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Abstract Free radicals are species containing one or more unpaired electrons. 
Unpaired or free electrons are responsible for enhanced reactivity of free radicals 
with various biomolecules. Most frequently occurring radicals in biological systems 
are reactive oxygen species (ROS) and reactive nitrogen species (RNS). ROS and 
RNS are generated by the tightly regulated enzymes, nicotinamide adenine dinucle-
otide phosphate oxidase isoforms and nitric oxide synthases. Overproduction of 
ROS and RNS results in oxidative and nitrosative stress, a state which is responsible 
for the damage to cell macromolecules including lipids, proteins and DNA. Oxidative 
stress has been implicated in the aetiology of various disease states of an organism. 
In this chapter, we discuss the biochemistry of free radicals and their impact on the 
development of various diseases. Organs of biological systems are the principal tar-
gets of oxidant species, which are implicated in atherosclerosis, diabetes, carcino-
genesis and neurodegeneration. Attention is focused on oxidative stress-induced 
cardiovascular disease, type 2 diabetes, cancer and Alzheimer’s disease. The roles of 
redox active metal-catalysed formation of ROS and antioxidants in protection 
against oxidative damage is also discussed.
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12.1  Introduction

The effect of reactive oxygen species (ROS) and reactive nitrogen species (RNS) 
causing potential biological damage is termed oxidative stress and nitrosative 
stress, respectively (Kovacic and Jacintho 2001; Ridnour et al. 2005; Valko et al. 
2004). This state is typical for overproduction of ROS/RNS on one hand and/or a 
deficiency of antioxidants on the other hand. Mild oxidative stress on cells may 
lead to apoptosis and cells are able to overcome it by regulating the redox state. 
However, enhanced and prolonged oxidative stress can cause necrosis. Long-term 
effects of oxidative stress cause damage to cellular lipids, proteins and DNA. DNA 
damage by free radicals leads to formation of a variety of oxidative products. One 
of the most extensively studied single-base damages by oxidation is 8-hydroxy-
2′-deoxyguanosine (8-oxodG) (Dizdaroglu et al. 2002). The level of 8-oxodG in 
urine can be regarded as a sensitive marker of oxidative stress of an organism.

Organs of biological systems are the principal targets of oxidant species, which 
are implicated in atherosclerosis, diabetes, carcinogenesis and neurodegeneration. 
Cardiovascular disease CVDs is a problem in the Western developed world. It is 
generally believed to be a problem of people who have a high-fat diet and inade-
quate regular physical exercise. However, some individuals have a genetic preposi-
tion and the disease is more common in middle age and beyond. The latter suggests 
that free radical damage may play a role. ROS-induced oxidative stress is believed 
to play some role in the cardiovascular diseases such as atherosclerosis, ischemic 
heart disease, hypertension, cardiomyopathies, cardiac hypertrophy and congestive 
heart failure (Kukreja and Hess 1992). Type 2 diabetes is generally recognized as a 
polygenic disease. It is believed that it develops due to a cascade of events but that 
the most important of these events include oxidative stress-related defects in oxida-
tive phosphorylation machinery and mitochondrial β-oxidation leading to accumu-
lation of intracellular triglyceride in the muscle and liver and subsequent insulin 
resistance (Rosca et al. 2005). β-Oxidation of long-chain fatty acids is particularly 
important for provision of energy in the cardiac and skeletal muscle. Changes in the 
expression and function of the mitochondrial inner membrane protein—uncoupling 
protein- 2 (UCP-2)—may play an important role in pancreatic β-cell dysfunction 
(Krauss et al. 2003). Disturbed redox regulation as a consequence of enhanced oxi-
dative stress has been found in various cancer cells (Milkovic et al. 2014). DNA 
modifications by species produced by oxidative stress mechanisms represent the 
first step in carcinogenesis. Mutations of genetic material appear to be a critical 
point not only in carcinogenesis but also in ageing. Many tumours of various origins 
revealed increased DNA lesions compared to normal tissues. DNA damage induced 
by a variety of free radicals leads to formation of more than 150 oxidized products 
which can now be quantified with a high level of reproducibility (Dizdaroglu et al. 
2002). The most frequent modification of genetic material involves single- to dou-
ble-strand breaks and pyrimidine or purine modifications which in turn may affect 
signalling pathways, replication errors and overall genomic instability, all forming 
a common denominator of cancer (Marnett 2000). The studies of Alzheimer’s 
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 disease (AD) have been directed to amyloid beta protein (Aβ) (Ow and Dunstan 
2014). Monomeric Aβ is a peptide with antioxidant activity and is the main con-
stituent of amyloid plaques in the brains of AD patients. Increased formation of Aβ 
linked with enhanced oxidative stress and neurotoxicity is postulated to represent a 
major event in the development of AD.

In this chapter, we discuss the biochemistry of free radicals and their impact on 
the development of CVDs, cancer, type 2 diabetes and AD.  The involvement of 
ROS/NOS appears to be the common denominator to all these events. The roles of 
redox active metal-catalysed formation of ROS and antioxidants in protection 
against oxidative damage are also discussed. An integrated view of the sources of 
ROS, ROS-induced damage to main biomolecules and disease incidence is outlined 
in Fig. 12.1.

12.2  Free Radicals, Antioxidants and Oxidative Stress

Free radicals are species containing one or more unpaired electrons. Unpaired or 
free electrons are responsible for enhanced reactivity of free radicals with vari-
ous biomolecules. The superoxide anion (•O2

−) and nitric oxide (NO) are the 
most frequently occurring radicals in biological systems (Valko et  al. 2007). 
Radicals derived from oxygen can be considered as the most important class of 
species formed in living systems. Molecular dioxygen has a specific electronic 
configuration; in the ground state it contains two parallel unpaired electrons in 
antibonding π* orbital (Halliwell and Gutteridge 1990). Thus molecular dioxy-
gen is a biradical with electron spin quantum number S = 1. Thanks to the paral-
lel orientation of both spins of electrons, reactivity of oxygen with biomolecules 
(having chemical bonds formed by two electrons with antiparallel spins) is sig-
nificantly reduced (Valko et al. 2004). In addition to triplet molecular dioxygen, 
there also exist two singlet states. In singlet states, both unpaired electrons on 
antibonding π* orbitals are antiparallel. In one of the oxygen singlet states, the 
two antiparallel electrons are localized on different orbitals. The lifetime of such 
oxygen is short and very rapidly interconverts to another form of singlet oxygen 
(1O2), also with two antiparallel electron spins, but located on the same orbital. 
1O2 is the most relevant source of singlet molecular oxygen in biological systems 
(Cadet et al. 2000).

