant mechanisms, thus
decreasing the levels of superoxide dismutase (SOD), glutathione peroxidase
(GPx), catalase (CAT), and glutathione (GSH).

This challenge was overcome by a diverse and rapid development in the field
of biomarkers and antioxidants. Newer advances in the field of biomarkers
outlined strategies to identify diseases at an early stage so that the treatment
procedure could be both clinically useful and cost-effective. Advanced research
on antioxidants, to treat liver disease, resulted in the emergence of natural
substances that contain common natural herbal extracts, vitamins, and other
compounds. Antioxidant use, either as a single compound or in combination,
has become key molecules today for counteracting our stressed system and to
achieve healthy homeostasis. However, new research should be carried out at
cellular and molecular pharmacology levels in combination with drug targeting
systems so as to get innovative ideas for the therapeutics of hepatic disease, which
are not known enough.

Keywords

Liver/hepatic diseases · Biomarkers · Antioxidants · Prooxidants · Free radical

13.1 Introduction

Liver is a major and second largest organ for survival of the human body. Its main
function is to metabolize food and synthesize, excrete, and detoxify endogenous
molecules, drugs, and chemicals from the environment. Some other functions
include storage and synthesis of glucose, red blood cell degradation, synthesis of
various plasma proteins like albumin and globulin, hormone production, and bile
acid formation. It also maintains homeostasis and host defense of our body.

As per anatomical perusal, liver lies under the diaphragm, anterior to the stomach.
It consists of two varying blood supplies, namely, portal vein (conveys blood with
digested nutrients from the stomach, spleen, pancreas) and hepatic artery (which
helps in hepatic respiration by carrying oxygenated blood from the lungs to the
liver). The liver is divided into four lobes, and microscopically each lobe consists of
many small hexagonal lobules with a central vein. The lobules assist as the blood
enters from the portal vein and hepatic artery and make its way down the cords of
hepatic cells. The lobules are distinguished as per their perfusion capacity into three
areas: zone 1/periportal > zone 2/midzonal > zone 3/centrilobular (in a row from
highest to lowest oxygenation).
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During the metabolism process in hepatic cells, a huge number of free radicals are
generated, which are counterbalanced by our endogenous antioxidant defense sys-
tem. These free radicals are known to induce oxidative stress to produce reactive
oxygen species (ROS), reactive nitrogen species (RNS), and reactive sulfur species
(RSS). The free radicals are generated due to a disparity between prooxidants and
antioxidants in the human system [1]. As the ratio of free radical generation
increases, oxidative stress increases. This will ultimately lead to dysregulation and
altered homeostasis of the liver, causing hepatic trauma, as shown in Fig. 13.1 [2].

As per various previously reported studies, oxidative stress is one of the initiators
for numerous liver diseases, viz., (1) alcoholic liver disease (ALD), (2) nonalcoholic
fatty liver disease (NAFLD), (3) liver fibro-proliferative diseases (fibrosis),
(4) hepatic encephalopathy (HE), (5) cirrhosis, (6) hepatitis C, and (7) hepatocellular
carcinoma (HCC) [3]. Long-term oxidative stress to hepatic cells can irreversibly
vandalize lipids, proteins, and DNA, which take part in numerous pathways to
control protein expression, gene transcription, hepatic stellate cell (HSC) activation,
and cell apoptosis. This in turn modulates normal biological pathways, leading to
hepatic injury described in Fig. 13.2.

In spite of the fact that antioxidants are yet to prove their efficacy in clinical trials,
nevertheless, the applications of antioxidants could play a major role in the preven-
tion of liver diseases due to oxidative stress. Antioxidants from natural origin are
abundantly found in our daily diet (e.g., fruits, vegetables, and cereals), medicinal
plants, and predominantly in flavonoid-containing products (such as green tea, milk
thistle, coffee, naringenin, quercetin, curcumin, and resveratrol) [4]. Thus, in future,
specific antioxidants can be identified for their preventive and therapeutic in vivo
effects and to abolish oxidative stress, which results in various liver diseases.

Fig. 13.1 Redox homeostasis in the liver

13 Oxidative Stress in Liver Diseases 211



13.2 General Consequences of Oxidative Stress

13.2.1 Mitochondrial Dysfunction

The imbalance between pro- and antioxidants can alter the working dynamics of the
mitochondria. It blocks fatty acid beta-oxidation and leads to a rise in nonmetabolized
fatty acids in the cytosol, followed by free radical production. This is evident as the
manymicrostructural changes in the mitochondria are observed under electron micros-
copy, such as gigantic mitochondria, dropping of cristae, and para-crystalline inclusion
bodies in the matrix. Furthermore, when the electron transport chain is deteriorated, it
results in “electron leakage,” along with lipid peroxidation, which produces reactive
aldehydes (MDA, 4-HNE), and the generation of mutated DNA. Buildup of ceramides
(Cer) and diacylglycerols (DAGs) is observed due to deficient beta-oxidation of acyl-
carnitine, which is an inflammatory mediator altering insulin signaling. Increased
activity of CYP2E1, depleted GSH, reduced GPx and manganese superoxide
dismutase (MnSOD) activity, and impaired activity of cytochrome C also leads to
ROS generation, as shown in Fig. 13.3.

13.2.2 Lipid Peroxidation

The cell membrane is comprised of polyunsaturated fatty acids that react with
oxygen to generate peroxyl radicals. Peroxyl radicals are the initial free radical

Fig. 13.2 General mechanism of oxidative-stress-induced liver disease
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intermediate produced through lipid peroxidation. This free radical can alter the
membrane structure of lipids, membrane fluidity, and its functions. It alters ion
transport, receptor recognition, receptor signaling, and osmotic gradients. The
chain reaction is first initiated by a hydroxyl radical, which removes hydrogen
molecule from lipids. Thus, a free radical can react with the free oxygen, forming
a new peroxyl radical. Peroxyl radicals further reacts with aldehyde, which forms
reactive end products such as malondialdehyde (mutagenic). Also, aldehyde adducts
with proteins are formed that are proinflammatory and profibrogenic in alcohol-
induced liver disease. Lipid peroxidation (LPO) also increases thiobarbituric acid
reactive substances and 8-isoprostane levels in diseases like nonalcoholic fatty liver
disease or hepatitis C.

13.2.3 DNA Damage

ROS attack and modification of particular DNA bases (thymine) lead to base pair
modifications, cross-linking of DNA, strand breaks, and even mutations. These
alterations for a prolonged duration might promote uncontrolled growth (i.e.,
cancer).

Fig. 13.3 Mechanism of mitochondrial dysfunction by ROS generation
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13.2.4 Protein Damage

Free radicals produced by oxidative stress modifies endogenous proteins and impairs
the functioning of cells but may stimulate the host immune system, causing autoim-
mune diseases. Reactive oxygen species can also oxidize amino acids and enzymes
making them inactive or antigenic, which can alter the normal protein structure and
its function, leading to altered intracellular signaling cascades.

13.2.5 Altered Redox State

The redox state of any system is altered by changes in the second messenger
signaling pathway. Oxidative stress produces reactive oxygen species, which intra-
cellularly change signal transduction by second messengers. This influences many
activities such as cell function, gene expression, apoptosis/necrosis, and cell death.

13.2.6 Iron Metabolism Derangements

The main prooxidizing mechanism altered metabolism of iron is via Fenton reaction,
where an increased production of hydroxyl radical is observed. Lipid peroxidation is
observed in various organelle membranes by hydroxyl radicals. This in turn impairs
mitochondrial metabolism by producing mPTP (mitochondrial permeability transi-
tion pore) and mtDNA (mutated DNA), thereby increasing proapoptotic activity and
MDA production. In addition, if iron load is continued for a prolonged period, it may
lead to the production of iNOS (inducible nitric oxide synthase) via NF-κB activa-
tion. The escalated nitric oxide concentration reacts with superoxide anion to
produce reactive nitrogen species. This produces reactive aldehydes (MDA) through
lipid peroxidation, along with the activity of iron, which acts as a direct competitive
antagonist of antioxidant enzymes.

13.2.7 Insulin Resistance and Endothelial Dysfunction

Insulin activity influences nitric oxide (NO) production, which causes vasodilata-
tion, and induces anti-inflammatory, antithrombotic and antifibrogenic properties of
the endothelium. Obesity and insulin resistance increase the expression of
proinflammatory cytokines (tumor necrosis factor alpha (TNF-α), interleukin-1
(IL1), and interferon gamma (IFN-γ)), which in turn increases iNOS, decreases
endothelial nitric oxide synthase (eNOS), and upregulates the Ras/mitogen-activated
protein kinase (MAPK) pathway. The worsening of insulin resistance is proportional
to the extremity of endothelial dysfunction (ED), observed in various models of liver
disease.
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13.2.8 Endoplasmic Reticulum (ER) Stress

To maintain ER homeostasis, metabolism of the lipids is essential. Due to altered
metabolism and glut of lipids, free fatty acids and cholesterol initiate ER stress. The
stress further produces “unfolded protein response” (UPR) to regain ER homeosta-
sis, as shown in Fig. 13.4. But extended and routine stimulation of UPR activates the
proapoptotic and inflammatory pathway, leading to oxidative stress. The activity of
UPR is arbitrated through various transducers like PERK (protein kinase RNA-like
ER kinase), IRE1 (inositol-requiring signaling protein 1), and ATF6 (activating
transcription factor 6). They regulate the balance of proinflammatory and antioxidant
genes. Other factors like overexpression of inducible ERO1 (ER oxidoreductin 1)
also increases the production of reactive oxygen species. ER stress induces SERCA
(sarco/endoplasmic reticulum Ca2+-ATPase) inactivity, depletion of calcium stores,
and blockade of ETC (electron transport chain). All these cause an increased amount
of cytochrome C and other proapoptotic factors in the cytosol, which can ultimately
increase the level of reactive oxygen species.

13.2.9 Altered Gut-Liver Axis

Qualitative and quantitative alteration of normal intestinal microflora, namely,
dysbiosis, may be involved in the growth and development of hepatic diseases like
NAFLD (nonalcoholic fatty liver disease). Inappropriate inflammatory response due
to bacteria and its product translocation, induces upregulation of pro-inflammatory
mediators and NADPH oxidase system . Also, there are some endogenous alcohol

Fig. 13.4 Mechanism of endoplasmic reticulum stress for ROS generation
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production by alcohol-producing bacteria. Normally, lack of inhibition of inflamma-
tory response by NPRL-3 and -6 shows a decreased inflammatory response,
inhibiting IL1β and IL18, whereas the activation of inflammasomes results in the
cleavage of cytokine precursors (pro-IL1β, pro-IL18). Fecal microbiota transplanta-
tion (donor fecal solution administered to the intestinal tract of a recipient in order to
alter gut microbial composition to confer a health benefit) can be the therapeutic
option, along with coadministration of pre- and probiotics for intestinal dysbiosis
and NAFLD.

13.3 Sources of Oxidative Stress and Their Physiological
Outcomes

A huge number of oxidative stress inducers are inked till date. To list some of them, a
brief description of the oxidative stress source, its stress induction pathway, the
consequences, the effect on various cell organelles, and the liver disease produced is
presented in Table 13.1 below.

13.4 Clinical Biomarkers of Liver Toxicity

Biomarkers have become a clinically essential diagnostic tool for various studies in
the field of medical science, research, and clinical trial. It is appropriate and justified
and provides a clinically relevant outcome for various treatments and populations,
which can be used commonly and repeatedly. They can efficiently evaluate and
measure normal biological processes (heart rate, temperature, blood pressure) and
pharmacologic and pathogenic processes or act as a therapeutic indicator. In drug
discovery, from preclinical to each stage of clinical trials, the role of the biomarker
has been increasing drastically. As per the Food and Drug Administration (FDA)
guidelines [11], a list of conventional biomarkersmeasured in serum/urine is used in
preclinical and clinical screening for hepatotoxicity.

13.4.1 Alanine Aminotransferase (ALT)

It is primarily confined to liver. Its level in blood increases due to liver necrosis, heart
injury, and skeletal muscle injury (necrosis). It is frequently used to estimate
hepatocellular injury/necrosis.

13.4.2 Aspartate Aminotransferase (AST)

It is primarily found in the heart, brain, skeletal muscle, and liver. Due to its
similarity with ALT, AST (less specific) is accountable for the metabolism (trans-
amination) of aspartate. To distinguish DILI (drug-induced liver injury) from
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extrahepatic organ injury and diagnose acute alcoholic hepatitis and cirrhosis, the
ratio between serum ALT and AST is useful. It is frequently used to estimate
hepatocellular injury/necrosis.

13.4.3 Alkaline Phosphatase (ALP)

It is found in liver and is a partially predictive marker of hepatobiliary injury,
cholestasis, conventional biliary injury, along with xenobiotic-generated cholestasis
in individuals. To diagnose cholestatic DILI, more than twofold independent eleva-
tion of serum ALP or an ALT:ALP ratio of not more than 2 is admissible.

13.4.4 Total Bilirubin (TBL)

It is taken up by liver, where it gets conjugated and secreted into bile. Its level
indicates the rates of enzyme degradation and is a marker of hepatobiliary injury and
liver function. It also increases due to hemolysis.

13.4.5 Gamma-Glutamyl Transferase (GGT)

It is localized in the kidney, liver, and pancreas. It gets elevated due to conventional
biliary injury, alcohol intake, or heart disease. Gamma-glutamyl transferase value is
proportional to ALP elevations, which are markers of hepatobiliary injury and
cholestasis.

13.4.6 Albumin

It is one of main serum total proteins and decreases with chronic hepatic disease
where liver fails to synthesize enough albumin, whereas the other serum protein, i.e.,
globulin, increases due to the production of acute phase proteins.

13.4.7 Ammonia

Liver usually converts ammonia to the less toxic urea, and its injury may lead to the
elevation of ammonia in blood. End-stage hepatic disease and a high-risk coma in
liver disease is indicated by an increased level of ammonia.
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13.4.8 Cholesterol/Triglycerides

Cholesterol/Triglycerides increase in the blood due to failure of bile elimination as
the liver fails to remove them from the bile ducts.

13.4.9 Clotting Time (CT)

It is not designated as a favorable and subtle biomarker. It increases with severe liver
injury wherein liver fails to produce coagulation factors, leading to increased
clotting time.

13.4.10 Urobilinogen

It is a colorless product of bilirubin reduction, similar to bilirubin. Its low level in
urine may be due to biliary obstruction.

The biomarkers used may have varied pros and cons depending on their type, use,
and availability. But to list some of the advantages, they are as follows: least
invasiveness, minimal morbidity/ mortality, less cost, easy application and availabil-
ity, and uncomplicated reproducibility. In addition, optimized biomarkers with
scores are useful for treatment monitoring. On the other hand, the disadvantages
are that some markers are not organ specific and have low sensitivity, making them
incapable of distinguishing intermediate stages; the clearance rate of a biomarker can
be influenced by impaired biliary and renal excretion; and most of the biomarkers
need further validation.

13.4.11 Recent Advances

Apart from conventional and commonly used biomarkers, recent advances had
provided us with novel therapeutics. They not only overcome hepatotoxicity, but
they are also useful for the treatment and prevention of liver diseases. After the
identification of hepatic diseases, few therapies of natural origin can be used for
treatment. Some of them are discussed below.

13.4.11.1 Graft-Derived Cell-Free DNA
This can detect liver injury and can contribute to more effective, less toxic
personalized immune suppression. Guanine-cytosine (Gc) DNA is one of the
markers that can detect transplant injury (liquid biopsy) in early stages, which can
in turn provide efficient therapeutic interventions.

13.4.11.2 MicroRNA
MicroRNAs (miRNAs) are endogenous and noncoding ribonucleic acids (RNAs)
that are useful as a biomarker in both patho- and physiological processes. According
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to some studies for viral-, alcohol-, hepato-carcinoma-, and xenobiotic-induced
hepatic injury-, miRNA-122 (in plasma/serum) is an biomarker. Similarly, for xeno-
biotic-induced hepatic injury, biomarkers like miRNA-192 (in plasma/serum) and
miR-291a-5p (in urine) are studied.

13.4.11.3 Alpha-Fetoprotein (AFP)
AFP is not only produced in the liver but is also found in the brain and kidney. This
biomarker is used for the management of hepatocellular carcinoma (HCC)/necrosis.
Its level rises up to 70% in HCC patients.

13.4.11.4 Cortisol
It is a metabolite of cholesterol estimated in urine as a cirrhosis biomarker. Adrenal
cortex releases cortisol from the adrenal cortex, where the hypothalamus-pituitary-
adrenal (HPA) axis monitors its secretion. It is bound to transcortin in the blood and
maintains homeostasis. It is a predictive biomarker of oxidative stress and liver damage.

13.4.11.5 CD133 and EpCAM
CD133 and epithelial cell adhesion molecule (EpCAM) are advanced biomarkers for
stem/progenitor cells in the hepatic cells. CD133 is recommended for intercellular
communication. EpCAM has complex physiological functions like regulation of
proliferation, cell-cell adhesion, migration, differentiation, and survival of cells.

13.4.11.6 Hydroxyproline and 5-Oxoproline
These are the intermediates in the synthesis of glutathione. These are the biomarkers
of oxidative stress and glutathione status in diseases like viral hepatitis, bilharzia,
metabolic disorders, and toxicity induced by drugs and chemicals. These are pre-
dominantly detected in urine and serum and are responsible for hepatic fibrosis,
which is the most dangerous disorder of damaged tissues.

13.4.11.7 Ophthalmic Acid
It is a serum analog of glutathione produced along a similar biosynthetic route as
glutathione. Hepatic toxicity due to oxidative stress followed by glutathione deple-
tion can alter the levels of ophthalmic acid.

13.4.11.8 Pentraxin 3
Pentraxin (PTX3) is a prototype for the protein family that has a long pentraxin
group (multifunctional pattern-identification proteins). It facilitates pathogen recog-
nition and opsonic activity by the mechanism of innate immunity. Long-term rise in
PTX3 is linked to increased morbidity and severity in various diseases such as
psoriasis, atherosclerosis, angina pectoris, and ischemic heart disorders.

13.4.11.9 Fibrinogen a-Chain
Liver fibrosis is due to the assembling of extracellular matrix proteins. If the
fundamental reason is not cured or eradicated, it may give progress to the ailment.
Further, this leads to many medical complications, viz., hepatocellular carcinoma or
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death. Thus, recognition, execution, as well as investigation of liver fibrosis are the
major concerns in the detection as well as the healing of patients with chronic liver
disease.

13.4.11.10 Soluble CD163
Kupffer cells get activated in various inflammatory circumstances that affect the
liver. During inflammation/necrosis, due to oxidative stress in hepatic cells, the
Kupffer cells get activated and can be identified by a specific serum biomarker,
CD163. CD163 in high levels is observed in acute and chronic liver failure, as well
as alcoholic hepatitis.

13.4.11.11 YKL-40
Patients with alcoholic liver disease and chronic hepatitis C show increased concen-
tration of YKL-40 protein. It also plays an important role in cancer cell development,
as well as survival. It participates in the inflammatory process of tumor, as well as
angiogenesis. Patients with metastatic tumor (deficient diagnosis) have the highest
serum level of YKL-40.

Some other biomarkers are cytokines, interleukin-1 (in plasma, produced by all
liver cells but primarily by Kupffer cells and increases in cellular stress), glutathione
S-transferase P-form (in serum, produced in the hepatocytes and found during
hepatocellular injury), cytokeratin-18 (in serum, expressed by epithelial cells and
found during apoptosis or necrosis), high-mobility group box protein I (in serum,
found in a wide range of tissues and increases in necrosis and inflammation). Also,
there are glutamate dehydrogenase (GLDH) in serum (found in the liver, kidney, and
skeletal muscle; increases in hepatocellular necrosis), malate dehydrogenase in
serum (found in mitochondria and the extra-mitochondrial compartment of hepatic
cells, increases in hepatocellular necrosis), purine nucleoside phosphorylase in
serum (present in the liver, mainly in the cytoplasm of endothelial cells and Kupffer
cells; altered in hepatocellular necrosis), and paraoxanase-1 in serum (produced
primarily in the liver but also found in the kidney, brain, and lungs; altered in
hepatocellular necrosis).

