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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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Oxidative Stress, Free Radicals,
and Cellular Damage

Lester Mandelker

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 e 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, content of the atmosphere rose, it exposed
living organisms to oxygen toxicity. In its ground state (its normal configuration; O,)
molecular oxygen is relatively inert. Molecular oxygen (O,) 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, is capable of giving rise to
reactive excited states such as free radicals and their derivatives [1]. With the
beneficial properties of O, comes the inadvertent formation of reactive oxygen
species (ROS) such as superoxide (O,™), hydrogen peroxide (H,0O,), 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,”, OH", H,O,). 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 Ca?* 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 3-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. -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
arole 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.



Oxidative Stress, Free Radicals, and Cellular Damage 11

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,O, is formed and upon further degradation
with the antioxdant enzyme catalase forms H,O and O,. 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,0, 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
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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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Use of Free Radicals and Antioxidants
in Inflammatory Processes of Animals

Peter Vajdovich

Abstract The inflammatory process is complex and the role of free radicals and
antioxidants can be found in each part of it, such as the hemodynamic and perme-
ability changes, the metabolism, and the function of the cells involved in the course
of events. The main purpose of the present review is to mention the most common
inflammatory processes in animals, the role of free radical formation in these, and the
use of antioxidants against their detrimental effects. As with severely increased oxi-
dative stress, decreased free radical formation can cause severe diseases. Hyperbaric
oxygen gives an option to overcome the disorders caused by decreased oxidative
stress response which is important in the bacterial killing mechanism and wound
healing. Endotoxemia, systemic inflammatory response syndrome, in its complexity
causes severe deterioration of the organism due to oxidative stress. Various anti-
oxidants can be used to prevent the severity, such as superoxide dismutase (SOD),
alpha-tocopherol, glutathione and its precursors, ascorbic acid, adenosine, lactoferrin,
and carotenoids, thiols, ebselen, xanthine oxidase inhibitors, inhibitors of phagocyte
function, iron ion chelators, and probucol, N-acetylcysteine, and 21-aminosteroids.
Among pulmonary and other airway inflammatory diseases recurrent airway
obstruction of horses causes severe oxidative damage. Apart from the well-known
antioxidants, it seems that another antioxidant taurine, via N-chlorotaurine formation
may protect the lung from oxidant-induced injury. This session contains more data
of oxidative stress and possible antioxidant therapeutic advances in selective animal
inflammatory diseases, such as kidney disease, gingivitis, uveitis, cataract, dermatitis,
osteoarthritis, synovitis, pancreatitis, hepatitis, colitis and giardiasis, encephalopathy,
neuritis and spinal cord injury, and bovine mastitis.
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Inflammation is one of the most important and most useful of our host defense
mechanisms, and without an adequate inflammatory response, none of us would be
living.

“Quae medicamenta non sanat; ferrum sanat. Quae ferrum non sanat; ignis
sanat. Quae vero ignis non sanat; insanabilia reportari oportet (Those diseases
which medicines do not cure, the knife cures; those which the knife cannot cure,
fire cures; and those which fire cannot cure, are to be reckoned wholly
incurable)” [47]. As Hippocrates (460-370 BC) described in his aphorism, he
believed that any disease could be cured by heat: burning heat and heat as both
cause and consequence of inflammation. In Latin flamma is the light of fire. It is
also one of the most common means whereby our own tissues are injured. The word
inflammation itself literally means a “burning”. The Roman Cornelius Celsus for-
mulated his famous “cardinal signs” of inflammation: calor, rubor, tumor, and
dolor. That means heat, redness, swelling, and pain. To this classic list of four signs
must be added functio laesa or loss of function. This fifth sign is often attributed to
Galen (AD 130-200), but it really originated with Rudolf Wirchow (1821-1902),
the father of modern pathology.

The process is complex and the role of free radicals and antioxidants can be
found in each part of it such as hemodynamic and permeability changes, the
metabolism and function of the cells involved in the course of events. The main
purpose of the present review is to mention the most common inflammatory
processes in animals, the role of free radical formation in these, and the use of
antioxidants against their detrimental effects.

The most important direct effect of free radicals is found in the microbicid
mechanism. There are also various free radical-dependent systems involved in the
formation of cytokines, inflammatory mediators, and cellular functions (i.e., plate-
lets; see, for review [130]). Reactive oxygen species (ROS) are involved in wound
healing and tissue repair mechanisms [10]. Although the synthesis of inflammatory
mediators is a free radical-producing mechanism, the production of stress-induced
anti-inflammatory hormones in the adrenal cortex is also a free radical-mediated
process, and antioxidants can inhibit these mechanisms [6, 125].

Oxygen-Dependent Killing Mechanisms

The purpose of bacterial phagocytosis is to kill and degrade bacteria. Two different
killing systems are recognized: oxygen-dependent and oxygen-independent killing
systems. There are two types of oxygen-dependent killing systems known: the so-
called oxygen radical system and the myeloperoxidase—halide system [12].

During phagocytosis, neutrophils show a burst of metabolic activity, character-
ized by a two- to threefold increase in oxygen consumption, an increase in the
formation of superoxide anion (O,"), hydroxyl anion (OH"), and hydrogen peroxide
(H,0,), and an increase in cyanide-independent oxygen uptake and the amount of
glucose metabolized by means of the hexose monophosphate shunt (HMPS;
Stahelin 1957) [118].
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The decrease of this process leads to severe microbial infections. Some hereditary
defects have also been reported. The functional defects may be associated with
morphological abnormalities, such as in Chédiak—Higashi syndrome, or not associated
with morphological changes of neutrophils, such as in chronic granulomatous disease
and granulocytopathy syndrome.

An oxygen-dependent killing mechanism is effective against microbes, but this
mechanism is responsible for the harmful effects of inflammation. Experimental
studies suggest that neutrophil-derived oxygen metabolites contribute to the devel-
opment of tissue injury associated with a variety of disease states, including emphy-
sema, myocardial infarction, adult respiratory distress syndrome, immune
complex-mediated vasculitis, and rheumatoid arthritis [28]. Local inflammatory
processes can lead to systemic inflammation and free radical and antioxidant
changes can also be dispersed.

“Altera manu fart aquam, altera ignem (One hand carries water, the other fire).”
According to this old Latin phrase, one process can lead to both beneficial and
harmful processes. In addition to the harmful effects, free radicals produced by
neutrophils are essential for the proper microbicide effect, but it has to be men-
tioned that the oxidative burst is sometimes exaggerated. Increasing oxidative burst
activity is of great importance in conditions of decreased function, such as necrotizing
fasciitis, or lower extremity wounds [27, 74].

Hyperbaric Oxygen in Therapy

Hyperbaric oxygen (HBO) therapy can be essential to enhance microbial killing; it
is worth mentioning some details about HBO therapy in general, the clinical benefits
and side effects. This session about HBO therapy is based on Slovis’ [114] paper
with modifications. “The art of healing comes from nature, not from the physician.
Therefore the physician must start from nature, with an open mind” (Paracelsus,
Philippus Theophrastus Aureolus Bombastus von Hohenheim, 1493-1541) [90].
HBO therapy is a typical practical achievement of the Paracelsus theory. One of the
most essential elements in nature is oxygen.

HBO therapy involves intermittent inhalation of 100% oxygen under a pressure
greater than 1 atm [29]. Increasing pressure in HBO therapy is often expressed in
multiples of atmospheric pressure absolute or atmospheres absolute (ATA); 1 ATA
equals 1 kg/cm? or 735.5 mm Hg. Most HBO treatments are performed at 2-3 ATA.
In air embolism and decompression sickness, where pressure is crucial to the thera-
peutic effect, treatments frequently start at 6 ATA [34]. This additional pressure,
when associated with inspiration of high levels of oxygen, substantially increases
the level of oxygen dissolved into blood plasma. This state of serum hyperoxia is the
second beneficial effect of HBO therapy [32].

Hyperoxia at sea level in room air means that approximately 97% of hemoglobin
is saturated with oxygen (19.5 vol% oxygen, of which approximately 5.8 vol% is
extracted by tissue). The amount of oxygen dissolved into plasma is 0.32 vol%.
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An increase in pO, has a negligible impact on total hemoglobin oxygen content;
however, it does result in an increase in the amount of oxygen dissolved directly
into the plasma. With 100% inspired oxygen the amount of dissolved blood plasma
oxygen increases to 2.09 vol%. At 3 ATA plasma contains 6.8 vol% oxygen, which
is the level equivalent to the average tissue requirements for oxygen. Thus, HBO
treatment could and has sustained life without oxygen bound to hemoglobin [13].
The cardiovascular effects of HBO include a generalized vasoconstriction and a
small reduction in cardiac output [99]. This ultimately may decrease the overall
blood supply to a region, but the increase in serum oxygen content results in an
overall gain in delivered oxygen. In conditions such as burns, cerebral edema, and
crush injuries, this vasoconstriction may be beneficial, reducing edema and tissue
swelling while maintaining tissue oxygenation [85]. Hyperbaric or hyperoxic or
both conditions may affect the disposition of drugs by (1) changes in the catalytic
activity of drug-metabolizing enzymes, (2) hemodynamic changes, and (3) changes
in membrane permeability, affecting drug distribution.

In isolated microsome preparations from rat liver, the metabolism rate of aniline,
but not of amidopirin, is reduced by hyperoxia. In vivo, the clearance of salicylic
acid is enhanced in the dog at 2.8 ATA and 100% O,, but not at 6 ATA and air, for
reasons that are still unknown. The disposition of theophylline, pentobarbital, or
pethidine is not affected in dogs by hyperbaric or hyperoxic conditions.

In human volunteers, hyperbaric or hyperoxic or both conditions do not affect
the disposition of gentamycin (2.4 bar, 100% O,), caffeine, or lidocaine (2.5 bar,
100% O,).

In conclusion, a single exposure to hyperbaric or hyperoxic conditions does
not seem to affect single-dose pharmacokinetics of drugs metabolized and/or
eliminated by the kidney (e.g., gentamycin) or by the liver with a capacity-limited
clearance (e.g., pentobarbital, theophylline, and caffeine) or with a perfusion-
limited clearance (e.g., pethidine, lidocaine; [101]).

HBO therapy is performed in hyperbaric chambers, where this special environment
can be achieved. There are chambers available for large animals, too.

Therapeutic Effects of HBO

The typical aim in using HBO is to reverse hypoxia in order to alter ischemic effect
or influence vascular reactivity [15]. Postischemic HBO affords clinical and histo-
pathological neuroprotection after experimental cardiac arrest and resuscitation
(A/R) and this neuroprotection results from improved cerebral oxygen metabolism
after A/R. It was proven by an experiment when anesthetized adult female beagles
underwent A/R and randomization to HBO (2.7 ATA for 60 min, 1 h after A/R) or
control (PO, = 80-100 mm Hg; 1 ATA). Animals underwent neurological deficit scor-
ing (NDS) 23 h after A/R.

Neuronal death (necrotic and apoptotic) in representative animals was deter-
mined stereologically in the hippocampus and cerebral neocortex. NDS improved
after A/R in HBO animals. Histopathological examination revealed significantly
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fewer dying neurons in HBO animals; the magnitude of neuronal injury correlated
well with NDS. HBO inhibited neuronal death and improved neurological outcome
after A/R. It was also stated that the mechanism of HBO neuroprotection is not due
to stimulation of oxidative cerebral energy metabolism [100]. Other typical use of
HBO therapy is to reduce edema [84, 85] as hyperoxygenation will cause vasocon-
striction, which is considered a side effect of HBO therapy. Although vasoconstric-
tion may be present, there is more oxygen delivered to the tissues. HBO can
modulate nitric oxide (NO) production [26, 86, 109]. An increase of nitric oxide
leads to vasodilation whereas a decrease of nitric oxide leads to vasoconstriction.
Carbon dioxide increases NO production and oxygen decreases NO production by
the endothelial cells. HBO modifies growth factors and cytokine effect by regulating
their levels and/or receptors [136, 144].

Enhancing wound healing is a main purpose of HBO therapy. Despite the unclear
mechanisms involved in the efficacy of HBO therapy in this process it has been
proven that there is a significant increase in local wound NO levels after successful
HBO therapy. This suggests that this mechanism may be an important factor in
promoting enhanced wound healing and wound closure [16]. Vascular endothelial
growth factor (VEGF) is important for the growth and survival of endothelial cells,
and is found in plasma, serum, and wound exudates. Under normobaric conditions,
VEGEF is stimulated by hypoxia, lactate, nitric oxide, and nicotinamide adenine
dinucleotide (NAD). HBO induces production of VEGF thereby stimulating more
rapid development of capillary budding and granulation formation within the wound
bed. HBO induces changes in membrane proteins affecting ion exchange and gating
mechanisms. HBO also promotes cellular proliferation [38, 52, 83, 109], acceler-
ates collagen deposition, stimulates capillary budding and arborization, and there-
fore indicates reparative and regenerative tissue mechanisms. In spite of previous
reports there are some contradictions, too. In an experiment, on day 0, two 4-cm-
diameter circular sections of full-thickness skin were removed from each of two
randomly selected limbs of each horse, and two 4-cm-diameter circular skin grafts
were harvested from the pectoral region. The horses then received HBO therapy for
1 h daily at 1.84 ATA for 7 days. On day 21, the grafts applied on day 14 were
biopsied. Histological examination of biopsy specimens revealed that grafts treated
with HBO therapy developed less granulation tissue, edema, and neovasculariza-
tion, but more inflammation. The superficial portion of the graft was also less viable
than the superficial portion of those not treated with HBO therapy. In conclusion,
the use of HBO therapy after full-thickness skin grafting of uncompromised fresh
and granulating wounds of horses is not indicated [140].

HBO therapy also alleviates osteogenesis. Moreover, in a distraction osteogen-
esis experiment HBO appeared to accelerate ossification and vascularization of
regenerated bone in the distracted area, while applying HBO to tooth movement
into a distracted area [53]. HBO therapy accelerates microbial oxidative killing by
providing oxygen for the phagocytosing cells and by improving select antibiotic
exchange across membranes [88, 91, 92], whereas anoxia decreases the activity of
several antibiotics (aminoglycosides, sulfonamides, fluoroquinolone). By raising
the pO, of ischemic tissue to normoxic levels, it may normalize the activity of these
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antimicrobials. In addition, HBO may potentiate the activity of certain antimicrobials
by inhibiting their biosynthetic reactions in bacteria. HBO also interferes with bacterial
disease propagation by denaturing bacterial toxins and modulates the immune
response system. HBO enhances de novo synthesis or activation of oxygen radical
scavengers, thereby decreasing ischemia—reperfusion (I-R) injury [123, 142]. This
mechanism can be described by the following.

1. HBO therapy increases the amount and activity of the free radical scavenger
superoxide dismutase (SOD).

2. Decreased neutrophil adhesion and subsequent release of free radicals is an
important early event leading to endothelial damage and microcirculatory failure
associated with I-R Injury. HBO reversibly inhibits the 82 integrins, therefore
inhibiting the neutrophil-endothelial adhesion.

An example of the beneficial effect of HBO therapy is the treatment of necrotizing
fasciitis. Compared to national reports of outcomes with “standard” regimens for
necrotizing fasciitis, the author’s experience with HBO therapy, adjunctive to compre-
hensive and aggressive management, demonstrates reduced mortality (34% vs.
11.9%), and morbidity (amputations 50% vs. 0%). The treatments were safe and no
delays to surgery or interference with standard therapy could be attributed to HBO
therapy [27]. Moreover, in a study of chronic diabetic patients with lower extremity
wounds the authors proved the efficacy of HBO therapy. Patients managed in a
state-of-the-art wound care center experienced progress toward wound healing,
regardless of the treatment modality selected. Those who received HBO as part of
their wound care regimen healed faster than those who received standard treatment
or growth factor therapy [74].

Complications and Side Effects of HBO Therapy

Although any therapeutic application of hyperbaric oxygenation is intrinsically
associated with the potential for producing mild to severe side effects, the appro-
priate use of hyperoxia is one of the safest therapeutics available to the practitioner
[110]. CNS oxygen toxicity can occur at levels of 3 ATA for 1-2 h. Signs in humans
include convulsions, nausea, dizziness, muscle twitching, anxiety, and confusion.
Pulmonary oxygen toxicity is usually associated with prolonged exposure to HBO.
Onset of symptoms has been noted to occur 4-6 h at 2 ATA. Symptoms include
dyspnea, shortness of breath, chest tightness, and difficulties inhaling a deep breath.
Possible causes for pulmonary toxicity include thickening of the alveolar mem-
brane and pulmonary surfactant changes. Prevention of these side effects includes
removal from the oxygen source when first signs occur and no 100% oxygen at
pressures greater than 3 ATA. HBO retains the biochemical properties of platelets
as proven by in vitro studies.

Isolated horse platelets were exposed to 100% oxygen at 2.2 atmospheres, or 100%
oxygen under normobaric conditions, or air under normobaric conditions for 90 min.
There were no differences in platelet SOD activity among the above-mentioned
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conditions, but there was a rise in SOD in all cases after 24 h. However, no catalase
(CAT) activity or GSH concentration of platelets changed over time [108]. HBO is
frequently used to treat conditions involving some degree of local hypoxia, but can
have a direct effect on red blood cell (RBC) deformability. To investigate this,
12 normal dogs received a 10-week “clinical” course of HBO: one 90-min treatment
per weekday at 2.4 ATA (243 kPa), 100% O,. On Mondays and Fridays, a blood
sample was drawn. Cells were filtered under a constant of 1.08 kPa through a preca-
librated nucleopore hemafil polycarbonate membrane. Filtrate of blood cells was
collected for 1 min and weighed, and the RBC “incremental volume” calculated.
No significant change was seen in filtration rates, indicating that HBO itself neither
improves nor impairs dog RBC deformability. Changes in other commonly measured
blood parameters remained within normal values. An acute fluid shift out of RBCs
and into plasma was indicated [76].

A study was performed using 1-day to 70-day-old puppies placed in a pressure
chamber. The pressure of pure O, in the chamber was raised by 5 atmospheres
(ATA, 75 psi = 6 ATA) within 10 min. The first biochemical change to take place
during HBO was oxidation of mitochondrial NADH. The age of the puppy was
found to affect the time to the initiation of seizures. In the puppies under the age of
24 days, the average time was 35.1+5.9 min. In those puppies 24 days old and
older, the average time was 5.1 +0.8 min. In the younger puppies, there was a later
occurrence of blood vessel contractions and a longer lifespan compared to the older
puppies. The comparison between the puppies of different ages during exposure to
HBO showed differences in the metabolic response, hemodynamic changes, and
electrical activity. These differences can partially explain the higher resistance in
the younger puppies to HBO [140].

The Use of HBO in Veterinary Medicine

The use of HBO in veterinary medicine is in its infancy. The Hagyard Equine
Medical Institute, McGee Medical Center, has currently treated more than 100
patients in their HBO chamber. Patients included pregnant animals as well as neona-
tal foals with no adverse effects noted. Patients have been pressurized from 2 to 3
ATA ranging from 60 to 90 min at treatment pressure (depth). They have used HBO
as adjunctive therapy for:

* Fungal disease (fungal pneumonia)

e Thermal burns, carbon monoxide, smoke inhalation
* Closed head injuries

* Ileus

* CNS edema/perinatal asphyxia

* Peripheral neuropathies

* Sports injuries (exertional rhabdomyolysis)

* Cellulitis, compartment syndrome

* Ischemic injuries (laminitis)
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Contraindications for HBO therapy are unknown for horses but may include
untreated pneumothorax, high fevers (predisposition to oxygen toxicity), emphy-
sema, and upper airway occlusions [114].

Specific Inflammatory Disorders in Animals

Inflammation in General (Endotoxemia, Systemic
Inflammatory Response Syndrome)

Small natural elements such as microbes can cause severe inflammatory processes.
“Et neglecta solent incendia sumere vires” (Neglected fires are wont to gather
strength) [49]. As Horace (Horatius 65-8 BC) mentioned, neglected smaller prob-
lems can cause trouble, too. Several antioxidants are available for therapeutic use
in acute inflammatory diseases, such as systemic inflammatory response syndrome
(SIRS) as caused, for example, by endotoxaemia. They include natural molecules
normally present in the body (SOD, alpha-tocopherol, glutathione and its precursors,
ascorbic acid, adenosine, lactoferrin, and carotenoids) as well as synthetic anti-
oxidants (such as thiols, ebselen, xanthine oxidase inhibitors, phagocyte function
inhibitors, iron ion chelators, and probucol). The therapeutic efficacy of SOD,
alpha-tocopherol, and ascorbic acid in the treatment of human disease has generally
been unimpressive to date although dietary deficiencies of the last two molecules
should certainly be avoided. Xanthine oxidase inhibitors may be of limited relevance
as antioxidants for human use. Exciting preliminary results with probucol (anti-
atherosclerosis), ebselen (anti-inflammatory), and iron ion chelators (against thala-
ssemia, leukemia, malaria, stroke, traumatic brain injury, and hemorrhagic shock)
need to be confirmed by controlled clinical trials. Clinical testing of NAC in HIV-1-
positive subjects may also be merited [42].

It was demonstrated that the antioxidant enzyme SOD prevents inflammation
and chemotaxis of neutrophils [79]. Burn is a typical damage that causes severe
inflammatory and free radical-producing processes. In a study it was reported that
SOD and CAT were helpful in ameliorating the damaging effects of burn.

It is known that there is marked volume loss following thermal trauma.
Lipoxygenase transformation of fatty acids to fatty acid hydroperoxides is a path-
way that produces superoxide anion and metabolism upon plasma volume loss.
The effects of indomethacin (a cyclo-oxygenase inhibitor), orgotein (SOD-like
enzyme), and CAT were studied in anesthetized dogs receiving a 15% total body
surface area third-degree flame burn. The results of this study showed that indo-
methacin did not alter postburn plasma volume loss, orgotein reduced early plasma
volume loss but did not reduce continuing loss, and CAT reduced both early and
continuing plasma volume loss [46].

Not only antioxidants have anti-inflammatory properties, but several anti-
inflammatory agents can also be antioxidant. Among the anti-inflammatory drugs,
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aspirin and salicylic acid act as antioxidants, showing a similar, but only modest,
magnitude and velocity of superoxide scavenging [120].