Addition of an electron to molecular dioxygen leads to formation of superoxide 
radical (•O2

−). The added electron fills one of the half-occupied antibonding π* 
orbitals. •O2

− is considered as a primary radical formed in various biological pro-
cesses. •O2

− is formed by four single-electron reduction steps from molecular dioxy-
gen into water. In addition, the major source of •O2

− generated in aerobic cells is via 
electron leakage that occurs from electron transport chains including mitochondria 
and the endoplasmic reticulum. •O2

− is produced by activated phagocytes and neu-
trophils in order to kill bacteria. •O2

− can undergo a dismutation reaction catalysed 
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by the enzyme superoxide dismutase (SOD) according to the reaction (Gutteridge 
et al. 1982):

 2 22 2 2 2
· O H H O O

SOD
- ++ ® +  

We note that the SOD enzyme works in conjunction with enzymes which remove 
hydrogen peroxide (H2O2) such as catalase (CAT), glutathione peroxidase (GPX) 
and glutathione reductase (GR).

The hydroxyl radical (•OH) is a very reactive species causing damage to all types 
of biomolecules. One way to generate •OH in biological systems is via a metal- 
catalysed Haber-Weiss reaction (Enami et al. 2014):

 
· ·O H O O OH OH

Fe

2 2 2 2

2

- -+ ® + +
+

 

The Haber-Weiss reaction is an overall reaction consisting of two reactions:

 Fe O Fe O3
2

2
2

+ - ++ ® +·

 

 Fe H O Fe OH OH2
2 2

3+ + -+ ® + +·

 

The second reaction is the well-known Fenton reaction considered as a major 
source of •OH in biological systems. •OH is highly reactive with a very short half- 
life in aqueous solution (<1 ns). Under in vivo conditions, formation of •OH in the 
proximity of important biomolecules may cause damage to them. Formation of •OH 
close to DNA may cause damage to DNA bases or deoxyribosyl backbone of DNA.

The major source of •O2
− is from the mitochondrial electron transport chain. 

Ubisemiquinone is the main reductant agent of oxygen in mitochondrial membranes 
(Inoue et al. 2003). Mitochondria are able to produce ~2–3 nmol of •O2

−/min per mg 
of protein, confirming mitochondria to be the most important physiological source 
of •O2

− in living organisms (Inoue et al. 2003). Mitochondria are highly abundant 
with antioxidants including the reduced glutathione (GSH), manganese SOD 
(Mn-SOD) and GPX, which are present on both sides of their membranes to sup-
press oxidative stress in the organelle (Cadenas and Davies 2000). Since •O2

− is 
negatively charged, it tends to stay in the proximity of the inner mitochondrial com-
partment where conversion into H2O2 by Mn-SOD enzyme may take place. H2O2 
may diffuse through mitochondrial membrane (Flynn and Melov 2013) and if not 
eliminated (e.g. by CAT) may act as a substrate in the metal-catalysed decomposi-
tion (Fenton reaction) forming •OH. However, under physiological conditions, for-
mation of •O2

− and H2O2 is thermodynamically rather unfavourable, and therefore 
we cannot expect a significant increase in •O2

− and H2O2 formation. A different situ-
ation may occur under pathological conditions, under which more profound forma-
tion of these species can be expected.

In addition to mitochondria, there exists other cellular sources of •O2
−, including 

xanthine oxidase (XO) (Stein and Kirk 2015). XO is a highly versatile enzyme and 
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an important source of ROS. XO catalyses the reaction of hypoxanthine to xanthine 
and xanthine to uric acid. Additional endogenous cellular sources of ROS are neu-
trophils, eosinophils and macrophages. Cytochrome P450 is another source of ROS, 
in particular •O2

− and H2O2. Further sources of H2O2 include microsomes and 
peroxisomes.

Besides ROS, RNS play key roles in various biological processes (Gruetter et al. 
1980; Bogdan 2015). Nitric oxide (NO•) contains one unpaired electron and therefore 
is also a radical. NO• is an important signalling molecule in a variety of physiological 
processes, including regulation of blood pressure, defence mechanisms, smooth mus-
cle relaxation and immune and neurological regulation (Ghafourifar and Cadenas 
2005). NO• is generated in biological tissues by specific nitric oxide synthases (NOSs). 
Overproduction of RNS is called nitrosative stress (Giuffrè et al. 2014). This may 
occur when the generation of RNS in a system exceeds the system’s ability to neutral-
ize and eliminate them. Nitrosative stress may lead to nitrosylation reactions that can 
alter the structure of proteins and so inhibit their normal function. Cells of the immune 
system produce both the •O2

− and NO• during the oxidative burst triggered during 
inflammatory processes. Under these conditions, NO• and •O2

− may react together 
forming the very reactive peroxynitrite anion (ONOO−) (Carr et al. 2000):

 NO O ONOO· ·+ ®- -
2  

This reaction proceeds very fast and the product of the reaction can cause DNA 
damage and peroxidation of lipids (Carr et al. 2000). The harmful effect of ROS and 
RNS is suppressed by the action of enzymatic antioxidants as well as by small molec-
ular weight antioxidants. The most efficient antioxidant enzymes involve SOD, CAT 
and GPX.  SOD exists in several isoforms, cytosolic Cu, Zn-SOD,  mitochondrial 
Mn-SOD and extracellular SOD (EC-SOD) (Landis and Tower 2005). As already 
discussed above, SOD converts •O2