13.5 Antioxidants for Liver Diseases

Antioxidants are endogenous or exogenous molecules that can prevent the oxidation
process of any substrate, thus reducing the free radicals generated in our body. They
maintain prooxidant/antioxidant cellular balance by donating electrons to free
radicals. Many natural antioxidants are demonstrated for various liver diseases till
date [12]. Antioxidants show their health benefits by various mechanisms, which
include scavenging free radicals that can start the oxidation process, transition metal
ion chelation that participates in redox reactions, O2 dismutation, and breaking
oxidative chain reactions. Antioxidants from plants are taken through diet and can
maintain liver homeostasis. Below are the natural antioxidants discussed briefly for
their putative benefits.
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13.5.1 Green Tea

It is obtained from Camellia sinensis leaves and is used as a beverage because of its
flavor and aroma. It possesses anti-inflammatory and antioxidant properties. Its
antioxidant property is due to chemical constituent, viz., (�)-epigallocatechin-3-
gallate, quercetin, caffeine, and chlorogenic acid in huge quantity.

13.5.2 Silymarin

It is obtained from Silybum marianum (mixture of flavonolignans and flavanoid),
and has been used for the treatment of liver diseases from ages. Silybinin is hepato-
protective due to its iron-chelating properties.

13.5.3 Quercetin

Quercetin, mainly found in apples and onions, is a flavonoid with hepatoprotective,
anti-inflammatory, heavy metal chelation, and antioxidant properties. Quercetin
prevents transforming growth factor beta (TGF-b), connective tissue growth factor
(CTGF), and collagen type I alpha 1 (Col-1a) expressions; decreases liver enzymes;
and inhibits nuclear factor kappa B (NF-kB) and HSC activation. Also, SOD and
CAT activity is improved by quercetin.

13.5.4 Naringenin

Naringenin mainly found in citrus fruits and tomato skin have anti-inflammatory,
metal ion reductor, hepatoprotective, and antioxidant activities by increasing the
level of SOD, catalase, and GSH.

13.5.5 Curcumin

It is obtained from the rhizomes of Curcuma longa, with anticarcinogenic,
anti-inflammatory, and antioxidant properties. It is hepatoprotective in liver injury
as it increases GSH, hydroxyl-1, SOD, CAT, and nuclear factor erythroid 2-related
factor 2 (Nfr2), therefore strengthening the antioxidant system.
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13.5.6 Coffee

It principally contains chlorogenic acid for health benefits such as chemoprotective,
anticholestatic, and antioxidant properties. A dose-dependent inverse relationship
was observed for coffee intake and liver cirrhosis.

13.5.7 Resveratrol

A phytoalexin is principally obtained from berries, grapes, and red wine and has
anticarcinogenic, anti-inflammatory, hepatoprotective and antioxidant properties. It
decreases TGF-b, NF-kB, LPO and reduces oxidative stress.

13.5.8 Melatonin

Although melatonin is an endogenous molecule, its use as an antioxidative, anti-
inflammatory, and antiapoptotic has been explored now. It is a serotonin derivative
with an ability to target both ROS and reactive nitrogen species. It has antioxidant
power, which is much greater than that of vitamin E or C or glutathione. Melatonin at
once can bind with two hydroxyl radicals to form cyclic 3-hydroxymelatonin
(excreted in urine). It amplifies messenger RNA levels of superoxide dismutase
and gamma-glutamylcysteine synthase to form glutathione and glutathione
peroxidase [13].

13.5.9 Current Antioxidative Therapy in Clinical Trials

For advances in hepatic injury therapy, many antioxidants have been currently under
clinical trial so as to develop a better antioxidative therapy. The information is
obtained from the http://www.ClinicalTrials.gov website, as shown in Table 13.2.
Dietary supplements like vitamin E, nutritional antioxidants (zinc and coenzyme
Q10), plant flavonoids, and xenobiotics like silymarin, quercetin, Siliphos, selenium,
resveratrol, metadoxine, ginger, green tea extract, N-acetylcysteine, methionine,
propofol, alpha lipoic acid, mitoquinone mesylate, and chocolate are studied for
numerous liver diseases. Sometimes natural source antioxidants that are highly
effective in animal models do not show therapeutic benefits in humans. Thus, in
the near future, continuous studies are required for all endogenous substances or
bioactive compounds isolated from natural sources with huge patient number and
long-time duration.
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Table 13.2 Current antioxidative therapy for various liver diseases in clinical trial

Sr.
no. Condition/disease Antioxidants Location

1 Nonalcoholic fatty
liver disease

MEDOX (natural purified anthocyanin) China

2 Nonalcoholic fatty
liver disease

Chinese bayberry juice China

3 Liver cirrhosis, liver
cancer

Dietary supplement: vitamin B-6, glutathione,
and dextrins

Taiwan

4 NAFLD, prediabetes Drug: metadoxine Mexico

5 Nonalcoholic fatty
liver disease

Dietary supplement: Mastiha Greece

6 HIV infections, fatty
liver

Antioxidant vitamin E, along with weight
reduction and exercise

Canada

7 Hepatocellular
carcinoma

Dietary supplement: vitamin B-6, coenzyme
Q10, vitamin B-6 + coenzyme Q10

Taiwan

8 Hepatitis C, oxidative
stress

Dietary supplement: antioxidant
supplementation (vitamin E 800 mg, C 500 mg,
and zinc 40 mg) for 24 weeks

Brazil

9 Nonalcoholic
steatohepatitis

Dietary supplement: Protandim United States

10 Chronic hepatitis C Dietary supplement: Viusid
(immunomodulator)

Cuba

11 Alcoholic hepatitis Dietary supplement: omega-5 fatty acid
supplement

Mexico

12 NAFLD in children Dietary supplement: lycopene-enriched tomato
juice and energy-restricted diet

Italy

13 Fatty liver in obesity Long-lifestyle follow-up (FLiO diet) and diet
control

Spain

14 Fatty liver disease in
obese children

Dietary supplement: N-acetyl cysteine 600 mg
once/day or twice/day

United States

15 Chronic hepatitis C
and oxidative stress

Drug: silymarin
Dietary supplement: green tea extract (EGCG)

United States

16 Liver and periportal
fibrosis, oxidative
stress

Dietary supplement: praziquantel + antioxidant Ethiopia

17 Severe alcoholic
hepatitis

Granulocyte-colony-stimulating factors
(G-CSF), N-acetylcysteine

India

18 Cirrhosis Dietary supplement: vitamin E supplement
(tocofersolan)

Switzerland

19 Alcoholic hepatitis N-acetylcysteine Belgium

20 Chronic hepatitis C Drug: mitoquinone mesylate (MitoQ) New Zealand

21 Chronic hepatitis C Orange juice Brazil

22 Severe alcoholic
hepatitis

Drug: prednisone plus metadoxine/
pentoxifylline plus metadoxine

Mexico

23 Nonalcoholic fatty
liver disease

Drug: Lovaza United States

(continued)

226 L. Singh et al.

https://www.clinicaltrials.gov/ct2/show/NCT03183193?term=antioxidants+use+for+oxidative+stress&cond=Liver+Diseases&draw=6&rank=15
https://www.clinicaltrials.gov/ct2/show/NCT02117700?term=antioxidants+use+for+oxidative+stress&cond=Liver+Diseases&draw=6&rank=16
https://www.clinicaltrials.gov/ct2/show/NCT02117700?term=antioxidants+use+for+oxidative+stress&cond=Liver+Diseases&draw=6&rank=16


13.6 Conclusions and Prospects

Considering today’s scenario of excess mental stress, environmental factors, and
unhealthy lifestyle, oxidative stress is one of the main sinners inducing a variety of
hepatic diseases in humans. To overcome all these problems, a better diagnostic tool
is being used as intervention in the form of biomarkers, apart from our conventional
diagnostic tools. These biomarkers can diagnose a disease with an effective and safe
dose so as to provide very early and effective treatment. Also, in the near future,
antioxidants of natural and synthetic origin that, through investigation, are proven to
show efficacious absorption and bio-availability can be utilized. Natural antioxidants
are cheap and are effective for many hepatic diseases, but more basic and clinical
investigation is needed to identify the best compound by developing strategies to
improve bio-disposition and toxicity research in this field.
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Oxidative Stress and Inflammation Can Fuel
Cancer 14
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Abstract

Both oxidative stress and inflammation are interdependent cellular consequences
of a biological defense system, which can fuel cancer and other pathophysiologi-
cal provenience. In recent past, several emerging evidences showed that preva-
lence of oxidative stress and inflammation promotes multiple oncogenic events,
including cell proliferation, angiogenesis, migration, metabolic reprogramming,
and evasion of regulated cell death in cancer cells. Oxidative stress and chronic
inflammation contribute to the progression of cancer in a unanimous pattern with
significant cellular signaling response and outcomes. However, both oxidative
stress and inflammation are also associated with the pathogenesis of several
other diseases. The oxidative stress is an imbalance between oxidant and antioxi-
dant defense system, which in turn damaging the macromolecules and
dysregulation of complex casacde of cell signaling. Sustained oxidative stress
can trigger chronic inflammation by activating the number of transcription factors
such as NF-κB, AP-1, β-catenin/Wnt, p53, PPAR-γ, HIF-1α, and Nrf2. The
activation of these transcription factors leads to altered expression of various
genes and proteins including growth factors, cell cycle regulatory molecules,
oncogenes, tumor suppressor genes, pro-inflammatory cytokines, and
chemokines etc. Reprogramming of the cellular signaling cascade for self-
survival is one of the key characteristics of cancer cells. In this chapter, we
delineate the current knowledge and mechanistic interplay between oxidative
stress and inflammation, which can fuel cancer.
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14.1 Introduction

Oxidative stress and inflammation are both important physiological processes. The
body has an endogenous defense system to combat both processes to maintain the
homeostasis of cells. However, prolonged oxidative stress and inflammation are fatal
components of a cellular defense system, and both are key causative factors for the
onset of several diseases, including diabetes, cancer, cardiovascular and neurological
disorders, premature aging, etc. Mechanistically, oxidative stress is a cellular imbal-
ance of oxidants and anti-oxidants molecules , which are the causative factors for the
origin of various pathophysiological consequences [1–3]. It was assumed that
reactive oxygen species (ROS) like superoxide anion (O2

�), hydrogen peroxide
(H2O2), and hydroxyl radicals (HO•) are oxidants molecules those are generated
during normal cellular physiological processes and metabolism [4, 5]. However,
ROS are also generated intracellularly by intracellular enzymes, nicotinamide ade-
nine dinucleotide phosphate (NADPH) oxidase (NOXs), family proteins as a pri-
mary product [6]. NADPH oxidases (NOXs) are one of the evolutionary conserved
families of enzymes, which reduces molecular oxygen to free oxygen radical t [7]. At
normal physiological condition, ROS generated by NOX participate in various
normal cellular functions and are consequently metabolized by antioxidant enzymes.
However, unmetabolized ROS leads to the perturbation of oxidative stress. Many
reports suggest that a low concentration of ROS helps in coordination of various
physiological processes, including immunity, cell growth, cellular signal transduc-
tion, regulation of cell proliferation, cell differentiation, and balanced gene expres-
sion for the maintenance of cellular homeostasis [8, 9]. On the contrary,
accumulation of ROS tends to cellular damage and progression of various patho-
physiological consequences has been suggested [10].

The steady-state formation of free radicals is balanced by cellular antioxidant
enzymes such as superoxide dismutase, catalase, glutathione peroxidase, and gluta-
thione reductase [11]. These enzymes are known as antioxidant defense systems that
balance the level of ROS. Imbalance between ROS production and its consumption
by antioxidants enzymes culminates oxidative stress, which leads to the progression
of various pathological conditions, including metabolic dysfunctions, cardiovascular
diseases, neurodegenerative diseases, cancer, and premature aging [1, 4, 12]. It has
been found that the accumulation of ROS inhibits the activities of antioxidant
enzymes, which promotes tumorigenesis [13]. Accumulation of oxidative stress
perturbates damage of biological macromolecules, including deoxyribonucleic acid
(DNA), ribonucleic acid (RNA), proteins, and lipids, by oxidation and nitration
reaction [14]. These events play crucial role in the progression of cancer [15, 16].
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Since the recent past, several reports highlighted that antioxidants and oxidant
scavenging systems play key role in the prevention of several diseases [17]. Inter-
estingly, it is remarkable that most of the antioxidants have anti-inflammatory and
other biological activities. Oxidative stress and inflammation, both have close
connections to modulate cellular, physiological, immunological, and pathological
response. Although, initially inflammation attributes ROS production for invasion of
infections or unwanted cells, but prolonged inflammation contributes to the setting
up tumor microenvironment for cell survival through the activation of transcription
factors and multiple downstream signaling cascades that trigger the activation of
pro-inflammatory genes and the onset of inflammation. Thus, oxidative stress and
inflammation have an interdependent link to the progression of cancer. In this
review, we provided insights of oxidative stress and inflammation derived molecular
mechanisms that fuel progression of cancer.

14.2 Mechanism of ROS Generation: The Concept Behind
Oxidative Stress and Cancer

In a broad context, oxidative stress is an outcome of disbalance between prooxidant
and antioxidant mechanisms in that case the threshold level of free radicals progres-
sively increases, which contributes damaging of cellular components and functions of
the various genes, as well as cellular response that progresses pathophysiological
consequences [18, 19]. The term ROS encompasses free radicals and their nonreactive
intermediates. Free radicals are reactive species that consist of one or more unpaired
electrons. The prevalence of these unpaired electrons makes free radicals highly
reactive [19]. Reactive species are broadly classified into four types: reactive oxygen
species (ROS), reactive nitrogen species (RNS), reactive sulfur species (RSS), and
reactive chloride species (RCS) [20]. The superoxide ion that is produced as a result of
the reduction of molecular oxygen by one electron is dismutated to H2O2 by the
enzyme superoxide dismutase (SOD) [21]. Subsequent reactions further result in the
generation of hydroxyl ions (OH�) in the presence of certain metal ions. In addition,
molecular oxygen also reacts with nitric oxide (NO) to generate peroxynitrite
(ONOO�), which is a known oxidant, and the consequent loss of protective
NO resulted emergence of pathological conditions[22]. Superoxide ions are the most
commonly produced oxygen free radical under physiological conditions. The ineffi-
cient transfer of electrons across the respiratory chain allows the leakage of these
electrons, and their subsequent interaction with molecular oxygen results in the
formation of superoxide ions (O2

�). These highly reactive radicals are most com-
monly found in cancer cells. Oxidative stress promotes hypoxic environment in the
cells favor an impaired gene regulation and functions. Hypoxic conditions (low
intracellular oxygen) also result in an overwhelming production of ROS inside the
cells, which is an evident from the extensively studied in cancer cells [23]. This
paradoxical increase in ROS in hypoxic cells occurs due to the accumulation of
electrons in the mitochondria under low oxygen concentrations, which fail to accept
the electrons in complex IV during the electron transport chain [24]. The major
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internal sources of oxidative stress are peroxisomes and other enzymes, including
xanthine oxidase and NADPH oxidase. Along with these, oxidative stress can also be
generated through external sources, which include ultraviolet (UV) radiation,
chemicals, unhealthy lifestyle, and environmental factors [25].

An emerging evidence suggests that reactive species are capable of causing nicks in
DNAmolecules and negatively influence the normal process of DNA repair [26]. Fur-
thermore, the oxidation of DNA by free radicals aids in the accumulation of mutation,
which promotes carcinogenesis. In addition, elevated levels of reactive species in
cancer cells significantly affect intracellular proteins, causing their structural
deformities and compromised integrity [27]. Moreover, the chronically elevated levels
of reactive species (ROS) also act as secondary messengers to modulate multiple
signaling pathways in cancer cells [28]. A key feature of malignant cells is their
adaptation to a chronically elevated oxidative stress, which has been utilized for self
survival and proliferation. Interestingly, the biology of these events is largely governed
by the activation of oncogenes and inactivation of tumor supressor genes, which
phenomenon direct cancer cells toward the survival signaling pathways. Generally,
cancer cells are known to possess low level of antioxidant enzymes, which tend to
accumulate a relatively higher amount of ROS as compared to the normal cells, which
apparently aid in modulating multiple signaling pathways for cell prolifeartion and
survival [29]. Elevated oxidative stress in cancer cells has been shown in angiogenesis,
migration, metabolic reprogramming, and evasion of cell death [30]. ROS have been
considered as a double-edged sword that acts as both protumorigenic and
antitumorigenic [31]. An increased level of ROS above the sublethal stage drags
cancer cell toward programmed cell death. Cancer cells cautiously maintain a rela-
tively higher oxidative stress below the lethal levels to sustain their proliferative
signaling pathways [32]. The consequence of elevated oxidative burden in cancer
cells allows to maintain an intracellular tumor microenvironment, which supports
invasion and metastasis [27]. Therefore, the regulation of oxidative stress in cancer
cells may be advantageous for cancer prevention and therapy.

Metabolic reprogramming is one of the hallmarks of cancer cells [33]. The bizarre
behavior of cancer cells of shifting toward the less energy-efficient aerobic glycoly-
sis pathway and sidelining an energy-efficient oxidative phosphorylation pathway,
known as “Warburg Effect,” for its energy production still remains a large enigma in
cancer biology [33, 34]. Metabolically, cancer cells furnish hypoxic environment
and progress anaerobic metabolism to produce lactate even in the presence of
sufficient oxygen that may liberate to utilize as an energy source [35, 36]. An
elevated level of lactate and lactate dehydrogenase are most common in many
types of tumors [37]. Metabolic enzymes lactate dehydrogenase A, and pyruvate
kinase M2 has been considered as poor prognosis markers of cancer [38]. Pyruvate
kinase (PK) is a glycolytic enzyme that catalyzes the conversion of phosphoenol
pyruvate into pyruvate. It has two isoforms: PKM1 and PKM2; PKM1 exists as a
tetramer, while PKM2 exists as tetramer or dimer.The tetrameric and dimeric form of
PKM2 is allosterically regulated by various enzymes and metabolites in the cancer
cells [39]. Cancer cells preferably express the M2 isoform of PK. [40]. In the event of
cancerous signaling, the PKM2 isoform is converted from its active tetrameric form
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to an inactive dimeric form and acts as a transcription factor to execute a number of
nonmetabolic functions, such as cell proliferation, cell cycle regulation, and evasion
of cell death in tumors [41]. The inactivation of PKM2 through its conversion from
tetrameric to dimeric form is an oncogenic event. Oxidative stress is also known to
regulate the inactivation of PKM2 in cancer cells [42]. Moreover, dysfunctional
mitochondria are also associated with altered metabolism and oxidative stress in
cancer. As an example, mitochondrial SIRT3 is one of the negative regulators of
aerobic glycolysis. SIRT3 destabilizes hypoxia inducible factor 1α (HIF1α) and
prevents glycolytic switch in cancer cells. Loss of SIRT3 in cancer cells augment
intracellular ROS. These escalated levels of ROS stabilize HIF1α and promotes
aerobic glycolysis to reprogram glucose metabolism in cancer cells [43]. Moreover,
the increased rate of pentose phosphate pathway (PPP) as a result of increased
glycolytic flux allows the scavenging of ROS through NADPH produced during
PPP, thus preventing sublethal ROS accumulation in the cancer cells [44]. As a
result, increased oxidative stress provides a favorable environment for metabolic
reprogramming without causing any severe cellular damage per se.

14.2.1 Oxidative Stress and Cell Proliferation

Cell proliferation is the complex process by which cells increase their number.
Cancer cells retain their ability to consistently proliferate by alteration of complex
signal transduction pathways of programmed cell death (apoptosis, autophagy and
necrosis). The intricate reprogramming of cellular events in the transformed cells
occurs to mainatin limitless proliferative potential and evasion of a programmed cell
death. Although, high oxidative stress is also responsible for stimulation of onco-
genic signaling in cancer cells. In the context of cell proliferation, escalated oxida-
tive stress provide an ambient environment for invasion and metastsis in the cancer
cells [45, 46]. In recent past, several reports advocate that antioxidants inhibit the
proliferation of cancer cells [47, 48]. Moreover, mitochondria are the principal
source of ROS and are acknowledged to regulate both cell proliferation and quies-
cence [49]. It has been shown that the levels of mitochondrial superoxide dismutase
(SOD) determine the regulatory functions of mitochondrial ROS. Low levels of
SOD allows the proliferation of cancer cells [50]. The levels of ROS vary signifi-
cantly during the different phases of cell cycle [51]. In addition, ROS are also
reported to increase the expression of various cyclins (cyclin B2, cyclin D3, cyclin
E1, and cyclin E2) and hasten the G1 to S phase transition during the cell cycle in
cancer cells [52–54]. Supportively, the treatment of cancer cells with antioxidants
decreases the levels of different cyclins and subsequently delays the G1 to S phase
transition [55]. Furthermore, concentrations of cyclin D1 further maintain ROS to
sublethal levels, seemingly to sustain their own levels in cancer cells [56]. On the
contrary, higher levels of endogenous antioxidant molecules (MnSOD, Cu/ZnSOD,
catalase, and glutathione peroxidase) negatively regulate cell proliferation [57]. The
levels of ROS are also associated with the mutation of various proto-oncogenes.
Ataxia telangiectasia mutated (ATM) is a tumor suppressor gene, which gets
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activated in response to high oxidative stress [58]. Mutations in ATM genes sub-
stantiate the presence of a higher degree of oxidative stress in cancer cells, while
treatment with antioxidants has been reported to prevent cell proliferation in ATM
knockout conditions [10]. Similarly, mutations in P53, a widely acknowledged
tumor suppressor gene, results in the loss of its tumor-suppressing properties.
Moreover, the mutant p53 was further observed to have an additional capacity to
promote cancer cell proliferation [59]. The nuclear factor erythroid 2-related factor
2 (Nrf2) is a regulatory protein that governs the expression of various antioxidant
proteins to protect cells from excessive damage from oxidative stress [60]. Mutant
p53 interacts with NRF2 to partly activate its transcriptional functions to maintain a
sustained high oxidative stress (below lethal levels) to promote cancer cell prolifera-
tion [61, 62]. Another protein, Bcl-2 (a regulator of apoptosis), inhibits cell prolifer-
ation by reducing the G1 to S phase transition [63]. Under oxidative stress, the M2
isoform of pyruvate kinase (PKM2) translocates to mitochondria and phosphorylates
the Bcl2 protein, followed by the subsequent stabilization of its phosphorylated
form. These interim alterations at molecular level allows the cancer cell to evade
apoptosis and preserve its proliferative capacity under high oxidative stress [64].