Some other drugs, such as oxymetazoline are neither anti-inflammatory, nor
antioxidant per se, but inhibit some effects of inflammation and cause decreased
oxidative stress. Oxymetazoline, as a nasal decongestant, effectively reduces rhinitis
symptoms. It affects arachidonic acid-derived metabolites concerning inflamma-
tory and oxidative stress-dependent reactions. In canine alveolar macrophages,
oxymetazoline suppressed pro-inflammatory reactions including 5-lipoxygenase
activity, LTB,, and respiratory burst and prevented particle-induced oxidative
stress, whereas phospholipase A, activity and synthesis of immune-modulating
PGE, and 15-HETE were not affected [8].

In different pathological conditions, such as SIRS, it was demonstrated that much
of the cellular injury associated with SIRS is mediated by oxygen or nitrogen free
radicals produced by inflammatory cells that overwhelm endogenous antioxidants.
Reduced glutathione is a crucial intracellular antioxidant that becomes depleted
during SIRS. Regeneration of glutathione can be achieved by acetyl-cysteine,
which unlike glutathione itself penetrates cells. In animal models of sepsis and lung
injury, acetylcysteine mitigates the cytopathological effects of SIRS. In humans,
clinical benefit has been demonstrated in the SIRS of established fulminant hepatic
failure. The animal and human studies are sufficiently encouraging to warrant for-
mal trials to test the hypothesis that acetylcysteine therapy has a cytoprotective
effect in sepsis [43].

NAC, as mentioned, is a glutathione precursor, and inhibits the in vivo effects of
endotoxemia in sheep and prevents the most severe effects of endotoxic shock in dogs
[7, 115]. In spite of these findings NAC failed to prevent severe effects of endo-
toxemia, when pigs received continuous intravenous endotoxin for 12 h. Despite the
increased glutathione concentration, NAC (150 mg/kg loading dose over 1 h followed
by 20 mg/kg bw/h for 11 h) did not improve systemic, pulmonary, and hepatos-
planchnic hemodynamics, oxygen exchange, or metabolism. When compared with
previous reports in the literature, a different timing of NAC administration and/or
an ongoing or even NAC-induced aggravation of oxidative stress may account for
this result [132].

Zinc also has a beneficial effect in ameliorating the effects of inflammatory
disorders. It has been proposed that metalloprotein zinc mobilization mediated by
hypochlorous acid (HOCI) may induce cell injury [31]. Using a dimercaptopropanol-
zinc complex it was proven that, once released from thiolate bonds by HOCI, zinc
can exert a significant antioxidant effect on both linolenic acid and deoxyribose
oxidation induced by iron. In experimental conditions, however, the antagonism
toward deoxyribose oxidation is notably less than that toward linolenic acid peroxi-
dation, thus suggesting a more specific inhibitory effect of zinc on iron-mediated
oxidant damage when polyunsaturated fatty acids (PUFA) represent the oxidizable
substrate. The antioxidant effects of zinc are strictly related to the “free” form; the
dimercaptopropanol-zinc complex per se is stimulatory even on biomolecular oxidant
damage, apparently as a result of the pro-oxidant interaction of the thiol compound
with iron. In light of these results, it may be proposed that the zinc released from
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thiolate bonds by HOCI could specifically limit the tissue oxidative burden in
pathological conditions involving neutrophil accumulation and activation, such as
inflammation and ischemia-reperfusion [67].

There are some novel anti-inflammatory and antioxidant derivates, such as the
sesquiterpenoids. It was reported that the anti-inflammatory activity of avarol and
avarone, sesquiterpenoid derivatives from the Mediterranean sponge Dysidea avara,
potently inhibited carrageenan-induced paw edema as well as ear edema induced
by 12-O-tetradecanoylphorbol acetate in mice, with effects comparable to those of
indomethacin. In stimulated rat peritoneal leukocytes, avarol showed inhibition of
LTB4 and thromboxane B2 release, respectively, with avarone showing a slightly
lower potency. Both marine metabolites failed to show xanthine oxidase inhibitory
activity or superoxide scavenging effects but were potent inhibitors of superoxide
generation in rat peritoneal leukocytes. Only avarol was able to inhibit human
recombinant synovial phospholipase A, activity. Avarol and avarone effectively
control acute inflammation in experimental models after either oral or topical
administration and their anti-inflammatory activity may result from inhibition of
eicosanoid release and depression of superoxide generation in leukocytes [30].

Other antioxidants, such as 21-aminosteroids might also be helpful. Effects of
the antioxidant, 21-aminosteroid U-74006F (tirilazad mesylate), was demonstrated
on the systemic and regional hemodynamics and the oxygen extraction capabilities
during endotoxic shock of dogs. Compared with the endotoxin-alone group, the
U-74006F-treated dogs maintained higher mean arterial pressure, cardiac index,
stroke volume index, and left ventricular stroke work index and lower pulmonary
vascular resistance.

Authors also showed a higher fractional blood flow to mesenteric and renal beds
[143]. Another radical scavenger, tempol, partially prevented live bacteria from
causing key features of hemodynamic and metabolic derangements in porcine
hyperdynamic sepsis and beneficially affected surrogate markers of sepsis-induced
endothelial and coagulation dysfunction. Sepsis was induced and maintained for
24 h with continuous infusion of live Pseudomonas aeruginosa.

Tempol significantly attenuated reduction in mean arterial pressure. Despite
comparable mesenteric macrocirculation, tempol attenuated the otherwise progres-
sive deterioration in ileal mucosal microcirculation and prevented mucosal acidosis.
Tempol also reduced nitrosative stress without significant effect on the gradual
increase in plasma 8-isoprostanes, meta-stable end-products of lipid peroxidation
(LPO). Tempol attenuated sepsis-induced endothelial (von Willebrand factor) and
hemostatic (thrombin-antithrombin complexes, plasminogen activator inhibitor-
type 1) dysfunction [77].

Nitric oxide plays an important role in systemic inflammatory responses. This was
proven by the experiment in which ewes were chronically instrumented methicillin-
resistant Staphylococcus aureus (MRSA) sepsis. This group developed impaired
gas exchange and significantly increased lung lymph flow, permeability index, and
bloodless wet-to-dry weight ratio (W/D ratio). The plasma nitrate/nitrite (NOx)
levels, lung inducible nitric oxide synthases (iNOS) and endothelial nitric oxide
synthases (eNOS), VEGF protein expressions, and poly-(ADP)-ribose (PAR) were
significantly increased by the MRSA challenge [57].
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Nonselective NOS inhibition in sepsis models reversed sepsis-induced
derangements in hemodynamic status, but was associated with side effects such as
pulmonary vasoconstriction and decreases in global oxygen delivery. Results from
studies on specific inhibition of iNOS (NOS-2) and neuronal NOS (nNOS, NOS-1)
in sepsis models remain inconclusive, but suggest that both isoenzymes are involved
in the pathophysiological processes [66].

Different doses of L-arginine, which is a NO precursor, similarly increased
mortality, and worsened shock (for reduced mean arterial pressure). These effects
were associated with significant increases in plasma arginine and ornithine. In addi-
tion, serum nitrate/nitrite, liver enzymes, and blood urea nitrogen/creatinine ratios
rose, whereas arterial pH and bicarbonate levels fell. NAC did not significantly
decrease any of the harmful effects of L-arginine. Thus, parenteral L-arginine
monotherapy was markedly harmful in animals with septic shock [58].

It has been found that lysozyme (Lzm-S), released from leukocytes, contributed
to the myocardial depression that develops in a canine model of septic shock.
Lzm-S binds to the endocardial endothelium, resulting in the production of nitric
oxide, which, in turn, activates the myocardial soluble guanylate cyclase (sGC)
pathway. In a phenylephrine-contracted canine carotid artery ring preparation, the
authors found that canine Lzm-S, at concentrations similar to those found in sepsis,
produced vasorelaxation. This decrease in force could not be prevented by inhibitors
of NO synthase, prostaglandin synthesis, or potassium channel inhibitors and was
not dependent on the presence of the vascular endothelium. However, inhibitors of
the sGC pathway prevented the vasodilatory activity of Lzm-S. Aspergillus niger
CAT, which breaks down H O, as well as other hydroxyl radical scavengers, such
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as hydroquinone and mannitol, prevented the effect of Lzm-S [81].

Pulmonary and Other Airway Inflammatory Diseases

Pulmonary diseases are typical life-threatening disorders. The well-known Latin
saying is “Dum spiro, spero (while I breathe, I have hope, or in other words: I have
hope while I am alive).” It is necessary to protect pulmonary tissue from the damag-
ing effects of free radicals and inflammatory processes, as a slight problem can
cause a severe decrease in oxygenation.

The mechanism of recurrent airway obstruction (RAO) in horses was investi-
gated by measuring the membrane domain structure and oxy-redox activity in
phagocytes isolated from bronchoalveolar lavage fluid (BAL) and from the blood
of healthy and RAO horses by electron paramagnetic resonance (EPR). It was also
found that the phagocytes were affected by oxidative stress in ROA horses proven
by the altered activity of intracellular antioxidant enzymes CAT, GPx, and SOD
measured in phagocytes. In comparison with polymorphonuclear leukocytes
(phagocytes) from the blood of healthy horses the reduction mechanisms in BAL
were faster and coincided with the merging of disordered membrane domains,
whereas in horses with RAO the reduction and membrane domain structure
remained unchanged. The merging of lipid domains observed in phagocytes from
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BAL of healthy horses could promote cluster formation of membrane proteins or
ligands, which could trigger the activation process in phagocytes of healthy horses
and consequently the physiological response that probably did not happen in
phagocytes of RAO horses [65].

Antioxidant supplementation is therefore warranted in horses with RAO.
Antioxidant supplement tested modulated oxidant/antioxidant balance and airway
inflammation of heaves-affected horses. The antioxidant treatment (vitamins E and
C and selenium) significantly improved exercise tolerance and significantly reduced
endoscopic inflammatory score. Plasma uric acid concentrations were significantly
reduced, suggesting downregulation of the xanthine-dehydrogenase and xanthine-
oxydase pathway. RBC hemolysate glutathione content showed an insignificant
trend to increase, whereas plasma 8—epi—PGFZaIPha remained unchanged. Pulmonary
markers and BAL cytology were not significantly affected by antioxidant supple-
mentation [62].

The antioxidant ascorbic acid supplementation does not alter basic antioxidant
levels apart from ascorbic acid itself. The authors reported that the concentration of
lung lining fluid ascorbic acid is increased following ascorbic acid oral supplemen-
tation (20 mg/kg body weight) in an ascorbate-synthesizing species. Two weeks’
supplementation with ascorbyl palmitate increased mean plasma ascorbic acid
concentrations compared to control. The concentration of ascorbic acid in BAL
increased in five out of six ponies following supplementation with either ascorbyl
palmitate compared to control. Neither supplement altered the concentration of
glutathione, uric acid, or alpha-tocopherol in plasma or BAL [24].

Apart from the well-known antioxidants, it was demonstrated that another
antioxidant, taurine, via N-chlorotaurine formation may protect the lung from
oxidant-induced injury by inhibiting production of nitrite and the release of TNF-
alpha which are both known to be directly linked to tissue injury [106].

Inflammatory Kidney Diseases

Our ancestors knew that urine was a good indicator of kidney disease. A fonte puro
pura defluit aqua (Clear water flows from a clear spring). The kidney has to work
properly. If it is healthy, urine looks healthy, too. Inflammation is a typical cause of
kidney failure. In a study authors examined the oxidative stress markers in azotemic
dogs. They found that dogs with renal azotaemia had higher intraerythrocytic
sodium content. The RBC CAT activity and glutathione content and plasma
malondialdehyde (MDA) level were unaltered whereas the urinary malondialde-
hyde—creatinine ratio (U-MDA/Cr) increased. The U-MDA/Cr was correlated with
plasma creatinine concentration, urinary protein—creatinine ratio, and fractional
excretion of sodium [17].

The antioxidant vitamin E ameliorates the effects of glomerular disease. Authors
reported that IgA nephropathy is one of the most common forms of glomerular
disease. Nearly 25% of affected patients progress to end-stage renal disease
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over a 20-25-year follow-up period. IgA-containing immune complexes stimulate
oxygen-free radical production by mesangial cells in vitro. The excessive oxidant
stress may mediate glomerular injury in this disorder. IgA nephropathy with mild
kidney inflammation was induced in Lewis rats by oral immunization with 0.1%
bovine gamma-globulin (BGG)-containing drinking water. Vitamin E-treated rats
gained more live weight and had a lower incidence of hematuria and proteinuria,
and reduced renal plasma flow was restored to normal value, compared to untreated
rats with IgA nephropathy. Glomerular hypertrophy occurred in animals with IgA
nephropathy, but less so in those receiving vitamin E supplementation. Renal cortical
MDA content was reduced in rats fed the vitamin E-enriched diet. Finally, renal
transforming growth factor-beta 1 gene expression was reduced by 34% in rats with
IgA nephropathy receiving vitamin E treatment. It can be concluded that experi-
mental IgA nephropathy is associated with increased renal oxidant injury. Dietary
treatment with the antioxidant vitamin E attenuated renal functional and structural
changes in experimental glomerulopathy [124].

A potential treatment option is providing a very low protein diet supplemented
with amino and keto acids and vitamins A, C, and E (VLPD) to patients with
chronic renal failure (CRF). It was demonstrated that VLPD has a protective role
against LPO of erythrocytes in patients with CRF. Peuchant [94] have evaluated
parameters indicative of LPO of RBC at baseline in patients with CRF compared
to controls, and the effects of a very low protein diet supplemented with amino and
keto acids and vitamins A, C, and E over a 6-month period. The presence of peroxi-
dative damage in CRF patients before the administration of VLPD was demon-
strated by elevated levels of free MDA and decreased levels of PUFA, as compared
to controls. Similarly, RBC vitamin E content was decreased whereas enzymatic
activities were unaltered. Peuchant suggested that VLPD-reduced erythrocyte LPO
was proven by (a) decreased levels of free and total RBC MDA, (b) increased levels
of PUFA, and (c) increased levels of vitamins A and E as compared to prediet
results. However, antioxidant enzyme activities were not modified [94].

Moreover, 21-aminosteroid (21-AS) and mannitol have synergistic effects in
the case of kidney damage. Salahudeen [102] reported that, employing Raman
spectroscopy, they confirmed in vitro the ability of 21-AS to inhibit iron-induced
fatty acid peroxidation. The 21-AS was then administered to rats developing renal
failure from glycerol-induced rhabdomyolysis. Although 21-AS inhibited rhab-
domyolysis-induced plasma and renal LPO, renal protection was incomplete.
Applying fluid-alkaline-mannitol (FAM) diuresis to inhibit cast formation afforded
better renal protection. However, when these therapies were combined to inhibit
both LPO and cast formation, there was synergistic renal functional protection.
This was accompanied by a maximum inhibition of renal and plasma LPO, as well
as renal tubular necrosis and cast formation. Compared to combination therapy,
FAM therapy alone, despite identical volume, was accompanied by a higher tubular
necrosis and cast formation [102].

Kidney transplantation is a great challenge in humans. The canine autotransplan-
tation method is a good model to evaluate the technical problems and ischemia—
reperfusion (I/R) injury in this intervention. Antioxidant supplementation seems
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to be effective in alleviating the reperfusion injury caused by oxidative stress. In a
study authors found that antioxidant enzyme activity in blood plasma was signifi-
cantly lower in the control group than in the ascorbic acid supple-mented (cold
normal saline and ascorbic acid in a dose of 100 mg/kg was perfused followed
by autotransplantation) treatment group. The histopathology findings revealed
the treatment group to have less damage than the control group. The results of
this study suggest that ascorbic acid alone might play a role in attenuating I/R
injury and assist in the recovery of the renal function in a renal transplantation
model [69].

Gingivitis

To keep teeth healthy could be important in the past, as they were considered as
weapons. As Lucretius (99-55 BC) said: “Arma antiqua manus ungues dentesque
fuerunt (Ancient weapons were hands, nails, and teeth)” [73]. Inflammatory pro-
cesses of the oral region such as gingiva are common in humans, and many animal
models are used to get adequate information about the development of the disorders
and possible treatment options. This disease group can cause severe harm in canine
patients, too. Antioxidants provide a hopeful alternative way of treatment.
Cu/Zn-SOD has moderate anti-inflammatory activity which could be enlarged
by encapsulation into liposomes. The greater efficiency of liposomal SOD compared
to the free enzyme is explained by an increased fixation to cell walls as well as with
improved tissue penetration. It was shown that liposome-encapsulated SOD pene-
trates into the cell probably by endocytosis [126]. The phagocytes are present in
abundance in inflamed periodontal tissues [9]. The hypothesis that highly reactive
radicals may be responsible for the initial degradation of extracellular matrix compo-
nents seen in periodontal disease is in agreement with Misaki et al. [82] who
showed pronounced better healing of gingivae wounds in rats after i.v. application
of SOD [82]. SOD also prevents amplification and interrupts cascade processes of
free radical formation, that is, single superoxide molecule interaction with lipids,
H,0,, flavins to other radicals [80]. Moreover, production of free radicals from
freshly cancelous bone specimens was also detected [71] and bone resorption was
prevented by application of SOD [98]. Free radical processes are one of the mecha-
nisms by which bone is destroyed under inflammatory circumstances. Drugs that
inhibit free radical production or scavenge those radicals may be useful therapeutic
agents for local bone destruction [35]. In spite of beneficial effects of this kind of
supportive periodontal therapy, we must also be aware that inappropriate concentra-
tion of SOD might lead to tissue damage by excessive production of H,O, [75].
However, high production of H,O, might be also beneficial due to antibacterial
effect on periodontal pathogens as indicated by Hillman and Socransky [45].
Replacement therapy may also find a practical application in the prevention and
cure of certain periodontal diseases. Hydrogen peroxide-producing streptococci are
invariably found in plaque taken from healthy gingiva; they are rarely found in
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samples from active disease sites of patients with juvenile or refractory periodontitis.
Naturally occurring oral bacteria are promising effector strains for the replacement
therapy of dental infectious diseases [45].

It was proven that scaling and root planing with subgingival application of
liposome-encapsulated SOD suppresses periodontal inflammation and stimulates
periodontal healing and alveolar bone apposition on experimentally induced perio-
dontitis in beagle dogs. Further studies are in progress to evaluate the optimal
concentration of SOD, CAT, or a combination of both enzymes for suppression of
periodontal inflammation [93].

Nitric oxide is a free radical produced in host tissues by constitutive and inducible
forms of the enzyme nitric oxide synthase. Nitric oxide plays physiological roles,
but it is also involved in the pathophysiology of several inflammatory conditions,
such as gingivitis. Local increases in iNOS and reactive nitrogen products have also
been demonstrated in humans and animals with periodontal disease. A placebo-
controlled preclinical investigation examined the effect of two mercapto-
alkylguanidines, mercapto-ethylguanidine (MEG) and guanidine-ethyldisulfide
(GED), which are iNOS inhibitors and reactive nitrogen radical scavenging com-
pounds, on the development of experimental gingivitis in beagle dogs. Experimental
gingivitis was then induced, with cessation of plaque control and institution of a
soft diet over 8 weeks. Beagles randomly received 0.3% MEG, 0.3% GED, or placebo
(vehicle) gels, topically applied twice daily to premolar teeth. At weeks 2, 3, 4, and 8,
gingival index scores were significantly lower for MEG and GED groups compared
to the placebo group. In addition, MEG and GED gels significantly reduced gingival
bleeding responses by 8 weeks. The data from this preclinical study indicate that
mercapto-alkylguanidines, topically administered, may significantly reduce experi-
mental gingivitis in the beagles [89].

Uveitis and Canine Cataract

We know that “In oculis animus habitat (The soul dwells in the eyes),” therefore
much attention must be paid to the inflammatory processes of the eye. It can be
important to use antioxidants in ocular disorders, too. The experimental autoim-
mune disease elicited by a large dose of retinal S antigen in guinea pigs is character-
ized by massive necrotizing uveitis and retinitis. It was proven that SOD prevents
S-antigen-induced experimental autoimmune uveoretinitis (EAU) in guinea pigs,
and bovine serum albumin-induced passive Arthus type uveitis in rabbits. These
results suggest that superoxide may play a role in causing tissue damage in animal
models of ocular inflammation and possibly in Behcet disease [139].

Similarly to the previous experiment, S-antigen-induced EAU in guinea pigs
treated with the antioxidants SOD, CAT, and sodium benzoate resulted in marked
reduction of uveal inflammation. The attenuated inflammation was characterized
by a relatively well-preserved retina and retinal pigment epithelium along with a
reduction of subretinal exudate and vitreous inflammation [97].
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Not only antioxidant enzymes, but also other antioxidant substances, such as
deferoxamine can be used in treating uveitis. Because photoreceptors contain a high
proportion of PUFA, deferoxamine, in turn, will act to ameliorate the experimental
autoimmune uveitis-mediated retinal degeneration. Treatment of experimental uveitis
in Lewis rats with an iron chelator, deferoxamine mesylate, resulted in a marked
reduction in choroidal inflammation and suppression of retinal damage [96].
Moreover, in vitro addition of 10 mM deferoxamine, the free radical generation of
inflamed retina was suppressed by nearly 40% [138]. Other antioxidant substances
were also helpful in uveitis. The lipoxygenase inhibitors phenidone and nordihy-
droguaiaretic acid, and dimethyl sulfoxide decreased fibrin production at 0.5 and
1 h after induction of uveitis. Phenidone and nordihydroguaiaretic acid also inhibited
the initial increase in intraocular pressure early in the course of inflammation [25].

Babizhayev [145], Williams and Munday [137] have proven that N-acetyl car-
nosine can treat immature lens opacities and nuclear sclerosis in dogs. The dogs
were treated three times daily with topical 2% N-acetyl carnosine in a buffered
vehicle containing glutathione, cysteine, ascorbate, L-taurine, and riboflavin (Ocluvet®,
Practivet, Phoenix, AZ, USA). The examination was performed prior to treatment
and at 2, 4, and 8 weeks during treatment, by direct and indirect ophthalmoscopy
and slit-lamp biomicroscopy after pharmacological pupil dilation. This study dem-
onstrated some marginal reduction in lens opacification of canine cataract. Lens
opacification was improved with treatment in eyes with immature cataract or
nuclear sclerosis whereas in eyes with mature cataract or cataract with associated
intraocular inflammatory pathology less reduction was seen [137].

