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Preface

The production of free radicals (ROS) is an unavoidable consequence of life in an 
aerobic environment. Free radicals produced from the metabolic activities of oxy-
gen attack biological membranes and lipoproteins via oxidation in a process called 
lipid perioxidation. This attack damages cells and lipids often in a chain reaction 
with carbon-based molecules such as polyunsaturated fatty acids (PUFA) in a reac-
tion with molecular oxygen. This creates oxidative stress and damage to tissues.

Free radicals also damage chromosomal DNA. It is more likely that damage to 
DNA occurs from external sources rather than mitochondrial-produced free radi-
cals. Synthetic compounds, pollutants, radiation, xenobiotics (drugs), and food 
components make up the most likely factors that damage DNA. Proteins are another 
target of free radicals as proteins and their amino acids can be modified and 
degraded through free radical mediated reactions. Oxidized proteins then become 
the target of specialized proteases that turn them into less biologically active 
smaller peptides and amino acids.

Growing evidence supports a major role of oxidative stress in aging and disease. 
It has been almost a half century since Denham Harman first proposed the free radi-
cal theory in relation to disease. This hypothesis simply states that oxidative stress 
is the most important determining factor for aging and age-related diseases. 
Evidence continues to suggest that oxidative stress limits the chronological lifespan 
which is consistently shortened when there is a reduction of antioxidant enzymes. 
Furthermore, there is also ample evidence to indicate that reducing oxidative stress 
is both important and necessary for an extended lifespan. However, even though 
there appear to be beneficial effects of antioxidant treatment against pathological 
disease, major preventative clinical trials of dietary antioxidants have failed to 
prove benefits in increasing longevity. It may be that oxidative stress is more like 
an active bystander instead of an active component in increasing longevity. No 
assessment of the free radical theory of aging and pathogenesis of age-related dis-
eases would be complete without an up-to-date account of the major impact oxida-
tive free radicals have in the pathology of disease.

There are various disorders with clear signs of oxidative damage (i.e., paracetamol 
(Tylenol®) toxicosis, hypoxia reperfusion injury, etc.), and there are some in which 
oxidative stress is a side effect (i.e., diabetes mellitus, inflammation, liver failure, 
etc.). Our opinion is that the appropriate way to treat a disorder is multimodular and 
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antioxidant therapy is one important member among the options. In cases of clear 
oxidative damages we still have to use other treatment therapies (e.g., fluid therapy, 
antimicrobial therapy, etc.) with antioxidants. There are also diseases in which oxida-
tive stress is a secondary problem, such as diabetes mellitus where the primary treat-
ment is insulin, but antioxidant therapy appears beneficial as well in improving 
insulin sensitivity.

The purpose of this book is to inform clinicians, students, and others of the vast 
effects of free radical damage on various cells, tissues, and organs and in different 
species of animals. In addition, the effects of oxidative stress are analyzed in aging 
and various disease states such as diabetes, cognitive dysfunction, and heart disease. 
Each author presents his or her interpretation of the effects of oxidative damage in 
disease and in several species and the challenges in controlling oxidative damage 
with antioxidant therapies. We have compiled ideas and scientific information from 
scientists, veterinarians, and the medical community from around the world. This is 
surely a universal effort to promote further understanding of oxidative stress and its 
effects on various animals and organ systems. We would like to commend the 
authors for their vision and undertaking such a daunting task.

Largo, FL Lester Mandelker
Budapest, Hungary Peter Vajdovich
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Abstract Oxidative stress is a term relative to the elevated levels of reactive free 
radicals in an organism. Oxidative stress can occur from diminished antioxidants 
and/or increased production of reactive free radicals such as reactive oxygen species 
and/or reactive nitrogen species (ROS/RSN). The increased production of free radi-
cals is more relevant to disease and frequently the attempted target of supplementa-
tion intervention. In many instances the body can adapt to an increase in oxidative 
stress by upregulation of antioxidant defense systems. If the oxidative stress can 
be neutralized, there is often no adverse contribution to disease pathology. If the 
antioxidant defense induction is inadequate or nonexistent then accompanying 
cellular and tissue damage often occurs. Some diseases can be caused directly by 
oxidative stress, however, in most diseases oxidative stress is a consequence and 
may often only be a secondary event. It does, however, play an important role in 
promoting additional tissue injury in most diseases. On the other hand, oxidative 
stress may have beneficial effects in activating biological pathways that alter antioxi-
dant defenses and allow an organism to adapt. Oxidative stress is also considered 
necessary to promote healing and repair of tissues. Therefore, not all cases of 
oxidative stress are damaging. It is only when oxidative stress is excessive and 
inappropriate should we address it with supplementation and antioxidant therapy 
that reduces oxidative damage to cells, tissues, proteins, cellular membranes, and 
mitochondria.