Although, functional relationship of ROS in context to cell death and survival
signaling is an emerging and seeking extensive efforst to resove the molecular mecha-
nism. It has been assumed that disparity in the functions of ROS (pro- or
antitumorigenic) may depend up on their intracellular concentrations, which ultimately
define the fate of a cancer cell in adopting either a cell survival or a cell death pathway
[59]. Adaptation to high oxidative stress is a key characteristic of a cancer cell. However,
these high levels of oxidants are meticulously maintained to ensure the ultimate presence
of ROS below lethal levels. These scrupulously maintained levels of ROS (sublethal
levels) alters the function of many genes and proteins in cancer cells, which helps in
continous cell prolifeartion and reprogramming of cancer cell metabolism
[10]. Thefrefore, shifting ROS concentration toward their lethal levels was employed
by using number of anticancer agents and regulatory proteins to induce apoptosis in
cancer cells [60]. Since the last decade, several synthetic and natural derivatives have
been identified as anticancer agents. Many reports revealed that antiapoptotic and
proapoptotic proteins have an imperative role in oxidative stress and cell death signaling.
It is important to note that as P21 is a cyclin-dependent kinase (CDK) inhibitor that
regulates cell cycle arrest. Apart from this, recent reports suggest that p21 also induces cell
death in a P53-independent manner [62]. However, P21 induces apoptosis by increasing
mitochondrial ROS in cancer cells [61, 63]. Chronic exposure to favorable ROS levels
promotes p21 and TP53 expression to induce cell senescence [64]. Furthermore, high
oxidative stress further cooperates with P53 to switch senescence to apoptosis [32].

14.2.2 Oxidative Stress in Invasion and Metastasis

Invasion and metastasis are the two events that propel the migration of cancer cells
from their site of origin. While invasion accounts for the spread of cancer cells in
surrounding tissues and metastasis is the movement of cancer cells toward distant
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organs [65, 66]. Cancer cell migration progress the advanced stages of cancer and
metastsis has been generally accounted for the highiest mortality rate in population
[67]. Cancer cell migration is the result of intricate signaling pathways and involves
complex dysregulated communication between different malignant and nonmalig-
nant cells [68]. The mechanisms of cancer migration are governed by various
transcription factors, including (but not limited to) NF-kB, Zeb, HIF-1α c-MYC,
STAT, E2F1, Snail, ETS-1, Twist, AP-1, metalloproteases (MMP-9 and MMP-2),
chemokines or cytokines like transforming growth factor beta (TGF-β), etc. [23]. A
recent report from Wang and Unternaehrer suggested that epithelial to mesenchymal
transition (EMT) is an important mechanism by which solid tumors become meta-
static and also acquire self renewal capabilities like stem cells (known as cancer stem
cells) that induce resistance, replicative immortality and invasiveness.[69–71]. How-
ever, metastasis itself is a complex phenomenon, which consist changes in a cancer
cell and the stromal cells those events help to create tumor micro environment by
elevating the level of pro-inflammatory cytokines and chemokines, which has been
released by cancer cells or by the tumors themselves [72]. Several reports advocate
that ROS and oxidative stress play a major role in the process of EMT [73, 74]. ROS
influence the activities of a majority of transcription factors (mentioned above)
involved in cancer metastasis. ROS induced oxidative stress is associated with
TGF-β-induced regulation of MMP-9 and urokinase-type plasminogen activator to
promote cancer cell migration [23]. The expression of MMPs is also increased by
hypoxia signaling, which has been modulated by oxidative stress in cancer cells
[75]. Hypoxia signaling also regulates the expression of vimentin, a protein largely
responsible for the initiation and progression of cancer cells and it is substantially
involved in the cancer cell migration [76]. Although, ROS are also responsible for
the epigenetic changes in the promoter region of a number of tumor suppressor genes
and EMT markers including E-cadherin and Snail [77]. Thus, oxidative stress
significantly contributes to the progression of malignancy in cancer patients.

Angiogenesis is the formation of new blood vessels from an existing vasculature
[78]. An accumulation of ROS turns oxidative stress and constitutive tumor micro-
environment favor cancer cells to release various angiogenic factors [79]. Vascular
endothelial growth factor (VEGF) is a key protein that regulates the formation of
new blood vessels. It stimulates the permeability and tube formation of endothelial
cells through its receptor protein (VEGFR2). The stimulation of VEGF expression is
mediated by a number of signaling pathways [80]. NADPH oxidases are a group of
enzymes, which are known to involve in the production of ROS in neutrophils and
macrophages. They catalyze the production of ROS in response to infection and help
in providing a first line of defense to infection [81]. ROS play a significant role as a
secondary messenger for regulation of various cellular signaling and physiological
process in the cells. The deliberate production of ROS attribute to sustain these
pathways is undoubtedly perceivable in cancer cells. For instance dysregulated
function of NOX family proteins in cancer cells, serve as a reservoir of ROS to
augment cell survival signaling [81]. Recent report suggests that ROS regulate
angiogenesis through VEGF [82]. Endothelial cell proliferation via VEGF and
angiopoietin-1 (Ang1) signaling considerably depends upon the increased levels of
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ROS in tumor cells [22]. Leptin is another angiogenic factor that stimulates VEGF
expression through a ROS signaling pathway [83]. Taken together, ROS direct
diverse sets of signaling pathways in cancer cells to induce the expression and
secretion of VEGF and other angiogenic factors to facilitate the process of angio-
genesis and invasion in cancer. The schematic representation of different cancerous
events mediated by oxidative stress has been shown Fig. 14.1.

14.3 Inflammation and Cancer

The link between inflammation and cancer was established for the first time in 1863,
when Rudolf Virchow suggested that the “lymphoreticular infiltrate” reflected the
origin of cancer at sites of chronic inflammation [84]. Since then, inflammation has
been considered for provenience of cancer. However, its definitive roles remain to be
elucidated. Inflammatory mediators can trigger cell proliferation and invasion by
providing bioactive fuel molecules such as (1) growth factors to sustain proliferative
signaling, (2) survival factors (downregulation of proapoptotic and upregulation of
antiapoptotic) that restrict programmed cell death, and (3) extracellular matrix-
modifying enzymes and proangiogenic factors that facilitate invasion, angiogenesis,

Fig. 14.1 Schematic representation of cellular events mediated by ROS signaling in cancer cells.
Metabolic reprogramming: loss of mitochondrial SITR3 functions leads to HIF1 stabilization,
which tends to increased ROS generation in cancer cells. Elevation in intracellular ROS results in
increased mitophagy, leading to decreased oxidative phosphorylation and increased glycolytic flux.
High ROS also increase the dimeric PKM2 in cancer cells, thus further supporting aerobic
glycolysis (Warburg effect). Cell proliferation: compromised mitochondrial integrity results in
low levels of SOD or other antioxidants, along with manifested reactive oxygen species modulator
1 (ROMO1) expression allow to increase ROS levels in cancer cells. Sustained oxidative stress
increases the expression of various cyclins involved in cell proliferation. Cancer migration: ROS
increase the expression of MMPs through TGF β. Furthermore, ROS also mediate the expression of
vimentin. The expression of MMPs and vimentin increase EMT and promote cancer cell migration.
Angiogenesis: oxidative stress increases the expression of leptin and angiopoietin, which further
increase VEGF expression (a nodal protein responsible for angiogenesis)
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and metastasis. Tumor inflammatory microenvironment subsequently promote epi-
thelial to mesenchymal transition for invasion and angiogenesis [85, 86]. Since the
recent past, several studies have demonstrated that during the progression of cancer,
inflammatory mediators such as pro-inflammatory cytokines and chemokines
directly or indirectly play significant role in the activation of various sets of genes
and regulatory proteins to evade regulated cell death signaling and compromise
immune response for continuous cell proliferation [86–89]. Although , activated
immune cells, i.e., macrophages, can release reactive molecules, especially reactive
oxygen species (ROS), which are actively mutagenic for the neighboring cancer
cells and accelerating their genetic evolution toward states of heightened malignancy
[10, 90]. An inflammation associated cancer caused by microorganisms, e.g.,
Helicobacter pylori, triggers chronic inflammation and heightened the risk of
colon cancer [91, 92]. Chronic hepatitis caused by hepatitis B and C viruses can
progresses hepatocellular carcinoma, which is the third leading cause of cancer and
has high mortality rate globally [93, 94]. Schistosomiasis, human herpes virus, and
Kaposi sarcoma are also causative agents of inflammation-associated cancer
[95, 96]. Considerable evidence suggests that more than 20 types of cancers arise
from chronic inflammation. Inflammatory diseases increase the risk of development
of various types of cancers, such as cervical, gastric, bladder, esophageal, intestinal,
thyroid, ovarian, and prostate cancers [97, 98]. Altered expresion of various
genes and proteins, including TNF-α, TGF-β, IL-1α, IL-1β, IL-6, IL-8, IL-18,
MMP-2, MMP-7, MMP-9, VEGF, COX-2, iNOS, prostaglandins, and chemokines,
are associated with cellular signaling of inflammation and cancer [99]. The expres-
sion of all these molecules is mainly regulated by transcription factors NF-κB and
STAT3, which are constitutively activated in many types of tumors [100]. NF-κB, in
turn, is activated by inflammatory stimuli like TNF-α and IL-1 or through the
sensing of “danger signals” (pathogen-associated molecular patterns (PAMPs) and
damage-associated molecular patterns (DAMPs)) by Toll-like receptors (TLRs) or
nucleotide oligomerization domain 1/2 (NOD1/2) [101]. Further, the members of a
NOD-like receptor (NLR) family assemble into a multiprotein complex called
inflammasome and activate caspase-1 to cleave pro-IL-1β and pro-IL-18 into their
mature form, which is highly secreted by the cancer cells [102]. The cellular
components involved in chronic inflammation that fuel cancer are depicted in
Fig. 14.2. An interplay between oxidative stress and inflammation may have a
close connection in reprogramming of cellular events in cancer cells.

14.4 Oxidative Stress and Inflammation

Oxidative stress can trigger inflammation, and simultaneously, the inflammatory
mediators also aid to percieve oxidative stress. In order to evade the pathogen,
inflammatory cells such as macrophages and neutrophils produce an excessive
amount of reactive oxygen and recative nitrogen species (ROS and RNS) such as
hydrogen peroxide, superoxide, hypochlorous acid, hydroxyl free radical,
peroxynitrite, and nitric oxide. Further, during a pathological inflammatory
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condition, the release of reactive species from phagocytic cells can stimulate
localized oxidative stress [103]. An excessive ROS production during the process
of oxidative metabolism has been reported to contribute synthesis and secretion of
pro-inflammatory cytokines by activating nuclear factor-kappa B/active protein-1
(NF-κB/AP-1), as well as the production of tumor necrosis factor-alpha (TNF-α)
[104]. Oxidative stress can activate transcription factors such as NF-κB, AP-1,
β-catenin/Wnt, HIF-1α, p53, PPAR-γ, and Nrf2. The activation of these transcription
factors results in the expression of a number of different genes associated with
inflammatory cytokines, growth factors, cell cycle regulatory molecules,
chemokines, and anti-inflammatory molecules. Oxidative stress also plays a vital
role in the activation of NOD-like receptor protein 3 (NLRP3) inflammasome
[105]. The NLRP3 inflammasome is a multimeric molecular complex that initiates
innate immune response by releasing pro-inflammatory cytokines such as IL-18 and
IL-1β [106]. Moreover, a number of studies reported the role of mitochondrial ROS
in the regulation of inflammatory signaling. The impaired mitochondria function is
also associated with the release of ROS, which leads to the activation of the NLRP-3
inflammasome complex and subsequent pro-inflammatory cytokine secretion, that

Fig. 14.2 Schematic representation of cellular components involved in chronic inflammation
and cancer
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event is associated with localized inflammation [107, 108]. Apart from these, the
level of antioxidants also plays a significant role in regulation of inflammatory
response. Several natural anti-oxidants i.e. curcumin, quercetin are known to have
anti-inflammatory response and biological activites agisnt inflammatory diseases
and cancer. Recent report revealed that Glutathione (GSH) is an intracellular
tripeptide, which is a master antioxidant that protects the cells from oxidative
damage. Upon downregulation of GSH, ROS production gets increased, which
results in inflammation, imbalanced immune response, as well as higher susceptibil-
ity to infection was reported [109]. Further, studies also suggest that DNA-based
modification induced by ROS also triggers inflammation by the activation of the
NF-kB pathway [110]. Importantly to understand the insght molecular mechanism
it is an important to identify the key molecules and pathways those can connect
oxidative stress and inflammation in cancer. Here we have emphasized key
molecules and associated molecular mechanisms, which can help to understand cel-
lular consequences of inflammation and oxidative stress in cancer.

14.4.1 Cytokines

Cytokines are considered as important biological molecules of the immune system.
Earlier they were considered as secretory proteins thoese were involved in the
regulation of immune and cellular response to maintain the homeostasis of cells
[111]. Later on, they were considered as key players in inflammation and various
pathological conditions [112]. Cytokines are low molecular weight proteins those
are responsible for modulating immune response and cellular signaling network to
define the fate of cells [113]. They are synthesized by immune cells and stromal cells
such as fibroblasts and endothelial cells. Cytokines are involved in the regulation of
proliferation, differentiation, cell migration, cell survival, immune cell activation,
and programmed cell death [114]. Cytokines stimulate antitumoral response at initial
stage; however, prolonged secretion favors chronic inflammation, which leads to the
development of a tumor microenvironment that promotes cell transformation and
malignancy [86]. Thus, they are linked to tumor-promoting inflammation. Inflam-
matory cytokines include tumor necrosis factor-α (TNF-α), transforming growth
factor-β (TGF-β), IL-6, IL-10, IL-1β, IL-17, and IL-23, and the pathways utilized by
these cytokines are NF-κB and STAT3 signaling pathways [115]. There are several
types of pro-inflammatory cytokines (TNF-α, IL 1β, IL-6, IL-18) and anti-
inflammatory cytokines (TGF β, IL-10, etc.), which display distorted expression
levels at tumor sites [116]. The emerging reserach revealed that the altered expres-
sion of cytokines are associated with the progression of malignancies [117]. More-
over, the interplay between ROS and cytokines also significantly contributes to
oxidative stress and tumor progression. As aforementioned, the chronic perpetuation
of oxidative stress is a prerequisite for the survival of cancer cells. Cytokines are
integral components secreted by immune cells and play crucial roles in maintaining
this oxidative stress by regulating the nuclear transcription factors that are largely
responsible for activation of various genes and proteins as well as generation of
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reactive species in normal and cancer cells. Interferon γ (INF γ), a pro-inflammatory
cytokine, which has been found to induce the activation of NOX and dual oxidase
2 (DUOX-2) enzymes (the intrinsic enzyme systems that produce ROS) in cancer
cells [118]. In addition, inflammatory cytokines inhibit NAD(P)H:quinine oxidore-
ductase-1 (NQO1) enzyme in cancer cells to induce the consequent oxidative stress
[119]. High levels of TNF α and ROS are also positively associated with incidences
of cachexia in cancer patients [120]. Taken together, cytokines act as regulatory
molecules to ensure sustained oxidative stress in cancer cells.

14.4.1.1 Interleukins
Interleukins are a diversified multifunctional group of proteins that facilitate com-
munication between different immune cells and regulate various cellular functions,
including inflammatory response, cell proliferation and differentiation, as well as
gene expression. More than 38 interleukins have been identified and considered as
pro- and anti-inflammatory cytokines. Some interleukins may reflect pro- and
antitumorigenic response. The most considered pro-inflammatory interleukins are
IL-1β, IL-3, IL-6, IL-8, IL-17, and IL-19 [121, 122]. In agreement, IL-1β
participates in inflammation and cell death signaling processed by caspase-1
mediated activation of inflammasome [106]. Recent reports suggest that IL-1β is
associated with the progression of cancer, angiogenesis, pro-inflammatory and
pyrogenic activities, as well as inducible nitric oxide synthase (iNOS)-dependent
stimulation of NO generation [112, 123]. IL-1β is secreted by immune cells to
amplify the immune response. .Next, IL-3 is a monomeric cytokine that has an
imperative role in regulating the production and differentiation of hematopoietic
stem cells and myeloid progenitor cells [124]. This interleukin is primarily secreted
by activated T cells, eosinophils, basophils, and mast cells. A recent report
highlighted that IL-3 promotes cell proliferation and the migration of endothelial
cells and vascular smooth muscle cells [125]. In addition, it has been shown to
inhibit osteoclast and osteoblast formation [126, 127].

Interleukin-6 is a pro-inflammatory cytokine that promotes cell proliferation
and inhibits apoptosis. It has protumorigenic effect [128]. IL-6 binds to its receptor
IL-6Rα and coreceptor glycoprotein 130 (gp 130), which activates the JAK (Janus
kinases)/STAT (signal transducers and activators of transcription) signaling
pathway [129]. STAT is a transcription factor, which has been found activated
during progression of cancer IL-6 induces the phosphorylation of both STAT1
and STAT3 for tumorigenesis. Several reports suggest the involvement of
IL-6 and STAT3 in the survival and continous proliferation of cancer cells
[130, 131]. Recent report also suggest that the IL-6/JAK/STAT signaling pathway
contributes to cancer initiation and progression [132]. Previous report demostrate
IL-6 is predominantly produced by stromal fibroblasts in a gastric cancer mouse
model [133], and it can provoke tumorigenesis through hypermethylation of tumor
suppressor genes and hypomethylation of retrotransposon long interspersed nuclear
element-1 (LINE-1) in oral squamous cell cancer lines in vitro [134]. IL-6 protects
tumor cells from apoptosis by activating the genes those are involved in the
progression of cell cycle and the suppression of apoptosis. IL-6 has also been
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shown to act as an autocrine growth factor for tumors [135]. IL-6 has been
attributed an essential role in the initiation and maintenance of chronic inflammation
in the colon cancer [136]. Trans-signaling of IL-6 is associated with JAK/STAT and
the MAPK pathways and has an important role in development of inflammation-
induced colon cancer [137].

Further, interleukin-23 and IL-12 are also key players in tumor formation. They
are pro-inflammatory cytokines involved in tumor progression. The receptors for
both were primarily expressed in natural killer T cells and T cells. They are also
present in macrophages, monocytes, and dendritic cells. Upon bacterial infection,
IL-23 and IL-12 are produced primarily by activated antigen-presenting cells. IL-23
can locally suppress the presence of CD8T cells and thus reduces antitumor
immunosurveillance in the local tumor microenvironment [138].

IL-17 is yet another cytokine that has been implicated recently in
pro-inflammatory and tumorigenic response. The production of IL-17 is triggered
downstream of IL-23 via the STAT3 pathway [139]. IL-17 in turn induces the
production of TNF α and IL-6, which are known protumorigenic effector molecules
[140, 141]. Recent report highlighted that cervical cancer display an elevated levels
of IL-17 and IL-6, as well as inflitration of neutrophils and recruitment of
macrophages at the tumor sites [142]. Thus, IL-17 and IL-6, both might work
together in promoting tumor development. Moreover, IL-17 provokes angiogenesis
and potentiates tumor growth [143]. IL-17 also regulates neutrophil chemotaxis
[144] and produces CD8 and CD4+ T cells, those are largely found in mouse and
human tumor microenvironments [144, 145]. Recent report suggest that IL-17 has
a key role in the immunosurveillance of tumors, as shown in immunocompetent
mice [146]. The interplay between interleukins and ROS also has a pivotal role in
cancer progression by modulating a complex cascade of cellular signaling.
Interleukins regulate the level of ROS, and consecutively oxidative stress also
modulates the expression of interleukins [147]. Oxidative stress is also known to
regulate the expression of cell surface protein ICAM-1 (intracellular adhesion
protein 1, CD54) and interleukin-8 (IL-8). A current report suggests that H2O2

activates the NFκB-inducing kinase (NIK) and subsequent NIK-mediated phosphor-
ylation of IKK, which extensively influences IL-1β-mediated NF-kB activation,
which facilitates cell survival and tumor progression [148].