Dermatitis

“Floreat curator cutis (May the manager of the skin prosper),” said old Latin. To treat
skin problems is essential. There are many antioxidants used in various human and
animal inflammatory skin disease, such as silibinin, silymarine, and other flavonoids,
furfuryl palmitate, pentoxifylline, melatonin, vitamin E, retinol, selenium salts,
NAC, Ginkgo biloba extract, topically applied SOD, beta-carotene, bucillamine, and
so on. Still there are open questions and quite a few basic contradictions even in
connection with the application of the most commonly used lipophilic antioxidant
vitamin E in skin disorders. It has been used for more than 50 years in clinical and
experimental dermatology. Although a large number of case reports were pub-
lished, there is still a lack of controlled clinical studies providing a rationale for
clinical indications and dosage. In contrast, advances in basic research on the physi-
ology, mechanism of action, penetration, bioconversion, and photoprotection of
vitamin E in human skin have led to the development of numerous new formula-
tions for use in cosmetics and skin care products. Although its current use is largely
limited to cosmetics, controlled clinical studies for indications such as atopic
dermatitis or prevention of photocarcinogenesis are needed to evaluate the clinical
benefit of vitamin E [122].
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In a study of feline perforating dermatitis authors applied methyl-prednisolone
acetate (20 mg/cat im) and vitamin C (100 mg/kg twice a day for 2 months).
Vitamin C administration failed to resolve the disease. In two cases, methyl-
prednisolone acetate was used to manage relapsing episodes and vitamin C helped
to reduce glucocorticoid requirements [2].

Osteoarthritis, Synovitis

Painless bones are essential for living a comfortable life. Ovid (43 BCE-18 CE)
needed to keep his bones comfortable in his grave, too. “Nasonis molliter ossa
cubent (May the bones of Naso lie gently)” [87]. The development of osteoarthritis
is highly dependent on the antioxidant system. In addition to matrix metalloprotei-
nases, ROS are the main causative agents of cartilage degradation. To prevent ROS
toxicity, chondrocytes possess a well-coordinated enzymatic antioxidant system
formed principally by SODs, CAT, and glutathione peroxidase (GPX). Mathy-
Hartert [78] proved the dysregulation of the antioxidant enzymatic system due to
inflammatory mediators. Bovine chondrocytes were cultured in monolayer in the
absence or presence of IL-1beta or IL-6. To study the signal transduction pathway,
inhibitors of mitogen-activated protein kinases (MAPK; PD98059, SB203580, and
SP600125) and nuclear factor (NF)-kappaB inhibitors (BAY11-7082 and MG132)
were used. Mn-SOD and GPX activities were dose- and time-dependently increased
by IL-1beta. In parallel, IL-1beta markedly enhanced Mn-SOD and GPX gene
expressions, but decreased Cu/Zn SOD, EC-SOD (which is a copper-containing
enzyme also known as SOD3; it has the major role in vessel walls; Itoh 2009 [55])
and CAT gene expressions. Induction of SOD enzymatic activity and Mn-SOD
mRNA expression were inhibited by NF-kappaB inhibitors but not by MAPK
inhibitors. IL-1beta, and to a lesser extent IL-6, dysregulates enzymatic antioxidant
defenses in chondrocytes. These changes could lead to a transient accumulation of
H,0, in mitochondria, and consequently may cause mitochondrial damage. These
changes contribute to an explanation of the mitochondrial dysfunction observed in
osteoarthritis chondrocytes [78]. Therefore the use of antioxidants to treat osteoar-
thritis might be the crucial point in treatment options.

There are hundreds of plants yielding drugs with antioxidant properties used
to treat arthritis or osteoarthritis. Until now, little information has been available
on the antioxidative status of chondrocytes. Nevertheless, most of the literature
suggests that this antioxidant is good and that an antioxidant is even more beneficial
in treatment of this disease group. For instance, in vitro experiments in guinea pigs
in which a Glynn—-Dumonde synovitis was induced with BGG suggest that desfer-
rioxamine inhibits iron-catalyzed LPO when it is poorly saturated with iron, but
loses this effect when it is iron saturated [11]. Moreover, it was also stated that
hydroxyl radical scavengers can be beneficially used in arthritis. Santos and
Tipping [104] reported that the contribution of ROS, in particular hydroxyl radical
(OH™), to joint inflammation was examined in rats developing adjuvant arthritis
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(AA) by treatment with ROS scavengers dimethylthiourea (DMTU) and DMSO.
Both DMTU and DMSO significantly reduced the clinical evidence of arthritis;
synovial fluid cell accumulation was also significantly reduced compared with
disease control [104].

It was also reported that many trials are known to treat arthritis by various anti-
oxidant plant substances. Numerous agents derived from plants can suppress these
cell signaling intermediates, including curcumin (from turmeric), resveratrol (red
grapes, cranberries, and peanuts), tea polyphenols, genistein (soy), quercetin (onions),
silymarin (artichoke), guggulsterone (guggul), boswellic acid (salai guggul), and
withanolides (ashwagandha). Indeed, several preclinical and clinical studies suggest
that these agents have potential for arthritis treatment. Although gold compounds are
no longer employed for the treatment of arthritis, the large numbers of inexpensive
natural products that can modulate inflammatory responses, but lack side effects,
constitute “goldmines” for arthritis treatment [60]. As one of the most important and
useful antioxidants, SOD seems to be effective in treating arthritis in various clinical
trials, but the manner of application is problematic. The efficacy of SOD decreases a
lot until is penetrating to the site where it is really needed. Therefore liposome-
encapsulated SOD is applied and seems to be beneficial, but its activity is still not
enough. A new way is the application of acylated superoxide dismutase (Ac-SOD)
enzymosome in the liposomal enzymatic system. In this case Ac-SOD is inserted in
the lipid bilayer of liposomes, unlike when SOD is located in the aqueous compart-
ment of liposomes. Cruz [146], Gaspar (2006) have found that Ac-SOD enzymo-
somes are nanocarriers combining the advantages of expressing enzymatic activity in
intact form and thus being able to exert a therapeutic effect even before liposome
disruption, as well as acting as a sustained release of the enzyme [37].

Despite the many good examples there are numerous contradictory findings
known in connection with the efficacy of antioxidant treatment of arthritis. The modi-
fication of the antioxidant defense system in this disease group remains unknown.
Some antioxidant supplements or drugs with antioxidant properties have been
developed to reinforce the cellular antioxidant status. However, until now, there has
been no consistent evidence that additional antioxidant supply is efficient to relieve
arthritis symptoms or to prevent structural changes in arthritis cartilage [44].
Similarly to the aforementioned skin problems, it was found that clinical trials testing
the efficacy of vitamin E in the treatment of osteoarthritis and inflammatory arthritis
have been methodologically weak and have produced contradictory findings. There
is presently no convincing evidence that melatonin, Amazonian vine, Withania
somnifera root powder, bucillamine, SOD, glucosamine, chondroitin sulfate, avocado—
soybean unsaponifiables, selenium, vitamin A, vitamin C, the combination of sele-
nium compounds, and the like are effective in the treatment of any type of arthritis
[18, 33]. Most of these review articles highlight the need for additional randomized,
placebo-controlled trials to further define the utility of nutraceuticals and any drug
with antioxidant property in arthritis treatment.

The development of osteoarthritic structural changes in the anterior cruciate
ligament was examined in a dog model. It was induced by anterior cruciate ligament
transection of the right knee in dogs. The dogs were treated with avocado—soybean
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unsaponifiables (10 mg/kg per day). The treatment reduced the loss of subchondral
bone volume and calcified cartilage thickness as compared to placebo-treated dogs.
Immunohistochemical analysis of cartilage revealed that avocado—soybean unsa-
ponifiables significantly reduced the level of inducible nitric oxide synthase and
matrix metalloproteinase- (MPP-)13 in cartilage. The beneficial effect of the treatment
was suggested as a consequence of the inhibition of inducible nitric oxide synthase
and MMP-13, which are key mediators of the structural changes that take place in
osteoarthritis [14].

Pancreatitis

Pancreatitis is a life-threatening disease. This section gives some points to over-
come this disorder, according to the theory of Cicero: “Conqueri fortunam adversam,
non lamentari decet (You should fight against misfortune instead of mourning
about it;” Marcus Tullius Cicero 106—43 BC; [131]). Antioxidants can also be used
in the treatment of acute pancreatitis. Similarly to other diseases, a wide scale of
antioxidants was examined in this disease. Here we focus on some important and
interesting studies. The efficacy of antioxidant enzyme treatment was evaluated.
Schoenberg et al. [105] reported that treatment with SOD (100,000 U/kg/h) and
CAT (400,000 U/kg/h) prevented LPO and reduced zymogen degranulation and
tissue necrosis, but tissue edema and inflammatory response were not affected in
both models (cerulein, sodium taurocholate) of acute pancreatitis [105]. Other
drugs with atypical antioxidant properties were beneficial in preventing inflamma-
tory and free radical producing processes. BN 52021-platelet activating factor
(PAF) receptor antagonist had a beneficial effect against cerulein-induced acute
pancreatitis in rats depending on the prevention of inflammatory cell activation and
subsequent generation of oxygen radicals within pancreatic tissue.

There was significant reduction of pancreas edema, diminution of hyperamy-
lasemia, lack of SOD activity depletion, and inhibition of LPO in pancreatic
tissue. These changes were accompanied by significant reduction of acinar cell
vacuolization and remarkable inhibition of infiltration with inflammatory cells in
the interacinar space [23]. The xanthine oxidase inhibitor allopurinol was also
examined. It was found that addition of allopurinol to the treatment protocol in
acute pancreatitis might improve the pathological score, bacterial translocation,
and oxidative stress parameters due to decreasing ROS formation caused by
the inflammatory process of the pancreas as there can be a continuous hypoxia
reperfusion injury in this disease [54]. Efficacy of other antioxidants, such as
resveratrol, melatonin, and pentoxifylline was also examined in acute pancreatitis.
Resveratrol seemed to ameliorate the severe effects of this disease. Szabolcs [119]
suggested that the beneficial effects of resveratrol on acute pancreatitis seem to be
mediated by the antioxidant effect of resveratrol or by an NF-kappa-B-independent
anti-inflammatory mechanism. In connection with melatonin, Szabolcs [119]
suggested that it is an antioxidant able to counteract some of the L-arginine-induced
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changes during acute pancreatitis, and may therefore be helpful in the supportive
therapy of patients with acute necrotizing pancreatitis. Pentoxifylline was reported
as a methylxanthine derivative with rheological and marked anti-inflammatory
properties. It inhibits the production of proinflammatory cytokines. Gomez-Cambronero
[39] found that using pentoxifylline attenuated inflammatory responses within the
pancreas in acute pancreatitis.

In spite of the wide-scale trial for commonly used antioxidants such as selenium,
NAC, and vitamin C in the treatment of acute pancreatitis (and there are many
studies that report beneficial effects of these compounds), Siriwardena [113] in
a study provide no evidence to justify continued use of these drugs in severe
acute pancreatitis. These authors also point out the harmful side effects of these
derivatives [113].

Chronic pancreatitis was beneficially treated by a mixture of antioxidants,
including selenium, beta-carotene, L-methionine, and vitamins C and E. Treatment
with these compounds was associated with significant improvements in quality of
life in terms of pain, physical and social functioning, and general health perception.
Kirk [61] concluded that treatment with antioxidants may improve quality of life
and reduce pain in patients suffering from chronic pancreatitis [61].

Hepatitis

There are various drugs used in liver diseases: more advice, more success.
Nevertheless, we have to be aware that “Facile omnes, cum valemus, recta consilia
aegrotis damus (We all find it easy to give the right advice to the sick when we are
well;” Marcus Terentius Varro (11627 BC) [121]. It was stated that in copper toxicosis
(CT) of Bedlington terriers, non-copper-associated chronic extrahepatic cholestasis
(EC), or chronic hepatitis (CH), the dogs have reduced protection against oxidative
stress, opening a rationale to use antioxidants as possible therapy [117]. The treatment
of idiopathic chronic hepatitis consists of controlling inflammation (prednisone,
azathioprine), reversing fibrosis (colchicine), and protecting against oxidant damage
(vitamin E, ursodeoxycholic acid, S-adenosylmethionine) (Honeckman 2003)
[148]. The following concerning the use of antioxidants in the case of hepatopa-
thies is based upon Honeckman’s (2003) article.

Ursodeoxycholic acid is a hydrophilic bile acid with anti-inflammatory, immuno-
modulating, and choleretic properties. It displaces hydrophobic bile acids that can
cause oxidative injury to hepatocytes. Ursodeoxycholic acid may have direct anti-
oxidant effects by increasing glutathione and metallothionein [128]. Ursodeoxycholic
acid may also decrease collagen formation [48]. It is useful in humans with primary
biliary cirrhosis [111].

Zinc is not only useful for copper-associated hepatopathy but may also be helpful
in other forms of chronic hepatitis in dogs because of its antioxidant and antifibrotic
effects [70].
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Vitamin E is an antioxidant that is recommended at a dose of 50-600 IU per day
[128]. Oxidant injury to hepatic mitochondria has been reported in Bedlington terri-
ers with copper storage hepatopathy [116]. There is in vitro evidence suggesting that
vitamin E may be useful in preventing oxidative damage to hepatocytes exposed to
copper or hydrophobic bile acids [129]. In human studies, vitamin E was helpful in
treating patients with chronic hepatitis B [4]. Although there are no controlled stud-
ies of its use in canine chronic hepatitis, the use of vitamin E seems reasonable based
on experimental studies. Because absorption of fat soluble vitamins may be reduced
in cholestatic liver disease, a water-soluble form may be preferred [127].

S-adenosylmethionine is a nutraceutical that has recently been marketed for use
in dogs with liver problems. It has anti-inflammatory and antioxidant effects, and
also plays a role in cellular replication and protein synthesis [128]. It has been useful
for the treatment of acetaminophen toxicity [135], but there are no controlled studies
of its use in canine chronic hepatitis.

Silymarin, an antioxidant extracted from milk thistle, has also been recom-
mended for chronic hepatitis [127]. Although silibinin (the main isomer in silmaryin)
has been proven to be useful for treating amanita mushroom toxicity in dogs and
humans [134], there are currently no controlled studies on its use in canine chronic
hepatitis. Most studies of milk thistle in humans have shown little or no improve-
ment in biochemical markers, histology of liver biopsies, or survival [56].

Colitis and Giardiasis

Improper eating often comprises the origin of intestinal disease. Therefore, the motto
of this section is “Edas ut vivas, ut edas, noli vivere (Eat in order to live, and do not
live for eating;” Caecilius Balbus 1 BC). There have been numerous experiments
done to prove the efficacy of antioxidants in intestinal diseases, too. In a study the
effects of gastrointestinal mucosal injury were examined, which was induced by
exposing gastric mucosa with bile and a luminal pH of 1 in cats; moreover live
Escherichia coli was infused i.v. Although hemodynamic responses (mean arterial
pressure and cardiac output) were significantly improved in methylprednisolone-
pretreated cats, misoprostol/SOD/CAT administered with a nasogastric tube reduced
late hypotension. Pulmonary arterial pressure rose to approximately 200% of basal
in both methylprednisolone and misoprostol/SOD/CAT administration [5].

It was proven that 5-aminosalicylic acid-containing drugs but, more effectively,
specific scavengers, have been found to reduce the intestinal inflammatory process.
It is beneficial to use new anti-inflammatory drugs for inflammatory bowel disease
specifically designed to scavenge toxic oxygen metabolites [133].

Keshavarzian [59] performed a wide-scale study in connection with the efficacy
of different drugs of the antioxidant effect in experimental colitis on rats by acetic acid
administration at 2.5%, which produced moderate inflammation. They found that
specific superoxide anion scavenger methoxypolyethylene glycol-SOD, and reactive
oxygen metabolite scavenger, sulfasalazine, significantly decreased the severity of
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inflammation. The xanthine oxidase inhibitors, tungsten and pterin-aldehyde, failed to
improve inflammation but another xanthine oxidase inhibitor, allopurinol, a compound
with known superoxide anion scavenging effect, did limit the inflammation. Inhibition
of hydroxyl radical production by deferoxamine or lowering hydroxyl radical values
by a scavenger, dimethyl-sulfoxide, did not affect the severity of inflammation.
According to the authors, these data suggest that (1) reactive oxygen metabolites play
an important role in experimental colitis, (2) the xanthine oxidase pathway is not a
major source of reactive oxygen metabolites in colitis, and (3) tissue injury in experi-
mental colitis is not caused by generation of hydroxyl radicals [59].

Other experiments also prove the benefit of using antioxidants in the early stage
of induced colitis in rats. Antioxidant enzymes (such as SOD, GPX) and an antioxi-
dant, alpha-tocopherol, were significantly decreased with the severity of colonic
damage. Mn-SOD at a dose of 50,000 U/kg attenuated this colitis when preadmin-
istered subcutaneously 1 h before the induction of colitis [141].

Gross [40] used the aminosalicylates in the treatment of inflammatory bowel dis-
ease. They found that this compound ameliorated the effects of enteritis. They
stated that as aminosalicylates are potent antioxidants, this fact underscores the
importance of reactive oxygen metabolites in this disease [40].

Sener [107] performed a really contemporary examination in connection with
erdosteine, which is a sulthydryl-containing antioxidant. The treatment by this com-
pound reversed increases in the colonic luminol and lucigenin chemiluminescence
values, macroscopic and microscopic damage scores, MDA and collagen levels,
myeloperoxidase activity and DNA fragmentation, decrease in tissue glutathione
level, elevated serum cytokines and lactate dehydrogenase activity, and histopatho-
logical alterations induced by trinitrobenzene sulphonic acid (TNBS) in Sprague—
Dawley rats. The authors suggest that erdosteine protects the colonic tissue via its
radical scavenging and antioxidant activities [107].

The antioxidant silymarin can be used beneficially together with traditional
treatment. Silymarin, in supplement with antiprotozoal drugs (metronidazole), can
beneficially influence the therapy of canine giardiasis. Ten days post-treatment
the efficacy of metronidazole plus silymarin (91%) was significantly different in
comparison with that of metronidazole (75%). Signs of side effects and decreased
body weight were not observed in silymarin plus metronidazole-treated dogs. Poor
appetite and intermittent vomiting signs and decrease in body weight were observed
in two dogs of the metronidazole-treated group. Two weeks after metronidazole
treatment, serum concentration of GOT, GPT, and NH3 were significantly increased
in comparison with those treated with silymarin [21].

Encephalopathy, Neuritis, and Spinal Cord Injury

The central nervous sytem can also suffer from inflammatory processes. “Feriunt
summos fulmina montes (Lightning strikes the highest moutain tops;” Horace 65-8 BC)
[50]. The iron chelator deferoxamine can be used in treating neuritis. It has been
found that conjugated deferoxamine reduces disruption of the blood—brain barrier
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and the OH" radical generated from perivascular H,O, may possibly play a role in
alterations of vascular permeability in experimental optic neuritis [41].

Some authors who examined neonates with hypoxic ischemic encephalopathy
used a nonantioxidant compound phenobarbital in the therapy, but they found a
decrease in LPO products (Gathwala [147], Singh [112]). Singh [112] suggested that
phenobarbital in the dose of 20 mg/kg i.v. given within 6 h of life in term and near-
term neonates with hypoxic ischemic encephalopathy, was associated with a decrease
in lipid peroxides, antioxidant enzymes, and antioxidant vitamins. They demonstrated
that there was a trend toward lower levels of cerebrospinal fluid (CSF), MDA content,
and activities of SOD and GPx and blood vitamin content of A and E in babies with
normal outcome as compared to babies with adverse outcome (death or neurologi-
cally abnormal at discharge). Moreover, CSF levels of MDA and activities of SOD
and GPx were significantly lower in the group receiving phenobarbital [112].

A new way to treat neuritis is the antioxidant gene therapy which was tested
in mice with experimental autoimmune encephalomyelitis (EAE), a strategy
designed to treat patients at risk for axonal degeneration and persistent visual loss
from optic neuritis and multiple sclerosis. Qi [95] cloned the human extracellular
superoxide dismutase (EC-SOD) or CAT gene into recombinant adeno-associated
virus (AAV). Animals were sensitized for EAE, followed by serial contrast-
enhanced MRI for 6 months, and then were euthanized. The effects of ECSOD
and CAT modulation on the EAE optic nerve were gauged by computerized
analysis of optic nerve volume, myelin fiber area, axonal cell loss, and retinal
ganglion cell (RGC) loss. One month after intraocular injections, transgene
expression increased 4-fold for AAV-ECSOD and 3.3-fold for AAV-CAT. Six
months after intraocular injections and EAE sensitization, combination therapy
with ECSOD and CAT decreased RGC loss by 29%, optic nerve demyelination
by 36%, axonal loss by 44%, and cellular infiltration by 34% compared with the
contralateral control eyes inoculated with AAV-GFP. It was concluded that viral-
mediated delivery of antioxidant genes provides long-lasting suppression against
neuronal and axonal loss associated with permanent visual disability in patients
with optic neuritis and multiple sclerosis [95].

In spinal cord traumas antioxidants can be beneficially used, but still there are
some contradictory findings in connection with their routine application. Anderson
[3] reported that antioxidants can cause some visible biochemical and histopatho-
logical effects in decreasing severity of spinal cord traumas, but they do not diminish
the clinical signs, that is, paralysis. Compression trauma of the cat spinal cord
induces a very rapid alteration in the lipid metabolism of cellular membranes,
including lipid hydrolysis with release of fatty acids including arachidonate, produc-
tion of biologically active eicosanoids, and loss of cholesterol. This disturbance of
cellular membranes can directly damage cells and can lead to the secondary devel-
opment of tissue ionic imbalance, ischemia, edema, and inflammation with neuro-
nophagia. Pretreatment with either the synthetic glucocorticoid methylprednisolone
sodium succinate (MPSS) or the antioxidants vitamin E and selenium (Se) completely
prevented the loss of cholesterol and partially inhibited lipolysis and prostanoid
production. Treatment with only MPSS significantly reduced the postinjury tissue
necrosis and paralysis [3].
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Moreover, according to Coates et al. [22], the antioxidant 21-aminosteroid
compound was also significantly effective in this disorder. Although significant
differences in some portions of the neurological and histopathological examina-
tions were observed, clinical efficacy for the 21-aminosteroid compound (U74389G)
could not be established in acute-compressive spinal cord trauma at the second
lumbar spinal cord segment (100 g, 300 s) of dogs [22].