Keywords Oxidative stress • Cell homeostasis • Nuclear factor kappa B (NF-kB) 
• Mitochondrial permeability pore transition (MPT) • Gap junctional intercellular 
communication (GJIC) • Glutathione
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Oxygen

Earth is the only planet in our solar system known to have sufficient oxygen to 
maintain life as we know it. As the O

2
 content of the atmosphere rose, it exposed 

living organisms to oxygen toxicity. In its ground state (its normal configuration; O
2
) 

molecular oxygen is relatively inert. Molecular oxygen (O
2
) is the premier biolo- 

gical electron acceptor that serves vital roles in fundamental cellular functions. 
However, during normal metabolic activity, and as a consequence of various envi-
ronmental disturbances such as extreme temperatures, radiation, xenobiotics, toxins, 
air pollutants, and various stresses and diseases, O

2
 is capable of giving rise to 

reactive excited states such as free radicals and their derivatives [1]. With the 
beneficial properties of O

2
 comes the inadvertent formation of reactive oxygen 

species (ROS) such as superoxide (O
2

•−), hydrogen peroxide (H
2
O

2
), and hydroxyl 

radical (OH•). If unabated, ROS pose a serious threat, possibly causing the death of 
aerobic cells. Aerobic metabolism using oxygen (oxidative phosphorylation) in 
mitochondria is highly efficient in producing energy from organic compounds and 
remains the major form of energy production in virtually all animals [1]. Despite 
its beneficial effects there remains a fundamental problem: how to protect cells and 
specifically mitochondria from oxygen toxicity. To minimize the damaging effects 
of ROS, aerobic organisms evolved nonenzymatic and enzymatic antioxidant 
defenses. The latter include catalases, peroxidases, superoxide dismutases (SOD), 
and glutathione S-transferases. Thus, oxygen is a “double-edged sword” in that it 
makes life on earth possible, but in its radical form (ROS), it is highly toxic and lethal.

Oxidative Stress

Oxidative stress occurs when there is an increase in oxidant production and free 
radical formation that exceeds the body’s ability to neutralize and eliminate these 
reactive radical forms. There is a great deal of evidence that oxidative stress is 
involved in many animal and human diseases. However, in many cases it may be 
that oxidative stress is a complicating factor of the pathological process and not 
necessarily the primary cause. The involvement of oxidative stress often depends 
on the nature of the disease. Every cell undergoes oxidative stress at some point in 
its existence and this is especially true in disease and aging tissues. All organ systems 
are involved with oxidative stress but when the oxidative stress is excessive it can 
lead to organ damage, which has a direct effect on the health of the body. The organ 
systems especially affected include kidneys, liver, pancreas, heart, CNS/nervous 
tissue, intestines, and adrenal, bone marrow, lungs, and thyroid tissues. Therefore, 
oxidative stress not only has an impact on cells and cellular components but on 
most organ systems especially the neuroendocrine system as well as the immune 
status and aging [2]. Common causes of oxidative stress include: infections, toxins, 
hypoxia/ischemia, hyperglycemia, xenobiotics (drug metabolism), hyperlipidemias, 
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hyperproteinemias, cancer, inflammation, phagocytic and immune reactions, and 
elevated metabolic rates. Additionally, aging tissues often undergo oxidative stress 
because mitochondria fail to produce enough ATP (energy) to sustain optimum 
health.

Oxidative Stress and Free Radicals

In healthy animals, production of free radicals is approximately balanced by 
antioxidant defenses. The balance is not perfect, therefore continual damage occurs 
when antioxidant defenses are inadequate. Free radicals are molecules that contain 
one or more unpaired electrons and are capable of independent existence. Most free 
radicals are derivatives of oxygen (reactive oxygen species) or ROS and derivatives 
of nitrogen (reactive nitrogen species) or RON. They are formed wherever there is 
disease and cell damage and are especially produced in large quantities during 
infection [3]. They are even produced under normal conditions from the cell’s mito-
chondria during energy production from the intake of oxygen. Thus, even in healthy 
animals up to 25% of the oxygen they breathe forms free radicals. However, in 
sick animals up to 75% of the oxygen may form free radicals. The presence of free 
radicals is not always a bad thing; in fact free radicals can act to fight infection and 
disease. This is the primary purpose of bacterial phagocytosis which involves 
an oxygen-dependent system. In bacterial phagocytosis, neutrophils show a burst 
of metabolic activity characterized by an increase in oxygen consumption and a 
subsequent increase in free radical production such as superoxide, hyroxyl radical, 
and hydrogen peroxide (O

2
–, OH–, H

2
O

2
). This process has been termed the “respi-

ratory burst” of phagocytosis [4]. In addition, mild elevations of free radicals drive 
many physiological and metabolic pathways [5] and only when there are excessive 
and inappropriate levels of free radicals that may accumulate during cell injury and 
disease do they cause oxidative damage to protein molecules, cell membranes, 
mitochondria, and DNA [6].