Interleukins direct cellular response in an autocrine and paracrine manner
[149]. Most of them communicate their signals by Janus kinase-signal transducer
and activator of transcription signaling pathway [150]. Most of the interleukins
direct signal by binding their own receptors (IL-R), those are expressed on the
surface of the target cells and participates in signal transduction directly [151]. There-
fore, inhibition of interaction between ILs and their receptors could be potentail
target for cancer therapeutics.

14.4.1.2 Tumor Necrosis Factor-a
TNF-α is one of the pleiotropic inflammatory cytokines that is expressed by
monocytes, macrophages, and T cells [152, 153]. The activity of TNF-α is associated
with various cellular responses, including cell proliferation, differentiation, cell
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survival, and cell death [154]. More commonly, it has been shown to play a
significant role in pathophysiological conditions, including chronic inflammatory
diseases, angiogenesis, and cancer [155]. TNF-α can stimulate pro- and
antiapoptotic signals in tumor cells, macrophages, endothelial cells, and the majority
of other cells inside the tumor microenvironment [152]. It defines the fate of cell
death or survival through its receptor-mediated signaling. TNF-α directs various
cellular response by interacting with their receptor, known as tumor necrosis factor
(TNF) receptor (TNFR). Binding these cytokines to their receptors leads to the
activation of multiple signal transduction pathways [156]. TNF-αmediates its effects
via two different receptors, that is, TNF-α receptor I (also called p55 or p60) and
TNF-α receptor II (also called p75 or p80). TNF-α receptor I is ubiquitously
expressed, while TNF- α receptor II is expressed specifically in endothelial and
immune cells [157, 158]. Even though both receptors bind to the TNF, TNFR-1 is
the prime receptor that mediates its cellular effects in a majority of cell types
[159]. The binding of TNF to TNFR-1 forms a homotrimer and recruits TNFR-
associated death domain (TRADD) by the homologous binding of the DDs of both
proteins. TRADD recruits downstream adaptor proteins such as TNFR-associated
factor 2 (TRAF-2), receptor-interacting protein (RIP), and Fas-associated death
domain (FADD), which further recruit key molecules that are responsible for
intricate signaling response to activate mitogen-activated protein kinases
(MAPKs), NF-κB, and cell death, respectively [160]. The binding of ligand to
TNFR1 activates an array of growth factors and inflammatory mediators by the
activation of the AP1 transcription factors or IκB kinases (IKKs), which ultimately
activate nuclear factor-κB (NF-κB). The activation of the inhibitor of κB (IκB)
kinase (IKK) initiates the TNF-induced NF-κB activation. TNFR-1 recruits the
IKK, which is activated by a RIP-dependent mechanism that involves TAK1,
MEKK3, and TAB2 [161, 162]. The activated IKK phosphorylates IκB, which
holds NF-κB in the cytoplasm and triggers polyubiquitination and, subsequently,
degradation by the 26S proteasome. This results in the translocation of NF-κB in the
nucleus. NF-κB is an inducible transcription factor, and after translocation into the
nucleus, it initiates the transcription of its target genes such as IEX-1L, A20, cIAP-1,
Bcl-xL, cIAP-2, and XIAP, which are the negative regulators of apoptosis
[163]. NF-κB also induces antioxidant manganese superoxide dismutase (MnSOD)
[164]. The transcriptional activity of NF-κB is further regulated by acetylation and
phosphorylation, which modulate DNA binding by NF-κB and interaction with
transcriptional coactivators and/or corepressors [159]. TNF potentiates its biological
functions through the stimulation of distinct signaling pathways such as c-Jun
N-terminal kinase (JNK) and nuclear factor κB (NF-κB) [160, 165, 166]. Moreover,
TNF-α stimulates the production of mitochondrial ROS in tumor cells and facilitates
ROS-dependent cell migration by the activation of NF-κB [110]. Sustained activa-
tion of NF-κB contributes to cell survival, whereas the activation of JNK leads to cell
death [160, 167]. TNF-α is known to stimulate the expressions of inflammatory
genes such as cyclooxygenase-2 (COX-2), inflammatory cytokines, chemokines,
inducible nitric oxide synthase (iNOS), lipoxygenase-2 (LOX-2), cell adhesion
molecules, and antiapoptotic proteins [168]. TNF-α promotes cell survival by
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triggering the activation of various set of genes and protein directed by NF-κB-
dependent activation of anti-apoptotic molecules [100].

In addition, TNF-α promotes the adhesion of a range of tumor cells to the
mesothelium and potentiates tumor migration and metastasis in vivo, partially via
NF-κB-dependent induction of the chemokine receptor CXCR4, IL-8, and intercel-
lular adhesion molecule-1 and the upregulation of monocyte chemoattractant
protein-1 (MCP-1) in cancer cells [169–175]. TNF-α upregulates lectin-like
oxidized low-density lipoprotein (oxLDL) receptor-1 (LOX-1) in endothelial cell,
which facilitates the adhesion and trans-endothelial migration of cancer cells
[113]. TNF-α is closely linked to tumor-induced cachexia, which is an inflammatory
multiorgan failure during the later stage of cancer, and with inflammatory
paraneoplastic syndromes, which has been noticed in pancreatic cancer [152].

14.4.1.3 TGF-b
TGF-β is one of the key cytokine that has an important roles in immunological
tolerance, cell proliferation, and differentiation. This cytokine exhibits regulatory
response in inflammation, which is linked to the progression of chronic inflammation
and cancer [176]. Primarily, it was considered as a anti-inflammatory cytokine, but
later on reports revealed that it is also involved in tissue remodeling, tumor initiation,
progression and metastasis, and suppression of antigen-specific CD8T cell function
[177, 178]. It is an important pleotropic cytokine that has an impact on immunologi-
cal and nonimmunological functions. The binding of TGF-β to the heterodimeric
receptor pair of TGF-β receptors I and II (TβRI/II) phosphorylates and translocates
the transcription factors SMAD2 and SMAD3 in the nucleus to induce transcription
[179]. The alteration of TGF-β signaling has been observed in various types of
cancer. The upregulation of TGF-β1 ligand has been observed in colon, breast,
esophageal, lung, pancreatic, liver, gastric, and prostate cancers. However, in most
types of cancer that occur in the biliary tract, bladder, stomach, esophagus, brain,
ovary, pancreas, and prostate, the mutations and loss of type I and type II TGF-β
receptor expressions are noticed [180, 181]. Moreover, recent evidence suggests that
the alteration in single allele of TGFBR1 increases the risk of cancer [182, 183]. It
has been noticed that during an early development of cancer and premalignant
lesions, TGF-β coordinates function of tumor suppression. However, in a genetic
mouse model for human cancer, genetic deletion of the TGF-β receptor results in
tumor incidence and progression was noticed [184]. TGF-β regulates tissue
remodeling and inflammation in a paracrine manner. It alters the functions of
fibroblasts, endothelial cells, T cells, and macrophages to stimulate an inflammatory
milieu related to chronic inflammatory diseases. After vascular lesion, TGF-β
releases from platelets and induces angiogenesis [178]. It is the potent
chemoattractant for monocytes and granulocytes [185, 186]. Moreover, TGF-β is
known to limit the opsonizing and phagocytic activities of innate responders. It
inhibits T-cell-mediated rejection of carcinoma cells. TGF-β inhibits natural killer
(NK) cells and neutrophil-associated tumor rejection. In a tumor microenvironment,
TGF-β is responsible for immune suppression. It inhibits the antitumor efficacy of
macrophages, monocytes, NK cells, dendritic cells, and T cells; simultaneously
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enhances motility and stimulates their recruitment [187–190]. These result in the
secretion of cytokines, chemokines, growth factors, extracellular matrix-modifying
enzymes, and proteases, which promote tumorigenesis and stimulate cell growth,
invasion, and motility [191].

Indeed, ROS play a pivotal role in TGF-β-mediated tumorigenic effects. ROS
regulate, SMADs, NF-kB, and MAPKs, which lie downstream of TGF-β signal
transduction and also promote cell motility [192, 193]. TGF-β upregulates ROS
level by the activation of H2O2-generating NADPH oxidase. TGF-β induces Smad3-
dependent expression of NOX4 gene, which is the primary source of ROS in
pancreatic cancer, as well as p40phox subunit (NCF4)-dependent expression of
NOX2 gene in HeLa cells. TGF-β also restricts vital function of antioxidant enzymes
such as catalase, glutaredoxin, glutathione peroxidase (GPx), superoxide dismutase
(SOD), and the major antioxidant glutathione. Consecutively, the upregulated ROS
may promote TGF-β expression and increases the release of TGF-β in tumor
microenviron, which may favors tumor progression [194].

14.4.2 Chemokines

Chemokines are a superfamily of small cytokines and have a chemotactic feature to
regulate cell trafficking [195]. Chemokines activate transmembrane G protein-
coupled chemokine receptors (GPCRs) and direct cellular response
[196]. Chemokines direct the trafficking response of leukocytes into the tumor
microenvironment to promote malignancy [197]. Chemokines were mainly defined
as soluble factors involved in the regulation of the directional migration of
leukocytes during the stages of inflammation [84]. Chemokines are involved in the
chemotaxis of monocytes, neutrophils, lymphocytes, basophils, natural killer cells,
eosinophils, endothelial cells, and dendritic cells [198]. Chemokines and their
receptors are one of the key players in cancer-related inflammation (CRI)
[199]. The secretion of chemokines, as well as the expression of chemokine
receptors, promotes tumor growth and metastasis. CXCR4-CXCL12 and CCR7-
CCL21 are commonly involved chemokine receptors and chemokines in a wide
range of tumors. Moreover, the majority of tumors express an elevated level of
CXCR4 [84, 200]. Recent report show that tumor microenvironment enriched with
ROS significantly influences the expression and function of CXCR4. ROS are
reported to upregulate CXCR4 expression in immune and cancer cells, which
promotes metastasis in cancer [201].

A growing body of evidence suggests that chemokines and their receptors are
direct targets of the activation of various sets of oncogenes [202]. Chemokines can
aid cancer progression by intiation of cell proliferation and evasion of apoptosis
[203]. Chemokines can activate NF-κB and STAT-3 signaling to promote cell
proliferation and survival [204]. Moreover, the RAS-RAF signaling pathway
stimulates NF-κB and produces inflammatory chemokine such as CXCL8
[205]. Chemokines directly promote cell proliferation and restrict programmed cell
death in multiple ways. Chemokines can activate mitogen-activated protein kinase
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(MAPK) and extracellular signal-regulated kinase (Erk) signaling pathways
[206, 207]. Recent report revealed that chemokines can promote cell proliferation
and survival of cancer cells by altering the expression of proapoptotic and
antiapoptotic genes, as well as proteins such as elevated expression of MDM2,
and the downregulation of Bcl-2 were reported in cancer cells [208]. Cancer cells
have elevated expression of chemokine receptors and promote angiogenesis. Ele-
vated expression of chemokines and their receptor on cancer cells favor to develop
tumor microenvironment and invasion. There are four families of chemokines has
been nomenclatured depending on the pattern of cysteine residues; they are C, CC,
CXC, and CX3C, where C stands for cysteine and X stands for noncysteine amino
acids [209, 210].

In many type of cancer, the levels of CCL2 and CCL5 were found elevated,
which indicates high numbers of intratumor myeloid cells can differentiates into
mature tumor-associated macrophages (TAM) inside the microenvironment
[211, 212]. TAMs are key inflammatory components of the cancer stroma that affect
the range of neoplastic transformation [213]. Several reports suggest that oncogenic
fusion transcript FUS-CHOP trans-activates various chemokines such as CCL2,
CCL5, and CXCL8 [214]. The transcription factor Myc overexpresses in many
human tumors and promotes cell proliferation, as well as guides the remodeling of
extracellular microenvironment with inflammatory mediators and inflammatory cells
[215]. Chemokine Receptors such as CCR6 and CXCR1 are expressed in pancreatic
and colorectal cancers [216, 217], CXCR2 in melanoma [218] and esophageal
cancer cells [219], CCR7 in squamous cell carcinoma of the head and neck [220],
CCR10 in melanoma [221], and CXCR6 in prostate cancer [219]. A recent report
indicates that small CXCR4 antagonist CTCE-9908 restrict migration of ovarian
cancer cells to CXCL12 and induces cell death by mitotic catastrophe by arrest-
ing cell cycle at G2-M phase [222]. In recent years, cancer-associated fibroblasts
(CAF) have been widely studied and investigated and were found to be a source of
CCL5 and CXC chemokines [223]. Thus, these reports suggest that altered expres-
sion of chemokines and their receptors promote progression of cancer.

14.4.3 Matrix Metalloproteinases (MMPs)

Matrix metalloproteinases have an important role in cancer cell invasion and metas-
tasis. MMPs (matrix metalloproteinases) are zinc-dependent endopeptidase enzymes
that degrade extracellular matrix (ECM). MMPs regulate tissue homeostasis and
disease pathogenesis, including the remodeling of soluble ECM (extracellular
matrix) components and cell-cell and cell-matrix adhesion molecules [224]. MMPs
are one of the most thoroughly studied proteases due to their frequent overexpression
in a variety of cancers. Leukocyte-derived MMPs help in the progression of neo-
plasm [225]. MMPs have been identified as key inflammatory cell-derived mediators
of tumor-associated angiogenesis in many experimental mouse models of cancer.
Report indicates that MMP-9 regulates angiogenesis by mobilizing
ECM-sequestered VEGF and stimulates vascular endothelial cell proliferation and
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angiogenesis [226]. MMPs also promote angiogenesis and cell growth by inhinition
of apoptotic cell death. For example, MMP-7 degrades FasL, subsequently produc-
ing soluble FasL, which decreases the ability to trigger apoptosis via the death
receptor pathway [227]. In addition to the proteolytic members of the MMP family,
other classes of extracellular and intracellular enzymes released by leukocytes, like
chymase and tryptase, are also associated with promotion of neoplastic transforma-
tion [228]. Moreover, oxidative stress also plays a critical role in the upregulation of
subgroups of MMPs, such as MMP-13, MMP-3, MMP-10, MMP-2, and MMP-9.
Reports suggest that under prolonged oxidative stress, MMP-2 and MMP-9 post-
transcriptionally activate and degrade type IV collagen and contribute to tumor
metastasis and invasion. Therefore, under persistent oxidative stress, the activation
of MMPs progresses chronic inflammation and malignant transformation [229, 230].

14.4.4 Inflammasome

An assembly of multiprotein complex that forms after sensing DAMPs or PAMPs is
known as inflammasome, which governs the maturation of inflammatory cytokines
such as IL-18 and IL-1β. The complex comprises nucleotide-binding oligomeriza-
tion domain (NOD)-like receptor containing pyrin domain 3 (NLRP3) protein,
adaptor molecule apoptosis-associated speck-like protein containing CARD
(caspase recruitment domain) (ASC), and cysteine protease caspase-1. The oligo-
merization of these three major molecules directs the maturation of inflammatory
cytokines and initiates innate immune response. The activation of the complex and
maturation of inflammatory cytokines promote pyroptotic cell death and host
defense mechanism [231]. There are multiple members of the NLR family, such as
NLRP1, NLRC4, AIM2 (absent in melanoma 2), and NLRP3 inflammasomes, out of
which NLRP3 is the fully characterized and most widely studied complex [106]. A
large growing body of evidence revealed that inflammasomes tend to potentiate
carcinogenesis in distinct conditions, which depends upon the phase in which the
complex gets activated. There are multiple approaches has been identified for the
activation of the NLRP3 inflammasome complex. NLRP3 protein and other pattern
recognition receptors like TLRs sense the DAMPs and PAMPs stimulated by
pathogens such as bacteria and subsequently activate the NF-kB signaling pathway,
which promotes the translation of pro-inflammatory cytokines. In addition, extracel-
lular ATP-dependent activation of P2X purinoceptor 7 (P2X7) triggers ATP-gated
ion channel and can alter potassium efflux, which directly allow to activate NLRP3
inflammasome complex. Moreover, crystals such as monosodium urate (MSU),
transported via lipid vesicles, merge with lysosomes, which leads to lysosomal
rupture and results in the activation of the NLRP3 inflammasome. Interestingly, an
intensive oxidative stress also plays a pivotal role in the activation of the
inflammasome complex. Lysosomal rupture and the recognition of DAMPs and
PAMPs stimulate ROS production. As a result, an excessive oxidative stress
activates the NLRP3 inflammasome complex [232]. Therefore, ROS act as an
indispensable secondary messenger in inflammasome activation. Further, the
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NLRP3 inflammasome complex cleaves the proform of cytokines with activated
caspase 1 and subsequently releases the mature interleukin-18 (IL-18) and interleu-
kin-1β (IL-1β), which induces inflammation and pyroptosis [233]. Moreover, reports
suggest that ROS produced by H2O2 can also leads to the activation of
inflammasome [105]. Further, ROS produced by NADPH oxidase has also been
implicated in the activation of the NLRP3 inflammasome [234]. It has been shown
that inflammation contributes to the pathogenesis of most acute and chronic liver
diseases that are associated with inflammasome activation and NF-kB connection
[235]. The activation of inflammasome via interleukins is associated with NF-kB-
mediated cell survival signaling. Oxidative stress and mitochondrial ROS also
influence inflammasome-mediated IL-1β secretion and inflammatory response in
various pathophysiological conditions [236].

14.5 Conclusion

Generation of oxidative stress is the consequence of an imbalance between the
production and elimination of reactive oxygen species (ROS). In the past decades,
several reports have suggested that oxidative stress and inflammatory mediators have
a significant contribution to the progression of various pathophysiological
consequences. Cancer cells cautiously maintain a sublethal level of ROS intracellu-
larly and generate oxidative stress to set up a tumor microenvironment with the aid
of inflammatory mediators to sustain their survival and proliferative potential. The
accumulation of intracellular oxidants augments oxidative burden to the cells, which
is a prerequisite for oncogenic transformation for the survival of cancer cells.
However, free radicals and ROS are widely acknowledged to contribute to oxidative
stress, and the activation of inflammatory signaling leads to the onset of cell
proliferation, invasion, angiogenesis, and metabolic reprogramming of cancer
cells. The level of ROS and oxidative stress influences the activation of immune
cells and cellular signaling cascades to define the fate of cells. Primarily, inflamma-
tion causes the recruitment of activated immune cells to eliminate unwanted
substances as a defense mechanism. But prolonged inflammation constitutively
activates immune cells such as macrophages, fibroblasts, and endothelial cells,
which release numerous inflammatory mediators such as cytokines, chemokines,
leukotrienes prostaglandins, and reactive oxygen species as well as nitric oxide for
the perturbation of oxidative stress, which leads to the progression of pathological
conditions. Therefore, sustained inflammation and oxidative stress may fuel cancer
and other pathological conditions by altering normal cellular signaling cascades. The
relationship between inflammation and cancer has been studied extensively, but
cross talk and insights into the mechanism of cellular signaling remain elusive. In
conclusion, both oxidative stress and inflammation are intricate events of cells that
culminate in the progression of cancer, as shown in Fig. 14.3. Therefore, an
improved understanding of cellular signagling and moeclar event asociated with
oxidative stress and inflammation in cancer could be extremly benificial for progno-
sis and therapeutic value.
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Role of Oxidative Stress in Chronic Kidney
Disease 15
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Abstract

Kidneys are important organs of the renal system. Besides being one of the
principal excretory organs of the body, these perform many important biological
functions. Any impairment or dysfunction of the kidney persisting for more than a
3-month duration is termed as chronic kidney disease (CKD). There are many
causes of CKD, the most important ones being diabetes and hypertension. The
grading of CKD is done depending on the changes in the glomerular filtration rate
(GFR). Oxidative stress is a common accompaniment to CKD. Increased produc-
tion of oxidants, including reactive oxygen species (ROS), in CKD may be due to
associated inflammation, abnormality of iron metabolism, or disturbed high-
density lipoprotein (HDL) metabolism besides other causes. The most common
cause of mortality in CKD or end-stage renal disease (ESRD) is cardiovascular
disease, and oxidative stress plays the main culprit in that. Various consequences
of increased oxidative stress include endothelial dysfunction, left ventricular
hypertrophy, and cardiac fibrosis. Mounting of inappropriate defense system
involving nuclear factor erythroid 2-related factor 2 (Nrf2) and other antioxidants
also adds up to the condition. This chapter is an attempt to throw light on these
aspects, as well as important enzymatic markers for this disease. The therapeutic
role of various measures to counter this oxidative stress in CKD will also be
discussed.
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15.1 Kidney and Its Normal Physiology

The kidneys are the primary functional organs of the renal system. These are a pair of
bean-shaped organs covered by the renal capsule present in the abdominal cavity
behind the peritoneum. The right kidney sits just below the diaphragm and posterior
to the liver, the left below the diaphragm and posterior to the spleen. Internally, each
kidney is divided into three major regions, viz., cortex, medulla, and pelvis. The
renal cortex is a space between the medulla and the outer capsule. The renal medulla
contains the majority of the nephrons. The renal pelvis connects the kidney to the
circulatory and nervous systems of the body. The basic structural and functional unit
of the kidney that filters the blood in order to regulate chemical concentrations and
produce urine is known as a nephron [1].