− into H2O2 at the enzyme active site in a “ping-
pong”-type mechanism (McCord and Fridovich 2014). A different SOD enzyme that 
contains nickel (Ni-SOD) containing 117 amino acids was recently discovered in 
Streptomyces and cyanobacteria (Shearer and Long 2006; Shearer 2014). CAT is an 
enzyme located in a cell organelle called the peroxisome (Njuma et al. 2014). The 
enzyme is very efficient in the decomposition of H2O2 into water and molecular oxy-
gen. It has been estimated that one molecule of CAT converts approximately six 
million molecules of H2O2 into water and oxygen. In various types of tumours, sup-
pressed capacity of CAT to detoxify H2O2 was observed. GSH metabolism belongs 
to one of the most effective antioxidative defence mechanisms. There are two forms, 
selenium-independent glutathione S-transferases (GST) and selenium-dependent 
GPXs. Humans have four different Se-dependent GPX (Chu et  al. 2004). These 
enzymes act by adding two electrons to reduce peroxides by forming selenoles 
(Se-OH). The substrate for the catalytic reaction is either H2O2 or an organic peroxide 
ROOH. Catalytic reactions can be described according to the following reactions:

 2 22 2 2GSH H O GSSG H O
GPx

+ ® +  
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 2 2GSH ROOH GSSG ROH H O
GPx

+ ® + +  

GPX competes with CAT for H2O2 as a substrate and is the major source of pro-
tection against low levels of oxidative stress. GR utilizes the reduced form of 
nicotinamide adenine dinucleotide phosphate (NADPH) to reduce one molar equiv-
alent oxidized glutathione disulphide (GSSG) to two molar equivalents of sulfhydryl 
form of GSH:

 GSSH NADPH GSH NADP
GR

+ ® + +( )2  

GSH is not only the major multifunctional intracellular thiol antioxidant but also 
the key cellular redox buffer. GSH is highly abundant in the cytosol, nuclei and 
mitochondria. The oxidized form of GSH is GSSG. The antioxidant activity of all 
thiol compounds including GSH is their ability to accommodate a single electron 
originating from various types of radicals forming thiyl radicals (GS•) with much 
longer lifetime than R• and reduced reactivity:

 GSH R GS RH+ ® +· ·

 

GSSG is accumulated inside the cells and the ratio of GSH/GSSG is a good 
measure of oxidative stress of living systems. GSH reacts with •OH and 1O2 and 
regenerates important low-molecular-weight antioxidants. Decreased levels of GSH 
have been linked to a number of disease states of an organism including cancer; 
neurodegenerative, CVDs and pulmonary disease; HIV infection; acute pancreati-
tis; and others (Pastore et al. 2003).

12.3  Dietary Antioxidants

Vitamin C (ascorbic acid) is one of the most important and powerful antioxidants 
that acts in aqueous environments of the body. Vitamin C coacts with vitamin E to 
regenerate α-tocopherol from α-tocopherol radicals in membranes and lipoproteins 
(Chan 1993). A molecule of ascorbic acid has two ionisable hydroxyl groups. At 
physiological pH, the majority of vitamin C molecules are present as ascorbate 
anions (AscH−) and only very small fraction as AscH2 and Asc2−. The antioxidant 
chemistry of vitamin C is thus the chemistry of AscH−. Ascorbate anion is a donor 
antioxidant and reacts with radicals to form the ascorbate free radical (Asc•−) which 
is, due to its pK value (−0.86), not protonated and is present in the form of Asc2− 
(Fig. 12.2). The ascorbate radical (Asc2−) is considered as a poorly reactive terminal 
radical. The level of this radical is a good measure of the degree of oxidative stress 
in biological systems (Buettner 1993).

Vitamin E is a fat-soluble powerful antioxidant present in several forms. The 
most powerful form is α-tocopherol, which is the key membrane-bound antioxidant 
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(Sharma and Buettner 1993) and acts mainly against peroxidation of lipids. It has 
been proposed that ascorbic acid and α-tocopherol act together in a cyclic manner, 
in which ascorbic acid regenerates oxidized form of vitamin E (tocopherol radical, 
α-T-O•). The protective effect of vitamin E is substantiated by the suppressed forma-
tion of free radical formation as well as activation of endonucleases. The protective 
effect of the intake of vitamin E supplements (200 IU/day) against colorectal cancer 
has been reported by an epidemiological study. The protective effect was accounted 
for by the triggered apoptosis of cancer cells by inducing an efficient inhibitor of 
cell cycles (p21wafi/cip1).

Flavonoids represent an important group of polyphenols with more than 4000 
compounds divided into 13 classes. Their common structural element is the 
diphenylpropane (C6-C3-C6) moiety, which consists of two aromatic rings linked 
through three carbon atoms (Fig. 12.3) (Terao 2009). Recent interest in flavonoids 
has significantly increased mainly because of their antioxidant properties and their 
possible beneficial effects in human health (Terao 2009). These include the treat-
ment and prevention of cancer, CVDs and other pathological disorders. Phenolic 
compounds (see Fig. 12.3) may act not only as antioxidants terminating ROS but 
also as effective chelators of transition metal ions that are capable of catalysing lipid 
peroxidation. Under unphysiological conditions, e.g. high concentrations of 
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 flavonoids and presence of the transition metal ions, flavonoids may behave as pro-
oxidants (Bast and Haenen 2013).

A regular intake of flavonoids has been associated with decreased incidence of 
gastrointestinal, lung and possibly breast cancers (Damianaki et al. 2000). A high 
intake of the flavonoid quercetin has been proposed to reduce the incidence of 
stroke. However, there have been studies presenting toxic effects of flavonoids as 
well as toxic flavonoid-drug interactions. The main symptoms were contact derma-
titis, oestrogenic-related concerns and other problems. The toxic effect of flavo-
noids on human health has been attributed to pro-oxidant properties of flavonoids. 
We note that pro-oxidant effect of some antioxidants has previously been reported 
and was related to disturbed metabolism of redox metals as well as other unphysi-
ological states of an organism. Thus the potential toxic effect of flavonoids under 
disturbed physiological conditions requires further detailed studies.