Hypoxia and Oxidative Stress

Hypoxic tissues and tissues that undergo ischemia–reperfusion cycles cause an 
increase in free radical production and increase in oxidative damage. The severity 
of the damage depends on the tissues involved and the length of ischemia. Tissues 
respond in several ways: the early response includes glycogen depletion causing 
energy levels to decrease, which depletes ATP. This causes mitochondria to dysfunc-
tion. Damaged and aging tissues also undergo oxidative stress when the mitochon-
dria fail to produce enough energy (ATP) to sustain maximum health. This also 
results in mitochondrial dysfunction [7]. Mitochondrial dysfunction encompasses 
all the clinical diseases associated with the defective energy metabolism primarily 
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of oxidative phosphorylation (production of ATP). These diseases also include 
multiple neurodegenerative conditions, cancer, and the skeletal muscle disorders 
and are termed mitochondrial cytopathies.

Cell Homeostasis

Cell homeostasis is defined as cells in oxidative balance. This occurs when there 
is a balance of antioxidants (known as reducing agents) and oxidants (known as 
oxidizing agents). This balance is referred to cell redox. When the balance of anti-
oxidants to oxidants shifts to high levels of oxidants the cell undergoes oxidative 
stress. Oxidative stress then can also be defined as the disruption or alteration of 
cell redox or cell homeostasis that favors oxidants. A progressive increase in oxidative 
stress because of altered redox homeostasis is important in processes that regulate 
gene transcription in both normal and abnormal health [8]. Therefore, ROS/RSN 
serve as signaling molecules for the initiation and perpetuation of the inflammatory 
process that occurs with conditions of oxidative stress. This involves genetic regu-
lation. Transcription factors that are directly influenced by reactive species (redox 
sensitive) and proinflammmatory signaling include nuclear factor kappa B (NF-kB), 
activated protein (AP-1), and hypoxia-inducible factor −1@ (HIF-1@) [9]. Hence, 
sustained oxidative stress leads to inflammation by means of upregulation of 
transcription factors such as NK-kB that alter genetic function and induce inflam-
mation. Following cell injury NF-kB, which is the primary transcription factor, 
translocates into the nucleus and targets genes primarily concerned with cellular 
repair and proliferation and this often promotes inflammation [10].

Significance of NF-kB

Often referred to as the master regulator of genetic function, this signaling protein 
molecule is activated by cell damage and free radicals and hence is redox sensitive. 
It is so potent that it is contained in a protein called IkB or inhibitory kB. Before 
NF-kB can be activated in the cell the inhibitory protein IkB must be inactivated. 
The effects of stimulation of genes by NF-kB is very profound and is the driving 
force in cellular repair, growth, and cellular inflammation. NF-kB plays a central 
role in regulating genetic transcription and encoding of inflammatory cytokines, 
growth factors, acute phase proteins, adhesion molecules, other transcription factors, 
and cell death regulators. These NF-kB regulated genes are important in regulating 
genetic activity during critical illness, inflammatory diseases, and cancer [11]. One can 
clearly see the significance of the activity of NF-kB and how modulating this activity 
would have profound effects on inflammation, cell growth, and cancer. There are 
many supplements, proteins, antioxidants, minerals and vitamins, and drugs that 
can modulate NF-kB activity. Some work by increasing inhibitory actions of IkB, 
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some work by inactivation of NF-kB, and some antagonize binding of NF-kB, but 
in the end they decrease the actions of NF-kB which has profound effects in reducing 
inflammation and cancer [12]. The activation of NF-kB is not always a detriment. 
It is the primary method that mediates cell growth and repair and protection from 
TNF-alpha activation-induced cell death. Many cytokines act directly or indirectly 
through NF-kB including transforming growth factor-B (TGF-beta), ROS, prosta-
glandins (PGs), leukotrienes, nitric oxide (NO), protein kinases, and certain hormones 
and growth factors [13].

Measure Oxidative Stress

We can measure oxidative stress in many ways: one way is to measure GSH/GSSH 
(reduced glutathione/oxidized glutathione). Reduced glutathione (GSH) is the 
primary antioxidant found in cells. Most cats and dogs that have liver and kidney 
disease or other chronic disease have reduced levels of glutathione. It is estimated 
that over 75% of cats with chronic disease have depleted levels of cellular gluta-
thione. By supplying agents (antioxidants) that improve glutathione levels in the 
cells we often see a beneficial impact on the progression of many feline diseases. 
For example, in cats that are poisoned with acetaminophen (Tylenol®) glutathione 
depletion occurs in RBCs. This condition is best treated with glutathione inducers 
(thiol antioxidants) such as N-acetylcysteine, SAM-e, alpha lipoic acid, and/or 
taurine [14]. Another indicator of oxidative stress in the feline is elevation of the 
acute phase protein produced by the liver called serum amyloid A. This can be 
measured as there are assay kits available [15]. This indicator of oxidative stress 
and inflammation is similar to C-reactive protein that is more often used in people 
and dogs to measure inflammation. There are several other inflammatory chemicals 
that can be measured in blood or urine to confirm excessive oxidative stress. 
Nitric oxide and lipid perioxidation products such as malondialdehyde (MDA) are 
such examples.