Lucas [72] examined the level of different LPO products, such as hydroxyalkenals
(4-HAs) and MDA after spinal cord injury. They used a specific treatment against them,
such as the GSH precursor y-glutamylcysteine. These authors mention that 4-HAs are
much more reactive than MDA and are considered among the most toxic LPO products.
After spinal cord injury, spinal cord irrigation with y-glutamylcysteine preserved GSH
and reduced 4-HAs below naive levels but had no effect on MDA. By 24 h after spinal
cord injury, MDA returned to naive levels but 4-HAs were still elevated. Once again,
v-glutamylcysteine treatment reduced 4-HAs elevation [72].

Bovine Mastitis

We can say that “Aliena capella gerit distentius uber (The udder of another’s gout
is more distended;” Horace 65-8 BC), which means that another’s gout is better
than ours, but not in the case when this distension is caused by mastitis [S1]. An
important role played by acute phase response and oxidative status in inflammation
of the mammary gland in cows as mastitis is associated with significantly higher
concentrations of inflammatory and oxidative mediators in the cells and blood.
Aitken [1] proved that gene expression of the pro-oxidant, 15-lipoxygenase 1,
which is known to increase during times of oxidative stress, also increased dra-
matically in mammary tissue from early lactation (EL, 15-28 day in milk) cows.
Expression of the pro-inflammatory cytokines, IL-1beta, IL-6, and IL-8 did not
change significantly during the periparturient period. Close positive correlations
were found between several antioxidant enzymes (cytosolic GPX, thioredoxin
reductase 1, and heme oxygenase-1) and vascular adhesion molecules (intercellular
vascular adhesion molecule-1, vascular cell adhesion molecule-1) suggesting a
protective response of these antioxidants to an enhanced proinflammatory state.
Ability to control oxidative stress through the antioxidant enzymes in the future
may modify the proinflammatory state of periparturient cows and reduce incidence
and severity of some diseases such as mastitis [1]. Local as well as systemic inflam-
mation might play important roles in increased mammary oxidative stress [63]. The
protective effects of antioxidants in a context of neutrophil-induced damage to
mammary epithelial cells were evaluated in vitro using a coculture model of acti-
vated bovine neutrophils and a bovine mammary epithelial cell line (MAC-T cells).
When incubated with neutrophils activated by lipopolysaccharides and phorbol
12-myristate 13-acetate, MAC-T cells released large amounts of lactate dehydroge-
nase indicating significant cell damage. The addition of DMTU or bathocuproine
disulfonic acid did not reduce the damage whereas catechin, deferoxamine, or
glutathione ethyl ester significantly reduced neutrophil-induced cytotoxicity in a
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dose-dependent manner. The effect of deferoxamine, an iron chelator, on the
growth of E. coli and the ability of bovine neutrophils to phagocytose these bacteria
were then assessed in vitro. Data showed that deferoxamine did not interfere with
the phagocytic activity of neutrophils but inhibited growth of the bacteria. The
results suggest that antioxidants may be effective tools for protecting mammary
tissue against neutrophil-induced oxidative stress during bovine mastitis [68].

Chaiyotwittayakun [20] reported a study in which they used vitamin C in the
treatment of mastitis. Mastitis was induced in eight nonpregnant Holstein cows by
intramammary infusion of endotoxin. Two doses of 25 g of ascorbic acid were
administered intravenously at 3- and 5-h postendotoxin challenge. The authors
reported an increased milk production recovery (9% higher, P < 0.02) and tended
to reduce the extent of rumen stasis [20].

The plasma selenium levels indicate the amount of circulating selenoproteins and
selenoenzymes. These are important for the maintenance of the redox system, modu-
lating the immune system and also for thyroid hormone metabolism. The thyroid
gland is among the human tissues with the highest Se content per mass unit similar
to other endocrine organs and the brain. Not only are all three deiodinases selenoen-
zymes, but within the thyroid gland there are several other selenoenzymes, which are
important for the maintenance of normal thyroid function [36]. Selenoproteins
involved in cellular antioxidative defense systems and redox control, such as the
GPx and the thioredoxin reductase (TxnRd) family, are involved in protection of the
thyroid gland from excess hydrogen peroxide and ROS produced by the follicles for
biosynthesis of thyroid hormones. In addition, the three key enzymes involved in
activation and inactivation of thyroid hormones, the iodothyronine deiodinases
(DIO1,2,3), are selenoproteins with development, cell-, and pathology-related
expression patterns [64]. The trace element selenium is also in the prosthetic group
of selenium-dependent GPX. Therefore it affects the innate and the adaptive immune
responses of the mammary gland through cellular and humoral activities.

Substantial research has been carried out on the effect of selenium on the immune
function of the mammary gland and subsequent improvement in bovine udder health
and mastitis control. Levels higher than current recommendations and Se-yeast
(0.3 mg/kg diet dry matter) can potentially be used to enhance our capacity to modu-
late the physiological mechanisms of the bovine mammary gland to respond to infec-
tion [103]. In spite of this replacement of sodium selenite with an organic source of
Se (Se yeast) in diets not suboptimal in basal Se concentrations did not improve Se
status, uterine health, fertilization, or embryo quality in early lactation dairy cows [19].
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Oxidative Stress and Calcium Metabolism

Patricia A. Schenck

Abstract Reactive oxygenspecies (ROS)areacausal factorinaging, atherosclerosis,
carcinogenesis, and infarction (Sheweita and Khoshhal, Curr Drug Metab
8:519-525, 2007). In bone metabolism, ROS play a dual role, with different actions
under physiological and pathological conditions (Sontakke and Tare, Clin Chim
Acta 318:145-148, 2002). Reactive oxygen species include hydroxyl radicals,
superoxide anion radicals, hydrogen peroxide, and nitric oxide; ROS lead to oxida-
tion of enzymes and protein oxidation and degradation. The effects of ROS are
eliminated by antioxidant enzymes such as superoxide dismutase (SOD), glutathi-
one peroxidase, and catalase. Oxidative stress occurs when the effects of ROS
are greater than the antioxidant mechanisms in biological systems, and cellular
damage occurs. The full effect of oxidative stress on bone remodeling is unknown,
but there is evidence that both pro-oxidants and antioxidants play a role in skeletal
integrity in health and disease.

Keywords Parathyroid hormone o Calcitonin « Calcitriol ¢ Nitric oxide (NO)
o Nuclear factor-kappa B (NF-kB) « NADPH oxidase « Klotho gene * RANKL
pathway e Calcium metabolism

Calcium is required for many intracellular and extracellular functions, as well as for
skeletal support. Ionized calcium is required for enzymatic reactions, membrane
transport and stability, blood coagulation, nerve conduction, neuromuscular trans-
mission, muscle contraction, vascular smooth muscle tone, hormone secretion,
bone formation and resorption, control of hepatic glycogen metabolism, and cell
growth and division.

Calcium in serum or plasma exists in three fractions: ionized, complexed, and
protein-bound [1]. In healthy dogs, protein-bound, complexed, and ionized calcium
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accounts for 34%, 10%, and 56% of total serum calcium concentration [2]. Ionized
calcium is the biologically active fraction of calcium.

Calcium ions bind directly to cell membrane receptors that are specific for ionized
calcium [3]. Normal homeostatic control mechanisms usually maintain serum ionized
calcium concentration within a narrow range by integrated interactions among ion-
ized calcium, phosphorus, parathyroid hormone (PTH), vitamin D metabolites, and
calcitonin. Intestine, kidney, and bone are the major target organs affected by cal-
cium regulatory hormones and the skeleton provides a major supply of calcium and
phosphorus when intestinal absorption and renal reabsorption are inadequate to
maintain normal serum calcium concentration.

PTH is synthesized and secreted by the chief cells in the parathyroid gland in
response to a decrease in ionized calcium concentration. The major biological
effects of PTH are to increase the serum calcium concentration, to increase tubular
reabsorption of calcium with a decreased loss of calcium in the urine, to increase
bone resorption and numbers of osteoclasts on bone surfaces, and to accelerate
the formation of 1,25-dihydroxyvitamin D (calcitriol) by the kidney. In bone,
the increase in calcium concentration results from an interaction of PTH with
receptors on osteoblasts that stimulate increased calcium release and direct an
increase in osteoclastic bone resorption [4]. The response of bone to PTH is biphasic.
The rapid effects of PTH result in an increased flow of calcium from deep bone to
the surface through the action of an osteocyte—osteoblast pump. The longer-term
effects of PTH are not dependent on the continuous presence of hormone.
Osteoclasts are responsible for the long-term actions of PTH on bone resorption
and remodeling [5].

Calcitonin is synthesized by C cells in the thyroid gland, and is secreted in
response to hypercalcemia. The effects of calcitonin in calcium homeostasis are
minor. Calcitonin primarily acts on bone where it inhibits the resorption of calcium
and phosphorus [1].

The most important vitamin D metabolites are derived from cholecalciferol
(vitamin D, of animal origin). Of these, the metabolites 25-hydroxyvitamin D
(calcidiol) and 1,25-dihydroxyvitamin D (calcitriol) are the most important. These
metabolites may also be derived from ergocalciferol (vitamin D, of plant origin),
and are equally bioactive. Dogs and cats are dependent on dietary vitamin D as they
inefficiently photosynthesize vitamin D in their skin. In the liver, vitamin D is hydrox-
ylated to 25-hydroxyvitamin D. The 25-hydroxyvitamin D is further hydroxylated
to form calcitriol in the proximal tubule of the kidney.

Calcitriol is the active metabolite of vitamin D, and acts to increase serum calcium
and phosphorus concentrations. Calcitriol stimulates osteoclastic calcium mobiliza-
tion and resorption of bone, increases calcium, phosphorus, and magnesium
absorption in the intestine, and increases renal tubular resorption of calcium and
phosphorus by the kidney [1]. Calcitriol is necessary for normal bone development
because it regulates the production of alkaline phosphatase, collagen type I, osteo-
calcin, and osteopontin produced by osteoblasts [6, 7]. Calcitriol is necessary for
normal bone resorption because it promotes differentiation of monocytic
hematopoietic precursors in the bone marrow into osteoclasts [8].
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Bone Modeling and Remodeling

Bone consists of a structured mineral matrix that contains heterogeneous populations
of chondrocytes, osteoblasts, osteocytes, osteoclasts, endothelial cells, monocytes,
macrophages, lymphocytes, and hemopoietic cells. The process of bone remodeling
is the major activity of bone cells in the adult [9]. Bone multicellular units (BMUs;
bone remodeling units) occur on the surface of trabecular bone as Howship lacunae,
or as haversian systems in cortical bone. Osteoclasts are activated by the interaction
of osteoblast lineage cells with hematopoietic precursors, but they can also be acti-
vated by inflammatory cells. After the formation of osteoclasts, there is a bone
resorption phase of short duration, followed by a brief reversal phase. At this point,
bone formation has not started, but the bone surface is covered by mononuclear
cells. The formation phase is initiated either by osteoclast factors or factors released
from the bone matrix. The formation phase is long, and involves production of
matrix by osteoblasts. These cells become flat lining cells, become embedded in the
bone as osteocytes, or undergo apoptosis [10].

In bone remodeling, bone resorption requires contact between osteoblasts and
osteoclasts. Macrophage colony stimulating factor (M-CSF) stimulates differentia-
tion of hematopoietic progenitors which express RANK (receptor activator of
nuclear factor-kB). Osteoclasts are stimulated by RANK interaction. Bone resorption
stimulates COX2 activity which amplifies the response to RANK ligand (RANKL).
In disease states, inflammatory and malignant cells increase the production of
osteoclasts by producing M-CSF, RANKL, parathyroid hormone related protein
(PTHrP), cytokines, and prostaglandins [11].

Because the resorption phases are short, but the formation phase requires a longer
period of time, an increase in the rate of bone remodeling results in a loss of bone
mass. In addition, the increase in unfilled Howship lacunae and Haversian canals
will weaken the bone. Excess resorption also decreases the trabecular structure so
bone formation cannot occur. The inadequate formation of bone during remodeling
is of major importance in the pathogenesis of osteoporosis.

Nitric Oxide

Nuclear factor-«B (NF-kB) is an oxidative stress-responsive transcription factor
and is important in the production of osteoclasts. Thus free radicals can increase
bone resorption through activation of NF-xB. A number of risk factors for the
development of osteoporosis (smoking, hypertension, and diabetes mellitus)
have been shown to increase the circulating concentrations of free radicals, which
are involved in bone resorption [12].

Nitric oxide (NO) is a free radical that is involved in vascular relaxation, platelet
aggregation, neurotransmission, and immune regulation [13]. NO is generated from
arginine by nitric oxide synthase (NOS), and also has important effects on bone cell
function. The constitutive form of NOS (cNOS) is widely expressed in bone marrow



54 P.A. Schenck

stromal cells, osteoblasts, osteocytes, and osteoclasts, whereas the inducible form
(INOS) is produced in response to inflammation. NO influences bone remodeling
through influence on osteoblast and osteoclast activity.

NO can exhibit a dual role in bone metabolism [14]. When osteoblasts and
osteocytes are placed under mechanical stress, they will produce iNOS-mediated
NO that inhibits prostaglandin-induced bone resorption, which contributes to an
increase in bone. Osteocytes secrete more NO than do osteoblasts under stress,
and cytokines present in inflammation further increase NO production.
Subsequently, osteoblast growth and differentiation are inhibited, leading to apop-
tosis. Physiologically, osteoclasts also express cNOS which is essential for normal
function. cNOS-induced NO inhibits osteoclast activity and mobility. The effects
of NO on osteoclastic bone resorption are dose-dependent. Low doses of NO
enhance interleukin-1 (IL-1)-induced bone resorption, via the iNOS pathway.
High doses of NO inhibit osteoclast activity and formation, with apoptosis of
osteoclast progenitor cells.

Oxidative stress can have an impact on the effects of NO on bone cells.
Superoxide anion can transform NO into peroxynitrile anion, which is highly reactive.
This decreases the concentration of NO that affects the osteoblast—osteoclast
balance, causing disturbances in bone metabolism.

NADPH Oxidase and Tartrate-Resistant
Acid Phosphatase

NADPH oxidase (Nox) catalyzes the generation of superoxide anion from
oxygen, and can also generate superoxide in osteoclasts. Nox4 is present in kidney
tissue and osteoclasts. In osteoclasts, Nox4 affects bone resorption, and if Nox4
activity is decreased, osteoclastic superoxide production and bone resorption are
inhibited [13].

An increase in superoxide anion production is associated with an increase in
bone resorption, and a decrease in superoxide anion is associated with inhibition
of bone resorption. Inasmuch as the superoxide anion is located on the outer
membrane of osteoclasts, it is thought that the superoxide anion itself contributes
to bone resorption.

Osteocalcin is a bone matrix protein that can break into smaller pieces when
exposed to superoxide anion. The smaller pieces of protein are more susceptible to
degradation and enzyme digestion, thus superoxide anion contributes to the degra-
dation of bone matrix. Superoxide anion also stimulates the formation of osteo-
clasts which leads to an increase in bone resorption.

Tartrate-resistant acid phosphatase (TRACP) is an enzyme primarily expressed
in macrophages and osteoclasts. In osteoclasts it is located in vesicles that transport
bone matrix degradation products from bone lacuna to the basolateral membrane.
TRACP can generate ROS (reactive oxygen species), which can destroy bone
matrix; thus, TRACP may be important in bone resorption via ROS.
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The Klotho Gene

The Klotho gene was identified in 1997, and acts as an aging-suppressor gene.
Klotho binds to fibroblast growth factor (FGF) receptors and acts as a coreceptor
for FGF23 which suppresses vitamin D synthesis in the kidney. The Klotho protein
regulates insulin, IGF-1, and Wnt, and protects cells from oxidative stress by stimu-
lating the expression of antioxidant proteins [15]. Klotho-deficient mice show
ectopic calcification in the gastric mucosa, trachea, aorta, and arteries in the kidney.
These mice have significantly elevated serum calcium, phosphorus, and vitamin D
levels which play a role in ectopic calcification.

Klotho-deficient mice also display a decrease in bone density, primarily in the
femur, tibia, and vertebrae. These mice have a decrease in both bone formation and
resorption; the decrease in formation is greater than the decrease in resorption,
leading to a net bone loss. The decreased bone mineral density with reduced bone
turnover is characteristic of osteoporosis.

In mammals, Fork-head box O (FOXO) transcription factor is negatively regu-
lated by insulin/IGF-1 signaling [16]. Antioxidant enzymes such as catalase and
mitochondrial manganese—superoxide dismutase (SOD2) are upregulated by
FOXOs [17]. Increased catalase and SOD2 production reduce oxidative stress by
removal of ROS. Klotho-overexpressing mice have increased expression of SOD2
and decreased markers of oxidative stress, demonstrating increased resistance to
oxidative stress. Klotho-deficient mice demonstrate the impact of oxidative stress
on certain aspects of bone remodeling and calcium metabolism.

Oxidative Stress and Parathyroid Hormone

One of the major effects of PTH is to stimulate calcitriol synthesis in the kidney. PTH
also increases the mRNA for cytochrome P450 of mitochondrial 1o-hydroxylase
(CYPlo) [18], which increases the synthesis of CYPla protein. This protein
combines with ferredoxin and ferredoxin reductase on the inner mitochondrial
membrane to produce lo-hydroxylase activity that is required in the production of
calcitriol. In humans and rats, the ability of PTH to increase calcitriol production
decreases with age [19, 20]. This CYPla protein may be inactivated by oxidative
damage, because free radical production also occurs on the inner mitochondrial
membrane. Studies with hydrogen peroxide have demonstrated a minor decrease in
CYPla protein, yet a significant decrease in calcitriol production. It appears that the
protein is being produced, but the activity is reduced with oxidative damage [18].

Oxidative Stress and Osteoporosis

Osteoporosis is an important pathological problem in humans, and is characterized
by low bone mass with altered architecture of bone, leading to increased bone fragility
with an increased risk of fractures. In osteoporosis, there are multiple pathogenetic
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mechanisms leading to a loss of bone mass and deterioration of skeletal structure,
with complex interactions among regulators of bone cell function [9]. Interactions
of bone cells with estrogen, growth factors, PTH, vitamin D, cytokines, prostaglan-
dins, leukotrienes, collagen, NO, and leptin are important for a proper balance of
bone formation and resorption.

A normal balance between oxidants and antioxidants is needed to maintain equi-
librium between osteoblasts and osteoclasts [12]. With age-related bone loss, oxida-
tive stress leads to an increase in osteoblast and osteocyte apoptosis, with a decrease
in osteoblast numbers and a decrease in bone formation via Wnt/p-catenin signaling
[21]. Oxidative stress also inhibits osteoblast differentiation; osteoblasts normally
produce antioxidants to protect against ROS. It is possible that in osteoporosis,
osteoclasts produce excessive ROS which overwhelms the natural antioxidant
systems. This increase in ROS leads to bone loss and osteoporosis. Superoxide anion
generation increases from the increased osteoclast activity, and there is inhibition of
SOD and glutathione peroxidase activity as well, leading to a net bone loss.

In a study of humans with and without osteoporosis, oxidative stress was an
independent risk factor for osteoporosis [22]. Increases in oxidative stress were
responsible for osteoporosis occurring in relatively young men [23], and links have
been shown between increased oxidative stress and reduced bone mineral density
in older men and women [24]. Older women with osteoporosis have been shown to
have markedly decreased circulating antioxidants, suggesting the relationship
between oxidative stress and osteoporosis [25].

Lipoprotein oxidation may also contribute to the development of osteoporosis
[26]. When lipoproteins are circulating at increased levels, they are more prone to
oxidation. Oxidized LDL induces RANKL-dependent osteoclastic differentiation,
leading to bone resorption. There may also be direct interactions of oxidized lipids
on bone cells via receptor-mediated responses or through generation of cytokines
that may produce observed effects of oxidized lipids. The generation of inflammatory
cytokines in response to oxidized lipids may cause the observed resorptive effects
of oxidized lipid on bone.

The Role of Antioxidants in Skeletal Health

Some of the most convincing evidence for the role of oxidative stress in bone
resorption comes from research evaluating the role of antioxidants in pathological
conditions. Polyphenols are antioxidants that are similar to tocopherols (vitamin E).
Polyphenols can reduce hydrogen peroxide-induced oxidative stress, and can protect
osteoblasts from hydrogen peroxide-induced cell damage. High levels of polyphe-
nols are present in green tea, and recent studies have shown that liver glutathione
peroxidase activity increases after green tea polyphenol supplementation. Green tea
polyphenol supplementation reduces the loss of bone mineral density, and decreased
the formation of oxidative stress-induced calcium stone formation in rats because
of antioxidative effects. In osteoporosis, green tea polyphenols act via inhibition of
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cyclooxygenase-2 (COX-2), lipoxygenase, and inducible NO synthase. The protective
effects of green tea polyphenols are due to the decrease in lipid peroxidation, oxida-
tive stress, and production of NO radicals by inhibiting NO synthase [21].

Ascorbic acid can also decrease bone resorption. Ascorbic acid stimulates osteo-
blast differentiation, and inhibits RANKL-induced differentiation of osteoclast
precursors which reduces the rate of bone resorption [12]. Subclinical vitamin defi-
ciencies are common in elderly patients that are affected with osteoporosis.
Deficiencies of vitamins K, C, or B are risk factors for the development of osteo-
porosis and bone fracture. Increased vitamin D intake is needed for maintenance of
bone health. The lowest incidence of osteoporosis occurs in Mediterranean countries;
thus the “Mediterranean” diet that is rich in fruits and vegetables containing naturally
occurring antioxidants can contribute to a “bone-sparing” effect [13].

Flavonols are phytoestrogens found in onions, beans, fruits, red wine, and tea.
Flavonols increase nuclear ERbeta protein and decrease ERalpha protein in osteo-
clast precursors. The anti-resorption properties of flavonols are mediated by the ER
proteins via inhibition of RANK protein.