A nephron is the smallest functional unit of the kidney. Each kidney is made up of
more than one million nephrons. Each nephron is composed of glomerulus, proximal
convoluted tubule (PCT), loop of Henle (LOH), distal convoluted tubule (DCT), and
a series of collecting ducts. Kidneys filter blood in a three-step process. First, the
nephrons filter blood that runs through the capillary network in the glomerulus.
Almost all solutes, except for proteins, are filtered out into the glomerulus by a
process called glomerular filtration, producing an ultrafiltrate consisting of the other
smaller circulating elements. Second, the filtrate is collected in the renal tubules.
Most of the solutes get reabsorbed in the PCT by a process called tubular reabsorp-
tion. In the loop of Henle, the filtrate continues to exchange solutes and water with
the renal medulla and the peritubular capillary network. Water is reabsorbed during
this step, and additional solutes are secreted into the kidney tubules during tubular
secretion. The collecting ducts collect filtrate coming from the nephrons and fuse in
the medullary papillae. From here, the papillae deliver the filtrate (now called urine)
into the minor calyces, which eventually connect to the ureters through the renal
pelvis. Ureters finally drain the urine into the urinary bladder [1].

The main physiological functions of the kidney include excretion of waste
products, e.g., urea, creatinine, drugs, etc. (excretory function); regulation of
electrolytes, serum osmolality, and acid-base balance within narrow limits (homeo-
static function); and formation of erythropoietin, renin–angiotensin system, and
activation of vitamin D (endocrine function) [1].
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15.2 Chronic Kidney Diseases

Chronic kidney disease, also known as chronic renal failure, chronic renal disease, or
chronic kidney failure, is defined as an abnormality of the kidney structure or
function, present for more than 3 months, with implications for health. It is not
unusual for people to realize that they have chronic kidney failure only when their
kidney function is down to 25% of normal. Chronic kidney failure, unlike acute
kidney failure, is a slow and gradually progressive process. Even if one kidney stops
functioning, the other can carry out normal functions. It is not usual for signs and
symptoms to be noticeable until the disease is fairly well advanced and the condition
has become severe, by which time most of the damage is irreversible [2].

Further, persons with CKD are defined as all individuals with markers of kidney
damage or those with an estimated glomerular filtration rate (eGFR) of less than
60 mL/min/1.73 m2 on at least two occasions, 90 days apart (with or without markers
of kidney damage). The markers of kidney disease may include albuminuria (albu-
min creatinine ratio ACR > 3 mg/mmol), hematuria of renal origin, electrolyte
abnormalities due to renal tubular dysfunction, histological abnormalities of renal
tissue, structural abnormalities of the kidneys detected by imaging, or a history of
kidney transplantation [3].

15.2.1 Causes

The most common causes of CKD are diabetes and hypertension, termed as diabetic
and hypertensive nephropathies, respectively. Other causes include [3]:

• Polycystic kidney disease (PKD)
• Renal artery stenosis
• Infection
• Systemic autoimmune diseases such as systemic lupus erythematosus (lupus

nephritis), Goodpasture’s syndrome, etc.
• IgA glomerulonephritis
• Drugs or toxins
• Alport syndrome, rare genetic condition
• Hemolytic uremic syndrome in children
• Henoch–Schönlein purpura

15.2.2 Clinical Features

The common signs and symptoms of chronic kidney disease include [3]:

• Anemia
• Hematuria/proteinuria
• Discolored urine
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• Abnormal urine output
• Edema
• Easy fatigability
• Disorientation/decreased mental alertness/unexplained headache
• Hypertension
• Insomnia
• Loss of appetite
• Erectile dysfunction
• Polyuria
• Persistent itching
• Muscle cramps/twitches
• Nausea/vomiting
• Pain in the abdomen radiating to the lower back
• Shortness of breath
• Sudden change in bodyweight

15.2.3 Grading of CKD

The grading of chronic kidney disease may be done by noting changes in the GFR
rate as follows [3]:

15.2.4 Diagnosis [4]

• Blood tests: serum levels of creatinine, urea, uric acid, electrolytes, and estimated
GFR (eGFR), calculated by the abbreviated Modification of Diet in Renal Disease
(MDRD) equation—186 � (creatinine/88.4)�1.154 � (age)�0.203 � (0.742 if
female) � (1.210 if black)

• Urine tests: urine albumin to creatinine ratio (UACR) (normal is 30 mg/g or less)
• Imaging tests like ultrasound, computerized tomography (CT) scan, magnetic

resonance imaging (MRI), etc.
• Kidney biopsy

GFR category GFR (mL/min/1.73 m2) Terms used for the grading of CKD

G1 �90 Normal or high

G2 60–89 Mildly decreased

G3a 45–59 Mildly to moderately decreased

G3b 30–44 Moderately to severely decreased

G4 15–29 Severely decreased

G5 <15 Kidney failure
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15.2.5 Treatment [4]

Treatment usually includes curing the cause and employing measures to control
signs and symptoms, reduce complications, and slow the progression of the disease.
It includes following a diet chart with low-protein diet. Different drugs used include:

• Antihypertensive
• Anti-inflammatory
• Antihyperlipidemics
• Antihistaminics
• Antiemetics
• Erythropoietin
• Calcium and vitamin D supplements

For end-stage renal disease (ESRD), treatment options include:
• Dialysis
• Renal transplant
• Regenerative medicine approaches

15.2.6 Mortality and ESRD

A very high rate of mortality has been reported in patients with end-stage renal
disease, approaching approximately 9% per year. It is also notable that most
prominent causes of death (approximately 50%) have been attributed to cardiovas-
cular disease (CVD) [5].

15.3 Oxidative Stress and CKD

Oxidative stress (OS) is defined as an imbalance between oxidant molecules and the
antioxidant systems of the body in favor of oxidants. Oxidant compounds such as
reactive oxygen species (ROS) and reactive nitrogen species (RNS) are continually
formed under physiological conditions and get removed by several antioxidant
defense mechanisms. OS leads to certain metabolic derangements and/or oxidation
of macromolecules like lipids, deoxyribonucleic acid (DNA), and proteins, bringing
about oxidative damage in cells, tissues, or organs, culminating in several
disorders [6].

The kidney is a metabolically active organ and is thus quite vulnerable to damage
caused by perpetrators of OS. Several complications of CKD, such as inflammation
and CVD, are also linked to enhanced OS. This association between CKD and its
complications is achieved through several mechanisms like induction of activities of
certain enzymes responsible for producing oxidants and less availability of
antioxidants due to dietary restrictions, diuretic use, protein energy wasting, and/or
decreased intestinal absorption. Patients with CKD are otherwise also more
predisposed to oxidative stress because of increased propensity of the presence of
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other comorbid conditions like diabetes mellitus and hypertension. These patients
generally belong to advanced age, which is again associated with oxidative stress.
Further, with end-stage disease, because of the risk of hyperkalemia, patients are
advised to have a restricted intake of fresh fruits that are a rich source of minerals and
vitamins with antioxidant activity, especially vitamin C. The human body is unable
to synthesize vitamin C by itself. In addition, treatment in the form of hemodialysis
aggravates the generation of ROS by the activation of polymorphonuclear
leucocytes (PMNLs), as well as loss of antioxidants during the procedure. Low
levels of antioxidants (both enzymatic and nonenzymatic) have been observed in this
disease. In addition to vitamin C, plasma vitamin E concentrations are also reported
to be lower in these patients, making the defense against oxidation of low-density
lipoprotein (LDL) particles still poorer. Oxidized LDL particles are one of the major
culprits in the pathogenesis of CVD. Plasma levels of major scavengers of ROS, like
superoxide dismutase, glutathione peroxidase, etc., have also been reported to be
low due to the downregulation seen in patients with CKD [7].

Inflammation is the natural defense mechanism of the body against any kind of
insult. It is a common accompaniment of CKD and contributes substantially to
morbidity and mortality associated with this disease. It involves the recruitment of
immune cells and the release of inflammatory mediators in the form of cytokines and
interleukins. CKD has been found to lead to the activation of PMNLs, important
component of the immune system, as well as different mediators and markers of
inflammation, such as CRP, IL-6, TNF-α, fibrinogen, etc., suggesting their strong
association. Inflammation enhances the oxidative status of the body by a number of
mechanisms. In this process, an enzyme, myeloperoxidase, is activated by PMNLs
to combat any pathogen invasion by generating ROS, adding further to oxidative
stress [2].

15.3.1 Mechanism of Increased Oxidative Stress in CKD

Different mechanisms may be enumerated as responsible for the increased produc-
tion of oxidants and the decreased concentration of antioxidants in patients suffering
from CKD [8].

1. Mechanisms of Increased Oxidant Production
(a) Increased expression of ROS-producing enzymes (e.g., nicotinamide adenine

dinucleotide phosphate (NADPH oxidase), cyclooxygenase, lipoxygenase,
etc.)

(b) Decreased generation of NO by reduced activity of NO synthase (NOS) (via
NOS inactivation, depletion of tetrahydro-biopterin (BH4), accumulation of
asymmetric dimethylarginine (ADMA), an endogenous competitive inhibitor
of NOS)

(c) Leakage from the mitochondrial respiratory chain
(d) Respiratory burst with the help of myeloperoxidase
(e) Recruitment and activation of PMNLs and other immune cells
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(f) Oxidation of important macromolecules of the body, including lipids,
proteins, LDL particles, etc. and initiating a chain reaction

2. Impaired Antioxidant Defense System
(a) Decline in the generation of endogenous antioxidants, including antioxidant

enzymes, reduced glutathione (GSH), uric acid, etc.
(b) Defective or insufficient expression of genes encoding different antioxidant

molecules
(c) Improper activation or mounting of antioxidant enzymes
(d) Depletion, by way of consumption, of antioxidant molecules to counter

increased ROS levels
(e) Impaired activity of good cholesterol carrier, i.e., high-density lipoprotein

(HDL)
(f) Insufficient inclusion of fresh fruits and vegetables in routine diet
(g) Loss of water-soluble antioxidant molecules during hemodialysis procedure
(h) Anemia leading to compromised antioxidant status

15.3.1.1 Role of HDL Disturbances in Oxidative Stress of CKD Patients
HDL is also termed as “good cholesterol” as it transports cholesterol from the
peripheral organs to the liver (reverse cholesterol transport) in contrast to
low-density lipoprotein (LDL), also known as “bad cholesterol,” which transports
cholesterol from the liver to the peripheral tissues, including the coronary arteries.
Any defect or decline of HDL molecules is going to contribute to CVD. Various
antioxidant and antiatherogenic actions of HDL are well known. These may be
enumerated as follows [8]:

• Reverse cholesterol transport by HDL
• Endothelial cell migration followed by repair (via scavenger receptor B1)
• Inactivation of platelet-activating factor (PAF) and PAF-like phospholipids by

action of PAF acetyl hydrolase
• Various antioxidant and anti-inflammatory actions:

– ApoA-I-mediated scavenging of oxidized phospholipids present in
lipoproteins and cell membrane

– Lecithin cholesterol acyl transferase (LCAT)-mediated hydrolysis of oxidized
phospholipids

– Prevention of LDL oxidation
– Elimination of oxidized phospholipids by action of paraoxonase-1 and gluta-

thione peroxidase (GPX)

Patients with CKD tend to have alterations in both HDL quantity and HDL
quality. Even a mildly impaired GFR is associated with low HDL cholesterol
(HDL-C) concentration, which becomes progressively worse through ESRD. More-
over, in CKD, HDL particles tend to be smaller and denser due to metabolic defect. It
has been observed that patients with renal dysfunction have significant disturbances
in lipoprotein metabolism, and HDL in these patients becomes dysfunctional.
Patients with CKD have lower plasma levels of HDL-C and reduced ability of
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HDL to bind to ATP-binding cassette transporter A1 (ABCA1), resulting in slowing
down the reverse cholesterol transport and disturbances in HDL maturation due to
decreased LCAT. Studies have demonstrated that the HDL of CKD patients loses its
vasoprotective, antioxidative, and anti-inflammatory properties and turns into a
noxious particle that promotes endothelial dysfunction via stimulating superoxide
production and limiting NO bioavailability. Alterations of HDL at the molecular and
functional levels have also been observed in renal transplant recipients, even in those
with excellent graft function [9].

15.3.2 Role of Iron Metabolism in Oxidative Stress in CKD

Iron is a redox-active transition metal. As a part of iron and heme containing
proteins, which perform variety of important functions in the body, it is highly
essential for body. Besides this, free or active iron catalyzes the formation of highly
reactive and toxic ROS in the body. Thus, iron homeostasis is brought about by cells
through a tightly regulated mechanism making use of iron regulatory protein (IRP)
and hepcidin. Increased intracellular iron has been demonstrated in polymorphonu-
clear leucocytes isolated from patients on hemodialysis and has been associated with
vascular calcification. Vascular calcification induces stiffness of vessel walls,
decreasing their vascular compliance. Iron-induced calcification is found to be
mediated by interleukin 24 (IL-24) and is, hence, linked to oxidative stress. CKD
patients are frequently found to suffer from anemia and are treated with
erythropoiesis-stimulating agents (ESA) and iron (oral or parenteral). Excessive
iron treatment has a risk of overloading the cells with free iron. The accumulation
of iron in mitochondria, a highly redox-active place in the cell, may potentiate the
leakage of ROS from the electron transport chain and the production of highly
reactive and damaging hydroxyl radicals (OH•) through Fenton and Haber–Weiss
reactions (Fig. 15.1).

Intravenous iron has been shown to increase biologic markers of oxidative stress
in cell cultures, animal models, and ESRD patients on hemodialysis. It has been
reported that intravenous administration of iron sucrose in dialysis patients results in
an increase in total peroxide, free iron, and markers of lipid peroxidation, which gets
significantly improved with administration of the antioxidant vitamin E. Intravenous

Fenton Reaction:

Fe
2+

+ H2O2 Fe
3+

+ OH + OH
-

Fe
3+

+ H2O2 Fe
2+

+ OOH + H
+

Haber-Weiss Reaction:

O2 + H2O2 O2 + OH +  OH
-

Fig. 15.1 Fenton and Haber–
Weiss reactions
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iron has been reported to add to cytotoxicity and tissue injury, as well as to
exacerbate oxidative stress, promoting endothelial dysfunction, inflammation, and
the progression of both CKD and cardiovascular disease. This generation of oxida-
tive stress, tubular injury, glomerular permeability, and renal inflammation may be
mitigated by therapy with the antioxidant N-acetyl cysteine (NAC). It is also possible
that the transient injury that may be caused by intravenous iron sucrose is
outweighed by the benefits of iron repletion and repair of anemia.

15.3.3 Inflammation in CKD and Oxidative Stress [10]

It is quite a known fact that inflammation plays a key role in CKD progression and its
outcome. Inflammation is another important cause of increased oxidative stress
observed in patients with advanced renal disease, with malnutrition, chronic volume
overload, and autonomic dysfunction being among some of the factors implicated in
the increased inflammatory state seen in renal impairment. Systemic or intrarenal
inflammation contributes to the deregulation of microvascular response to its
regulators and sustains the production of an array of tubular toxins, including
ROS, leading to tubular injury, nephron damage, and the onset of CKD. Circulating
pro-inflammatory cytokines activate intrarenal microvasculature, including endothe-
lial cells and leukocytes, resulting in the local amplification of pro-inflammatory
factors and ROS. These processes affect cell surface adhesion molecules and disrupt
the glycocalyx layer. Endothelial barrier function, activation of coagulation system,
and receptor-mediated vasoreactivity are also compromised. These inflammation-
mediated alterations can induce irreversible tubular injury and nephron failure.
Oxidative stress and inflammation are inseparably linked, being major
characteristics of CKD and drivers of CKD progression. The presence of systemic
inflammation and its severity contribute to CKD-associated oxidative stress, which
represents a condition in which the generation of ROS overrides the capacity of the
antioxidant defense system. Activation of polymorphonuclear neutrophils is a well-
recognized feature in CKD patients, with proven association between renal dysfunc-
tion and the different mediators and markers of inflammation, such as C-reactive
protein (CRP), interleukin 6 (IL-6), tumor necrosis factor alpha (TNF-α), and
fibrinogen, suggesting that CKD is a low-grade inflammatory process in itself.
Myeloperoxidase, generated in response to the activation of polymorphonuclear
neutrophils, triggers ROS activation and the inactivation of NO.

15.3.4 Adaptive Response to Oxidative Stress

When the body is subjected to increased oxidative stress, various defense
mechanisms are mounted, which includes the upregulation of antioxidant status.
An important role is played by a factor called nuclear factor erythroid 2-related factor
2 (Nrf2) [8].

15 Role of Oxidative Stress in Chronic Kidney Disease 267



15.3.4.1 Role Played by Nrf2
Normally, imbalance of oxidant–antioxidant status in favor of the former triggers an
adaptive defense mechanism, resulting in an enhanced expression of antioxidant
cytoprotective enzymes and other molecules. In mammals, an increased expression
of these molecules is brought about by nuclear factor erythroid 2 p45-related factors
1 and 2 (Nrf2). Nuclear factor erythroid 2-related factor 2 (Nrf2) is present in the
cytoplasm as an inactive complex bound to Kelch-like ECH-associated protein
1 (Keap1), a repressor molecule that facilitates Nrf2 ubiquitination. Keap1 contains
several reactive cysteine residues that serve as sensors of the intracellular redox state.
Oxidative or covalent modification of thiols in some of these cysteine residues leads
to conformational changes in Keap1, which results in the disruption of its interaction
with Nrf2. Inside the nucleus, Nrf2 binds to regulatory sequences (known as
antioxidant response elements or electrophile response elements) in the promoter
regions of genes responsible for expressing different antioxidants and molecules
used in detoxification. Therefore, Nrf2 plays a central role in the defense against
oxidative stress by its effect on the antioxidant and anti-inflammatory systems [11].

Glutathione is the principal and most abundant cellular endogenous antioxidant
and plays a major role in the regulation of the cellular oxidative state. It is a tripeptide
made up of glutamate, glycine, and cysteine (γ-glutamyl-cysteinyl-glycine). Gluta-
thione directly helps in scavenging ROS and other oxidized substances by serving as
a substrate for a number of antioxidant enzymes such as glutathione peroxidase.
During the process, glutathione itself gets oxidized to G-S-S-G, or oxidized gluta-
thione. It needs to be reconverted to its reduced form (GSH) with the help of an
NADPH-requiring enzyme, glutathione reductase. Any impairment of the glutathi-
one redox cycle increases the risk of ROS-mediated cell injury and consequences
like atherosclerosis, diabetes mellitus, chronic liver disease, and cerebrovascular
diseases. An association of these occurrences has been reported with elevated
glutamate cysteine ligase enzyme, due to induced expression by Nrf2 and resulting
in reduced GSH levels. Hence, impaired Nrf2 activation is associated with the
severity of oxidative stress and inflammation and consequent disease progression
in CKD [8].

15.4 Consequences of Increased Oxidative Stress in CKD

The principal consequences of increased oxidative stress in CKD pertain to the
cardiovascular system. These mainly include dysfunction of the endothelium, hyper-
trophy of the left ventricle, and fibrosis of cardiac tissue [12].