Managing Oxidative Stress

Cells can usually tolerate mild oxidative stress, which often results in the upregu-
lation of antioxidant synthesis in an attempt to restore cell redox (cell homeostasis) 
or the antioxidant–oxidant balance of the cell. Mild oxidative stress upregulates 
defenses so as to protect against more severe oxidative stress. This mechanism 
includes cellular adaptation which often involves changes in gene expression that 
result in elevated antioxidant defenses. However, if adaptation does not improve the 
antioxidant defenses, permanent cell injury occurs. In many cases, permanent 
injury alters the homeostasis of the cell and the cell enters a temporary prolonged 
altered injurious state that may or may not lead to cell death [15].
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Cell Death

Cells die by necrosis or apoptosis. Necrosis is the result of cellular damage that 
cannot be repaired and is the result of internal or external forces or chemical or 
physical events that destroy cells. The progression of events as a result of necrosis 
is that cells swell, rupture the outer cell membranes, and eventually die and 
release biochemical mediators of inflammation into the systemic circulation. 
The cellular death that follows often induces a well-orchestrated series of cellular 
and biochemical events that commonly provoke a strong inflammatory response. 
Inflammation consists of a series of physiological reactions by the body that brings 
cells and molecules of the immune system to the site of cell injury [16]. The net 
result might appear in the form of increased blood supply, increased migration of 
leukocytes, and increased vascular permeability. Immediate biological mediators 
include PGs, leukotrienes, serotonins, histamine, platelet-activating factor, and 
others [17]. These are released during cell death and may also act as signaling 
molecules in the acute phase of inflammation. During sustained injury, other 
biological mediators perpetuate cellular inflammation by additionally activating 
chemical mediators such as TNF-alpha, substance P, acute phase proteins 
(C-reactive protein, Serum Amyloid A), interferons (i.e., IL-1, IL-4, etc.), adhesion 
molecules (VEGF), colony stimulating factors such as TGH beta, and so on [18]. 
This chronic response involves a more extensive commitment to inflammation. 
This inflammation phase can occur from continued, acute, nonspecific stimulation 
or from sustained immunologic stimulation. In addition, enzymes are produced by 
genetic stimulation (upregulation) due to chronic inflammation such as MMPs 
(matrix metallo-proteinases) that act to destroy the intercellular matrix between 
cells which promotes more inflammation and may perpetuate carcinogenesis [19].

Apoptosis

Programmed cell death (apoptosis) is different from necrosis in that it is a restrained 
cell death. It can be a normal physiological function of growth and development or 
can occur from oxidative stress to the cell and/or loss of energy production by the 
mitochondria. The activation of apoptosis in individual cells is based on its environ-
ment, internal metabolism, genetic information, or other various external or internal 
forces. One such mechanism involves the cell death protein P-53 which acts as an 
internal signal to induce cells to die. During this process, the cell shrinks, the 
nucleus condenses, and DNA fragmentation occurs [20]. However, there is no 
disruption of the outer membrane in contrast with necrosis and no inflammatory 
mediators are released into the circulation.

Apoptosis is a quiet suicide with little or no inflammation involved. Research 
has revealed that the mitochondria’s integrity is the determining factor of whether 
cells live or die. Changes in both the inner and outer mitochondrial membrane 
lead to a disruption of the membranes, opening of the mitochondrial pores, and 
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release of cytochrome C into the cytoplasm. This process initiates cell death by 
activation of the death proteins called caspases [21]. Caspases are very sensitive to 
the redox status of the cell and reduced levels can block their activity. Thus, alterations 
of intracellular redox status might trigger or block the apoptotic death proteins.

Significance of Cell Death

Knowing how cells die might allow us to find better ways of treating cell injury 
before cell death becomes apparent. For example, we know cell injury just prior to 
cell death often causes the mitochondrial pores to open (mitochondrial permeability 
pore transition or MPT) and this allows Ca2+ to enter. This starts the death pathway 
first beginning with mitochondrial release of cytochrome C. We have drugs that can 
block the pore opening such as cyclosporine. The use of cyclosporine reduces 
cell death by inhibiting MPT. Inhibiting MPT explains the effectiveness and why it 
is effective in transplant rejection disease (graft vs. host disease). Some supplements 
such as melatonin also inhibit MPT and are therefore beneficial in reducing many 
forms of mitochondrial dysfunction and cell death.

Chronic Oxidative Stress

Chronic oxidative stress can also lead to cancer. The upregulated or prolonged 
production of cellular oxidants has been linked to DNA mutation, cell proliferation, 
and cellular growth. All these are precursors to carcinogenesis [22]. Oxidative 
stress often damages DNA. DNA is found in both the nucleus and the mitochondria. 
The mitochondria is the only cell structure other than the nucleus to contain DNA 
(mtDNA). Nuclear DNA contains two copies of DNA, one inherited from the father 
and the other from the mother. On the other hand, mtDNA is different in that virtually 
all the mitochondria DNA mutations occur only from the mother’s DNA. The free 
radicals and oxidative stress that damage mtDNA often reduce the ability for mito-
chondria to replicate, reduce the energy output by the mitochondria (ATP production), 
and lead to deletions, mutations, and ways of treating cell injury before cell death 
becomes apparent [23].