Dietary fatty acids can have various effects on calcium metabolism and bone
health in animals and humans [27]. Animals with essential fatty acid (EFA) defi-
ciency exhibit a loss of bone calcium, with marked bone demineralization. These
animals also develop calcium deposition in the kidney and aorta; subsequent studies
showed that fish oil administration could reduce this calcium deposition. Eskimos
who consume a diet rich in fish oils have a very low incidence of atherosclerosis and
other diseases related to calcium metabolism (such as nephrocalcinosis) [28].

Fish oils are rich in eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA) which are long-chain omega-3 fatty acids. Dietary fish oils may have a
beneficial effect on osteoporosis [29]. Supplementation with fish oil decreased
bone turnover and increased bone mineral density in elderly patients. In healthy
men, the highest circulating concentrations of DHA were associated with peak
bone mineral density and bone accrual [30]. In a study of gonad-intact rats, rats
receiving a diet highest in fish oils had the highest bone mineral content and bone
mineral density compared to rats fed diets high in omega-6 fatty acids [31]. Rats
fed the fish oil diet had the lowest bone NO production, whereas rats fed omega-6
fatty acids had higher bone prostaglandin E, production. Thus fish oil supplementa-
tion conferred a protective effect on age-induced bone loss. In another rat study,
dietary fish oil supplementation decreased osteoclastic activity and alveolar bone
resorption [32]. When female rats were fed a diet low in calcium, bone weight was
significantly reduced; this decrease was inhibited when EPA was supplemented in
the diet [33]. In rats fed omega-3 deficient diets, supplementation with DHA was
most effective at maintaining bone architecture and modeling [34].

The dietary ratio of omega-6 to omega-3 fatty acids is also important in skeletal
health. A ratio of 5:1 omega-6:DHA significantly elevated the DHA concentration
in bone, and led to lower bone loss in ovariectomized rats [35]. Diets with this
ratio produced the lowest concentrations of bone resorption markers and favored
bone conservation in ovariectomized rats. In piglets, higher circulating concentra-
tions of omega-3 fatty acids were associated with a lower level of bone resorption.
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A proper ratio of omega-6:omega-3 fatty acids can also reduce bone resorption and
demineralization caused by fatty acid deficiency [27].

Omega-6 fatty acids increase the production of inflammatory cytokines and ROS
such as NO [36]. Omega-3 fatty acids appear to reduce the release of leukotriene B,
and interleukin-1. Increased osteoclastic activity and bone resorption seen in
inflammation-induced osteoporosis is linked to activation of the iNOS pathway
with an increase in NO. Omega-3 fatty acids elevate the production of constitutive
NO and suppress induced NO by inhibiting the inflammatory cytokines. This helps
to maintain bone mass under normal and inflammatory conditions.

Reactive oxygen species and oxidative stress have an impact on calcium metabo-
lism and bone formation and resorption. Antioxidant therapy in bone-resorptive
disorders has the potential to improve skeletal health. Further investigation is
needed to evaluate dietary antioxidants as an adjunctive therapy to prevent or minimize
bone loss.
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TRPM2 Cation Channels and Oxidative
Stress-Induced Neuronal Cell Death

Mustafa Naziroglu

Abstract Of all the organs in the body, the central nervous system is especially
sensitive to free radical damage. Its high consumption of oxygen, rich content of
easily oxidizable fatty acids, relatively low content of antioxidant enzymes and
antioxidants, and the presence of high levels of iron make it a prime substrate for
damage by ROS. The Na* and Ca**-permeable melastatin-related transient receptor
potential 2 (TRPM?2) cation channels can be gated either by ADP-ribose (ADPR)
in concert with Ca** or by hydrogen peroxide (H,0,), an experimental model for
oxidative stress, binding to the channel’s enzymatic Nudix domain. Because the
mechanisms that lead to TRPM2 inhibiting in response to ADPR and H,O, are
not understood in neuronal cells, we reviewed the effects of ADPR and oxida-
tive stress in neurological cells such as microglia, hippocampus, and brain as well
as neurological diseases such as bipolar diseases. It was observed that TRPM2
cation channels in microglia and hippocampal cells were gated both by ADPR and
H,0,. In addition, H,0, seems to be responsible for activation of TRPM2 in neuro-
logical diseases. Genetic defects may have an important role in the etiology of
bipolar diseases. Experimental studies with respect to patch-clamp and Ca?* imaging,
inhibitor roles of antioxidants are also summarized in the review.
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Abbreviations

ADPR Adenosine diphosphatase ribose
CHO Chinese hamster ovary

CNS Central nervous system

DRG Dorsal rood ganglion

GSH Glutathione

GSH-Px  Glutathione peroxidase

HEK Human embryonic kidney

NO Nitric oxide

NOS Nitric oxide synthase

PARG Poly(ADP-ribose) glycohydrolase
PARP-1  Poly(ADP-ribose) polymerase

ROS Reactive oxygen species
TRP Transient receptor potential
Introduction

Of all the organs in the body, the brain may be the most vulnerable to oxidative
stress and become exposed to reactive oxygen species (ROS) continuously generated
via the autooxidation of polyunsaturated fatty acids (PUFAs). The central nervous
system (CNS) is also especially sensitive to free radical damage. Its high consump-
tion of oxygen, rich content of easily oxidizible fatty acids, relatively low content
of antioxidant enzymes and antioxidants, and the presence of high levels of iron
make it a prime substrate for damage by ROS.

Compared with other organs, the brain consumes a large fraction (20%) of the
oxygen that the body takes in, suggesting a metabolic rate. This high oxygen con-
sumption and possible metabolic rate may increase the amount of free radical
produced in the brain [3]. The brain contains membranes composed of proteins and
an abundant amount of phospholipids. These phospholipids contain oxidizable
PUFAs, such as arachidonic acid and docohexaenoic acid [12]. These PUFAs are
vulnerable to attack by free radicals because they contain hydrogen ions held
together by weak double bonds that serve as a target for ROS damage [42]. It has
been suggested that oxidative damage resulting in alterations of brain phospholip-
ids may play a role in neurological diseases [31, 32].

Brain and neurological cells are protected by antioxidants against peroxidative
damage [12, 31]. Glutathione peroxidase (GSH-Px) catalyzes the reduction of
hydrogen peroxide to water. GSH-Px can also remove organic hydroperoxides.
Glutathione (GSH) is a hydroxyl radical and singlet oxygen scavenger and partici-
pates in a wide range of cellular functions [47]. Vitamin E (a-tocopherol) is the
most important antioxidant in the lipid phase of cells. Vitamin E acts to protect cells
against the effects of free radicals, which are potentially damaging by-products of
the body’s metabolism [12, 31]. Vitamin C (ascorbic acid), as well as being a free
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radical scavenger, also transforms vitamin E to its active form [34]. The brain
ascorbic acid concentration is extremely low compared to body tissues such as the
liver and kidney [34]. Vitamin A (retinol) serves as a prohormone for retinoids and
is involved with signal transduction at cytoplasmic and membrane sites [51].

TRPM2, TRPM6, and TRPM7 share a feature unique among known channels,
by having a functional enzyme moiety in the C-terminal domain. In TRPM2, this
is a type of Nudix hydrolase (NUDT9-H) that can bind to and hydrolyze adenosine
diphosphate (ADP) ribose (ADPR), although not as effectively as other known
Nudix ADPR-hydrolases ([23]; Fig. 1). Binding of ADPR to NUDT9-H activates
the channel, allowing the passage of cations down their electrochemical gradient.
Because TRPM2 is a plasma membrane channel, Ca** and Na* will flow into the
cell when TRPM2 opens. ADPR is the most potent physiological activator of
TRPM2, but other less potent activators have been proposed [13, 15]. These include
nicotinamide adenine dinucleotide (NAD"), oxidants such as H,O,, and cyclic
ADPR (cADPR). NAD* and H,0O, increase intracellular levels of ADPR and could
thus gate TRPM2 either indirectly [46] or directly [13, 35] (see Table 1).

©

Extracellular

Intracellular

Nudix box

ADP-ribose pyrophosphatase

N

ADP-ribose H202

Fig. 1 Cellular responses following the opening of transient receptor potential melastatin 2
(TRPM2) cation channels and the associated increase in intracellular calcium concentration. The
channels are containing C (Nudix box) and N sections. The Nudix box domain has ADP-ribose
pyrophosphatase activity. The TRPM2 channels can be gated by H,0, and ADP-ribose via activa-
tion ADP-ribose pyrophosphatase
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Table 1 Role of inhibitor and gate in oxidative stress and ADPR on TRPM channels in different
neuronal cells

Activator Cells Effects Reference
ADPR Rat microglia Activator unknown  [21, 40]
Ocxidative stress Striatal neurons Activator [17, 48]
C13 microglia cells Activator [9]
Both ADPR and Cortical neurons Activator [19]
oxidative stress No effects [21]
ADPR Pyramidal neurons and Insufficient [41]
CALl interneurons of hippocampus
Ocxidative stress Pyramidal neurons and CA1 Activator [41]
interneuron of hippocampus
Oxidative stress Rat primary striatal cultures Activator [8]
Oxidative stress Astroglia Activator 2]

ADPR adenosine diphosphoribose

TRP Superfamily

The transient receptor potential (TRP) cation channel superfamily compromises a
diverse range of voltage-dependent Ca*-permeable cation channels. There are 28
mammalian TRP channels, grouped into seven subfamilies. All members of the TRP
channel superfamily, which includes the TRP cononcial (TRPC) subfamily consisting
of seven, the TRP vanilloid (TRPV) subfamily consisting of six, TRP melastatin
(TRPM) subfamily consisting of eight, TRP polycystein (TRPP) subfamily consisting
of three, TRP mucolipin (ML) subfamily consisting of three, and the TRP ankyrin
(TRPA) subfamily consisting of one are poorly characterized, but are attracting
increasing interest because of their involvement in several human diseases. TRP channels
have a basic structure similar to voltage-gated potassium channels, with homo- or
heterotetrameric arrangements around a central ion conducting pore between the fifth
and sixth segments of the channel pore [5]; the fourth transmembrane segment is not
positively charged. The N-termini of TRPV and TRPC, but not those of TRPM channels,
contain multiple ankyrin binding repeats. The C-terminal part of the sixth segment in
TRPC and TRPM channels includes the “TRP domain,” a conserved stretch of 25
amino acids starting with the nearly invariant “TRP box” that is missing in TRPV
channels. In addition, all TRP channels have multiple regulatory protein interaction
sites. Multiple protein kinase A (PKA) and C (PKC) putative phosphorylation sites
have been identified and partially tested for function. Phosphatidylinositide 3-kinase
SH2-recognition domains have also been identified in several TRP channels [53].
TRP channels contribute to changes in cytosolic free Ca?* [Ca*]i by acting as
Ca* entry channels in the plasma membrane directly or by changing membrane
potentials, modulating the driving forces for the Ca** entry channels. All functionally
characterized TRP channels are permeable to Ca** with the exceptions of TRPM4
and TRPMS, which are only permeable to monovalent cations but not to Ca®* or
Mg** (see Fig. 2). Two mammalian TRPs, TRPVS and TRPV6, are highly Ca*
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Fig. 2 Cells regulate intracellular Ca®* levels lightly and excessive Ca** loads can lead to
inappropriate activation of processes that normally operate at low levels, causing metabolic
derangements and eventual cell death. For example, excess elevations in intracellular Ca’** may
activate enzymatic degradation, induce formation of reactive oxygen species, or disrupt normal
mitochondrial function leading to oxidative stress and bioenergetic failure. Excessive Ca* load, in
particular via N-methyl-p-aspartate (NMDA) receptors (NMDAR), is toxic to neurons in neuro-
degenerative diseases. NMDAR-mediated Ca’* entry triggers a neurotoxic signal cascade involving
the activation of neuronal nitric oxide (NO) synthase (nNOS), formation of toxic reactive oxygen
species (ROS) and NO, and activation of the proapoptotic protein poly(ADP-ribose) polymerase
(PARP-1). Antioxidants regulate Ca** influx into cytosol by inhibition of ROS. Sustained depolar-
ization of mitochondrial membranes and enhanced ROS production activate transient receptor
potential melastatin 2 (TRPM2), voltage-gated Ca** channels (VGCC), and Ca?* influx increases
by activation of TRPM2 via ROS. The molecular pathway may be a cause of neurological symp-
toms and thus represents a fruitful subject for further study

permeable. TRPM6 and TRPM7 are highly permeable to Mg**. At least three TRP
channels, TRPV1, TRPMLI, and TRPP3, are highly permeable to H* ions [38].

TRPM

The TRPM2 subfamily consists of eight members, subdivided into three subgroups
on the basis of sequence homology: TRPMI1/TRPM3, TRPM4/TRPMS, and
TRPM6/7, with TRPM2/TRPMS being distinct proteins ([31]; Fig. 3).
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Fig. 3 The transient receptor potential melastatin 2 (TRPM2) subfamily consists of eight members,
subdivided into three subgroups on the basis of sequence homology: TRPM1/TRPM3, TRPM4/
TRPMS, and TRPM6/7, with TRPM2/TRPMS being distinct proteins

COOH-terminal
serine/threonine

Three members of this subfamily carry an entire functional enzyme in their
COOH-termini: TRPM2 contains a functional NUDT9 homology domain,
exhibiting ADPR pyrophophatase activity (Fig. 1), whereas both TRPM6 and
TRPM7 contain a functional COOH-terminal serine/threonine kinase. Except
for TRPM1 which has not been functionally characterized until now, all TRPM
channels are cation channels, although the Ca* permeability is diverse, ranging
from highly permeable (TRPM6/TRPM?7 and splice variants of TRPM3) to Ca*
impermeable (TRPM4 and TRPMS). TRPM4 and TRPMS are heat-sensitive,
Ca?* activated channels [39]. TRPM2 is activated ADPR, H,0,, and heat. TRPM3
channels are, much like TRPM6 and TRPM7, regulated intracellular Mg+ levels.
They show considerable constitutive activity although TRPM3 activation was also
reported after cell swelling and by sphingosine. TRPMS is the infamous cold receptor
[6, 13, 37, 39, 56].

TRPM2 Channels

One of the TRP channels is TRPM, so named because the founding member,
TRPM1, was first described in connection with metastatic melanomas [6]. TRPM2
was formerly known as TRPC2 and LTRPC2. TRPM2 channels were first identi-
fied in 1998 and subsequently recognized as members of the TRPM family [5]. All
eight TRPM family members have been linked to disease, either by functional stud-
ies in mouse models or by genetic evidence [39].
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Molecular Mechanisms in the Activation of TRPM?2

Three extracellular signals are known to activate TRPM2: oxidative stress, ADPR/
NAD" metabolism, and tumor necrosis factor alpha [13]. The channel may also be
temperature sensitive with body temperature acting as “an endogenous co-activator”
for TRPM2 [52].

Oxidative Stress

ROS including superoxide anion, hydrogen peroxide (H,0,), and singlet oxygen act
as subcellular messengers in such complex processes as mitogenic signal transduc-
tion, gene expression, and regulation of cell proliferation when they are generated
excessively or when enzymatic and nonenzymatic defense systems are impaired [31,
32]. Although many intra- and extracellular molecules may participate in neuronal
injury and cell apoptosis, accumulation of oxidative stress due to excessive genera-
tion of ROS appears to be a potential factor for cell damage and death [12].

Oxidative stress for which application of H,O, is an experimental paradigm,
induces TRPM2 currents and an increase in free intracellular Ca?* [Ca*] in various
cell types transfected with TRPM2 [36], as well as in pancreatic B-cells [18], neu-
trophil granulocytes [14], and U937 monocytes [44, 56]. However, the exact media-
tor molecules for H,0O,-induced TRPM?2 channel activation remain to be identified.
The ROS sensitivity of TRPM2 can be mediated by NAD* [13] or ADPR [54]
released from mitochondria or through protein oxidation [11]. H,O, and cADPR
have been proposed to potentiate the effect of ADPR at lower concentrations and
to gate the TRPM2 channel directly at higher concentrations [27].

Role of Oxidative Stress and ADP-Ribose/NAD Products
in the Activation of TRPM2

Ca?" influx via TRPM2 is thought to occur via production of ADP ribose (ADPR).
ADPR may arise from a mitochondrial source or alternatively via activation of
poly(ADPR). ADPR may also arise from a mitochondrial source [11].

NAD* has been reported to stimulate TRPM2 [13]. TRPM2 contains a character-
istic structural feature known as a Nudix domain in its C-terminal cytosolic tail [44].
A Nudix domain is a consensus region that is known to be present in a class of
pyrophosphatases that degrade nucleoside diphosphates ([31]; Fig. 1). Indeed, the
Nudix domain of TRPM2 cleaves ADPR, a breakdown product of NAD* and cyclic
ADPR, representing an intracellular second messenger that stimulates calcium
release mediated by ryanodine receptors [33]. ADPR is hydrolyzed by TRPM2,
however, it also activates TRPM2 and induces TRPM2 currents during infusion of
ADPR by the patch pipette [13, 44]. NAD" has been reported to stimulate TRPM2
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[13, 23, 25]. In our recent study, we observed the activation of TRPM2 by NAD*,
which supports the idea that this substance activates TRPM2 directly [35, 36].

Previously published data indicated that TRPM?2 can be gated by H,O, and it has
been suggested to gate the channel independently of ADPR [13, 54]. Because Perraud
et al. [44] demonstrated that reducing the ADPR concentration within mitochondria
largely suppresses H,O,-mediated activation of TRPM2, the gating mechanism of
H,0, is primarily based on its ability to release ADPR from mitochondria, which then
proceeds to activate TRPM2. However, Kolisek et al. [20] recently demonstrated that
H,0, may be a self-sufficient stimulus for TRPM2 activation, as it can initiate the
release of ADPR from mitochondria and at the same time function as a potentiating
cofactor of ADPR. In our recent study, we observed that the H,O,-mediated activation
of TRPM2 appears to result from a direct gating mechanism, because TRPM?2 activa-
tion by H,O, was relatively rapid in whole cell recordings, and the compound trig-
gered single-channel activity in excised membrane patches [35]. After adding H,O,
to the bath, cell inside-out records were washed by intracellular buffer and then
H,0, was given again. The channel was activated again by a second administration
of H,O, although no intracellular component was present. From, this we con-
cluded that H,0O,-induced, single-channel activity observed in excised membrane
patches is likely caused by a direct gating mechanism.

Methodological problems have led to different reports on the activation of TRPM?2
by NAD*, ADPR, and H,O,. For example, in a previous study [54] using HEK293 cells
as an expression system, we demonstrated characteristic currents through the splice
variant of TRPM-AC induced by H,0,. In later experiments we could also stimulate
them with NAD, although stimulation with H,O, was not possible in the CHO cell
expression system using wild-type TRPM2 with a sufficient consistency [20].

A second problem with different results arises from the use of different cell types
to study TRPM channel activation by H,O,, ADPR, and its metabolites. On the other
hand, the channel activation by H,O, appears to represent a cell-specific process in
cells with endogenous expression of TRPM2. For example, the TRPM2 channel is
activated by H,O, in HEK293 cells [13, 54], CHO cells [37], CRI-GI rat insulinoma
cell lines [18], and rat primary striatal cultures [8], but not in human neutrophil granu-
locytes [14]. Kolisek et al. [20] used cADPR and the compound stimulated TRPM2 in
HEK?293 cells; that channel was opened by cADPR. Later, the report was supported
by the results of Gasser et al. [10] and TRPM2 channels in Jurkat cells were opened
by cADPR. However, a more recent study did not support the results for neutrophil
granulocytes [15] and TRPM2 channels did not open by stimulation with cADPR.

Role of TRPM2 Channels in Neurological Cells

Northern blotting and quantitative PCR techniques indicated that TRPM2 is
broadly expressed in the CNS. However, as this evidence was derived from homog-
enized tissue samples, it does not allow expression in neurons to be distinguished
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from that in glia. The importance of making such a distinction is highlighted by a
recent study that failed to identify TRPM?2 transcripts or functional channels in
cerebellar granule cells and astrocytes [21]. Rather, TRPM?2 was detected in microglial
cells leading to the suggestion that the CNS distribution of TRPM2 corresponds to
its expression in nonneuronal cells [22, 41, 45].

Role of TRPM2 Channels and Oxidative Stress
in Microglia and Astroglia Cells

The NADPH-oxidase in phagocytic cells such as microglia is an electron transport
system that catalyzes the reduction of oxygen to superoxide radical. Under physi-
ological conditions, the system contributes to the elimination of pathogens but
under chronic inflammatory conditions such as scleroderma or liver fibrosis it is
thought to induce neurodegeneration by the massive accumulation of superoxide
radicals. Monocyte superoxide, in high glucose media, is released by the NADPH-
oxidase but not by the mitochondrial respiratory chain, and antioxidants such as
a-tocopherol inhibits superoxide release via inhibition of protein kinase C (PKC)-a.
The assembly of a functional NADPH-oxidase complex at the plasma membrane
depends on the phosphorylation and subsequent translocation of several cytosolic
subunits (p40rhex, p47°hex p67°hox and Rac1/2; [4]). In microglia cells, antioxidants
inactivate PKC via the phosphotase-mediated pathway (PP1 or PP2A) and, as a
consequence, blocks the phosphorylation-dependent translocation of p67°'* to the
plasma membrane. As a result, the production of superoxide radical by the microglial
NADPH-oxidase system is substantially inhibited, offering a partial explanation for
the beneficial effect of antioxidants such as a-tocopherol on a variety of neurode-
generative diseases [31].

Like other activated macrophages, microglia remove bacteria and cellular debris
and produce a diverse range of mediators of the inflammatory cascade including
arachidonic acid derivates and H,0O,. Thus microglia cells are a key factor in the
immune defense and tissue repair in the CNS. Kraft et al. [21] described that novel
calcium influx pathway in microglia cells coupled to hydrogen peroxide and ADPR
and provided evidence that this pathway involved TRPM2 although they failed to
detect TRPM2 in cultured cerebellar granule neurons. Recently, Ohana et al. [40]
investigated expression of putative Ca**-permeable TRPM2 channels in rat-cultured
microglia cells by quantitative real-time RT-PCR. They detected transcripts in the
rat-cultured microglia cells for TRPM?2 genes.