15.4.1 Endothelial Dysfunction

Increased oxidative stress in the form of excessive ROS production is a major cause
of endothelial dysfunction, the most important consequence. LDL molecules get
easily modified in the presence of increased oxidative stress. These oxidized LDL
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molecules are internalized by macrophages (via scavenger receptor class A), which
then get transformed into foam cells. These foam cells are the principal components
of fatty streak, one of the initial steps in the formation of atheromatous plaque. This
initiates an antigenic reaction involving T lymphocytes and mounts an immunologi-
cal response. The foam cells accumulating in the arterial intima produce an inflam-
matory response in the vessel wall. This involves inducing the expression of various
chemotactic factors, including leukocyte adhesion, leading to the migration of a
variety of circulatory inflammatory cells into the subendothelial space. Various
cytokines and growth factors are also released at the site. The result of all these
processes includes endothelial dysfunction, platelet aggregation, metalloproteinase
expression, collagen deposition, fibrosis, and the consequent thrombogenesis. Ulti-
mately, an occlusive thrombotic plaque develops in the vessel wall.

Endothelial dysfunction is an early indicator of atherosclerosis. It is an early
predictor of cardiovascular events/disease, including unstable angina, myocardial
infarction, heart failure, and death, and may also be associated with restenosis after a
multitude of coronary interventions. Ischemia–reperfusion phenomenon is the main
culprit in producing ROS in this event.

15.4.2 Left Ventricular Hypertrophy

Left ventricular hypertrophy (LVH) is considered to be the lesser appreciated
adverse cardiovascular consequence of oxidative stress. Depending on the severity
of renal dysfunction in CKD patients, the estimated LVH prevalence vary between
40% and 75%. Though the appearance of LVH in CKD is multifactorial, still factors
like hypertension and volume overload (especially in patients undergoing dialysis)
play an important role. The role of oxidative stress in the development of LVH in
these patients cannot be overlooked. A variety of growth factors and hypertrophy
signaling kinases (e.g., tyrosine kinase Src, GTP-binding protein Ras, protein
kinase C, mitogen-activated protein kinase, and Jun-nuclear kinase), as well as
transcription factors (like kB, Ets, and activator-protein-1), which stimulate matrix
metalloproteinase expression, get induced by ROS. G-protein-coupled hypertrophic
stimulation, as well as apoptosis induction, is also brought about by ROS. It has been
reported that the activation of apoptosis signaling kinase-1 activates nuclear factor
kB, which is an important mediator in the hypertrophy of cardiac tissue.

NO also pays a significant role in endothelial dysfunction. In conditions of
increased oxidative stress, with oxidation of BH4, NOS starts to produce superoxide
anion, further aggravating oxidative stress. This process is notably seen in endothe-
lial dysfunction associated with hypertension, diabetes, and chronic smoking. Fur-
ther, increased oxidative stress can inactivate endogenous NO, and NO deficiency
has been reported to exacerbate LVH in experimental conditions.

15 Role of Oxidative Stress in Chronic Kidney Disease 269



15.4.3 Cardiac Fibrosis

The event mentioned above ultimately stimulates cardiac fibroblast proliferation and
activates matrix metalloproteinases in the cardiac tissue, culminating in fibrosis.

15.4.3.1 Oxidative Stress and Pressure Overload: A Vicious Cycle
Increased ROS generation produces a hypertrophic stimulus and also acts as a
mediator in bringing about tissue hypertrophy. A vicious cycle gets created as
pressure overloading results in increased oxidative stress, which in turn leads to a
hypertrophic response of the tissue, and the cycle goes on. Different causes of
pressure overload in CKD include the expansion of extracellular volume, increased
sympathetic activity, enhanced expression of endothelin protein, increased
renin–angiotensin system activity, and exaggerated action of pump inhibitors like
Na+-K+ ATPase and Ca2+-ATPase inhibitors.

15.5 Important Enzymatic Markers of Oxidative Stress in CKD

Besides being produced in the mitochondrial respiratory chain, there are other
metabolic reactions leading to the generation of ROS, e.g., nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase, xanthine oxidase (XO),
myeloperoxidase (MPO), and endothelial nitric oxide synthase (eNOS). These
may be termed as markers of oxidative stress as their levels correlate with the degree
of oxidant/antioxidant imbalance in the body [13].

15.5.1 NADPH Oxidases

NADPH oxidase is the major source of ROS production in different tissues, mainly
endothelial cells, vascular smooth muscle cells, and renal parenchymal cells. This
enzyme belongs to a big family, which consists of seven members: five different
types of NADPH oxidases (NOX) and two dual oxidases (DUOX1–2). All the NOX
enzymes consist of two heme containing oxidoreductases present as six transmem-
brane domains. The principal function of NOX is to catalyze the transfer of electrons
intracellularly, i.e., within specialized compartments of the cell or from the cytosol to
the extracellular space.

Cytosolic NADH or NADPH acts as the electron donor for the action of NOX.
The different isoforms of NOX differ in their tissue distribution, intracellular locali-
zation, regulation, and binding proteins. The role played by NOX1 and NOX4 in a
broad range of diseases has drawn the attention of researchers worldwide. NOX4 is
the most important isoform present in renal tissue and has been isolated from renal
tubules, glomerular mesangial cells, fibroblasts, and podocytes in the kidney, as well
as from endothelial cells and fibroblasts in the vasculature. Under basal conditions,
NOX have been found to show low activity but turn highly active in the presence of
cytokines and growth factors and under the influence of conditions associated with
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oxidative stress, like high glucose or cholesterol levels. Once active, these enzymes
are responsible for producing ROS and setting in a chain reaction of initiation and
propagation of oxidation and peroxidation.

15.5.2 Glucose-6-Phosphate Dehydrogenase (G6PD)

Glucose-6-phosphate dehydrogenase (G6PD) is the rate-limiting enzyme of the
pentose phosphate pathway. The principal significance of the pentose phosphate
pathway/hexose monophosphate (HMP) shunt pathway is the generation of ribose
and NADPH. NADPH is required to keep glutathione in its reduced form, and
because of this reason, altered activity of G6PD (enzymopathy) is associated with
increased oxidative stress. Interestingly, high activity of G6PD is found in kidneys of
rodents with experimental diabetic nephropathy, warranting its measurement in
human models also.

15.5.3 Endothelial Nitric Oxide Synthase

The isoform of nitric oxide synthase synthesized in the endothelium is known as
endothelial nitric oxide synthase (eNOS). There are three different isoforms of NO
synthases (NOS): neuronal NOS (nNOS), inducible NOS (iNOS), and eNOS.
L-arginine is metabolized by NOS to form L-citrulline and NO requiring NADPH
and oxygen as cosubstrates and BH4 as a cofactor. NO performs a number of
important functions like neurotransmission and the regulation of vascular tone. In
vasculature, eNOS is the most abundant of the NOS isoforms, and NO synthesized in
the endothelium acts as the major vasodilator or endothelium-derived relaxing factor
(EDRF). Under certain pathological conditions, because of “eNOS uncoupling,” i.e.,
electron transfer within the active site is uncoupled from L-arginine oxidation and
oxygen gets reduced to O2

•�. Thus, eNOS can produce ROS in the form of
superoxide radicals under these circumstances. This superoxide anion combines
rapidly with NO to produce peroxynitrite (ONOO�), a highly reactive radical with
great oxidative potential.

The uncoupling of eNOS may be brought about by a variety of mechanisms like
deficiency of L-arginine or BH4 and by the accumulation of asymmetric
dimethylarginine (ADMA), a naturally occurring L-arginine analog and endogenous
NOS inhibitor. ROS, once generated, produce oxidation of either BH4 and
protein arginine N-methyltransferase (PRMT type 1) or dimethylarginine
dimethylaminohydrolase (DDAH), generating increased levels of ADMA. Thus,
this may also become a vicious cycle.
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15.5.4 Myeloperoxidase

Myeloperoxidase (MPO) is a heme-containing peroxidase that is synthesized during
myeloid differentiation and gets stored in the azurophilic granules of different
leucocytes. Under normal circumstances, MPO catalyzes the formation of
hypochlorous acid (HClO) from the H2O2-mediated oxidation of halide ions. It
has been reported that under various pathological situations, degranulation of cells
leads to a release of MPO into the extracellular space, where it can oxidize other
substrates also, besides halide ions. By the same mechanism, MPO is responsible for
tissue damage in atherosclerosis as it causes oxidative modification of LDL particles.
Oxidized LDL molecules are the main culprit molecules in the formation of athero-
matous plaque, thus suggesting a link between MPO and coronary artery disease.

15.5.5 Xanthine Oxidase

The enzyme xanthine oxidoreductase is present as two interconvertible forms, i.e., as
xanthine dehydrogenase (XDH) and xanthine oxidase (XO), though expressed by a
single gene. Both XDH and XO catalyze the terminal two steps in purine degradation
in humans, i.e., conversion of hypoxanthine to xanthine and further conversion to
uric acid. For these reactions, XDH uses hypoxanthine or xanthine as a substrate and
NAD+ as a cofactor to produce uric acid and NADH. But under some pathological
circumstances, especially involving inflammatory conditions as in CKD, XDH gets
converted to XO by posttranslational modification involving oxidation of the cyste-
ine residues in the protein molecule. XO has a greater affinity for oxygen as a
cofactor, leading to the formation of uric acid, along with O2

•� or H2O2, thus adding
up to the existing oxidative stress.

15.5.6 Paraoxonase-1

The enzyme paraoxonase-1 (PON1) belongs to the paraoxonase family, which helps
in protecting the body against oxidation of molecules, including lipoproteins; thus, it
may be used as a marker of antioxidant status. The activity of PON1 has been found
to be decreased in patients with CKD. The importance of this marker may be
understood from the fact that the R allele of the Q192R variant of the PON1 gene
is directly related to the severity of LVH and cardiovascular dysfunction in patients
with CKD. It has also been observed that patients of CKD who were homozygous
for the R allele of this gene showed significantly increased plasma levels of the lipid
peroxidation marker, 8-isoprostane. Thus, PON-1 has the potential to be used as a
marker of antioxidant status in patients with CKD.
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15.6 Treatments to Target Oxidative Stress in CKD Patients

As oxidative stress has an important pathophysiological role in patients with chronic
renal disease, different treatments to counter this have been suggested [14].

15.6.1 Antioxidant Vitamins (Vitamins C and E)

Patients of CKD are known to suffer from anemia and are commonly administered
intravenous iron for treatment. Parenteral iron is a potential source for generating
oxidants in the body. Supplementation of vitamin E by oral route in these patients
has been observed to be associated with a decreased oxidative stress status and lesser
oxidative susceptibility of LDL particles, conferring upon it a cardioprotective role.
In this regard, administration of both vitamin E and vitamin C, both by oral and
parenteral routes, has been found helpful, as assessed by an improvement in hemat-
ocrit and a lesser requirement of erythropoietin in these patients. Hemodialysis is an
additional source for increasing oxidative stress in patients of CKD. Use of dialysis
membranes that are antioxidant based has been found effective in decreasing
endothelial dysfunction and the oxidation of LDL particles. The introduction of
hemolipodialysis using vitamin-E-containing liposomes and vitamin C in the dialy-
sate to reduce dialysis-induced oxidative stress also appears promising.

15.6.2 Angiotensin-Converting Enzyme (ACE) Inhibitors

Angiotensin-converting enzyme (ACE) inhibitors and angiotensin receptor blockers
have been observed to be effective in preventing or slowing the process of develop-
ment of nephropathy in patients with diabetes. These act by interfering with the
renin–angiotensin system and also inhibiting angiotensin-II-dependent NADPH
oxidase activation quite effectively and have potential to be successful in limiting
oxidative stress in patients with CKD/ESRD.

15.6.3 Statins

These are the drugs of choice to treat dyslipidemia, which may be associated with
CKD. Besides inhibiting the enzyme 3-hydroxy-3-methyl-glutaryl-coenzyme A
(HMG CoA) reductase competitively, these produce an anti-inflammatory effect
also. Reports from nonrenal patients put forward their potential as antioxidants also
as these inhibit the activation of small GTPases such as Rac1-inhibiting NADPH
oxidase, independent of its lipid-lowering effect. This effect of statins might be
linked to their anti-inflammatory action.
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15.6.4 Allopurinol

Allopurinol is the structural analog of purines and is known to inhibit the enzyme
XO competitively. It has also been suggested to be a free radical scavenger, an
antioxidant, and a “scavenger” of hypochlorous acid. It has been found to be
cardioprotective too because of its capacity to improve endothelial dysfunction
and oxidative stress in patients of CKD, and this action is much more prominent
than that of exogenous antioxidant vitamins. This may possibly be because allopuri-
nol prevents the formation of superoxide anions by inhibiting their significant
source, i.e., the enzyme xanthine oxidase, while antioxidant vitamins try to scavenge
the excess free radicals that have already been generated. Large doses of antioxidant
vitamins are needed to produce the desired effect, giving allopurinol an upper hand
in this regard.

15.6.5 Other Measures

Recent measures mainly target the uncoupling of eNOS to prevent the generation of
excessive oxidative stress. Therefore, BH4 and its precursor, sepiapterin, a potential
recoupler of eNOS, could prove to be beneficial in CKD.

The rationale behind the use of a glutathione peroxidase mimetic may be its
ability to reconvert BH4 to a nonoxidized state, which helps in the normalization or
recoupling of eNOS.

In an attempt to increase the production of NO, administering high doses of L-
arginine has also been suggested. But this poses a challenge as L-arginine is,
generally, given as a chloride salt, which, being an acidifying agent, is not advisable
in renal patients, especially with ESRD.

15.7 Hemodialysis and Oxidative Stress

Patients with CKD on hemodialysis (HD) are subjected to increased oxidative stress.
In these patients, altered dietary pattern may cause the depletion of antioxidants like
vitamins C and E, mainly because of lesser intake of vegetables and fruits because of
the risk of hyperkalemia. Besides this, malnutrition, loss of vitamins during HD
procedure, reduced selenium levels, and reduced function of antioxidant enzymes
are some of the other reasons. Further, additional factors responsible for increasing
oxidative stress in these patients include chronic inflammatory state associated with
CKD, uremia, comorbidities (e.g., hypertension, diabetes, obesity, dyslipidemia,
advanced age, and vascular calcification), and other factors related to the HD
procedure per se.

Chen et al. [4] suggested that HD procedure promotes the formation of O2•�, a
powerful prooxidant reactive oxygen molecule, and that there is a direct increase in
ROS levels in plasma after each HD session. It has been observed that within
minutes after the initiation of an HD session, exposure to dialyzer membranes and
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dialysate triggers the activation of complement factors, platelets, and PMNLs,
followed by ROS production. PMNL stimulation is a significant biomarker for
oxidant stress, which gets progressively enhanced with stages of CKD and is more
pronounced in patients undergoing HD. Then within 30 min of HD initiation, lipid
peroxidation products start increasing. The activation of complement or the produc-
tion of free fatty acids induced by heparin might be the pathophysiologic
mechanisms leading to these effects. The duration of HD treatment is also a signifi-
cant independent factor of oxidative stress as prolonged dialysis sessions are
characterized by increased inflammation and lipid peroxidation effects.

15.7.1 Antioxidants and Hemodialysis

The HD procedure per se is characterized by a significant depletion of antioxidants,
and patients undergoing chronic hemodiafiltration have been observed to possess
significantly lower plasma levels of vitamins C and E and lower activity of antioxi-
dant enzymes, along with increased levels of several oxidants, as compared to their
healthy counterparts. Further, it has been speculated that the administration of
antioxidants such as vitamins E and C might be of benefit in HD patients. In vitro,
vitamin E is the most powerful lipid-soluble antioxidant molecule in cell
membranes. It not only preserves the stability of biological membranes and protects
them from injury induced by ROS and lipid peroxides, but it also modifies cell
reaction to oxidants via the regulation of signal transmission molecular pathways. It
was observed in a study on salt-sensitive hypertensive rodents that supplementation
of vitamins E and C, in combination, ameliorated the accumulation of oxidative
products, improved kidney hemodynamics, delayed disease progression, and subse-
quently protected the kidney from further damage. However, there is accumulating
data suggesting that supplementation of various antioxidants such as vitamins C, E,
and N acetyl cysteine (NAC) might reduce oxidative stress in HD; the studies
available in this regard are not consistent. This may be due to several factors [4]:
oxidative status assessed by numerous different biomarkers in different time lines
and in heterogeneous and cohorts of patients [13], dosage and route of administra-
tion of antioxidants differing between the trials [6], small sample size and nonclarity
of pathophysiologic mechanism, and [15] the degree of OS abrogation by
antioxidants. Therefore, antioxidant intake has not yet been adopted in guidelines
or everyday clinical practice [16].

15.8 Conclusion

Thus, it may be concluded that oxidative stress plays a major role in CKD and its
consequent complications. Furthermore, patients on hemodialysis for treatment are
subjected to an augmented oxidative stress. Therapeutic strategies incorporating the
measures to tackle oxidative stress at different levels may prove to be promising in
this regard.
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Role of Oxidative Stress
in the Pathophysiology of Type 2 Diabetes
and Cardiovascular Diseases

16

Olorunfemi R. Molehin, Stephen A. Adefegha,
and Anne A. Adeyanju

Abstract

Many of the cell components like mitochondria, as well as other cytosolic
components, are central to and has pivotal significance in reactive oxygen species
(ROS) production. A state of imbalance between ROS production and antioxidant
defense mechanisms, in which ROS are favored, is termed oxidative stress.
Oxidative stress is a common denominator in the progression of several
deteriorating ailments, for instance, diabetes mellitus (DM) and cardiovascular
diseases (CVDs). DM is a worldwide health burden, affecting people globally,
and it is one of the main causative factors for death and a main risk factor for
CVDs. The most prevalent type of DM is type 2 diabetes (T2D), which is a
derangement of metabolism with a peculiar feature of insulin resistance and
hyperglycemia. Oxidative stress promotes “overload of glucose, oxidative phos-
phorylation influx of polyol pathway, elevated advanced glycation products
(AGEs), formation and expression at receptors site, activation of protein kinase
C isoforms, and hexosamine pathway initiation.” CVDs are complex in nature
with multifaceted mechanisms regarding its pathophysiology. CVDs refers to
conditions that involve blocked heart and/or blood vessels resulting to diseases
such as coronary heart diseases, ischemic heart diseases, atherosclerosis, stroke,
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with hypertension, hypercholesterolemia, and/or dyslipidemia as major risk
factors. We examine in this chapter the association of oxidative stress with hyper-
glycemia, insulin resistance, hyperinsulinemia, hypertension, hypercholesterol-
emia, and/or dyslipidemia, to mention a few factors in the pathogenesis of T2D
and CVDs. These metabolic processes or enzymes implicated in type 2 diabetes
and cardiovascular diseases are current therapeutic targets and could be explored
for future/novel drug design.

Keywords

Type 2 diabetes · Oxidative stress · Antioxidant · Hyperglycemia · Cardiovascular
diseases

16.1 Introduction

Diabetes mellitus (DM) is a growing health burden globally and a leading causative
factor for global morbidity and mortality and has been documented to be a risk agent
for cardiovascular diseases. DM, notably T2DM, is a very dreadful pathological
condition worldwide [1]. Despite comprehensive research outputs, the actual course
of the pathogenesis of T2DM has not been fully understood. Therefore, many
investigations are actively ongoing to vividly explain the pathogenesis of T2DM,
notably the progression of T2DM, including oxidative stress and inflammation
pathway [2]. This metabolic disorder gives birth to oxidative stress, which alters
“the activity of insulin by diver’s means of interacting pathways, producing the
reactive oxygen species (ROS) such as H2O2 and superoxide anions. These species
has damaging potential on the islets β-cells of the pancreas leading to a shortening in
the release of insulin [3, 4].”

DM exists in two major types: types 1 and 2 diabetes. “Type 1 diabetes (T1D) is
an autoimmune condition that causes β-cells of pancreas destruction and accounts
for 5–10% of diagnosed cases of DM. Meanwhile, T2DM comprises of reduced
insulin secretion by β-cells or increase in insulin resistance, and an estimation of
about 95% of all cases of DM. The occurrence of T2D in a high number of chronic
comorbidities has been reported and it has been verified that this disease affects the
manner of patient’s life which leads to the progression of CVDs. Many early deaths
is as a result of DM, caused majorly by coronary artery disease or renal dysfunction
[1, 4].” Several types of CVD have been documented to be linked to overgeneration
of ROS. Biologically, “free radicals are highly unstable molecules, which possess
free electrons, which can react with a variety of organic substrates like proteins and
DNA [5].” The major player in intracellular oxidant production in most types of cells
is the mitochondria. Other sources of intrinsic cellular ROS generation includes
enzymes such as “xanthine oxidase, nitric oxide synthase, cyclooxygenases, cyto-
chrome P450 enzymes, and lipoxygenases [6]. These biomolecules are the first line
cellular structures that are affected by ROS and RNS.”
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16.2 Reactive Oxygen Species

ROS are free radical species and non-radical species called oxidants. ROS are
composed of “free radicals containing oxygen, e.g. hydroxyl radicals, as well as
non-radical components, such as ozone and hydrogen peroxide.” Free radicals are
well known for playing a dual role: it has a damaging effect and is involved in
signaling mechanisms. “Hydroxyl radical (OH•), superoxide anion (O2

•�), and
peroxynitrite (ONOO�), among others are oxygen-free radicals called ROS. Other
non-radical derivatives of oxygen such as hydrogen peroxide (H2O2), are also
considered ROS, due to its ability to produce free radicals [5].”