Response to Oxidative Stress

The body handles excessive oxidative stress by using both enzymatic and nonenzy-
matic antioxidants to neutralize damage from free radicals. A network of antioxidants 
is best able to handle excessive oxidative stress. So it is better to offer multiple 
antioxidants vs. just one or two. SOD supplements act to replenish antioxidant 
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enzymes in the body. These are often depleted in chronic oxidative stress conditions 
and supplementation often helps reduce oxidative damage to tissues and cells [24]. 
Nonenzymatic supplementation takes the form of oral or injectable antioxidants 
such as reduced glutathione, Vitamin E, alpha lipoic acid, N-acetylcysteine, SAM-e, 
Vitamin C, flavanoids/polyphenols, and minerals including zinc and selenium. 
Some of these antioxidants replenish intracellular glutathione (i.e., alpha lipoic 
acid, N-acetylcysteine, SAM-e), which is the most important and the only available 
antioxidant available to the mitochondria. The body responds to oxidative stress 
through complex signaling pathways [25]. In this regard, these tissues are consid-
ered to be redox-sensitive as they respond to imbalances in the oxidant–antioxidant 
levels. Many times the body responds in a positive way to oxidative stress and in 
fact, this physiological mechanism drives vital cellular functions. Oxidative stress 
can often cause the body to adapt to the stress in a positive manner. For instance, 
by increasing mitochondrial numbers in tissue via genetic stimulation the body can 
adjust to oxidative stress in an appropriate manner. This often occurs in myocardial 
muscle tissue from which a cell modulates the intracellular redox state of the cell 
by increasing energy production.

Oxidative Stress and Cellular Communication

Cells carry on their daily activities by using signaling molecules, which are specialized 
proteins that act on receptors inside cells. This is referred to as intracellular commu-
nication. Intracellular communication occurs in cells via signaling molecules such 
as NF-kB. NF-kB is the primary intracellular signaling molecule that activates 
genes inside the cell and is considered the master regulator of numerous genes that 
involve the immune and inflammatory response. It is activated by ROS/RSN, toxins, 
hormones, hyperglycemia, and various inflammatory cytokines. Cells must commu-
nicate with neighboring cells to survive. This intercellular communication occurs 
between same cells of the same tissue. The communication between such cells 
occurs through very small junctions. This type of cellular communication is called 
gap junctional intercellular communication (GJIC). Cells share ions and electro-
lytes through these gap junctions made up of connexin molecules [26]. These protein 
molecules also contain genes. Connexin genes account for many of the cellular 
responses to inflammation and disease and are influenced by many of the inflam-
matory mediators such as PGs, leukotrienes, kinins, serotonin, platelet activating 
factor (PAF), TNF-alpha, adhesion molecules, interleukins, and colony growth 
factors (i.e., VEGF, vascular endothelial growth factor) [27]. The importance of 
GJIC cannot be understated. In many diseases, toxins, and physical events such as 
a burn GJIC are compromised. When this occurs independent cells either die or 
eventually become cancerous. For example, phenobarbitol is a known liver toxin. 
It acts in the liver to disrupt and destroy normal GJIC. This is the same mechanism 
of action in the brain that reduces seizures. However, in the liver the use of pheno-
barbitol which causes interruption of GJIC can promote carcinogenesis.
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Significance of GJIC

GJIC is disrupted especially where there is extensive inflammation, oxidative stress, 
and cellular damage as seen with extensive injury and chronic diseases such as liver 
disease, kidney disease (glomerulonephritis), pancreatic disease, heart disease, bladder 
inflammation, and other similar conditions. Abnormal intercellular gap junctional 
communication has been implicated in tumor promotion, neuropathy, and angiogen-
esis [28]. Oxidative stress has also been implicated in similar diseases such as cancer. 
This appears to be a direct link to oxidative stress and GJIC as increasing oxidative 
stress causes more interruption of GJIC. Because there are genes located in the gap 
junctional areas, oxidative stress acts to stimulate many genetic functions involving 
inflammation and promotion of disease. There are many nutraceuticals and antioxi-
dants that restore or improve GJIC. Carotenoids especially improve and repair GJIC 
[29]. DMSO is a chemical solvent that repairs cell membranes and also acts to 
improve GJIC. Their use in such diseases offers a novel method of altering disease 
progression and in this manner are considered disease-modifying agents.

Glutathione and Oxidative Stress

Glutathione is the major intracellular antioxidant by which oxidative stress is mea-
sured. It is the only antioxidant available to mitochondria. The imbalance of anti-
oxidants to pro-oxidants can be quantified in plasma as the redox state of reduced 
glutathione (GSH) to oxidized glutathione (GSSG) or GSH/GSSG [30]. In health, 
the high efficiency of GSSG reductase often can maintain the cellular GSH pool 
in a predominately reduced state (intracellular GSH/GSSH >98%). However, this 
reduction of oxidized glutathione (GSSH) to reduced glutathione occurs only in the 
presence of nicotinamide adenine dinucleotide phosphate (NADPH). By supplying 
needed levels for this cellular reaction necessary cellular NADPH stores may be 
diminished [30]. NADPH is vital for scavenging toxic free radicals in the mitochondria 
and cytosol where it is produced. Hence, in certain situations NADPH availability 
might be the rate limiting factor in GSH regeneration. These complex factors reaffirm 
the complex interaction of vital nutrient chemicals in maintaining the balance in cell 
redox. GSH-Px (glutathione perioxidase) is an antioxidant enzyme that plays an 
essential role in stabilizing the cell redox. To achieve maximum benefits in modulating 
excessive oxidative stress certain nutrients, cofactors, enzymes, and vitamins should 
be supplied to the patient in times of physiological need.