Although the role of astroglia in the progression of neurodegenerative disease
is still relatively unknown, their importance in regulating the normal and abnormal
neuronal environment is attracting increasing attention. Through Ca’" signaling
cascades, astroglia control gene expression, neuronal differentiation, and pro-
grammed cell death, which are all integral to developmental and degenerative
processes. Under conditions of oxidative stress, glial cells provide energy support
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for neurons, exert a protective function by scavenging and detoxifying ROS, and
direct neuronal resistance or vulnerability to degeneration through Ca**-dependent
secretion of trophic or inflammatory factors [30]. There are few reports on
TRPM?2 in astroglia cells. Bond and Greenfield [2] reported that the additive
effects of L-VGCC blockade and TRPM?2 inhibition during oxidative stress sig-
nificantly enhanced recovery from protein synthesis suppression and repressed
subsequent compensatory protein overexpression. These results indicated that
Ca** signaling is integral to astroglial transcriptional and translational responses
to oxidative stress.

TRPM2 Channel in Hippocampal Neurons

TRPM2 is expressed in diverse cell types and despite convincing evidence for
high expression in the mammalian brain, much of this signal is attributed to
strong expression in nonneuronal cells. Thus, the existence of functional TRPM2
channels in neurons is controversial at best. Recently, Olah et al. [41] reported
that functional TRPM2 channels are highly expressed in pyramidal hippocam-
pus neurons, including those of CAl interneurons in hippocampal slices. They
also reported that ADPR alone is insufficient to gate TRPM2 in hippocampal
neurons. They concluded that concomitant influx of Ca?* through voltage-
dependent Ca?* channels and/or NMDAR is necessary to fully activate TRPM2
channels.

TRPM2 Channels in Dorsal Rood Ganglion Cells

There are several types of sensory neurons in the dorsal rood ganglion (DRG),
with responsiveness to different external and internal stimuli. These stimuli,
including nociceptive, thermal, or mechanical, activate different receptors and
ion channels that are present in the nerve terminals at the sensory receptive
fields and their expression in selective subsets of DRG neurons determines
the response profile of nonselective cation channels that play important func-
tions in sensory neurons. TRPMS is the only TRPM channel with a clearly
assigned function in DRG neurons. It is activated by innocuous cool stimuli and
responds to menthol and icilin with intracellular Ca** elevations [43]. Recently,
TRPM2 channels were firstly detected in DRG mouse cells [50]. They also
observed that levels of TRPM2 channels in DRG cells were significantly
higher in lumbar tissue than in thoracic tissue in the adult mouse although they
did not observe the channels in the DRG cells of embryonic day 12—-12 weeks
of age.
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Role of TRPM2 Channels in Oxidative Stress-Induced
Neurological Diseases

TRPM2 is highly expressed in the brain, in both microglia and neuronal cells, but
its biological role in these cells still needs to be understood. There are few studies
on the role of TRPM2 cation channels in neurological diseases and these studies
suggested that Ca?* influx via TRPM2 is necessary for microglia and other phago-
cytes to mount effective inflammatory and clearance responses [21].

Western Pacific Amyotrophic Lateral Sclerosis
and Parkinson Dementia

Among neurodegenerative diseases, Amyotrophic Lateral Sclerosis (ALS) and
Parkinson Dementia (PD) are ideal for studying the relative contributions of genes
and environment in disease etiology because they occur in geographically separate
foci among three genetically different, homogeneous groups of people [16].
Intensive research conducted over the years led to the identification of two candi-
date environmental factors: (1) severely low levels of Ca?* and Mg?* in the soil and
drinking water [58]; and (2) the putative neurotoxin-methylamino-L-alanine derived
from the cycad plant, a traditional food source in Guam [49]. These findings led to
the hypothesis that prolonged exposure to such an environment could be involved
in the pathogenesis of Western Pacific ALS and PD [49]. Supporting this hypoth-
esis are observations that afflicted individuals exhibit altered Ca?* metabolism, and
reports of neuronal damage in experimental models of animals fed diets that mimic
the mineral composition in the disease foci environment [57].

TRPM2 has been implicated in cell death induced by oxidants [13, 35].
The presence of low Mg? and high transition metals in the Western Pacific ALS
and PD foci create conditions of increased oxidative stress [16]. As a channel
with a high expression profile in microglia and neuronal cells that could sense
and respond to oxidative stress, TRPM2 is an attractive candidate susceptibility
gene for these disorders. Hermosura et al. [16] reported the presence of heterozy-
gous TRPM2P1018L, a variant of TRPM2 in the pathogenesis of Western Pacific
ALS and PD. They also observed that P1018L forms functional channels that activate
in response to H,0, and ADPR. However, in the presence of physiological concen-
trations of extracellular Ca®*, P1018L channels inactivate quickly and are thus
unable to allow sustained ion influx. In intact cells, this is manifested as an attenu-
ated Ca™ rise in response to H,O,. Defective Ca** handling is implicated in many
diseases, including neurodegeneration. Of particular interest is a recent report that
described another Pro-to-Leu substitution, this time in CalHM1, a putative Ca?*-
permeable channel [7]. CalHM1P86L increases risk for Alzheimer’s disease.



72 M. Naziroglu

Table 2 Some genetic properties of TRPM2 in different neuronal cells

Activator Diseases Reference
Oxidative stress sensor in Bipolar-I and II [24, 28, 55]
microglia cells
Oxidative stress and ADPR in rat Amyloid beta-peptide-induced  [8]
primary striatal cultures Alzheimer’s disease
ADPR Nonsyndromic hereditary [8, 29]

Alzheimer’s disease

ADPR adenosine diphosphoribose

In functional studies, cells expressing CalHM 1P86L proteins exhibited attenuated
Ca?* permeability, reduced cytosolic Ca* levels, and increased amyloid deposition.
The similarity in the effects of CalHM1P86L and RPM2P1018L suggests that
attenuation of intracellular Ca** rises and its effects on downstream signaling path-
ways may contribute to the pathophysiological mechanism in neurodegenerative
diseases ([16]; Table 2).

Bipolar Disorders

Although the C-terminal cytosolic tail mediates the interaction with ADPR, the
role of the N-terminal tail that is also located within the cytosol has not been
defined on a molecular level. A number of N-terminal truncated isoforms of
TRPM2 have been identified and in some cases they regulate the function of the
full-length channel [45]. In general, the N terminus is indispensable. Already the
deletion of a stretch of 20 amino acid residues (A537-556), as has been found in
the TRPM2-AN splice variant in neutrophils, abolishes any channel function [54].
This AN stretch comprises several structural elements, which may explain why
TRPM2-AN is dysfunctional. First, it contains an IQ-like sequence motif that
represents a CaM binding domain [1]. Interestingly, a further I1Q-like motif is
found immediately downstream of the AN stretch. Second, the AN stretch con-
tains two PxxP motifs that are characteristic for sites enabling interaction with
other proteins [26]. For TRP channels the significance of endogenous PxxP
motifs until now was only investigated in the TRPC channel subfamily [59].
Although so far no proteins are known that form functional protein complexes
with TRPM2, TRPM2 is unusually rich in PxxP motifs compared to other chan-
nels of the TRP superfamily. As a further remarkable property of the AN stretch,
the exchange of a single amino acid residue (D543E) was correlated with the
presence of bipolar disorder in members of a family with a high incidence of this
disease [28, 55]. Recently, it has been reported that no functional role can be
attributed to any of the structural motifs within the AN stretch that may be a
spacer segment for other functional sites in the N terminus [24].
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Conclusions

The evidence for association of TRPM2 variants with neurological diseases such
as bipolar disorders found that genetic variation of TRPM2 influences the suscep-
tibility to the diseases. In addition, the identification of TRPM?2 as a key component
of the neurological Ca* entry pathway in response to ROS sheds new light on the
physiology and pathophysiology of the neurological cells and brain [60]. Because
there is substantial evidence for the deteriorating role of oxidative stress in neuro-
logical and brain dysfunction, manipulating TRPM2 function in the neurological
cells may be highly useful in the future for experimental therapies of brain and
neurological dysfunctions.
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Oxidative Stress in Diabetes Mellitus

Stefano Comazzi

Abstract Diabetes mellitus of either human, or domestic animals is commonly
associated to oxidative stress which is mainly involved in the onset of many compli-
cations such as cataract, neuropathy, vasculopathies, nephropathy and ketoacidosis.
The pathogenesis of diabetic oxidative stress is a multifactorial process involving
glucose auto-oxidation, formation of advanced glycation endproducts and activa-
tion of polyol, and protein-kinase pathways. Although the presence of oxidative
stress in some specific diabetic complications is widely recognized its role is far
to be completed elucidated as well as the use of antioxidants to prevent or manage
complicated DM.

In fact, although many studies on laboratory animals and cell cultures indicate a
possible role of antioxidants to prevent diabetic complications, convincing clinical
studies are still lacking at the moment.

On the other side, oxidative stress can provide some useful information to
monitor diabetic status. The role of oxidative stress in canine and feline diabetes
mellitus is briefly discussed with particular regards to the link between activation
of polyol patway and cataract in dogs and between diabetic ketoacidosys and
oxidative stress in cats.

Keywords Oxidative stress e Diabetes Mellitus « Diabetic complications
« Cataract « Sorbitol « AGE products « Superoxide anion

Diabetes mellitus (DM) is a common metabolic disorder both in dogs and cats,
often associated with complications by which cataract, neuropathy and ketoacidosis
are the most common in veterinary medicine. Pathogenesis of DM is mainly related
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to decreased secretion (type 1) or action (type 2) of endogenous insulin, thus causing
fasting hyperglycaemia, glycosuria and polyuria/polydipsia are major specific
signs. Therapeutic approach is mainly centred to a well tailored exogenous insulin
administration, even though prevention of long-term complications has always
played a central role in management of diabetic patients.

In human medicine, many studies on the linkage between oxidative stress and
either development and progression of DM or its complications are reported [3, 7].
This opens new interesting perspectives not only on management of diabetic patient
but also on prevention of long term complications.

Until 2009, more than 5000 articles on peer-reviewed journals concerning with
the relationship between DM and the increased production of free radicals and/or
the impaired antioxidant defences have been published. However, the source of
hyperglycaemia-induced oxidative stress is far to be completely elucidated.
Even though no definitive studies have been available at the moment, the compre-
hension of the complex interactions between hyperglycaemia and production
of free radicals could be useful on a practical point of view since: (1) it can lead to
better understand pathogenesis of both type 1 and type 2 DM and to understand
the role of antioxidant integration in preventing the onset of the disease in
patients with diabetic predisposition; (2) it allows to select possible biomarkers to
check diabetic status and tailor therapy; (3) it can clarify the possible role of anti-
oxidant integration in therapeutic protocols for DM, in order to prevent long-term

complications.

Mechanisms for Free Radical Production in DM

The production of free radicals in diabetic patients has been reported as related to
several different mechanisms (Fig. 1).

1. Glucose autoxidation is thought to be the main source of free radicals. Glucose, in
its enediol form is oxidised to an enediol radical anion, then converted into keto-
aldehydes and superoxide anion radical. Superoxide anion (SO) is the main source
of other radicals such as hydrogen peroxide, singlet oxygen, or, in the presence
of transitional metals, highly reactive hydroxyl radicals. On the other side,
superoxide also reacts with nitric oxide (NO) to reactive peroxinitrite radicals.
All these reactive oxygen species (ROS) promote lipid peroxidation, destruc-
tion of membranes, and cleavage of DNA, thus inducing cell destruction.
Moreover, increased free radical concentration, together with secondary impaired
antioxidant content, causes alterations of structural and enzyme proteins,
membrane lipids, and nucleic acids, both nuclear and mitochondrial, leading to
cell damage or death.
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2. Advanced glycation end-products (AGE) formation is another important
mechanism, typical of oxidative stress in Diabetes mellitus (DM). AGE are
stable substances resulting from the nonenzymatic glycosilation of proteins
through Schiff bases and an intermediate Amadori product. AGE are an
heterogeneous group of molecules, whose accumulation in tissues, by means
of the linkage with specific receptors (RAGE), leads to inactivation of intra-
cellular enzymes, promotes ROS production, and activates the transcription
factor NF-kB. NF-kB acts on the upregulation of many target genes and
induces the production of NO. All these mechanisms contribute to aging and
destruction of cells including islet beta cells, thus accelerating diabetes onset
and complications.

3. Activation of polyol pathway is promoted by the elevated concentration of
aldose reductase (AR) in some tissues such as the crystalline lens and nervous
system. In hyperglycaemic conditions glucose passively enters insulin-
independent cells (such as crystalline cells, neurons, and erythrocytes), saturates
hexokinase (which promotes the production of glucose-6-phosphate), and
strongly promotes activation of AR. AR induces the reduction of glucose to
sorbitol, which is generally converted by sorbitol dehydrogenase (SDH) in
fructose. However, in some cells AR concentration strongly exceeds SDH, thus
sorbitol accumulates inducing osmotic cellular swelling and promoting some
diabetic complications such as cataract. Moreover, increased activity of AR
requires NADPH, thus leading to depletion of NADPH content and reducing
the availability of NADPH for regeneration of reduced glutathione via glutathi-
one reductase.

4. Activation of protein kinase C (PKC) pathway has been reported to be initiated
by intracellular accumulation of glucose that causes de novo synthesis of
diacylglycerol (DAG), which stimulates PKC. PKC plays a central role in activa-
tion of cells, finally leading to an increased production of extracellular matrix and
cytokines and to enhanced contractility and permeability of vascular cells. The
increased concentration of DAG is probably tissue-specific and may be involved
in the pathogenesis of many complications of DM including cardiovascular
and renal ones.

Increased production of ROS and depletion of antioxidant content is related both to
the onset and progression of DM and to the development of diabetic complications.

Islet beta cells are particularly sensitive to ROS because their content of antioxi-
dant substances is lower than that of other cell types. In type 1 diabetes the cause
of insulin decrease is destruction of beta islet cells due to autoimmunitary insulitis.
The death of islet beta cells is most likely mediated by the contact with activated
macrophages and T lymphocytes and by the exposition to soluble mediators by
cytokines, ROS and NO. In type 2 DM, insulin is not decreased, at least at the first
phase of the disease, and hyperglycaemia is often associated with hyperlipidaemia.
This causes an increased mitochondrial production of superoxide and the activa-
tion of inducible nitric oxide synthetase (iNOS), thus leading to the production of
peroxinitrite, cellular damage, and impairment of response to endogenous insulin.
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Recently great attention to mitochondrial dysfunction and production of ROS
in type 2 has been focused even if the pathogenesis has not been completely
elucidated.

Oxidative Stress and Diabetic Complications

High levels of free radicals cause damage to cellular proteins, membrane lipids,
and nucleic acids and increase cellular death. Many ROS have been reported as
correlated with different diabetic complications. However, the development of most
diabetic complications have to be considered multifactorial, due to the interaction
of different pathways leading to oxidative stress. Moreover, it must be considered
that most complications are the result of the imbalance between production and
abolition of ROS, that is, the increased ROS production and/or the decreased con-
centration of antioxidants. Oxidative stress has been widely demonstrated as related
to diabetic complications in human medicine.

Cardiovascular Complications

Diabetes has been reported as an important risk factor for the development of cardio-
vascular diseases in humans such as coronary heart diseases, peripheral arterial
diseases, hypertension, stroke, and cardiomyopathy. Cardiovascular complications
are major causes of death in human diabetic patients [16]. The imbalance of pro-
oxidants and antioxidants with excessive, destructive free radical chemistry is at the
basis of most of these complications and plasma reduced glutathione (GSH) con-
centration can provide a good indicator of it.

AGE can also be related with coronary disease by interfering with LDL lipopro-
tein and facilitating deposition of cholesterol in atherosclerotic plaques in human
diabetic patients with hyperlipidaemia.

Peripheral Microvascular Complications

Peripheral vascular diseases are common in human diabetic patients. Many studies
show that ROS can play a role in vascular dysfunction and transforming, via oxidative
damage, by decreasing the bioavailability of NO, by damaging endothelium, by
accelerating endothelial cell migration, and by initiating inflammatory reaction.
This leads to endothelial dysfunction which can evolve to hypertension and athero-
sclerosis [39]. Microvascular complications of diabetes carry a high morbidity and,
when associated with macrovascular and cardiovascular complications, also high
mortality in human medicine.
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Neuropathy

The main pathogenesis of diabetic neuropathy is linked to increased apoptosis of
neurons and glial cells due to two main mechanisms: peroxidation of lipids present
in plasma, mitochondria, or endoplasmic reticulum membranes; and peroxidation
of proteins by some antiapoptotic molecules (apoptosis inhibitory factor, complex 3,
Bcl-2) and increasing the expression of some proapoptotic stress proteins.

In contrast with glial cells, neurons, as nondividing cells, are less prone to
oxidative stress-induced DNA damages, yet mitochondrial DNA is quite sensitive
to oxidative damage thus impairing energy regulation in high energy-requiring
neurons. Both neuronal and glial damages may be at the basis of several neurode-
generative diseases [36].

Retinopathy

Retinopathy is one of the most important microvascular and long-term complications
in diabetic human patients. It develops in stages and it leads to blindness and visual
impairment. The central point leading to diabetic retinopathy is swelling of blood
vessels, leaking fluids, neovascularisation, and detachment of the retina. Continued
high plasma glucose concentration induces damages via repeated acute and also
chronic cumulative changes. Hyperglycaemia damages the tight junction between
endothelial cells and promotes endothelial apoptosis, thus increasing vascular perme-
ability and leading to swelling of the retina. An attempt to compensate ischemia
by means of new vasal production induces retinal detachment and blindness.

Compared with other tissues, the retina is particularly sensitive to oxidative
stress because of the high content of polyunsaturated fatty acids. Another retinal
peculiarity concerns the resistance to reverse retinal dysfunction after good
glycaemic control is reinstituted. This is probably due to the accumulation of ROS
and damaged molecules that are not easily removable after re-establishment of
normoglycaemia [21].

Nephropathy

The principal event leading to diabetic nephropathy is the accumulation of extracel-
lular matrix (ECM) protein in the glomerular mesangium and tubulointerstitium.
Several different mechanisms are involved including an imbalance between the
synthesis and degradation of ECM proteins that, because of their slow turnover,
are especially susceptible to oxidative stress and glycation. Glycation of ECM
components, leading to AGE formation, induces structural alterations and increased
resistance to proteolytic digestion. The accumulation of ECM proteins is particu-
larly apparent in the glomerular basal membrane and can induce microalbuminuria,
a very sensitive early marker of diabetic nephropathy. AGE also interact with
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RAGE influencing the expression of growth factors and cytokines regulating the
proliferation of different renal cells. Finally it has also been demonstrated that AGE
interact with the renin—angiotensin system and that the use of angiotensin-converting
enzyme (ACE) inhibitors reduces the production of AGE and the formation of ROS
in experimental DM [15].

Cataract

Cataract is another ocular complication of DM also in human diabetic patients and it
is characterised by opacification of the crystalline lens correlated both to the duration
and the severity of hyperglycaemia. Several mechanisms contribute to the onset of
diabetic cataracts including swelling of the crystalline lens due to osmotic changes,
glycosylation of lens proteins and decreased concentration of antioxidants. In par-
ticular great attention has been given to the increased concentration of sorbitol due to
the elevated AR activity in the lens and to insulin-independency of crystalline cells.
This causes increased water influx and thickening of fibres and subsequent cataract.

The concentration of sorbitol in crystalline has been found to be elevated in
diabetic human patients and correlated to the one of the other insulin-independent
tissues such as erythrocytes [17]. The use of AR inhibitors (tolrestat, epalrestat,
ranirestat) to prevent cataract in experimental DM has been proposed in rats but at
the moment these drugs are not suggested in management of patients with DM.

Another central point is the cross-linking of lens protein due to nonenzymatic
glycosylation. The lens is characterised by an elevated content of long-lived proteins
that are exceptionally stable and keep their transparency. The crystalline lens cells
have virtually no turnover, thus they readily accumulate AGE which cause oxidation
of thiol groups, cross-link formation, and aggregation of the crystalline proteins
producing the high molecular weight insoluble molecules responsible for opacifica-
tion. Moreover, glycation of membrane ATPase, such as Na-K pump, alters intrac-
ellular ion concentration and water movement via osmosis [1].

Ketoacidosis

Diabetic ketoacidosis (DKA) is probably the most common short-term compli-
cation occurring in diabetic patients. In contrast with other diabetic complications,
in whose pathogenesis oxidative stress has been reported, little is known about
the correlation between ketoacidosis and oxidative stress. Vantyghem et al. [35]
measured malonildialdehyde (MDA) and total antioxidant status (TAS) in diabetic
patients with DKA in poorly controlled diabetics without ketoacidosis, in well-
compensated DM, and in control subjects, and found that MDA was increased and
TAS decreased in DM with DKA but no statistical differences were found with poorly
controlled DM. In 2002, Lee et al. [24] found that diabetic patients with DK A showed
higher lipid peroxidation and lower vitamin A concentrations than normal and that
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after correction of DKA, lipid peroxidation increased and the concentrations of
vitamins C and E decreased. These results suggest that oxidative stress can be linked
both to ketoacidosis and poor compensation of DM even if no direct effect of ketone
bodies on production of ROS has been demonstrated. However, the administration
of antioxidant vitamins during treatment for DKA can be strongly recommended.

Use of Antioxidant to Prevent Diabetic Complications

Even though many studies suggested the linkage between oxidative stress and diabetic
complications, at the moment no direct evidence that ROS production can directly
cause or initiate diabetic complications is available as much as hyperglycaemia,
hyperketonaemia, and high free fatty acid (FFA) concentrations could act to increase
oxidative stress. On the other hand, an important issue is the possible use of antioxi-
dants to prevent, stop, or delay the progression of DM or its complications.

Many different antioxidants, vitamins, coenzymes, and minerals, singularly or in
combination, have been proposed and in some nonclinical trials, both on cultured cells
and diabetic animal models, positive results in preventing ROS production or diabetic
complications have been found [20, 22, 33]. However, large clinical trials on human
patients have not been successful, perhaps because of the multiple pathways used by
hyperglycaemia to mediate its adverse effects. The introduction of new multifunc-
tional antioxidants might help to reach more clinical results in the near future.