16.2.1 Generation and Sources of Free Radicals and Non-radicals

ROS are produced via the metabolism of normal cell and plays crucial functions
biologically. Although ROS are vital to life, they are harmful to macromolecules,
owing to their high chemical reactivity. Therefore, defense systems are initiated in
cells to checkmate the production of ROS to avert any cellular damage. The defense
armory against ROS are mostly enzymatic in nature and they scavenge
overproduced ROS. “Examples are superoxide dismutases (SODs), catalase,
peroxiredoxins, thioredoxins, and glutathione peroxidases” [6].

Mitochondria as an organelle play significant functions in the production of
energy in metabolism, known as adenosine triphosphate (ATP), which occurs during
oxidative phosphorylation. During this process, in the electron transport chain, ATP,
ROS, and mainly O2 are generated via electron transport chain (ETC) (Fig. 16.1).

16.2.2 Antioxidants

Antioxidants are substances that have the ability to prevent the oxidation of an
oxidizable substrate to a significant extent when found in minimum concentrations.
The term “oxidizable substrate” comprises of almost all things present in living
cells. Antioxidant refers to a compound that can delay or inhibit the oxidation of
lipids or other molecules by inhibiting the initiation or propagation of oxidative
chain reactions and can thus prevent or repair the damage done to the body’s cells by
oxygen. Antioxidants protect by contributing an electron of their own. In so doing,
they neutralize free radicals and help prevent cumulative damage to body cells and
tissues [5].

Effective antioxidant molecules should contain hydrogen or electron-donating
substituents with requisite reduction potentials with respect to those of the redox
couple of the radicals to be scavenged and should be able to perform delocalization
of the resultant radical. In addition, it must possess transition metal-chelating
potential, which is a function of the nature of the functional groups and their
framework within the molecule.
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Oxidative stress is usually counteracted by generating antioxidants from natural
sources, “in situ” (endogenous antioxidants), or from diets related sources (exoge-
nous antioxidants). Antioxidants act as scavengers of free radicals, reducing agents,
chelating factors for transition metals, singlet oxygen molecules quenchers and
activators of anti-oxidative defense enzyme mechanisms, to suppress biological
systems radical injury [5].

16.2.2.1 Endogenous Antioxidants
Endogenous antioxidants are divided into enzymatic and nonenzymatic
antioxidants, which are products of the body’s metabolism. They are involved in
the neutralization of ROS. Examples includes: glutathione reductase (GRx), super-
oxide dismutase (SOD), glutathione peroxidase (GPx) and catalase (CAT).

Fig. 16.1 Sources and cellular responses to reactive oxygen species [7]
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Endogenous Antioxidants

Superoxide Dismutase (SOD)
SOD dismutates superoxide anion into H2O2 and O2, thus protecting oxygen-
metabolizing cells against the harmful effects of superoxide free radicals:

O2
�� þ O2

�� þ 2Hþ ! H2O2 þ O2

Superoxide dismutase is widespread in nature and is domiciled in the
mitochondria and cytosol of all oxygen-metabolizing cells. It is noteworthy that
SOD is mainly an intracellular enzyme in human tissue. Only trace quantity is found
in extracellular fluids such as lymph, cerebrospinal fluids, plasma, and synovial
fluid. In mammals, there are several types of SODs, which are different from each
other based on their location in cells and the metallic ions required for activity. The
activation of SOD by H2O2 is likely protected by catalase, with which it is usually
combined together [6].

Catalase
This is an enzyme containing iron with a single substrate, H2O2. It is found mainly in
the small membrane-encased cell compositions known as peroxisomes. It plays
significant role in the detoxification of H2O2 and other various molecules. Catalase
eliminates H2O2 by catalyzing a reaction between two H2O2 molecules resulting in
the formation of water and O2. It is ubiquitously distributed in all tissues of all
species:

2H2O2 ! O2 þ H2O

In addition, “catalase can support H2O2 interactions with compounds that acts as
hydrogen donors so that H2O2 can be converted to one molecule of H2O, and the
reduced donor becomes oxidized.”

Glutathione Peroxidase
Glutathione peroxidase components comprise many compartments like the enzymes
glutathione peroxidase, glutathione reductase, etc. Glutathione is an essential cofac-
tor for antioxidant enzymes, namely GSH peroxidases, which exist in two forms: Se
dependent and non-Se dependent. Currently, it is called phospholipid hydroperoxide
GSH peroxidase. GSH peroxidases play a major role in detoxifying peroxides in the
aqueous phase by conjugating them to GSH [6].

Non-enzymatic Endogenous Antioxidants
Examples of these class of antioxidants are vitamins C, E, and A, glutathione,
α-lipoic acid, and carotenoids. Some trace elements such as selenium, copper and
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cofactors like folic acid, uric acid, and albumin. Are also part of the nonezymatic
endogenous antioxidants.

Vitamin C
Vitamin C as a water-soluble vitamin is significant for the biosynthesis of
neurotransmitters, collagens, and carnitines. It has been documented to exhibit
antioxidant, immunomodulatory, anticarcinogenic activities, etc. Vitamin C acts,
in a synergistic role, with its E counterpart to quash free radicals and to reproduce
vitamin E to its reduced version. Acid fruits, green vegetables, and tomatoes are
natural origins of vitamin C. It is a labile molecule.

Vitamin E
Vitamin E is soluble in fats and has a strong antioxidant ability. It exists as a chiral-
centered compound, having in its stereochemistry eight isomers. The most bioactive
form in humans is α-tocopherol. Studies have shown that naturally D-α-tocopherol is
nearly twice in action as its synthetic version of L-α-tocopherol. Vitamin E confers
protection on cell membranes from free radical damages. The action of α-tocopherol
antioxidants involves protection against lipid peroxidation. Vitamin E is
also involved in the prevention of some CVDs, ischemia arthritis, and certain
neurological disorders.

b-Carotene
β-carotene is also part of the carotenoid family. It is fat soluble, and it can be changed
to active form vitamin A, hence the term provitamins. It is changed to retinol, a
process fundamental to vision. It has a potent antioxidative property and is very good
in quenching singlet oxygen. β-carotene is found in many fruits, vegetables, grains,
and oil.

Glutathione (GSH)
“Glutathione (γ-glutamylcysteinylglycine, GSH) is an antioxidant that contains a
sulphurhydryl (–SH) group”. It is also an antitoxin and acts as a cofactor for enzyme
activity. Glutathione is predominantly found in plants, animals, and microorganisms.
Its water soluble nature, makes it to be easily dispersed mainly by the cell cytosolic
cell components and hydrophilic phases of the living system.

Glutathione exists in two forms: the reduced glutathione known as GSH, which is
also a tripeptide, and the oxidized form, glutathione disulfide GSSG, which is also a
sulfur–sulfur linked compound. The GSSG/GSH ratio is a likely diagnostic index of
oxidative stress. GSH has a strong redox potential (GSH/GSSG, E0o ¼ 0.33 v), thus
giving it its high-potent electron-donor capacity [6].
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16.2.2.2 Dietary Antioxidants
These are antioxidants that are derived from plant food. They are of beneficial
functions due to their protective function against oxidative stress, a known pivotal
state in the progression of multiple diseases state like a process of carcinogenesis,
DM. The use of antioxidants from synthetic sources such as tert-butyl
hydroxyanisole (BHA) in food industry is well recognized. However, the synthetic
antioxidants have some particular disadvantages, such as in instability at increased
temperature, toxic properties, its volatility and some legal restrictions been placed on
them. Consumers are increasingly avoiding food preparation from these synthetic
antioxidants and natural alternatives are thus sought after to achieve better prolonged
shelf life of foods and a high sense of food safety [8].

Natural antioxidants abrogate free radicals and help to counteract deleterious
effects to body cells and tissues. Hence, the consumption of foods like spices, fruits
and vegetables with vast richness in antioxidant is suggested to be a practical
intervention towards promoting antioxidant status in humans, by boosting health
benefits and preventing ailments. Most of the antioxidative properties of plant food is
a result of the presence of phenolic compounds and vitamins in them [8]. “Several
methods exist to test the antioxidant properties in foods such as: 2,2-azinobis-
(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS) radical scavenging method,
1,1-diphenyl-2-picrylhydrazine (DPPH) radical assay, lipid peroxidation (LPO)
method nitro blue tetrazolium (NBT) reduction assay or superoxide anion scaveng-
ing activity, hydroxyl radical scavenging activity and ammonium thiocyanate (ATC)
assay method [8].”
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Response against altered β-cells
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Mimicry AND/OR

Damage to β-cells

Fig. 16.2 Type 1 diabetes mellitus and its pathogenesis [9]
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16.3 Diabetes: Types of Diabetes

16.3.1 Insulin-Dependent Diabetes Mellitus (Type 1 Diabetes)

This type of DM usually results in insulin deficiency, and it occurs when there is
inhibition in the generation of insulin from the β-cells of the pancreas. Affected
individuals are usually treated by administration of insulin. It is commonly seen in
infants and young ones; however, the onset of any disease can occur at any age.

Certain risks factors have been associated with IDDM; these may be autoimmune,
genetic, or environmental factors. Several clinical trials have been put into consider-
ation for the prevention and management of IDDM [2] (Fig. 16.2).

Multiple diabetic defects

Deranged Insulin secretion Inadequate Glucose 

Utilization

Obesity

Genetic Predisposition Environment

Primary β-cell defect Peripheral tissue

Insulin resistance

Hyperglycemia

Β-cells exhaustion

Type-2 Diabetes

Fig. 16.3 An overview of type 2 diabetes mellitus pathogenesis [9]
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16.3.2 Non-insulin-Dependent Diabetes Mellitus

16.3.2.1 Type 2 Diabetes
This is also called non-insulin-dependent diabetes mellitus (NIDDM). NIDDM
usually occurs in adults when there is no proper utilization of insulin by the cells.
As the need for insulin increases, there is also a decrease in the ability of the pancreas
to generate insulin. NIDDM is usually characterized by two metabolic defects,
namely dysfunction in the β-cell secretion of insulin and decreased response of
peripheral tissues to insulin (insulin resistance).

At the start of NIDDM, the predominant derangement is reduction in insulin
awareness with a peculiar feature of increased blood levels of insulin, thus leading to
hyperglycemia. This can be prevented by arresting measures that improve insulin
awareness or a reduction in glucose production by the liver [9]. At the advance stage
of NIDDM, deterioration of insulin secretion disintegrates and replacement of
insulin is often a needed therapeutic approach.

NIDDM is associated with the following risk factors: old age, unhealthy lifestyle,
obesity, deranged glucose metabolism, and physical inactivity (Fig. 16.3).

16.3.3 Symptoms of Diabetes

The prevalent diabetic symptoms are excessive thirst and hunger, blurred vision,
weight loss or gain, fatigue, frequent urination, and slow-healing wounds. Persistent
high blood pressure can lead to severe life-threatening complications.

16.3.4 Hyperglycemia-Induced Oxidative Damage

Hyperglycemia has been known to increase free radical concentrations in the plasma,
giving birth to oxidative damage. The enolization of glucose usually leads to the
production of reduced molecular oxygen, producing oxidized intermediates that
promptly result in cellular damage. This process is known as autoxidative glycosyl-
ation. The reduced oxygen products formed during autoxidative reactions are O2

•�,
OH• and H2O2. However, these reactive molecules can be deleterious to proteins in
the case of cross-linking, fragmentation, and lipid peroxidation.

It has been reported that continuous exposure to elevated level of glucose would
lead to an increase in sorbitol and fructose in intracellular cells as a result of
increased enzyme activities of aldose reductase (AR) and sorbitol dehydrogenase
in non-dependent insulin for the uptake of glucose.

16.3.4.1 Hyperinsulinemia and Oxidative Stress
Reduction in fitness, increased body fat, and fat distribution along the upper body fat
are frequently linked to hyperinsulinemia and insulin resistance. Substantive data
seem to associate hyperinsulinemia with free radical generation. Exposure of intact
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human fat cells to insulin leads to a buildup of hydrogen peroxidase in a time and
concentration dependent fashion [9] (Fig. 16.4).

Since a trademark of insulin resistance is fasting hyperinsulinemia, affiliation
between insulin resistance and free radical concentration in the plasma cannot be
excluded [10]. However, the origin of free radical concentration in insulin unyield-
ing conditions might be as a result of: (1) an insulin-intermediate overdrive of
sympathetic nervous system activity; (2) an increase in free fatty acid (FFA) plasma
concentration.

16.3.4.2 Polyol Pathway
The polyol pathway of glucose metabolism is initiated under high blood glucose
conditions and an estimate of about 30% of internal cell glucose is metabolized in
this pathway. However, about 3% of aldohexose is changed into sorbitol under
normal glycemic states. The second stage of the pathway is a reversible reaction,
which involves the oxidation of sorbitol to fructose catalyzed by the enzyme sorbitol
dehydrogenase. The polyol pathway’s contribution to oxidative stress caused by
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Macromolecule damage

NF- B

p38 MAPK

JNK/SAPK

Sorbitol AGE
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PKC
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Insulin Resistance 
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Fig. 16.4 Hyperglycemia-induced diabetic complications [10]
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hyperglycemia occurs via three mechanisms. First, the use of nicotinamide adenine
dinucleotide phosphate (NADPH) by AR can lead to less availability of a cofactor
for glutathione reductase, which is pivotal for the intracellular pool of GSH mainte-
nance. Second, a much improved activity of succinate dehydrogenase (SDH) elevates
the concentration of NADPH, which can likely be a substrate for NADPH-dependent
oxidase, giving birth to the production of superoxide anion. The third mechanism
involves the conversion of fructose to fructose-3-phosphate and 3-deoxyglucosone.
“These compounds can form AGEs and consequently fund ROS production [10].”

16.3.4.3 Advanced Glycation End-Product (AGE) Formation
The free amino group of proteins reacts spontaneously with glucose to form Schiff
bases. By means of complex reactions, these Schiff bases are converted to AGEs. It
is well recognized that AGEs can cause damage to tissues by forming cross-links,
which causes alteration of the protein architectural framework. “The interaction of
AGE with AGE-cell surface receptors on endothelial cells and macrophages results
in cell signaling activation of expression of gene that initiates oxidative stress and
inflammation.”

16.3.4.4 NADPH Oxidase
Biochemically, the principal origin of ROS is NADPH oxidase, especially the
superoxide in the vasculature and kidney. Under pathological conditions, ROS
obtained from NADPH oxidase activity have played a crucial role in kidney
dysfunctions and damage to the vascular cells. This enzyme is involved in the
catalysis of molecular oxygen reduction by NADPH, which acts as an electron
donor, hence producing superoxide. The humoral and mechanical signaling causes
an upregulation of NADPH oxidase in hypertensive state. The most researched
stimulus of NADPH oxidase is AT-II, whereas ET-1 and urotensin II may also
likely take part in NADPH oxidase, consequently producing an elevated ROS. It is
suggested that the most recognized role of superoxide obtained from NADPH
oxidase is nitric oxide (NO) inactivation in the reaction that forms peroxynitrite.
This reaction gives birth to endothelial NO synthase (eNOS), which has a strong link
to hypertension [8].

16.3.5 Complications of Diabetes

16.3.5.1 Hypertension
Hypertension is a major risk agent for the occurrence of CVDs, and oxidative stress
is documented to be a major initiator in the development of CVDs. In experimental
studies, a rise in ROS generation, a reduction in nitric oxide (NO) levels, and a
decline in antioxidant bioavailability have been observed in hypertensive cases.
Superoxide production in the vascular wall is fundamentally obtained by NADPH
oxidase when triggered by hormones like endothelin-1 (ET-1), urotensin and angio-
tensin II (AT-II). Moreover, the mechanical stimuli on the vascular wall also
contribute to elevated ROS, which portends hypertension. The production of ROS

16 Role of Oxidative Stress in the Pathophysiology of Type 2 Diabetes and. . . 287

https://www.sciencedirect.com/topics/food-science/glutathione
https://www.sciencedirect.com/topics/medicine-and-dentistry/reduced-nicotinamide-adenine-dinucleotide
https://www.sciencedirect.com/topics/medicine-and-dentistry/superoxide
https://www.sciencedirect.com/topics/medicine-and-dentistry/fructose-3-phosphate
https://www.sciencedirect.com/topics/medicine-and-dentistry/3-deoxyglucosone


causes vasoconstriction, thus leading to increased calcium concentration at the
cellular level, thereby partaking in the progression of hypertension [11].

16.3.5.2 Neuropathy
High blood glucose level is involved in a critical function in the advancement of
diabetic neuropathy. The mechanism of action through which hyperglycemia
induces kidney cell deterioration is by means of elevated oxidative stress occasioned
by DM. Metabolic and oxidative insults are known to cause swift changes in glial
cells. A diagnostic parameters useful for this scenarios are increased “glial fibrillary
acidic protein (GFAP) synthesis and S100B, both astrocytic markers [11].

16.3.5.3 Retinopathy
Retinopathy is a diabetic complication affecting the eye. This is caused by damage to
the blood vessels of the light-sensitive retina tissue, hence resulting in vision
problems. In the progression of diabetic retinopathy, endothelial and pericytes cells
are selectively lost before other histopathological lesions is visible. The capillary
walls of the retinal undergoes cell death via apoptosis prior to the progression of
other lesions, peculiar of retinopathy in diabetes. This scenario can be a predictive
tool for histopathological lesions of retinopathy.

Nuclear transcriptional factor NF-κB, is a key regulator of antioxidant enzymes
which is redox sensitive. The activation of NF-κB is regarded as an essential
signaling pathway through which hyperglycemia causes programmed cell death in
endothelial cells. In the retina, NF-κB is localized in sub-retinal membranes and in
microvessels. It is activated very early in the course of development of retinopathy
in diabetes. Activated NF-κB binds to nuclear DNA and modulates the expression of
several genes. Its amplification cascade in turn results in increased free radical
production which can eventually lead to cell death. Recent studies have shown
that NF-κB activation in retinal pericytes is responsible for the hyperglycemia-
induced accelerated loss of pericytes observed in diabetic retinopathy [10].

16.3.5.4 Nephropathy
Diabetic nephropathy is a kidney damage that arises from having diabetes, wherein
leakages of proteins are brought into the urine. It occurs in about one-third of patients
with insulin-dependent diabetes and it is the single largest cause of end-stage renal
disease requiring chronic dialysis or transplantation. The pathophysiology of dia-
betic nephropathy is not well defined. Recent studies have indicated that ROS play a
key intermediate role in the development of diabetic nephropathy. High glucose
directly increases hydrogen peroxide production by mesangial cells and lipid perox-
idation of glomerular mesangial cells. Hyperglycemia-induced secondary mediator’s
activation such as protein kinase C (PKC), mitogen-activated protein (MAP) kinases
and cytokine production is also responsible for oxidative stress-induced renal injury
in the diabetic condition [2].
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16.3.5.5 Erectile Dysfunction
Erectile dysfunction is frequently linked with DM, and it occurs at an earlier age in
such patients than in the general population of DM cases. “The pathogenesis of
erectile dysfunction as a diabetic complication remains incompletely understood.
Diabetes has a known pathologic effect on peripheral tissue innervation and vascu-
larization, both of which are critical for erectile function. Oxidative stress to cavern-
ous tissue may be an important contributory factor to erectile dysfunction in
diabetics [8].”

16.4 Inflammation and Inflammatory Processes in Type
2 Diabetes

Inflammation is an essential physiological response of the body to various patholog-
ical processes such as pathogen invasion, tissue injury, and irritants. This response
involves infiltration and subsequent activation of the innate cells and adaptive
immune system to the site of injury and the production cytokines as an example of
inflammatory mediators. It is believed that inflammatory mediators are released
based on promptings of high glucose concentration and are mediated by oxidative
stress. Chronic inflammation and oxidative stress have been implicated in the
pathophysiology of diabetes mellitus, and these two are inseparable when it comes
to their links to physiological and disease states. Inflammation is the first-line
reaction of the immune system to remove pathogens in order to restore normalcy
to cells or replace damaged tissue. Following activation, innate immune system cells
secrete pro-inflammatory cytokines and chemokines that stimulate the production of
ROS and/or reactive nitrogen species (RNS). Pro-inflammatory cytokines can indi-
rectly induce oxidative stress by activating macrophages which is recognized to act
in removing the pathogen via the generation of reactive oxygen species. It is
important to note that chronic inflammation is a prolonged pathological condition
characterized by tissue destruction and fibrosis, culminating in cell damage due to
the overproduction of ROS from the inflammatory cells. Consequently, oxidative
stress may in turn stimulate the production of inflammatory cytokines and
chemokines.