Oxidative Stress and b-Cell Dysfunction

It has been well established that there has been a recognized link between the presence 
of chronic hyperglycemia and the progressive deterioration in b-cell function seen 
in patients and animals with diabetes. More recently, however, studies have indicated 
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that this progressive b-cell dysfunction is a result of tissue damage induced by 
oxidative stress resulting from this hyperglycemia. b-cells are thought to be particu-
larly vulnerable to oxidative stress because they contain very low levels of antioxidant 
enzymes [31]. In support of the hypothesis that chronic oxidative stress might play 
a role in the progressive b-cell dysfunction seen in type-2 diabetes are the findings 
that the pancreatic b-cell undergoes oxidative stress when exposed to supraphysi-
ological concentrations of glucose and that this process can be prevented by 
an antioxidant. The results of a number of studies in vivo support these findings. 
In one study, antioxidant treatment was found to normalize plasma glucose levels 
and to restore insulin secretion in a diabetic rat model [32]. During the generation 
of oxidative stress, prolonged elevations in blood glucose levels lead to, among 
other things, the activation of various intracellular metabolic pathways, promoting 
the formation of advanced glycation end-products (AGEs), auto-oxidation, and an 
increase in the activity of the sorbitol pathway [33]. A number of important proteins 
also undergo glycation, such as the Cu,Zn-SOD, one of the most important antioxidant 
enzymes. Erythrocytes in patients with type-1 diabetes have been found to contain 
a higher percentage of glycated Cu,Zn-SOD, which is inactivated under hypergly-
cemic conditions compared with controls, thus leading to oxidative stress [34].

Oxidative Stress and Hypertension

Research has determined that oxidative stress plays an important role in the 
pathogenesis of hypertension. Several research scientists [35] showed that in 
response to hypertension the free radical superoxide accumulated in the extracel-
lular space and contributed to the impairment of a normal vascular response 
by inhibiting the endothelial-derived relaxing factor now known as nitric oxide. 
In addition, it was shown by adding SOD, an antioxidant enzyme, the impaired 
vascular response could be restored. These findings undoubtedly prove the impact 
of changes in NO bioavailability and that increases in ROS reduce the bioavailability 
of NO resulting in increases in vascular tone. Thus, increases in ROS would be 
suspected to have a significant influence on blood pressure. There also appears to be 
a link between oxidative stress and angiotensin II. Angiotensin has been shown to 
generate ROS and beneficial results occur when using agents that reduce ROS such as 
ACEI (angiotensin-converting enzyme inhibitors) and/or angiotensin receptor blockers. 
These results confirm the role of angiotensin II-derived ROS in hypertension [36].

Another major source of ROS in vasculature is NADPH oxidase. Pharmacological 
or molecular inhibition of NADPH oxidase lowers blood pressure, reduces oxidative 
stress, and improves vascular response in hypertension. It has been determined that 
ACEI and angiotensin receptor blockers reduce expression of NADPH oxidase as 
does supplementation with niacinamide, a precursor to NADPH. By supplying the 
antioxidant niacinamide one can overcome excessive enzymatic destruction by the 
enzyme NADPH oxidase [37]. Antioxidant treatment in organ systems such as 
kidneys and CNS also have beneficial blood pressure lowering effects in hypertension. 
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This reaffirms that renal and central mechanisms that regulate blood pressure are also 
affected by oxidative stress. For example, SOD protects against increases in super-
oxide and endothelial dysfunction produced by angiotensin II. Glutathione peroxi-
dase has also been shown to be of benefit in reducing hypertension and reducing 
vascular tone [38].

Oxidative Stress and Iron

Unbound transition metals such as iron have long been recognized as a potent 
source of ROS. This occurs as a result of their reaction with the superoxide ion via 
the Fenton reaction. The Fenton reaction promotes free iron to react with the super-
oxide ion, the by-product of energy production from the mitochondria to form the 
dangerous free radical OH− molecule [39]. In the presence of adequate SOD the 
reaction is reduced and less harmful H

2
O

2
 is formed and upon further degradation 

with the antioxdant enzyme catalase forms H
2
O and O

2
. The iron binding agent, 

desferrioxamine, has also been shown to decrease ROS stress from iron accumula-
tion in mitochondria undergoing oxidative stress. These findings support the notion 
that therapeutic intervention with mitochondrial targeted antioxidants can reduce 
mitochondrial dysfunction caused by free iron and oxidative stress.