Markers Useful in Monitoring Oxidant Stress in DM

Another important issue is the possible use of markers of oxidative stress to evaluate
the level of compensation of DM, to monitor the effect of therapy, and to predict
complications. Plasma markers are the simplest to use, however, in some cases,
specific cells, such as erythrocytes (RBC), can be used as a good model of what can
be found in other tissues in which it is difficult to test oxidative stress in vivo.

Evaluation of Oxidative Stress

Many different biomarkers of oxidative stress have been evaluated in DM, similarly
to those already reported for other diseases. The same laboratory tests used in DM
are validated for evaluation of oxidative stress in other conditions, thus the principle
of the assays is not discussed in the present chapter.

Lipid peroxidation has been evaluated by means of fluorometric or spectro-
photometric assays for thiobarbituric acid reactive substances (TBARS), total
radical-trapping potential (TRAP), and MDA. They resulted in an increase in both
natural and experimentally induced DM in plasma, RBC, and different organs such
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as the pancreas, lens, retina, nerve, and kidney. The increase of TBARS has been
shown to be prevented by treatment with various antioxidants.

The concentration of the major intracellular redox substance, reduced glutathione
(GSH), is another frequent test, based on a colorimetric assay that allows us to
detect intracellular GSH concentration easily in several cells. In DM glutathione
has been found to be decreased in the liver, kidney, pancreas, RBC, nerve, and
precataractous lens. On the contrary, plasma concentration of GSH is usually below
the lower concentration of linearity of the test, thus it is rarely evaluable.

Enzyme activities such as glutathione peroxidase (GPX) and reductase (GR) that
are involved in the detoxification from hydrogen peroxide and regeneration of GSH
can be assessed in cells by means of spectrophotometric kinetic tests. Even if there
is not complete agreement on the activities of these enzymes in DM, GPX is found
to be elevated in most tissues whereas it is decreased in the heart and retina and GR
is reduced in the retina and plasma and increased in the heart.

Activities of other scavenging enzymes such as catalase and superoxide dismutase
(SOD) can be easily tested in different organs. Catalase is reported to be elevated
in the heart, liver, brain, and kidney of diabetic laboratory animals, however, these
results are not consistent in all the studies. The same ambiguous results are available
for SOD.

On the other hand, vitamins A, C, and E have also been evaluated in many studies
due to their antioxidant role, using colorimetric, fluorimetric, or HPLC tests, but
many discrepancies among different studies have been reported.

Advanced Glycation Endproducts

Nonenzymatic glycosilation of proteins leads to the production of several different
AGE. Fructosamine and glycated haemoglobin are often used as common markers
of protein glycation and are useful to monitor diabetic compensation. Even if specific
immunological tests (mainly ELISA) have been developed for total or selected
AGE, nonspecific fluorometric assays to test the total concentration are available
too. The simplest test has been described in plasma and urine samples by Miinch
et al. [27] and directly measured autofluorescence of AGE by means of a fluorom-
eter at 445-nm emission using an excitation wavelength of 370 nm. Increased AGE
have been found in diabetic patients with nephropathy whereas AGE are usually
normal in well-compensated diabetic patients [38].

Sorbitol

Evaluation of intracellular sorbitol concentration is another interesting issue: the
cell membrane is not permeable to sorbitol thus its production, due to elevated
glucose influx in noninsulin-dependent cells, leads to an increase in cytoplasmic
concentration and contributes to cellular swelling. In vivo sorbitol concentration
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can be easily evaluated in erythrocytes using a fluorometric test as described by
Shinohara et al. [32]. Briefly, RBC are lysed in distilled water and the concentration
of haemoglobin in the solution is evaluated. After deproteinisation supernatant is
separated and put in a cuvette in buffer (pH 8,6), containing EDTA, NAD+, and
SDH. The fluorescence due to NADH produced by the transformation of sorbitol
in fructose is then evaluated after 30 min incubation using a spectrofluorometer at
452-nm emission at an excitation wavelength of 366 nm. Sorbitol in erythrocytes
and lens has been found to be increased in patients with DM but is normalised after
administration of AR inhibitors or ascorbate.

Canine DM

DM is a common metabolic disorder in middle-aged and older dogs. From a
pathogenetic point of view canine DM is, in most cases, similar to type 1 DM of
human beings and is characterised by an impaired production of insulin due to beta
islet destruction. Autoimmune diseases or pancreatitis are generally linked to devel-
opment of islet destruction. Complications are frequent and include short-term
complications such as DKA and long-term ones, including cataract [2].

Ketoacidosis with ketonuria is a common concurrent disease in noncompensated
diabetic dogs. The production of ketone bodies is due to increased lipomobilisation
followed by beta-oxidation of FFA. Ketonuria is usually associated with osmotic
diuresis with loss of Na and K, hypovolaemia, and dehydration.

Within long-term complications bilateral cataract is the most diffuse disease
occurring in 40-75% of patients [2, 4].Other complications, often reported in
human beings, have been sporadically reported in dog, such as retinopathy, although
subclinical in most cases, and other ocular complications [37], hypertension [34],
dermatological disorders [30], nephropathy [26], neuropathy [23], and infectious
diseases [28].

Oxidative Stress and Canine DM

To our knowledge, few extensive papers on oxidative stress and canine DM have
been published, mainly regarding cataract, the most diffuse complication of canine
DM, and erythrocytic abnormalities.

Cataract in diabetic dogs has been suggested to be due to both sorbitol accumula-
tion in the lens and to glycosilation of lens proteins, similarly to the human coun-
terpart. However, sorbitol accumulation is difficult to demonstrate in crystalline
lens from diabetic dogs and, to our knowledge, at the moment no studies on sorbitol
concentration in canine diabetic crystalline lens have been performed. On the
other hand, the effect of AGE has been recently evaluated by means of immunohis-
tochemistry in lens epithelial cells from dogs with diabetic and inherited cataract [5].
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The authors did not find a statistical increase in RAGE expression in diabetic vs.
inherited cataract lens, but an increase of p21 and PCNA expression in diabetic lens
suggests a cell cycle and proliferation dysregulation. These results suggested that
the effect of AGE cannot be the only triggering factor in development of canine
diabetic cataract.

Another interesting issue regards haematological alterations due to DM-induced
oxidative stress. DM can induce anaemia and other haematological complications
and the study of oxidative stress on very simple cells such as the erythrocytes can
be used as a good model of what happens in other insulin-independent organs.

DM has been shown to induce anaemia in about than 25% of diabetic dogs [18]
and eccentrocytosis has been reported in many cases of canine DM with or without
ketoacidosis [6]. In vivo these alterations are not related to altered osmotic fragility
or to decreased content of GSH in RBC [11] but an increase in potassium and
TBARS intraerythrocytic concentration has been found, mainly in poorly com-
pensated diabetic dogs [8]. Regarding enzymes, erythrocytes from diabetic dogs
showed increased activities of glucose 6-phosphate dehydrogenase (G6PD, the key
enzyme of the penthose phosphate pathway; [11]), and of scavenging enzyme catalase
[8], suggesting an attempt to compensate oxidative damage.

Effects of oxidative stress on erythrocytes are much more evident in vitro [12]
in which erythrocytes incubated with a high concentration of glucose, simulating a
severe hyperglycaemia, exhibited high osmotic fragility and 2,3 diphosphoglycerate
intracellular concentrations in comparison with controls, whereas more evident
effects are found when ketone bodies are present. In particular, an increase in mean
corpuscular volume (MCV) and a higher consumption of glucose not associated
with an adequate increase in lactate production suggest the activation of other
metabolic pathways such as the polyol pathway leading to sorbitol accumulation
and erythrocyte swelling. In diabetic dogs in vivo MCV is generally found to be
normal but the higher content of osmotic products is probably compensated by
the increased plasma osmolarity. These results suggest that oxidative stress can be
found in erythrocytes from diabetic dogs and that ketoacidosis strongly increases
oxidative damage, but many compensatory mechanisms may balance erythrocyte
oxidation, thus avoiding severe haematological complications in most cases.

We recently evaluated the use of some haematological glycosilation markers to
check diabetic status and compensation in diabetic dogs [13]. In particular sorbitol
concentration in erythrocytes was found to be higher in diabetic dogs in comparison
with controls and in diabetic, poorly compensated dogs and in dogs with ketoaci-
dosis. Moreover, it tends to decrease after improvement of clinical conditions. This
parameter can be useful not only to confirm the activation of the polyol pathway,
leading to oxidative stress, in RBC as well as in other insulin-independent tissues,
but could also permit the monitoring of diabetic status and response to therapy.

Regarding AGE, diabetic dogs showed an higher AGE concentration in plasma
than control dogs, without any correlation with diabetic status, presence of long-term
complications, or clinical conditions. This confirms that, also in dogs, production of
AGE must be considered as a possible mechanism leading to diabetic complications
but that this parameter is probably of little clinical use to manage diabetic patients.
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Feline DM

DM is quite common in cats occurring mainly in animals over 7 years old, with a
higher prevalence in males and neutered cats [29, 31]. From a pathogenetic point
of view, feline DM is, in more than 85% of cases, similar to type 2 DM (noninsulin-
dependent DM) of human beings and characterised by an impaired response to
insulin production leading to hyperglycaemia, glycosuria, polyuria, and polydipsia.
However, the progression of the disease frequently leads to secondary beta cell
destruction, due to excessive deposition of amyloid and, subsequently, insulin
therapy is often required in the late phase of the disease.

Ketoacidosis is considered less frequent in feline DM than in the canine coun-
terpart and, when present, it is generally linked to a bad prognosis. This is probably
due to the residual production of insulin in type 2 DM, the most common form in
cats, which could be enough to reduce ketone bodies production in most cases.

Long-term complications, by which neuropathy, urinary and cardiac diseases,
and haematological complications, are quite frequent. Neuropathy is the most
common and severe long-term complication, leading to sensorimotor neuropathy in
both pelvic and thoracic limbs. Symptoms vary from mild to extremely severe signs
with plantigrade posture and/or secondary muscle atrophy [25].

Other important complications are the elevated percentage of infectious diseases,
mainly from the urinary tract, due to impaired immune response, and haematological
changes, by which a mild anaemia may occur.

On the other side, in contrast with dogs, cataract is a very rare complication in cats
(Iess than 5% of cases), most likely because the lower levels of glucose in blood lead
to a slow increase of the concentration of glucose in ocular fluid, thus inducing mini-
mal glycoxidation and intracellular accumulation of sorbitol in the lens cells [31].

Oxidative Stress and Feline DM

Few studies on the relation among oxidative stress, diabetic status, and development
of complications are available. In particular, attention has been paid on the cor-
relation between DM and Heinz body formation [9]. Heinz bodies are clumps of
denaturated globin, resulting from oxidation of haemoglobin, that precipitates in the
inner membrane of RBC. If present in a high number, they can induce haemolytic
anemia. Feline haemoglobin is very sensitive to oxidative damage due to the higher
number of reactive sulthydril groups in the globin chain. Intracellular glutathione
is the main antioxidant substance in RBC. Heinz bodies have been reported to be
increased in cats with DKA but not in DM alone, and the percentage of HB is
found to be correlated with plasma beta-OH butyrate concentration. On the other
hand, ketoacidotic cats showed reduced GSH concentration in RBC and TBARS
were found to be slightly (although not significantly) increased in both ketotic and
nonketotic diabetic cats in comparison with controls [10]. These results suggest an
effect of ketoacidosis on haemoglobin oxidation and depletion of GSH even though
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in vitro studies failed to demonstrate a direct effect of ketones and hyperglycaemia
on HB formation or GSH concentration in cultured RBC [14]. The mechanism for
in vivo oxidation of haemoglobin in cats with DKA is still to be elucidated.

On the other hand, effects of hyperglycaemia on RBC membrane have also been
investigated [19]. RBC from diabetic cats were found to be more rigid, probably
due to alterations on some integral membrane proteins. This could be partly linked
to some vascular complications of DM.

Regarding diabetic complications few studies are available on feline DM. An
extensive study on neurological complications of feline DM was reported in 2002
[25]. Several symptoms and clinical signs have been reported associated to different
severity. In this study the authors investigated the content of sorbitol, sugars, and
water in nerves from diabetic cats with neuropathy. Diabetes was associated with a
eightfold increase in nerve glucose and 12-fold in fructose, and with a statistical
increase of water content. However, only a minimal increase in sorbitol concentra-
tions was found in contrast with similar studies in rodents and humans. This is
probably due to an elevated activity of SDH in feline nerves in comparison with
other species, leading to transformation of most sorbitol in fructose. The authors
suggested that the flux through the polyol pathway and not polyol accumulation per
se, can cause neuropathy in cats as well as in humans and rodents. This could lead
to Schwann cell injury, demyelinisation, and axonal injury leading to different
clinical signs.

Conclusion

The study of oxidative stress in DM and in development of diabetic complications
is a very interesting issue even though far from being completely clarified. In particular,
dogs and cats seems to share a similar pathogenesis with human type 1 and 2 DM,
respectively, even if extensive studies on the relation between DM and oxidative
stress are still lacking in veterinary medicine. Further investigations and clinical
trials could contribute to a better understanding not only of the onset of the disease
and its complications but also of the possible role of integration with antioxidant
drugs during therapy for DM in order to minimise the progression of the disease
and complications.
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Oxidative Stress in the Spinal Cord
of Dogs and Cats

Wendy Baltzer

Abstract Oxidative stress in spinal cord disease is considered a secondary mechanism
of injury following a primary traumatic event such as vertebral fracture or interver-
tebral disk protrusion (intervertebral disk disease). The primary spinal cord injury
often results in decreased perfusion of the spinal cord due to compression from
bone, disk, hematoma, or granuloma. This decreased blood flow to the cord, or
ischemia, causes neutrophils, macrophages, and eosinophils to release reactive oxygen
species among other inflammatory mediators. Oxidative enzymes are upregulated
in the spinal cord following any injury and are a major source of oxidative damage for
weeks by stimulating inflammatory cells to release more reactive oxygen species,
perpetuating the cycle of oxidative damage. A multiarmed therapeutic approach
may be needed in the treatment of spinal cord injury that encompasses all or at
least several of the major mechanisms of injury, namely, glutamate-mediated exci-
totoxicity, increased intracellular Ca®, and oxidative stress. These mechanisms
lead to cell death through a loss of energy production, damage to nucleic acids and
proteins, and apoptosis. Experimentally and in clinical trials, corticosteroids and
N-acetyl-cysteine (NAC) have had limited success. Other free radical scavengers
such as derivatives of acetylsalicylic acid and sulfasalazine, or aldehyde free radical
scavengers are currently being investigated.

Keywords Canine « Feline « Dog « Cat « Spinal cord trauma « Reactive oxygen species
« [soprostanes e Ischemia reperfusion « Secondary spinal cord injury « Acreolin
« Hydralazine « N-acetyl-cysteine

Oxidative stress is defined as an excess of reactive oxygen species (ROS) or a rela-
tive insufficiency of antioxidant defense mechanisms. ROS are generated from
electron leakage from electron transport chains, inflammatory cells, UV light,
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drugs including chemotherapeutics, cigarette smoke, ozone and others. Oxidative
stress in spinal cord disease is considered a secondary mechanism of injury following
a primary traumatic event such as vertebral fracture or intervertebral disk protrusion
(intervertebral disk disease, IVDD). The primary spinal cord injury often results in
decreased perfusion of the spinal cord due to compression from bone, disk, hema-
toma or granuloma. This ischemia causes neuronal intracellular concentrations of
ATP to decline, which then stimulates neurons to release the excitatory neurotrans-
mitter glutamate [1]. Glutamate initiates a pathogenic cascade that results in cellular
overload of calcium and increased production of ROS.

Neuronal ischemia also incites an inflammatory response with recruitment of
neutrophils and macrophages and upregulation of cellular adhesion molecules.
Neutrophils, macrophages and eosinophils release ROS among other inflammatory
mediators. The free radical O, is produced mainly by the enzyme nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase whose subunits are upregulated
to form the active enzyme in the presence of proinflammatory cytokines [2, 3].
NADPH oxidase is upregulated in the spinal cord following injury and is thought
to be a major source of oxidative damage for weeks following the primary injury [4].
ROS cause many secondary effects in the spinal cord following primary injury,
including recruitment of additional inflammatory cells, which release more ROS,
and the cycle of ROS-mediated neuronal damage is perpetuated [5].

Ischemia-reperfusion injury occurs as part of secondary injury in the spinal cord
or with management of the injury such as surgical decompression. Reperfusion
following ischemia in the spinal cord results in increased ROS production by mito-
chondria and stimulation of the enzyme xanthene oxidase to produce more ROS
[1, 6, 7]. Peroxidation of lipids generates more reactive species including free
radicals and reactive aldehydes such as malondialdehyde, 4-hydroxynonenal, and
acrolein which bind to glutathione and result in additional oxidative stress [8—12].

The spinal cord is especially sensitive to oxidative stress because there are high
levels of polyunsaturated fatty acids (PUFAs) present in the membranes of neurons
and oligodendrocytes such as linoleic acid and arachidonic acid. The PUFAs react
with ROS in cellular membranes resulting in propagation of new radicals. Lipid
peroxidation will continue until all PUFAs are depleted or the free radicals interact
with an antioxidant within the membrane, such as vitamin E [13]. Because lipid
peroxidation is self-perpetuating, severe damage to neuron membranes results in
alterations in ion channels, including calcium with an increase in intracellular calcium,
eventually leading to apoptosis [14].

F2 isoprostanes (15F2t isoprostane or 8-isoprostaglandin F2a.) are a class of free
radical catalyzed products of the arachidonic acid pathway produced independently
of cyclo-oxygenase enzymes in vivo. They have a high sensitivity and specificity
for assessing oxidative stress in disease states and can be measured in the urine
to assess lipid peroxidation [15]. In dogs with spinal cord injury from acute disk
herniation, F2 isoprostanes significantly increase, indicating lipid peroxidation and
oxidative stress occur in dogs with spinal cord injury [16].

Following the primary injury, secondary injury is also mediated by the interaction
of ROS with nitric oxide (NO). NO production increases following spinal cord
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injury due to a rise in nitric oxide synthase enzymes iNOS and eNOS [4]. NO
generation continues to be elevated for at least 14 days following spinal cord injury
[4, 17]. NO and ROS react together to form highly reactive and cytotoxic molecules
including peroxynitrite (ONOO") and peroxynitrous acid (ONOOH) which damage
lipids, proteins and nucleic acids [18]. Nitrotyrosine, a marker of superoxide-NO
interaction remains elevated for at least 14 days following spinal cord injury, indi-
cating that nitrosative and oxidative stress continue for at least weeks following the
primary injury [4, 17].

Reperfusion injury following an ischemic event is particularly damaging to the
spinal cord because the spinal cord is subject to severe lipid peroxidation with high
levels of PUFAs and because the neurons contain high numbers of mitochondria,
which are susceptible to ROS and produce ROS following ischemia. Up to 33% of
humans develop paraplegia following thoracoabdominal aorta surgery due to isch-
emia and reperfusion injury following temporary aortic cross-clamping [19]. Indeed,
in some patients, there is delayed onset of paraplegia one to five days following
aortic cross-clamping and this neurological dysfunction is thought to be due, in large
part, to ROS-mediated damage and lipid peroxidation [20, 21]. In dogs following
acute spinal cord injury from intervertebral disk herniation, secondary mechanisms
of injury including lipid peroxidation begin within four h of the primary injury from
the disk and peak four days later [22]. During this period, demyelination, axonal
degeneration and myelomalacia occur in regions inside and outside the primary zone
of trauma [23-25]. ROS-induced damage to neurons is not limited to lipid peroxida-
tion-mediated inflammation and cell death. ROS also damage proteins and DNA
resulting in cellular dysfunction and potentially carcinogenesis [26].

Because oxidative stress can decrease myelin production and cause axonal
degeneration, its role in degenerative myelopathy has been investigated in dogs
[27, 28]. Degenerative myelopathy or canine degenerative radiculomyelopathy is a
progressive degenerative disease of the thoracolumbar spinal cord of dogs for
which no treatment exists and is believed to be hereditary in nature [29, 30].
Production of the metabolite of lipid peroxidation, 8-isoprostane, in the cerebral
spinal fluid of Pembroke Welsh corgis with degenerative myelopathy was not
different from control dogs [29]. In a study investigating German shepherd dogs
with degenerative myelopathy, no defect in alpha-tocopherol transfer protein gene
or expression was found, indicating that vitamin E metabolism in these dogs is
unlikely to be a part of the pathogenesis of this disease [31]. In addition, vitamin E
levels are not altered nor does supplementation with vitamin E have any effect on
dogs with degenerative myelopathy [32]. At this time there is no evidence for a role
of oxidative stress in degenerative radiculomyelopathy of dogs.

Endogenous antioxidant defense mechanisms such as antioxidant proteins, small
molecule antioxidants and antioxidant enzymes react with ROS to donate a single
electron to the free radical resulting in a more stable compound [33]. The spinal
cord contains relatively low amounts of the antioxidant glutathione [24, 34].
Following trauma, the spinal cord is quickly depleted of its antioxidants including
glutathione, vitamin E, and ascorbic acid [7, 24, 34]. The free radical scavenging
enzyme superoxide dismutase increased within 24 h following the primary spinal



96 W. Baltzer

cord injury and remained elevated for at least 14 days to counteract the increased
production of ROS. Unlike superoxide dismutase, catalase and glutathione peroxi-
dase remain unchanged in the first 24 h following injury, however, by 14 days they
too have responded and are present in increased amounts compared to normal spinal
cord [4]. The delayed response of some of the antioxidant enzymes coupled with
the rise in free radical production may account for some of the continued secondary
injury and deteriorating neurological function seen during the four days following
the primary injury. In addition, continued oxidant stress may play a role in the final
functional outcome of many dogs following spinal cord injury.