12.4  Oxidative Stress and Cardiovascular Disease

In the following, we will describe some evidence for an aetiology of CVDs due to 
free radical damage to cells pertinent to the healthy function of the cardiovascular 
system. The current most enlightening insights in the dysfunction of cardiovascular 
system include Ca2+ overload, oxidation of receptor sites, lipid peroxidation of 
membranes, perturbation of signalling systems and the mechanism of ischemic pre-
conditioning. These will be described in more detail presently. Some of the sub-
stances believed to play a major role in oxidative stress in the cardiovascular system 
are (1) certain enzymes such as xanthine oxidoreductase (XOR), (2) NAD(P)H oxi-
dase, (3) NOS, (4) cytochromes in mitochondria and (5) haemoglobin (Berry and 
Hare 2004; Hare and Stamler 2005). Biochemical pathways leading to •O2

− and NO• 
production are given in Fig. 12.4.

ROS modify phospholipids and proteins, which lead to peroxidation and oxida-
tion of thiol groups (Kuka et al. 2013; Molavi and Mehta 2004). Thus membrane 
permeability is changed with possible disruption of membrane bilayer. In addition 
protein function is disrupted or modified. One study (Kaneko et al. 1989) showed 
that oxygen free radical changes to sulfhydryl groups depressed sarcolemmal Ca2+ 
pump activities. Sarcolemma was incubated with H2O2 and Fe2+. It was observed 
that ecto-ATPase activity was inhibited. The ATP-independent Ca2+was also inhib-
ited. After 1 min of incubation with •O2

−, there was a 15% drop in the sarcolemmal 
ATP-dependent Ca2+ accumulation and Ca2+-stimulated ATPase activities. These 
effects seem to correlate with an increase of malondialdehyde (MDA) in the sarco-
lemma. MDA is a mutagen for human cells (Niedernhofer et al. 2003) and thus will 
potentially further degrades cell function in this region of its occurrence. Xanthine 
plus xanthine oxidase or H2O2 caused a decrease in mitochondrial creatine kinase 
activity in the rat heart (Hayashi et al. 1998). They proposed that γ-glutamylcysteine 
ethyl ester was a suitable solution in counteracting this decrease. γ-Glutamylcysteine 
ethyl ester is a precursor of GSH, which is an important antioxidant but cannot be 
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administered directly due to degradation into constituent amino acids before enter-
ing cells (Jensen and Meister 1983).

The reduced efficiency of the Ca2+ pump mechanism leading to Ca2+ overload 
and resulting myocyte dysfunction has been well established in many other studies 
(Hua et al. 2015). ROS can have a direct effect on Ca2+-handling proteins and/or 
membrane impairment by lipid peroxidation. This can reduce the efficiency of the 
pump mechanism. Stoyanovsky et al. (1997) report that •O2

−, •OH and NO• promote 
sarcoplasmic reticular Ca2+ release by interaction with sulfhydryl groups of cardiac 
and skeletal ryanodine receptor. Other mechanisms of damage such as involving an 
increase in Na+ and accumulation of long-chain fatty acids in cardiac membrane are 
also possible. ATP deficiency in the ischemic heart may also impair Ca2+ transport, 
and reperfusion may increase uptake of extracellular Ca2+ into the myocardium 
causing further overload. Intracellular Ca2+ overload appears to be associated with 
simulation of neointimal hyperplasia. This is believed to result in the development 
of atherosclerosis, vasoconstriction leading to development of hypertension, 
myocardial cell damage in ischemia-reperfusion and cardiac hypertrophy in heart 
failure.

ROS have been found to be involved in atherosclerosis. Animal models suggest 
large iron pools in atherosclerotic lesions. This may suggest a role of iron-catalysed 
formation of free radicals (Fenton reaction) in atherosclerosis (Yuan and Li 2003). 
Human endothelial cells show increased Ca2+ suggesting again Ca2+ overload 
induced oxidative stress. Uptake of oxidized low-density lipoprotein (LDLox) also 
seems to be important in the development of atherosclerosis (Podrez et al. 2000). It 
has been reported that oxidized lipoprotein and LDLox mediate enhanced •O2

− for-
mation leading to apoptosis of cells in the umbilical vascular wall. LDLox-mediated 

BH4 BH2

eNOS
O2
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ONOO-
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-
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D C
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Fig. 12.4 Main pathways of ROS formation in cardiovascular system
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formation of ROS can cause plaque formation (Ruiz et al. 2005). Treatment with 
SOD and CAT can prevent these effects.

Oxidation of NO• by •O2
− results in formation of ONOO−, which initiates lipid 

peroxidation or lipoprotein oxidation. These are believed to be important events in 
development of atherosclerosis. Increased levels of •O2

− and H2O2 have been 
reported in hypertensive patients (Araujo and Wilcox 2014). •O2

− promotes cell 
proliferation while H2O2 induces apoptosis and activates protein kinase C. This sug-
gests a role for protein kinase C. Hypertensive patients appear to have decreased 
levels of exogenous non-enzymatic antioxidants such as vitamin E and endogenous 
antioxidants such as GSH and SOD. Interaction of •O2

− and NO• is believed to be 
involved in the process of hypertension (Li and Forstermann 2000). Elevated •O2

− 
levels linked with suppressed formation of NO• from aortic rings were observed in 
a renal hypertension rat model. Vascular endothelial cells are known to generate 
NO•, so suppressed levels of this species are suggestive of endothelial 
dysfunction.