Oxidative Stress and Inflammatory Mediators

Oxidative stress aids in the breakdown of arachidonic acid (AA) in response to 
inflammation and cell injury. This inflammatory reaction activates phospholipases 
which then act on phospholipids to form AA. AA is an inflammatory molecule and 
the processes associated with inflammatory responses are complex and often 
involve ROS. There are many mediators that initiate and amplify the inflammatory 
response such as histamine, bradykinin, serotonin, proinflammatory cytokines 
[interleukin-1B (IL-1b) and tumor necrosis factor (TNF-alpha)], inflammatory cells 
(eosinophils, macrophages) and metabolic products of AA (thomboxane A(2), PGs, 
and leukotrienes) [40]. The PGs, thromboxanes, and leukotrienes constitute a rapidly 
growing family of compounds, all of which are oxygenated derivatives of certain 
polyunsaturated fatty acids, such as AA. Most of these metabolites are biologically 
very potent substances, displaying a wide variety of actions in many different bio-
logical systems. In addition, isoprostanes are PG-like compounds formed in vivo 
from the free radical-catalyzed peroxidation of essential fatty acids (primarily AA) 
without the direct action of cyclooxygenase (COX) enzyme. COX activity produces 
H

2
O

2
 which may nonenzymatically produce isoprostanes. A large body of evidence 

indicates that measurement of F2-isoprostanes, specific PG F2-like compounds 
derived from the nonenzymatic peroxidation of AA, is a reliable biomarker of oxidant 
stress in the body [41].
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Oxidative Stress and Sepsis

In sepsis, there are several potential sources of ROS, including the mitochondrial 
respiratory electron transport chain, xanthine oxidase activation as a result of ischemia 
and reperfusion, the respiratory burst associated with neutrophil activation, and AA 
metabolism. Activated neutrophils produce superoxide as a cytotoxic agent as part 
of the respiratory burst via the action of membrane-bound NADPH oxidase on 
molecular oxygen. Neutrophils also produce the free radical nitric oxide, which can 
react with superoxide to produce peroxynitrite, itself a powerful oxidant, which 
may further proceed to form the hydroxyl radical. Under ischemic conditions followed 
by subsequent reperfusion, the enzyme xanthine oxidase catalyzes the formation of 
uric acid with the coproduction of superoxide. Superoxide release results in the 
recruitment and activation of neutrophils and their adherence to endothelial cells, 
which stimulates the formation of xanthine oxidase in the endothelium, with further 
superoxide production [42]. During oxidative stress, damage mediated by ROS can 
occur. Oxidation of DNA and proteins may take place, along with membrane damage, 
because of lipid peroxidation, leading to alterations in membrane permeability, 
modification of protein structure, and functional changes. Oxidative damage to the 
mitochondrial membrane can also occur, resulting in membrane depolarization and 
the uncoupling of oxidative phosphorylation, with altered cellular respiration [43]. 
This can ultimately lead to mitochondrial damage, with release of cytochrome C 
activation of caspases and finally apoptosis.

Oxidative Stress and Aging

Accumulating evidence supports a role of oxidative stress in aging. In as much as 
mitochondria are the main source of free radicals produced during energy, it was 
theorized some 30 plus years ago that their dysfunction could be responsible for 
aging due to progressive decline from molecular oxidative damage. However, the 
role of mitochondria in the model of senescence has been largely discarded because 
earlier research has failed to confirm this theory. Instead, the discovery of telom-
eres, the ends of chromosomes that shorten with repeated cell division, suggests 
that senescence is the result of the number and length of telomeres and that deter-
mines the biological clock and as such is not compatible with ROS/RSN-derived 
molecular damage as a cause of aging [23]. On the other hand, senescent cells 
display mitochondrial dysfunction characterized by lower mitochondrial membrane 
potential, mitochondrial DNA damage (mtDNA), and increased superoxide produc-
tion [23]. This is evident by improvement of mitochondrial function by antioxidant 
intervention and extension of lifespan. It appears that targeting antioxidants directly 
to the mitochondria counteracts telomere shortening in cells undergoing mild oxidative 
stress [23]. Mitochondrial damage has also been shown to decrease the replicative 
life span of cells. From this information it appears that mitochondrial ROS/RSN do 
play a part in telomere-dependent replicative senescence although the level and 



13Oxidative Stress, Free Radicals, and Cellular Damage 

importance have yet to be defined. Oxidative stress in aging remains one of the 
most popular theories of aging at the cellular levels. The imbalance of pro-oxidants 
to antioxidants causes excessive destructive free radical chemistry. Thiol systems 
(sulfur-type antioxidants) are important in the control of these processes, both by 
protecting against damage and serving in redox signaling mechanisms to sense 
danger and repair the damage. Studies by a number of research groups in collaboration 
with the Emory Clinical Biomarkers Laboratory show that the redox state of the 
central tissue antioxidant, glutathione (GSH), can be measured in plasma and provides 
a quantitative systemic indicator of oxidative stress [44].