16.4.1 Role of Antioxidants in Type 2 Diabetes

Hyperglycemic conditions in DM promotes “auto-oxidation of glucose to form free
radicals, which on excess quantity, beyond the scavenging prowess of endogenous
antioxidant armory of defense results in macro- and micro vascular dysfunction.”
Any substance capable of inhibiting the oxidation of other molecules is termed
antioxidant. In recent times, antioxidant therapy is documented to be effective in
the management of numerous ailments, especially diabetes. Several studies and
research have suggested the efficacy of antioxidants in managing and preventing
diabetes complications. The mechanism of action of this antioxidant therapy is the
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protection of beta cells against oxidative-stress-induced apoptosis, thus preserving
the function of the beta cells.

The therapeutic use of antioxidants can be divided into antioxidant enzyme,
combined drugs, synthetic carotenoids, antioxidants, and dietary antioxidants. The
most common antioxidants from diets are vitamins C, E, and A [10, 11].”

16.4.1.1 Alpha Amylase
Alpha-amylase inhibitors are also known as Carbo-blockers and these compounds
are not directly involved in the weight loss process. However, they are indirectly
helpful in weight loss due to inhibition of sugar assimilation, through inhibition
of starch breakdown. With reduced amount of α-amylase available for break down,
the complex carbohydrate has a better chance of traveling through the body without
being assimilated, and is eventually excreted from the body instead of being
converted into storage fat.

16.4.1.2 Alpha Glucosidase
Alpha-glucosidase inhibitors are oral antidiabetic drugs used for “DM type-
2. It works by preventing the digestion of carbohydrates (such as starch and table
sugar). Carbohydrates are normally converted into simple sugars (monosaccharides),
which can be absorbed through the intestine. Hence, α-glucosidase inhibitors reduce
the impact of carbohydrates on blood sugar. Examples include acarbose, miglitol,
and voglibose.

“Acarbose also blocks pancreatic α-amylase in addition to inhibiting membrane-
bound α-glucosidases. Pancreaticα-amylase hydrolyzes complex starches to
oligosaccharides in the lumen of the small intestine. Inhibition of these enzyme
systems reduces the rate of digestion of carbohydrates. Less glucose is absorbed
because the carbohydrates are not broken down into glucose molecules.”

16.4.1.3 Dipeptidyl Peptidase-4 (DPP-4)
DPP-4 is documented to be linked to T2DM patients suffering from incretin defi-
ciency. DPP-4 is also known as adenosine deaminase binding protein or cluster of
differentiation 26 (CD-26). It is a serine exopeptidase capable of inactivating various
oligopeptides through the removal of N-terminal dipeptides. Incretins are hormones,
which regulate the secretion of insulin after meals. There are two main endogenous
incretins secreted by the gastrointestinal tract: (1) glucose-dependent insulinotropic
polypeptide (GIP), and (2) glucagon-like peptide 1 (GLP-1). Both proteins enhance
the secretion of insulin whilst suppressing glucagon secretion. DPP-4 functions
specifically by removing incretin from the body, which is the normal metabolic
process in individuals without diabetes. Thus, molecular platforms, which serve as
inhibitors of DPP-4, have been recognized as a workable therapy for T2DM
management.

Recent drug use involves combined treatments with metformin such as Janumet
(sitagliptin and metformin), Jentadueto (linagliptin and metformin), Kazano
(alogliptin and metformin), Komboglyze (saxagliptin and metformin) and Oseni
(alogliptin and pioglitazone) [12]. Juvisync is a combination of sitagliptin and
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simvastatin, which is used as a treatment in individuals with hypercholesterolemia.
DPP-4 inhibitors have been implicated in improving blood glucose control and
reducing both fasting and postprandial blood glucose levels without causing weight
gain. The inhibition of DPP-4 by a chemotherapeutic mediator may enhance the
levels of moving endogenous GLP-1 by extending its half-life, which will subse-
quently increase the advantageous effects of GLP-1 in glucose-dependent insulin
secretion and β-cell renovation. DPP-4 is a class of the serine protease family. Other
members of this family include fibroblast activation protein-a (FAP), DPP-8, and
DPP-9. Selectivity towards the inhibition of DPP-4 over DPP-8 and DPP-9 is mostly
attained through empirical iterative optimization. It is essential that DPP-4 inhibitors
do not inhibit DPP-8 or DPP-9, as inhibition of these enzymes has been implicated
in multiorgan toxicity in rats and dogs, as well as in vitro reduction of human T-cell
activation. The prevalence of using DPP-4 inhibitors leads to a risk of hypoglycemia
being lowered, no weight gain with possible restoration and separation of pancreatic
β-cells.

16.5 Cardiovascular Diseases

Cardiovascular diseases are group of diseases that usually affect the heart and blood
vessels. Cardiovascular disease is linked with various risk factors including hyper-
cholesterolemia, hypertension, smoking, diabetes, and physical inactivity just to
mention a few. It has been established that diabetics are prone to cardiovascular
diseases as diabetes itself has been considered an independent risk factor for
premature atherosclerosis [2, 8]. The incidence of CVDs in people with DM is
three to four times of that of normal individuals. Thus, the diabetic state itself is an
independent risk factor for premature atherosclerosis. One of the potential
mechanisms that could mediate the premature atherosclerosis in diabetes is oxidative
stress.

Increased concentrations of autoantibodies to both oxidized and glycated LDL
have been documented in diabetes suggesting that in NIDDM, enhanced oxidative
stress occurs in vivo and that LDL glycation may represent a predisposing event that
facilitates subsequent oxidative modification. Several lines of evidence support a
proatherogenic role for oxidized LDL (Ox-LDL) and its in vivo existence. Ox-LDL
is not recognized by the LDL receptor but by the scavenger receptor pathway on
macrophages, which results in unregulated cholesterol accumulation, leading to
foam cell formation.

16.5.1 Hypertension

16.5.1.1 Oxidative Stress and Hypertension
Hypertension is due to persistent increase in blood pressure. Oxidative stress
constitutes a united basis for the occurrence of disease scenarios that are occasioned
by excessive production of ROS. The ROS family constitutes several molecules that
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have a broad spectrum of effect on cellular function. Notably, many of these ROS
activities are associated with morphological observations seen in CVDs. The effects
of ROS are triggered via a redox-sensitive control of multiple-signaling molecules
and second messengers [7]. In addition, nitric oxide (NO) has been found to play a
significant role in maintaining normal physiological conditions within the cardio-
vascular system. However, reduced NO generation has been attributed to increased
production of ROS. There is also an increased production of ROS when the level of
angiotensin-II (a vasoconstrictor) increases above normal level, thus elevating the
level of blood pressure [7].

16.5.1.2 Inflammation and Hypertension
Inflammation is a strategy developed by higher organisms to protect themselves
during cellular invasions like microbial infection, injury to tissues, and other toxic
states. An important response by the immune system is the host enabling the removal
of the harmful stimuli and the healing of damaged tissue. The molecular mechanism
behind the inflammatory process is very complex, which is triggered by the recog-
nition of specific molecular signs associated with either infection or tissue injury.
The whole state of inflammatory response is controlled by a variety of key regulators
included in the selective expression of pro-inflammatory molecules. Prolonged
inflammations are often related to deleterious side effects on the health. Alterations
in inflammatory responses due to persistent inducers or genetic variations are on the
increase in the past years, causing a variety of inflammatory diseases and patho-
physiological conditions.

Several studies have shown that numerous clinical trials conducted on the
management of hypertension commonly involve increased plasma CRP
(C-reactive protein) levels. However, CRP has been considered to be one of the
strongest inflammatory markers that have been greatly associated with hypertension.
More so, CRP plays a significant role in stimulating monocytes to release
pro-inflammatory cytokines.

Inflammation is a protective response to injury or infection. It is a complex
process that involves inflammatory cells first identifying the affected tissue, leuko-
cyte recruitment into tissue, elimination of the offending agent and repair of the site
of injury. Inflammation requires interactions between cell surfaces, extracellular
matrix and proinflammatory mediators. Excessive inflammation can have detrimen-
tal effects and contribute to the progression of chronic and/or prolonged diseases
such as atherosclerosis, rheumatoid arthritis, and systemic lupus erythematosus.

“CRP can stimulate monocytes to release proinflammatory cytokines such as
interleukin-6 (IL-6), interleukin-1 beta (IL-1β), tumour necrosis factor alpha
(TNF-α) and also endothelial cells to express intracellular adhesion molecule
(ICAM)-1 and vascular cell adhesion molecule (VCAM)-1, effects which will
further promote inflammation. CRP is considered the inflammatory marker with
the strongest association with hypertension.” It has been demonstrated in numerous
clinical trials that hypertensive patients commonly have increased plasma CRP
levels.
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16.5.1.3 Endothelial Dysfunction
Traditional cardiovascular risk factors such as diabetes, hypertension, dyslipidemia,
and tobacco toxins are associated with endothelial dysfunction. Endothelial dysfunc-
tion is one of the detrimental effects of hypertension. “Healthy endothelial vessel
walls become stiffer, and vasorelaxation is diminished. As such, measures of
endothelial dysfunction can be used as a marker for hypertension. One of the main
causes for endothelial dysfunction is the reduced availability of nitric oxide (NO),
resulting in increased oxidative stress in the endothelium. Endothelial dysfunction
can also precede hypertension, and less compliant vessels will establish higher blood
pressures.” Eventually, endothelial dysfunction leads to a pro-inflammatory,
prothrombotic, vasoconstrictive state with increased cell adhesion and oxidative
stress.

16.5.1.4 Inflammation: Myeloperoxidase Activity
Myeloperoxidase (MPO) is a member of the superfamily of heme peroxidases that is
mainly expressed in neutrophils and monocytes. “MPO-derived reactive species
play a key role in neutrophil antimicrobial activity and human defense against
various pathogens primarily by participating in phagocytosis. Elevated MPO levels
in circulation are associated with inflammation and increased oxidative stress.
Multiple lines of evidence suggest an association between MPO and cardiovascular
disease (CVD) including coronary artery disease, congestive heart failure, arterial
hypertension, pulmonary arterial hypertension, peripheral arterial disease,
myocardial ischemia/reperfusion-related injury, stroke, cardiac arrhythmia and
venous thrombosis. Elevated MPO levels are associated with a poor prognosis
including increased risk for overall and CVD-related mortality. Elevated MPO
may signify an increased risk for CVD for at least two reasons. Firstly, low-grade
inflammation and increased oxidative stress coexist with many metabolic
abnormalities and comorbidities. Consequently, an elevated MPO level may repre-
sent an increased cardiometabolic risk in general. Secondly, MPO produces a large
number of highly reactive species which can attack, destroy or modify the function
of every known cellular component. The most common MPO actions relevant to
CVD are generation of dysfunctional lipoproteins with an increased atherogenicity
potential, reduced NO availability, endothelial dysfunction, impaired vasoreactivity
and atherosclerotic plaque instability. These actions strongly suggest that MPO is
directly involved in the pathophysiology of CVD. As a consequence, MPO may be
seen as a mediator by which inflammation promotes CVD at molecular and cellular
levels [13].

16.5.1.5 Vascular Damage: Nitric Oxide Production
NO has an essential role as a key paracrine controller of vascular tone. At physio-
logical level, NO inhibits leukocyte–endothelial cell adhesion, VSMC proliferation
and migration, and platelet aggregation to maintain the health of the vascular
endothelium. Therefore, it has many beneficial effects. The decrease in bioavailabil-
ity of NO in the vasculature reduces vasodilatory capacity and contributes to

16 Role of Oxidative Stress in the Pathophysiology of Type 2 Diabetes and. . . 293

https://www.sciencedirect.com/topics/neuroscience/dyslipidemia
https://www.sciencedirect.com/topics/medicine-and-dentistry/vasodilatation
https://www.sciencedirect.com/topics/medicine-and-dentistry/nitric-oxide
https://www.sciencedirect.com/topics/medicine-and-dentistry/oxidative-stress
https://www.sciencedirect.com/topics/medicine-and-dentistry/cell-adhesion
https://www.sciencedirect.com/topics/medicine-and-dentistry/myeloperoxidase
https://www.sciencedirect.com/topics/medicine-and-dentistry/peroxidase
https://www.sciencedirect.com/topics/medicine-and-dentistry/neutrophil
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/monocyte
https://www.sciencedirect.com/topics/medicine-and-dentistry/antimicrobial-activity
https://www.sciencedirect.com/topics/medicine-and-dentistry/phagocytosis
https://www.sciencedirect.com/topics/medicine-and-dentistry/oxidative-stress
https://www.sciencedirect.com/topics/medicine-and-dentistry/coronary-artery-disease
https://www.sciencedirect.com/topics/medicine-and-dentistry/congestive-heart-failure
https://www.sciencedirect.com/topics/medicine-and-dentistry/arteriosclerosis-obliterans
https://www.sciencedirect.com/topics/medicine-and-dentistry/cardiac-dysrhythmia
https://www.sciencedirect.com/topics/medicine-and-dentistry/phlebothrombosis
https://www.sciencedirect.com/topics/medicine-and-dentistry/lipoprotein
https://www.sciencedirect.com/topics/medicine-and-dentistry/endothelial-dysfunction
https://www.sciencedirect.com/topics/medicine-and-dentistry/atherosclerotic-plaque
https://www.sciencedirect.com/topics/medicine-and-dentistry/pathophysiology
https://www.sciencedirect.com/topics/medicine-and-dentistry/mediator


hypertension. The enzyme that catalyzes the formation of NO from oxygen and
arginine is nitric oxide synthase (NOS).

Receptor-mediated agonist stimulation leads to rapid enzyme activation. Further-
more, shear stress and allosteric modulators are important modulators of eNOS
activity. In addition to its vasorelaxing and antiproliferative roles, NO has an
important role in antagonizing the effects of AT-II, endothelins and ROS. NO
diffuses as gas to the adjacent smooth muscle wherein it interacts with different
receptor molecules, such as the soluble guanylyl cyclase.

The normal production of NO has a crucial role in the maintenance of physiolog-
ical conditions within the cardiovascular system. L-arginine, which is a substrate for
eNOS, seems to be a promising molecule in the preservation of NO formation.
However, L-arginine failed to prevent blood pressure increases and left ventricle
remodeling due to chronic treatment with methyl ester of N-nitro-L-arginine, which
is an inhibitor of eNOS. The ACE inhibitor captopril completely prevented
NO-deficient hypertension without improving NOS activity. NO also has an ACE
down-regulating effect. Thiols protect NO from oxidation by scavenging ROS and
by forming nitrosothiols. Both effects prolong NO half-life and the duration of NO
action.

16.5.2 Damage to Critical Metabolic Pathway

16.5.2.1 RAAS (Renin–Angiotensin–Aldosterone System)
The renin–angiotensin system plays a key role in the development of cardiovascular
disease. AT-II is a potent vasoactive peptide that can be formed in vascular beds that
are rich in ACE. When AT-II production increases above normal levels, it induces
vascular remodeling and endothelial dysfunction in association with increases in the
levels of blood pressure. As a potent activator of NADPH oxidase, AT-II contributes
to the production of ROS. In rats and mice where hypertension is induced by AT-II
infusion, the expression of NADPH oxidase subunits, oxidase activity and the
generation of ROS are all increased. AT-II not only increases NADPH oxidase
activity but also upregulates superoxide dismutase activity, possibly to compensate
the increased levels of ROS. In situations where this compensatory effect is efficient,
ROS levels may appear normal even under prooxidant conditions. However, when
ROS production becomes overwhelming, compensatory mechanisms are inadequate
and pathophysiological consequences occur.

16.5.2.2 Acetylcholine Release
Acetylcholine induces endothelium-dependent dilation via the production of endo-
thelial factors, mainly NO, which then diffuses to the underlying VSMC, thereby
inducing VSMC relaxation. The decrease in NO bioavailability will significantly lead
to reduced acetylcholine-mediated vasodilation. The consequence of an overall
increase in ROS is a reduction in the bioavailability of NO.

ET-1: endothelins is one of the vasoconstrictor isopeptides that are produced in
different vascular tissues. “ET-1 is the main endothelin generated by the
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endothelium and is the most important endothelin in the cardiovascular system.
When ET-1 is administered in high concentrations, it behaves as a potent vasocon-
strictor that is capable of exerting an array of physiological effects, including the
potential to distort arterial pressure. ET-1 mediates its effects via two receptors, ETA
and ETB. The ETA receptor mediates contractions via the activation of NADPH
oxidase, xanthine oxidase, lipoxygenase, uncoupled NOS and mitochondrial respi-
ratory chain enzymes. The ETB receptor induces relaxation in endothelial cells.
Many factors that normally stimulate ET-1 synthesis, (for example, thrombin and
AT-II) also cause the release of vasodilators, such as prostacyclin (PGI2) and/or NO,
which oppose the vasoconstricting function of ET-1.”

16.6 Complication of Hypertension

16.6.1 Kidney Damage

ROS have been confirmed to have a key role in the pathophysiological processes of
several renal diseases. These renal diseases are known to be involved in the
induction of hypertension. Regarding glomerular alterations, ROS act as an interme-
diary between lipoprotein glomerulopathy and other inflammatory glomerular
lesions. A recent study showed that NADPH oxidase activation and the production
of ROS through lipid raft clustering is an important molecular mechanism that
triggers homocysteine-mediated oxidative injury of podocytes. This injury may
represent an early event that initiates glomerulosclerosis during
hyperhomocysteinemia. One of the underlying mechanisms of ROS-mediated
tubulointerstitial injury is the exposure of tubular cells to LDL, which may result
in tubulointerstitial damage due to NADPH oxidase-mediated ROS production.
AT-II has a vital role in obstructive nephropathy as it activates NADPH oxidase,
thereby generating superoxide that leads to hypertrophy of the renal tubular cells.

There are several oxidative-stress-mediated mechanisms involved in endothelial
dysfunction in chronic kidney disease (CKD). “ROS are elevated in CKD and are
related to endothelium-dependent vascular reactivity and systolic blood pressure.
High ROS and increased levels of the endogenous asymmetric dimethylarginine
were reported to be novel risk factors for endothelial dysfunction. Moreover, high
levels of asymmetric dimethylarginine were reported in CKD and were associated
with increased intima-media thickness and cardiovascular events.” In renovascular
hypertension, oxidative stress in the ischemic kidney plays a major role in the
maintenance of hypertension in two-kidney, one-clip rats [13].

16.7 Conclusion

Diabetes mellitus and cardiovascular diseases rank among the paramount causes of
death across the globe. They are global public health problems affecting the poor, the
rich, the educated, and the uneducated people, as well as the urban and rural dwellers
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in both developed and developing countries. Different factors have influence in the
pathogenesis and progression of diabetes mellitus and cardiovascular diseases. This
review focused on the role of oxidative stress and inflammation in the pathogenesis
and progression of diabetes mellitus and cardiovascular diseases. It critically exam-
ined the interplay between oxidative stress, inflammation, diabetes mellitus, cardio-
vascular diseases, and their complications based on existing scientific evidence. The
evidence from this review is very clear and shows that inflammation plays a role in
the development and progression of diabetes mellitus. It shows that inflammatory
mediators such as interleukin-1-beta 6 and tumor necrosis factor alpha are greatly
altered in type 2 diabetes mellitus and cardiovascular diseases. These mediators
contribute immensely to increased generation of reactive oxygen species and oxida-
tive processes, together with hyperglycemia and dyslipidemia, leading to several
complications. In the presence of defective antioxidant defense system, resulting
from either endogenous antioxidant alteration or exogenous inadequacy, that tilts the
oxidative balance in favour of reactive oxygen species, oxidative stress develops.
Various experimental and clinical studies (in vitro, in vivo, in silico, ex vivo and
clinical trials) support the direct link between oxidative stress and diabetes mellitus
via the measurement of oxidative biomarkers in diabetic, non-diabetic and cardio-
vascular diseases conditions.” Oxidative stress is strongly involved in chronic
hyperglycemic-induced insulin resistance. To the best of our knowledge, the review
has been able to bridge the gap between the release of inflammatory mediators, the
production of reactive oxygen species, and oxidative stress in the incidence and
pathogenesis of diabetes and cardiovascular diseases.
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