Angiotensin II (AngII) is a multifunctional hormone (Zucker et  al. 2015). It 
influences cell growth, apoptosis, migration, inflammation and fibrosis (Romero 
and Reckelhoff 1999; Sowers 2002). It regulates blood pressure and fluid homeosta-
sis. Evidence suggests that ROS production is tightly linked with excessive AngII- 
induced action. For example, AngII increases ROS by vascular smooth muscle cells. 
AngII-induced hypertension has also been associated with increased vascular •O2

− 
production. Angiotensin-converting enzymes (ACE) produce AngII from 
AngI. Since overproduction of AngII leads to induced hypertension, a possible solu-
tion is to produce inhibitors, which inhibit ACEs. AngII will appear again when we 
discuss NO• signalling.

Heart tissue is rich in cardiolipin (Santucci et al. 2014). This is a phospholipid 
acylated in four sites, mostly with linoleic acid. It has been found that cytochrome c 
is normally bound to inner mitochondrial membrane (Robinson 1993). Peroxidation 
of cardiolipin causes dissociation of cytochrome c, which then is released through the 
outer mitochondrial membrane into the cytosol. The exact mechanism of cytochrome 
release is not clear but may involve mitochondrial permeability transition (MPT) 
pore with swelling of matrix and rupture of outer membrane. This is consistent with 
growing evidence that ROS play some role in simulating cytochrome release from 
mitochondria. ROS may also cause MPT by oxidation of thiol groups on adenine 
nucleotide translocator believed to form part of MPT pore (Petrosillo et al. 2003). 
Cytochrome c can also be released by mechanisms involving an oligomeric form of 
β-cell lymphoma-2-associated protein, an apoptosis regulator, which does not involve 
MPT, with no swelling and rupture of the membrane (Jürgensmeier et al. 1998).

12.5  Oxidative Stress and Type 2 Diabetes

Type 2 diabetes mellitus is an increasingly common disease in the Western world 
leading to increased risk to CVDs and other complications. It was formerly known 
as non-insulin-dependent diabetes as patients are not 100% dependent on regular 
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injections of insulin as are type 1 diabetes patients. It is about nine times more com-
mon than type 1 diabetes. Type 2 diabetes is believed to be due to insufficient insu-
lin production and insulin resistance which means that certain cells, such as in the 
muscles, liver and fat tissue, are unable to respond appropriately, even to normal 
levels of insulin. This causes abnormal carbohydrate, lipid and protein metabolism. 
Patients may vary in the degree of inadequate insulin production, and some indi-
viduals who have insulin resistance do not develop type 2 diabetes (Gustafson et al. 
2015). In insulin resistance, liver cells release too much glucose into the blood. 
Over prolonged periods, high glucose levels are believed to cause further deteriora-
tion in the health of the patient.

Animal models used to study diabetes usually involve rats with diabetes induced 
by streptozotocin, which is toxic to the insulin-producing pancreatic β-cells (Rossini 
et al. 1977).

It is well known that type 2 diabetes involves the dysfunction of pancreatic 
β-cells. Many studies have suggested that this dysfunction is a result of prolonged 
exposure to high glucose and elevated free fatty acid levels (Evans et al. 2003). This 
suggests that a high-sugar and high-fat diet is partly responsible and may perhaps be 
avoidable by a healthy diet.

Changes in genetic expression have also been reported to occur as a mechanism 
in β-cell toxicity. Robertson and colleagues suggest involvement of pancreas 
 duodenum homobox-1 (PDX-1) and insulin gene expression (Robertson et  al. 
2003). Chronic exposure of HIT-T15 cells to supra-physiological concentrations of 
glucose over several months causes gradual loss of insulin gene expression 
(Robertson et al. 2003). It is thought that the mechanism involves loss of mRNA and 
protein levels of the PDX-1 gene. This may involve N-terminal kinase (JNK) path-
way interfering with PDX-1 gene expression and is the subject of further 
investigation.

The role of oxidation in the formation of type 2 diabetes is particularly convinc-
ing when it was discovered that pancreatic β-cells, compared with other cell types, 
are low in antioxidant enzymes such as SOD, CAT and GPX (Grankvist et al. 1981). 
This makes them likely to be particularly sensitive to oxidative stress compared 
with many other types of cells. It was shown that oxidative stress by short exposure 
of β-cell to H2O2 increased production of cyclin-dependent kinase (CDK) inhibitor 
p21WAF/CIP1/Sdi1 and decreased insulin mRNA, cytosolic ATP and calcium flux in cyto-
sol and mitochondria (Kaneto et al. 1999).

The insulin receptor is composed of two extra cellular α-subunits and two trans-
membrane β-subunits linked by –S-S- bonds. The receptor processes an intrinsic 
tyrosine kinase activity. When activated by attachment of insulin to α-subunit, the 
receptor is phosphorylated on the tyrosine residue on the β-subunit (Lawlor and 
Alessi 2001). The activated receptor can then phosphorylate the insulin receptor 
substrate (IRS) proteins and other substrates. Phosphorylation leads to activation of 
different signalling pathways. The activation of phosphatidylinositol 3-kinase 
(PI 3-kinase) is involved in the metabolic functions of insulin. IRS1 and IRS2 are 
the most important substrates in insulin signalling. IRS1 can be phosphorylated on 
serine residues. This phosphorylation of IRS1 has a dual role either enhancing or 

M. Lawson et al.



295

terminating effect of insulin. An imbalance between positive IRS1 tyrosine phos-
phorylation and negative IRS1 serine phosphorylation is strongly stimulated by 
“diabetogenetic” factors including free fatty acids, tumour necrosis factor alpha 
(TNFα) and oxidative stress. Insulin-activated protein kinase B (PKB) propagates 
insulin signalling and promotes phosphorylation of IRS1 on serine residue. This 
creates positive feedback for insulin action.

Insulin resistance-inducing agents such as angiotensin II, cytokines, free fatty 
acids, endothelin-1, cellular ROS and hyperinsulinemia can activate several serine/
threonine kinases and also phosphorylate IRS1 (Vicent et al. 2003). These agents, 
which negatively regulate IRS1 by phosphorylation, also operate via other mecha-
nisms such as suppression of the expression of cytokine signalling proteins (SOCS), 
IRS degradation and O-linked glycosylation. Clearly an understanding of the mech-
anisms of IRS1 inhibition and the identification of kinases involved may help in 
designing therapies to prevent insulin resistance.