Other Theories of Aging

1.  Wear and tear; cell wear is a significant factor in aging tissues.
2.  Waste accumulation during aging in cells disrupts normal cell functions.
3. Error catastrophe occurs from aging and damage to transcriptional and transla-

tional pathways.
4. Somatic mutations from repeated DNA damage alter genetic information.
5. Cross-linking and glycation of proteins with glucose alter their functions.
6. Dysfunction and impaired regulation of gene activation and repression 

mechanisms.
7. Increased metabolic rate as lifespan inversely correlates with it in mammals.
8. Neuroendocrine dysfunction controls normal physiological homeostasis.
9. Immune dysfunction; decline in immune function leads to decreased resistance 

to disease and infections and increases in autoimmunity [45].

Benefits of Oxidative Stress

Exposure to mild oxidative stress causes an increase in synthesis of antioxidant 
enzymes and other defenses. These responses help protect the cell against cell damage 
and more oxidative damage. This is accomplished by an increase in regulation of 
transcription and redox regulation of protein binding to mRNA which may increase 
antioxidant enzymes such as catalase activity. This is accomplished through redox-
sensitive transcription factors such as NF-kB [46]. Benefits of oxidative stress 
include adaptation and promotion of cellular repair. Adaptation occurs when oxidative 
stress signals transcription factors such as NF-kB and AP-1 to upregulate antioxi-
dant defenses and/or to increase cellular resistance to oxidative stress. This may 
take the form of increases in the numbers of mitochondria which would have the 
effect of increasing the total energy of a tissue. This commonly happens in cardiac 
muscle when more energy is needed to maintain muscular contractions. Hypertrophy 
is another adaptation that occurs in muscular tissue (skeletal, cardiac) which again 
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allows the tissue to respond to oxidative stress by increasing the strength of contractions. 
The same reaction occurs when exercise is used to build muscle tissue. Skeletal 
muscular contraction, growth, differentiation, and adaptation all occur as a result of 
mild oxidative stress [47].

Cellular replacement and wound repair are other indications where transcription 
factors and oxidative stress are necessary. In the intestinal tract NF-kB acts to 
control the maintenance of tissue-immune homeostasis. In normal cells, this is very 
important. In pathological states where there is excessive oxidative stress, suppres-
sion of NF-kB is important in controlling excessive inflammation and disease. This 
dual action of NF-kB demonstrates the importance it has in regulating the immune 
response in both normal and disease conditions.

Summary

Despite the benefits of oxygen there remains the fundamental problem of how to 
protect cells and specifically mitochondria from oxygen toxicity and oxidative 
stress. Oxidative stress occurs during disease and the extent to which it causes 
significant damage depends on the antioxidant status of the animal and the disease 
process. When persistent and inappropriate levels occur, oxidative stress can damage 
cells and alter various physiological processes including an increase in aging. 
The body responds to oxidative stress in many ways, including induction of intra-
cellular and intercellular signaling pathways, genetic alterations, and changes in 
physiological function and adaptation. These changes are necessary for cells and 
animals to evolve. The use of antioxidants to reduce excessive and inappropriate 
oxidative stress is often beneficial but not in all cases. Inappropriate and excessive 
antioxidant supplementation may impede the body’s ability to adapt; thus during 
cell repair and tissue growth, excessive antioxidant supplementation may be coun-
terproductive. Where antioxidant therapy appears beneficial is in diseases aggravated 
by excessive and inappropriate oxidant production.

It is much more appropriate to use multiple antioxidants than single ones. These 
should include both enzymatic antioxidants such as SOD and supplemental nonenzy-
matic antioxidants such as vitamins A, B, C, D3, and E at supraphysiological doses. 
Minerals such as selenium, magnesium, and zinc, along with thiol (sulfur) amino acid 
supplements that increase cellular glutathione (i.e., SAM-e, alpha lipoic acid, taurine, 
N-acetylcysteine, reduced glutathione) also benefit cells from oxidant damage. 
Additional benefits can be obtained with coenzyme Q10, and numerous other pro-
teins including l-carnitine, l-carnosine, chondroitin, and glucosamine targeted for 
specific tissues. In addition, hormones such as melatonin, DHEA, iron binders such 
as lactoferrin, and omega-3 fatty acids all show the ability to reduce the damaging effects 
of oxidative stress on cells. Recently, it has been verified that diets high in omega-3 
fatty acids reduce aging and increase longevity by altering the shortening of 
telomeres, a known contributor to aging. Other beneficial supplements include many 
polyphenols and flavonoids such as green tea extract (catechins ECGC), grape seed 
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extract (proanthocyanidins), quercetin, reservatrol, tumeric, bilberry, and silymarin 
which all have various antioxidant and anti-inflammatory effects. For a more 
complete listing of supplements that reduce or alter oxidative stress please consult the 
table at the end of the book.

Adaptogens, herbal extracts are nontoxic substances that improve the body’s ability 
to handle stress have also demonstrated the ability to reduce oxidative stress. Such 
adaptogens include Gingseng (eleutherococcus), licorice (Glycyrrhiza), Goldenseal 
(Hydrastis), Astragalus, Hawthorn, Golden Root (Rhodiola), Ashwandgha, and 
Schizandra and are often formulated in a combination of products but none pres-
ently exists for use in animals such as there is for people (i.e., Prime One). For a 
complete summary of supplements that alter oxidative stress please consult the 
table at the end of the book.
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