Normally •O2
− is predominately produced at the sites in the mitochondrial mem-

brane known as complex I and the ubiquinone-complex III interface. This is where 
long-lived intermediates allow reaction time for electrons with molecular dioxygen 
(Kwong and Sohal 1998). In diabetes, however, the sites are changed so that com-
plex II becomes the main site of •O2

− production (Nishikawa et al. 2000). NADPH 
oxidase enzymes are a family of transmembrane proteins, which transport electrons 
across the membrane. It converts NADPH to NADP+. NADPH is an electron donor 
and oxygen outside the cell is the electron acceptor. The result produces •O2

−. Clearly 
there is potential here to be a source of ROS. Evidence supports the assertion that 
NADPH oxidase is a major source of glucose-induced ROS production in vascular 
and kidney cells suggesting NADPH as a mediator of diabetes complications (Li and 
Shah 2003). The cytosolic component of activated NADPH known as p47phox can be 
blocked with AngII type 1 receptor antagonists. NADPH oxidase production of ROS 
in diabetes can be suppressed by a variety of PKC inhibitors.

Hyperglycaemia-induced oxidative stress also occurs in nonnucleated cells 
(erythrocytes) lacking mitochondria and NADPH oxidase. Therefore there must be 
other sources of ROS production in these cases. One possible explanation is glucose 
autoxidation (Robertson et al. 2003). Glucose and its metabolites react with H2O2 in 
presence of iron and copper ions to form •OH.  In vivo experiments have been 
attempted. Semchyshyn and his group (Semchyshyn et  al. 2014) used intact 
Saccharomyces cerevisiae cells as in vivo model to investigate autoxidation of both 
glucose and fructose comparing results with in vitro experiments. They showed that 
in  vitro fructose was more reactive than glucose and produced higher levels of 
autoxidation and glycation products. However, no substantive differences were 
observed for the effect of glucose and fructose on the intracellular level of glycoxi-
dation products, when intact yeast cells were exposed to the high concentration of 
hexoses. Increases in the activities of SOD, CAT, glyoxalases and GR in both glu-
cose- and fructose-stressed yeasts were found suggesting a reaction against the 
presence of oxidative/carbonyl stress. Glucose-6-phosphate dehydrogenase activity 
was found to decrease in yeast exposed to hexoses. Fructose was found to activate 
glyoxalases more than glucose.
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ONOO− is highly reactive and is linked with diabetes and many other disease 
states (Zou et al. 2002). ONOO− reacts with the zinc cluster component of NOS so 
reducing the cells ability to produce NO• in the places where it is desirable as a 
signalling molecule. Hyperglycaemia appears to be correlated with regulation of 
NOS expression and production of ONOO−. Addition of PKC can suppress glucose- 
induced aortic expression of endothelial NOS (eNOS). This suggests that PKC acti-
vation is an important part of hyperglycaemia-induced NOS up-regulation, perhaps 
mediated by NF-κB (Hink et al. 2001).

It has been suggested that xanthine oxidase (XO) is a key source of ROS in dia-
betes mellitus (Butler 2000). It has been reported that the XO inhibitor allopurinol 
reduces oxidized lipid levels in plasma and improves blood flow in type 2 diabetes 
patients. Diabetes is associated with increased lipoxygenase expression, which 
results in eicosanoid formation. Eicosanoids are signalling molecules resulting from 
complex signalling pathways starting with arachidonic acid. Increased lipoxygen-
ase expression implies these signalling pathways are overactive.

ROS and RNS deplete exogenous antioxidants as evidenced by low levels of 
vitamin E and vitamin C in plasma of diabetes patients. The depletion of such anti-
oxidants leads to further oxidative damage and ROS/RNS accumulation. 
Hyperglycaemia and diabetes complications affect regulation of GPX expression, 
but the degree is somewhat variable and understanding in terms of cellular health is 
unclear (VanderJagt et al. 2001). The biomarkers of type 2 diabetes are MDA, GSH/
GSSG ratio, S-glutathionylated proteins, F2-isoprostanes, 3-nitrotyrosine (NO2-Tyr) 
and advanced glycation end products (AGEs). The accumulation of MDA seems to 
play an important role in the consequences of oxidative stress in diabetes patients. 
One study (Wang et  al. 2011) used a diabetic rat model, which showed that the 
administration of luteolin lowered some of the biomarkers such as MDA. The role 
of 4-hydroxy-nonenal (HNE) is less clear, but a few studies suggest there is accu-
mulation of this substance in diabetes and activation of signalling pathways 
(Traverso et al. 2002). Isoprostanes are non-enzymatic products of arachidonic acid 
oxidation and are found at higher levels in plasma and urine of type 2 diabetes 
patients. Isoprostanes are popular as biomarkers because of specificity and sensitiv-
ity of detection. However, elevated isoprostane levels do not prove isoprostanes are 
a cause of the onset of diabetic complications but may be simply by-products.

Glucose is known to react directly with free amino groups in proteins and lipids 
to eventually form modified forms known as AGE (Ling et al. 2001). They appear 
to accumulate with age and also appear as biomarkers for diabetes. They can be 
identified in tissues by immunohistochemical techniques. They are found in many 
of the tissues in animal models for diabetes and type 2 diabetes patients. Certain 
tissues such as the liver, kidney and testis are more susceptible than others. 
Erythrocytes, especially the surface membranes, also contain large amounts of 
AGEs. AGEs can be broken down in the liver and kidneys and by macrophages. 
However, when there is excessive accumulation, there is tissue injury due to 
decreased solubility of tissue proteins. This is believed to give rise to oxidative 
stress in these tissues (Fu et al. 1998). It is believed that AGE formation contributes 
to diabetic complications and ageing in general.
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The role of antioxidants in treatment of metabolic disease has been subject of 
various studies. In one study (Buchanan et al. 2002), treatment with troglitazone 
delayed or prevented onset of type 2 diabetes in high-risk Hispanic women. It is 
believed that this protective effect is associated with preserving pancreatic β-cell 
function reducing the secretory demands placed on β-cells by chronic insulin resis-
tance. Unfortunately troglitazone has harmful effects when administered over lon-
ger periods and has been taken off the market. The low concentration of SOD, CAT 
and GPX in β-cells raises the evolutionary question of why this is the case. Attempts 
to treat diabetes with antioxidants appear to be beneficial. Antioxidant treatment 
appears to suppress β-cell apoptosis without causing cell proliferation. Furthermore 
the expression of PDX-1 was visible in nuclei of islet cells after antioxidant treat-
ment (Kaneto et al. 1999).

12.6  Oxidative Stress and Cancer

A multistage mechanism in cancer development is characterized by multiple events 
occurring in a cell and can be described by three stages, initiation, promotion and 
progression. ROS interfere with all these three stages of carcinogenesis (Klaunig 
and Kamendulis 2004). Initiation stage involves DNA mutations that produce an 
altered cell followed by at least one round of DNA synthesis to repair the damage 
created during the initiation. DNA damage can be initiated by a variety of ROS, 
probably the most damaging being the •OH formed via metal-catalysed Fenton reac-
tion. An interesting direct correlation between size of tumours and the level of 
detected 8-oxodG adducts has been detected; thus, it may speculated that the level 
of oxidative adducts may be a key factor determining the transformation from 
benign to malignant tumours.

The typical feature of promotion stage is clonal expansion of initiated cells by 
the induction of cell proliferation and/or inhibition of programmed cell death (apop-
tosis) (Koff et al. 2015). This stage is a reversible process and requires tumour pro-
motion stimulus. During this stage, a strong inhibition of antioxidant pool such as 
SOD and CAT has been observed. The ROS formation during this stage is the main 
line of ROS-induced promotion of tumour growth. The third and final stage of car-
cinogenesis is irreversible and involves molecular changes accompanying the trans-
formation of cells from the preneoplastic to the neoplastic state. Genetic damage 
and breakage of chromosome integrity are typical features of this stage (see 
Fig. 12.5).

As already discussed above Mn-SOD catalyses the dismutation reaction. The 
role of Mn-SOD in cancer is far from clear (Behrend et al. 2003). It has been pro-
posed that Mn-SOD may act as an indirect tumour suppressor protein. Overexpression 
of Mn-SOD has been related to increased levels of oxidative stress typical for can-
cer cells. Overexpressed Mn-SOD deplete •O2

− which in turn reduces ROS-mediated 
stimulation of cellular growth (Zhang et al. 2002). An association between cancer 
and various disorders of GSH-related enzyme functions has been reported (Pastore 
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et al. 2003). The GSH/GSSG ratio estimated in the blood of patients with colon and 
breast cancers has been found to be significantly lowered compared to healthy sub-
jects (Pastore et al. 2003). This has been clarified by an increased level of GSSG in 
advanced stages of cancer. This could be explained by stimulated formation of 
H2O2, which oxidizes GSH to GSSG in the red blood cells.

Low-molecular-weight antioxidants are involved in the conversion of ROS to 
less reactive species. However, antioxidant protection therapy in patients with 
advanced stages of cancer should be used very carefully, since the effects of antioxi-
dants are strongly dependent on the stage of disease (Valko et al. 2004; Dreher and 
Junod 1996). Apoptosis is known to be stimulated by elevated levels of free radicals; 
therefore, depletion of free radicals due to the excessive administration of antioxi-
dants might in fact stimulate survival of damaged cells and proliferation into neo-
plastic state and thus rather promote process of carcinogenesis than interrupt it. 
Antioxidant therapy during the progression stage may stimulate growth of tumours 
via enhanced survival of tumour cells. Pro-oxidant character of some antioxidants is 
also of significant importance (Mortensen et al. 2001; Valko et al. 2004).

12.7  Oxidative Stress and Alzheimer’s Disease

Toxicity and oxidative stress linked with Aβ is substantiated by the disturbed metab-
olism of redox active metals such as iron and copper and non-redox metal zinc 
(Cuajungco et al. 2005). An important step in the confirmation of a significant role 
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of disturbed metabolism of redox active metals in Alzheimer’s tissue has been made 
by applying three advanced physical techniques. A combination of scanning trans-
mission ion microscopy, Rutherford backscattering spectrometry and particle- 
induced X-ray emission in conjunction with a high-energy (MeV) proton microprobe 
revealed increased concentration of metals in the amyloid plaques compared with 
the surrounding tissues (Rajendran et al. 2009). The level of iron in amyloid plaques 
was found to be doubled; copper and zinc were estimated to be nearly triple of that 
surrounding tissue. These data document the catalytic role of transition metal ions 
in the formation of oxidized species which in turn contribute to the occurrence of 
oxidative stress in brain tissues. Copper binds to Aβ via histidine (His13, His14, 
His6) and tyrosine 10 (Tyr10) amino acid residues. In addition to Cu(II), Aβ also 
binds Zn(II) and Fe(III). Under in vitro conditions, Zn(II) precipitates Aβ. Cu(II) 
interaction with Aβ promotes its neurotoxicity which has been substantiated by the 
reduction of Cu(II) to Cu(I) and the formation of H2O2 (Cuajungco et al. 2000). The 
copper complex with Aβ has a highly positive reduction potential, characteristic of 
strongly reducing cupro-proteins (Huang et al. 1999).

The role of antioxidants in AD has been subject of various studies. It has been 
reported that Aβ stimulates copper-mediated oxidation of ascorbate (Dikalov et al. 
2004). Based on this study, it was concluded that toxic Aβ peptides stimulate copper- 
mediated oxidation of ascorbate (AscH−) and generation of •OH which in turn may 
be involved in the pathogenesis of AD.  The mechanism can be described as 
follows:

Aβ-Cu(II) + AscH− ↔ Aβ-Cu(I) + Asc•– + H+

Aβ-Cu(II) + Asc•– ↔ Aβ-Cu(I) + Asc
Aβ-Cu(I) + H2O2 → Aβ-Cu(II) + •OH + OH− (Fenton)
Aβ-Cu(I) + O2 ↔ Aβ-Cu(II) + •O2

−

Cupric ions in the presence of H2O2 may catalyse ROS oxidation of the peptide 
via the Fenton reaction. Using electron spin resonance spectroscopy, it has been 
shown that the N-terminal residues of His13, His14, His6 and Tyr10 are involved in 
the complexation of Cu with Aβ. It has been proposed that N-terminally complexed 
Cu(II) is reduced by electrons originating from the C-terminal methionine residues 
according to a reaction (Pogocki 2003) forming the radical of Met35 (MetS•+) and 
reducing cupric ions to cuprous species:

MetS + Aβ-Cu(II) ↔ MetS•+ + Aβ-Cu(I)

While from a thermodynamic point of view reduction potentials of the Cu(II)/
Cu(I) and Met/MetS•+ couples are rather unfavourable, electron transfer between 
MetS and Aβ-Cu(II) may be accelerated by the subsequent exergonic reaction of 
deprotonation of MetS•+, leaving behind the 4-methylbenzyl radical, thus making 
the reaction viable in vivo (Pogocki 2003). The sulphide radical MetS•+ may also 
undergo very fast reactions with •O2

−. This reaction is substantiated by the forma-
tion of Met-sulphoxide (MetO) which has been isolated from AD senile plagues:

 MetS O MetO
Met

· ·+ -+ ®2 2  
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The amino acid methionin-35 is strongly related to the pathogenesis of AD, since 
this amino acid is susceptible to oxidation under vivo conditions. It has been 
proposed that methionin-35 oxidation to Met-sulphoxide reduced toxic and pro- 
apoptotic effects of the Aβ protein fragment on isolated mitochondria (Pogocki 
2003). As a consequence of broken metabolism of metals, a variety of oxidative 
products have been detected in AD brains. They include HO-1,8-hydroxy-guanine 
and oxidative modification of proteins, lipids and nucleic acids. Mainly lipid peroxi-
dations are increased in the AD brain as compared with controls. In addition, the 
role of metals is linked with lipid peroxidation. Markers of lipid peroxidation 
detected in AD brains include HNE, 4-oxo-trans-2-nonenal (4-ONE), acrolein and 
4-oxo-trans-2-hexenal, all of which are well-recognized neurotoxic agents.

Vitamin C levels of plasma in patients suffering AD have been found to be 
decreased as compared to control patients (Sultana et al. 2013). Levels of ascorbate 
in cerebrospinal fluids were also found to be decreased in AD patients compared to 
control subjects. This may suggest suppressed reduction of α-tocopherol radical of 
vitamin E back to α-tocopherol. The synergistic effect of vitamins C and E was 
studied in AD patients (Li et al. 2012). The combination of both vitamins E and C 
led to the increase of vitamins E and C in plasma and cerebrospinal fluids, making 
them thus less prone to in vitro oxidation. However, supplementation of vitamin E 
alone to AD patients did not show protection against in vitro oxidation. This study 
confirms the importance of synergism between vitamins E and C in patients with AD.

Flavonoids have been shown to be beneficial in patients with AD (Solanki et al. 
2015). Neurotoxicity induced by Aβ, whose deposition in the brain accompanies 
neuronal loss in AD, was shown to be attenuated in the presence of epigallocatechin 
gallate. Epigallocatechin gallate is currently under investigation for its role as a 
chemoprotective agent. In addition, catechins are of interest due to their ability to 
directly scavenge ROS and RNS and exert indirect antioxidant effects via activation 
of transcription factors and antioxidant enzymes, modulating thus the cellular 
redox state.

12.8  Conclusions

Oxidative stress and nitrosative stress are mediators of damage to all cellular com-
ponents which in turn may lead to the development of various diseases. ROS- 
induced oxidative stress in cardiac and vascular myocytes has been linked with 
cardiovascular tissue injury. The most profound signs of oxidative stress have been 
noted in ischemic heart disease, atherosclerosis, hypertension, cardiomyopathies, 
cardiac hypertrophy and congestive heart failure. Formation of ROS modifies phos-
pholipids and proteins leading to peroxidation and oxidation of protein thiol groups. 
A critical factor in CVDs is the role of intracellular Ca2+ overload which can be 
induced by direct effect of ROS on Ca2+-handling proteins or indirectly, by inducing 
membrane lipid peroxidation. In addition, other mechanisms involving an increase 
in the concentration of Na+ and accumulation of long-chain fatty acids in cardiac 
membranes should be considered.
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Oxidative stress has been considered to be one of the major causes of the 
hyperglycaemia- induced diabetes mellitus. Hyperglycaemia stimulates generation 
of ROS from a variety of sources. These involve oxidative phosphorylation, glucose 
autoxidation, NAD(P)H oxidase, lipoxygenase, cytochrome P450 monooxygenases 
and NOS. The role of antioxidants in treatment of metabolic disease has been sub-
ject of various studies. The low concentration of key antioxidant enzymes in β-cells 
was observed. In line with this, attempts to treat diabetes with antioxidants appear 
to be beneficial. Antioxidant treatment appears to suppress β-cell apoptosis without 
causing cell proliferation.

The participation of ROS at various stages of the development of cancer is evi-
dent; many issues regarding the exact role of ROS and RNS in the aetiology of 
multifactorial diseases such as cancer are yet to be discovered. Of key importance is 
to characterize qualitatively and quantitatively which product of oxidative damage 
would be a suitable biomarker for cancer incidence. The main signs of metal- 
induced oxidative damage in AD patients involve oxidative modification of pro-
teins, lipids and nucleic acids, mainly through lipid peroxidations. In addition, the 
role of metals is linked with lipid peroxidation. Markers of lipid peroxidation 
detected in AD brains include HNE, 4-ONE, acrolein and 4-oxo-trans-2-hexenal, 
all of which are well-recognized neurotoxic agents.
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