An important target of therapy for spinal cord injury is oxidative stress, how-
ever, whereas in vivo studies in animals have shown successful treatment with
antioxidants, studies in human and dog clinical trials have failed to produce
similar results [21, 35-37]. Methylprednisolone has been used widely for its anti-
oxidant properties in the treatment of spinal cord injury. Improved outcome has
been demonstrated in some studies, however, serious side effects can occur in
dogs including gastrointestinal bleeding, wound infections and pneumonia [38—43].
In blinded placebo-controlled clinical studies in humans with spinal cord injury,
methylprednisolone sodium succinate can improve motor outcome if administered
within eight h of the trauma [38, 44, 45]. In a recent retrospective study on the use
of glucocorticoids for thoracolumbar intervertebral disk herniation, dogs treated
with no glucocorticoids, methylprednisolone, prenisolone or dexamethazone had
no difference in short-term outcome based on their neurological scores [46]. In
addition, dogs treated with dexamethazone were over three times as likely to have
a clinical complication compared with dogs given no glucocorticoids or those
treated with methylprednisolone or prednisolone [46]. Complications included
urinary tract infections and diarrhea [46].

In the CNS, where levels of other endogenous antioxidants (i.e., catalase) are
low, the cells rely more heavily on glutathione for protection and N-acetyl-cysteine
(NAC) is its precursor [24, 47]. NAC also directly scavenges ROS and numerous
laboratory and clinical studies have demonstrated a beneficial effect from NAC
administration [48-53]. In a blinded randomized, placebo-controlled clinical trial
NAC was administered intravenously immediately prior to decompressive hemi-
laminectomy in dogs with acute thoracolumbar disk herniation. NAC was unable to
ameliorate the neurological deterioration that occurred from the spinal cord injury
in dogs with intervertebral disk disease [37]. A recent study of spinal cord ischemia
in rabbits identified that, although NAC treatment improved neurological status,
neuronal cell damage was still significant [54]. In addition, in closed brain trauma
although neuron morphology is somewhat protected [55], brain perfusion and
edema are unaffected by NAC treatment [56]. In the dogs with acute thoracolumbar
disk herniation, spinal cord edema may have been severe enough that outcome was
not affected by NAC administration. Although NAC did not alter urinary 15F,
isoprostane excretion in dogs with [IVDD-mediated spinal cord injury, it is possible
that another antioxidant may have been more effective. The prostaglandin I, analogue,
iloprost, when combined with NAC, improves neurological outcome in rabbits
subjected to spinal cord ischemia more effectively than NAC alone [54].
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A multiarmed therapeutic approach may be needed in the treatment of spinal
cord injury that encompasses all or at least several of the major mechanisms of
injury, namely, glutamate-mediated excitotoxicity, increased intracellular Ca?*,
and oxidative stress. These mechanisms lead to cell death through a loss of energy
production, damage to nucleic acids and proteins, and apoptosis [57-65]. Neu200,
a derivative of acetylsalicylic acid and sulfasalazine, inhibits NMDA receptor-
mediated excitotoxicity and scavenges free radicals. Experimentally in rats, this
compound improves functional recovery following acute spinal cord injury [57].
Another promising avenue of investigation for the treatment of spinal cord injury
is through inhibition of free radical-generated aldehydes such as acreolin [8].
The acrolein scavenger hydralazine ameliorates secondary injury in the spinal cord,
at least experimentally [66, 67].

Further understanding of the specific mechanism of oxidative stress in spinal
cord injury and investigation into the best method for scavenging ROS may provide
a better outcome in the future. Much work still needs to be done to understand how
the various mechanisms of injury including oxidative and nitrosidative stress interact
to produce the devastating effects of secondary injury in spinal cord trauma.
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Oxidative Stress, Cognitive Dysfunction,
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Abstract Oxidative damage is a consistent feature of brain aging in all species
studied. Decline in cognitive functions, which accompanies aging, may have a bio-
logical basis, and many of the disorders associated with aging may be preventable
through dietary modifications that incorporate specific nutrient. Based on previous
research and results of both laboratory and clinical studies in the canine model
of human aging and disease, antioxidants may be one class of nutrient that may
be beneficial. Brains of aged dogs accumulate oxidative damage to proteins and
lipids, and mitochondrial dysfunction that may lead to impaired neuronal function.
The production of free radicals and lack of increase in compensatory antioxidant
enzymes may lead to increased damage to macromolecules within neurons.
Reducing oxidative damage and mitochondrial dysfunction through a diet rich
in antioxidants and mitochondrial cofactors significantly improves, or slows the
decline of, learning and memory in aged dogs. Furthermore, there are clear links
between the reduction of brain oxidative damage and mitochondrial impairments
and improved or maintained cognitive function. However, determining which
compounds, which combinations and dosage range, when to initiate intervention,
and long-term effects constitute critical gaps in knowledge.
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Introduction

Aging, in most species studied to date, is accompanied by the progressive
accumulation of oxidative damage in many tissues [1]. The brain, in particular, is
vulnerable to oxidative damage as it consumes approximately 20% of the body’s
total oxygen, has a high content of polyunsaturated fatty acids, and lower levels of
endogenous antioxidant activity relative to other tissue [66]. Normal metabolic
processes result in the release of reactive oxygen species (ROS), which in turn can
lead to oxidative damage to proteins, lipids, DNA, and RNA [59]. ROS are produced
primarily from mitochondria [56], intracellular organelles that are themselves vulner-
able to oxidative damage [33]. Thus, mitochondrial dysfunction and production of
ROS may be key contributors to the deleterious effects of aging on the brain.

Studies in both normal and pathological human brain aging provide correlative
evidence in support of a role of oxidative damage in age-associated cognitive losses.
Studies of human autopsy tissue show higher content of oxidative damage to DNA/
RNA [49], proteins [71], and lipids [40] in aged as compared to young brain.
Oxidative damage may also play a role in age-associated neurodegenerative
diseases such as Alzheimer disease (AD) [39, 61, 73]. AD is associated with further
increases in protein [9], lipid [40, 49, 60], DNA [36], and RNA/DNA oxidative
damage [37, 53]. In addition, endogenous antioxidant activity in the AD brain is
reduced relative to age-matched controls [69]. Proteins particularly vulnerable to
oxidative damage have been identified by proteomics and a subset of these proteins
may be directly or indirectly involved in the production and accumulation of AD
neuropathology [8].

Mitochondrial function also appears compromised with age and disease in the
human brain [1]. In normal aging, mitochondrial respiratory chain activity declines
[54], mitochondrial metabolism-associated enzymes such as aconitase decrease
[79], and the rate of somatic mitochondrial DNA mutations increases [43, 78].
In AD, similar types of losses in respiratory chain activity [6, 19, 26] and increases
in mitochondrial DNA mutations [13] are observed but are higher when compared
to age-matched controls. Furthermore, in AD, decreased cytochrome oxidase activity
in the posterior cingulate cortex is correlated with hypometabolism seen by posi-
tron emission studies [77]. A gene array study in the cingulate cortex shows that
energy-metabolism related genes, and specifically a 65% reduction in expression of
mitochondrial electron transport chain genes, occurs in AD [32]. Thus, mitochon-
drial dysfunction and the production of ROS, combined with lower endogenous
antioxidant activity may lead to increasing oxidative damage to molecules critically
important to neuronal function.

Antioxidants, Human Brain Aging, and Disease

Based on correlative human neuropathology studies, antioxidants would be predicted
to be associated with healthy aging, might serve to reduce the risk of developing
AD, and may improve cognitive function in AD patients. Studies in humans have
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shown either a positive effect of antioxidant use on cognition and risk reduction
for developing AD [17, 42, 51], or no significant effects [18, 30, 38, 41]. There have
been few systematic and controlled clinical trials evaluating the effects of antioxi-
dants on cognition in aged individuals or patients with AD. Vitamin E delays insti-
tutionalization in AD patients, suggesting some beneficial effects [65]. However,
vitamin E alone did not improve cognition in patients with mild cognitive impair-
ment, which is thought to be a precursor to AD [57]. Furthermore, in nondemented
elderly women, vitamin E treatment was associated with minimal improvements in
cognition [30].

In addition to studying the effects of cellular antioxidants on cognition and
risk of AD, there are several studies of the effects of targeted cofactors that
improve mitochondrial function, including acetylcarnitine (ALCAR) and lipoic
acid (LA) [34]. ALCAR and LA may improve mitochondrial function and reduce
the production of ROS, thus also reducing oxidative damage to proteins, lipids,
and DNA/RNA [35]. In studies where ALCAR was administered to patients with
moderate to severe AD, cognition either improved and/or slower deterioration
was observed [5, 58, 62, 70]. In early-onset AD patients (less than 65 years of age),
only small cognitive improvements were noted [75] but in other studies of
younger patients with AD (less than 61 years) there was evidence for slowed
disease progression [7, 76]. When the results of all these studies were combined
in a meta-analysis, there were clear benefits of ALCAR administration in patients
with AD, particularly with respect to slowing cognitive decline [48]. Moreover,
combining ALCAR with acetylcholinesterase therapy in AD may provide addi-
tional benefits [3]. Similar evidence of maintenance of function was observed in
a study of nine patients with AD or related dementias receiving 600 mg/day of
LA for an average of 337 days [21]. In a follow-up study of 48 patients for a
longer 48-month treatment period, maintenance of function similar to the smaller
study was observed [20].

When taken together, however, studies of dietary or supplemental antioxidant
intake in humans reveal variable results and appear far less robustly associated
with positive functional outcomes than those reported in aging rodents [4, 28, 29].
Variability in outcomes of human antioxidant clinical trials may reflect inconsis-
tencies in amounts of supplements administered, their form and source, compliance,
as well as assessment and documentation of exact background of dietary intake of
antioxidants. Interestingly, combinations of antioxidants may be superior to single
compound supplementation [80] and dietary intake of antioxidants has been
shown to be superior to supplements in human studies on cognition and risk of
developing AD [2, 50]. In elderly women, supplementation with a combination of
vitamins E and C can lead to improved memory [11]. Thus, single antioxidant
administration (e.g., vitamin E alone) may prove to be more efficacious if admin-
istered in combination with other antioxidants (e.g., vitamin C, which helps to
recycle vitamin E) and administered through diet rather than a tablet supplement.
As described in later sections, the combination of antioxidants administered by
way of a fortified food proved to be a potent intervention for improvement of
cognition and reducing brain pathology when tested in a canine model of human
brain aging.
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Aging and Cognitive Dysfunction in Dogs

Advanced age in dogs is frequently associated with severe behavioral and cognitive
deficits [52]. Age-dependent cognitive deficits in canines can be observed on many
different measures of learning and memory. Deficits in complex learning tasks such as
oddity discrimination learning [15, 47], size discrimination learning [22, 74], and
spatial learning [12] occurs with age in dogs. Tasks sensitive to prefrontal cortex func-
tion, including reversal learning and visuospatial working memory, also deteriorate
with age [22, 72]. In addition, egocentric spatial learning and reversal, measuring the
ability of animals to select a correct object based on their own body orientation is age-
sensitive [12]. Interestingly, on simple learning tasks and procedural learning
measures, aged dogs performed equally as well as younger animals [45], suggesting
that a subset of cognitive functions remains intact with age as it does in aging humans.

Memory also declines with age in dogs both for information about objects and
location in space (spatial) [10, 24, 45]. Furthermore, studies of the time course of
the development of cognitive decline demonstrate that deterioration in spatial ability
occurs early in the aging process in canines, between 6 and 7 years of age [72] and
provides researchers with guidelines for ages at which to start a treatment study.
The neurobiological basis for cognitive decline in aging dogs may depend in part
upon the progressive accumulation of oxidative damage to proteins, lipids, and
DNA/RNA.

Oxidative Damage in Aging Dog Brain

In dog brain, the accumulation of carbonyl groups, which is a measure of oxidative
damage to proteins, increases with age [23, 68] and is associated with reduced
endogenous antioxidant enzyme activity or protein levels such as in glutamine
synthetase and superoxide dismutase (SOD) [23, 27, 31, 55]. In several studies, a
relation between age and increased oxidative damage has been inferred by measuring
the amount of endproducts of lipid peroxidation (oxidative damage to lipids)
including the extent of 4-hydroxynonenal (4HNE) [63, 64], or malondialdehyde
[23]. Also, evidence of increased oxidative damage to DNA or RNA (80OHdG) in
aged dog brain has been reported [14, 64]. If oxidative damage leads to progressive
age-associated neuropathology and cognitive decline, then one could hypothesize
that dietary antioxidants may prove beneficial.

Nutritional Antioxidants

A variety of antioxidant or antioxidant defense-associated molecules are derived from
food sources. Vitamin E is found in high concentrations in nuts and oils, vitamin C is
found in high concentrations in fruits, and beta-carotene is found in certain vegetables.
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In addition trace minerals such as selenium, copper, zinc, and manganese, which are
important to enzymes that specifically detoxify free radicals (Cu/Zn SOD) or help
recycle antioxidants that detoxify free radicals (glutathione peroxidase), may be
acquired from different food sources.

Recent research has shown that some molecules classified as mitochondrial
cofactors (lipoic acid, 1-carnitine) may enhance function of aged mitochondrion
such that fewer ROS are produced during aerobic respiration. Chronic oxidative
damage to enzymes and cell membranes may reduce the capability to bind mito-
chondrial enzyme cofactors thus reducing metabolic capacity [35]. Supplementation
of foods with these mitochondrial cofactors increases the concentration within cells
and restores binding to the enzymes that require them, which restores mitochon-
drial efficiency [35] and reduces oxidative damage to RNA [34].

Can Antioxidants Reduce Cognitive Impairments
in Aged Dogs?

If brain aging in dogs is attributable to progressive accumulation of oxidative
damage, which results in cognitive dysfunction, then reduction of oxidative damage
via dietary fortification of antioxidants appears as a viable intervention option.
A longitudinal investigation of the effects of dietary fortification of antioxidants on
cognitive function of beagle dogs was thus completed, which included 48 aged
(10-13 years of age) and 17 young beagles (3—5 years old). Each animal was
assigned into one of two food groups using a counterbalanced design based on
extensive baseline cognitive testing. No differences existed between cognitive ability
of groups prior to dietary intervention.

An antioxidant-enriched food for maintenance of adult dogs was formulated
to include a broad spectrum of antioxidants and two mitochondrial cofactors.
The control and test foods had the following differences in formulation on an as-fed
basis, respectively: dl-alpha-tocopherol acetate (120 vs. 1050 ppm), ascorbic acid
as Stay-C (30 vs. 80 ppm), l-carnitine (20 vs. 260 ppm), and dl-alpha-lipoic acid
(20 vs. 128 ppm). Based on an average weight of 10 kg per animal, the daily
doses for each compound were 800 IU or 210 mg/day (21 mg/kg/day) of vitamin E,
16 mg/day (1.6 mg/kg/day) of vitamin C, 52 mg/day (5.2 mg/kg/day) of carnitine,
and 26 mg/day (2.6 mg/kg/day) of lipoic acid. Fruits and vegetables were also
incorporated at a 1-to-1 exchange ratio for corn, resulting in 1% inclusions of each
of the following: spinach flakes, tomato pomace, grape pomace, carrot granules,
and citrus pulp. This was equivalent to raising fruit and vegetable servings from 3
to 5-6/day. Serum vitamin E was increased ~75% by the antioxidant food in treated
dogs [44].

Treatment with the antioxidant fortified food led to improvements in spatial
attention (landmark task) learning as early as within 2 weeks of beginning the food
intervention [44]. Subsequent testing of animals with a more difficult complex
learning task, oddity discrimination, also revealed benefits of the fortified food [15].
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Improved learning ability was maintained over time with the antioxidant treatment
whereas untreated animals showed a progressive decline [46]. Interestingly, cogni-
tive improvements were initially limited to aged animals as young dogs treated with
the antioxidant fortified food were not different from control-fed dogs [67].
However, when initiated at a young age (2—4 years of age) it was found that prolonged
administration of antioxidant fortified food resulted in significant improvement on
a visual discrimination task compared to age-matched controls fed a nonfortified
food over the same time period [16]. These results suggest that a relatively short
administration period of a food fortified with antioxidants in aged dogs resulted in
a slowing of the rate of decline in cognitive abilities, possibly attributable to
either repair of age-associated oxidative damage or improved cellular function
through improved mitochondrial function [25]. As a corollary to this finding the
results in young dogs might suggest that early administration of an antioxidant
fortified food acts in a way to delay onset of cognitive decline by either prevention
of oxidative damage or continuance of optimal cellular function.

The improved cognitive outcomes were hypothesized to be attributable to
enhanced mitochondrial function resulting in decreased oxidative damage in brain
tissue from aged dogs administered antioxidant fortified food. Mitochondrial function
was measured in aged dogs and revealed that antioxidant fortified food reduced
age-associated mitochondrial dysfunction by reducing ROS production [25]. These
results suggest that one mechanism by which the antioxidant fortified food
improved cognition was by maintaining mitochondrial homeostasis by either the
antioxidant fortification or the mitochondrial nutrient (I-carnitine, lipoic acid) targeted
fortification. Oxidative damage to proteins from the parietal cortex was measured
by derivatization with 2,4-dinitrophenylhydrazine (DNPH) which revealed reduced
damage in dogs fed antioxidant fortified food [55]. These results suggest that oxida-
tive damage to proteins was reduced in the parietal cortex, thought to be involved
with landmark discrimination learning and other visual learning tasks that were
improved in the cognitive assessments.

It is important to note that reduced oxidative damage to proteins and increased
endogenous antioxidant activity were associated with improved cognition in the
aging dogs on antioxidant fortified foods. Higher levels of one measure of protein
oxidation (3-nitrotyrosine) and lower levels of antioxidant activity (glutathione-S-
transferase) were subsequently correlated with higher error scores on a reversal
learning problem and on a visuospatial task (i.e., impaired function) [55]. These
results strongly suggest that oxidative damage, particularly to vulnerable proteins
involved with energy metabolism, neuronal integrity, and antioxidant systems are
key contributors to cognitive decline associated with aging in dogs. The most
important aspect of this work is the discovery that cognitive performance may be
improved relatively quickly in aged canines by dietary manipulation as well as
slowing the onset of cognitive decline in younger dogs administered the fortified
food at an early age for a prolonged period. Antioxidants may potentially act, there-
fore, to mitigate development of age-associated behavioral changes, and possibly
even neuropathology, by counteracting oxidative stress.
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Summary

Oxidative damage is a consistent feature of brain aging in all species studied.
Decline in cognitive functions that accompanies aging may have a biological basis,
and many of the disorders associated with aging may be preventable through
dietary modifications that incorporate specific nutrients. Based on previous research
and results of both laboratory and clinical studies in the canine model of human
aging and disease, antioxidants may be one class of nutrient that may be beneficial.
Brains of aged dogs accumulate oxidative damage to proteins and lipids, as well as
mitochondrial dysfunction that may lead to dysfunction of neuronal cells. The pro-
duction of free radicals and lack of increase in compensatory antioxidant enzymes
may lead to detrimental modifications to important macromolecules within neu-
rons. Reducing oxidative damage and mitochondrial dysfunction through food
ingredients rich in a broad spectrum of antioxidants and mitochondrial cofactors
significantly improves, or slows the decline of, learning and memory in aged dogs
as well as delaying the onset of decline in younger dogs. Furthermore, there are
clear links between the reduction of brain oxidative damage and mitochondrial
impairments and improved or maintained cognitive function. However, determining
which compounds, which combinations and dosage range, when to initiate inter-
vention, and long-term effects constitute critical gaps in knowledge.
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The Role of Oxidative Stress
in Ocular Disease

Gustavo L. Zapata

Abstract The eye is an organ particularly sensitive to oxidative stress because it
is formed by different highly susceptible tissues that play different related roles
aimed at preserving the visual function. This sensitivity due to the variety of tissues
leads to a large number of extraocular and ocular mechanisms that produce an
oxidative imbalance affecting the ocular apparatus. A change in either one or several
of these tissues can produce an alteration in the visual function. In addition, the eyes
are under a particular risk of oxidative stress due to their high exposure to different
extraocular agents, such as oxygen (Cejkova et al., Histol Histopatol 23:1477-1483,
2008), the high content of polyunsaturated fatty acids in the retina (Stone et al.,
Exp Eye Res 28:387-397, 1979), their high exposure to light and environmental
contaminants (Novaes et al., Environ Health Perspect, 115:1753-1756, 2007), and
their exposure to ultraviolet radiation (Young, Prog Biophys Mol Biol 92:80-85,
2006). Among the ocular processes that generate oxidative imbalance, we can
mention inflammatory diseases on the ocular surface, the uveal tract, and the retina,
the formation of cataracts in the lens, degenerative diseases in the retina, and glau-
coma. The aim of the present work is to discuss the role of oxidative stress in the
pathophysiology of diverse ocular disorders that affect the ocular surface, the uveal
tract, the lens, and the nervous tissue.
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Ocular Surface

The tear is composed mainly of water, and, to a lesser extent, of lipids and proteins.
It has different functions: it lubricates the ocular surface, provides the cornea with
oxygen and nutrients for its metabolism, keeps the substance related to the immune
defense in suspension, and regulates oxidative stress [1]. This last function is carried
out by scavengers such as cysteine, ascorbic acid, GSH (reduced glutathione), uric
acid, tyrosine, catalase, and peroxidase, which are normally present in the tear [2—4].

Lactoferrin is known to be a tear-specific protein secreted by the acinar epithe-
lial cells of the main and accessory lacrimal glands. Several authors have reported
different activities of this protein. Shimmura et al. showed its antioxidant capacity
by inhibiting the formation of some free radicals (hydroxils) [5], demonstrated the
antimicrobial capacity of the tear [6], Arnold et al. showed that some of the antimi-
crobial activity of the tears was the result of the activity of lactoferrin [7]. Malmquist
et al. suggested its anti-inflammatory capacity [8] and Fushijara et al. demonstrated
the protective effect against ultra violet (UV) rays [9].

A frequent disease involving the ocular surface (conjunctiva, cornea, and tear) in
veterinary ophthalmology is known to be the keratoconjunctivitis sicca. This disease
is characterized by both a qualitative and quantitative deficit of tear production
which triggers a series of events that result in the alteration of the physiology of the
ocular surface. Among the etiological agents that cause a decrease in the production
of tears (quantitative deficit) we can mention the canine distemper virus (which is
the cause of glandular adenitis), chronic blepharoconjunctivitis, congenital acinar
hypoplasia, drug toxicity, and trauma. In addition, keratoconjunctivitis sicca can be
induced by drugs (i.e. sulfa drugs) or be mediated by the immune system [10].

On the other hand, among the alterations that cause qualitative deficit we can
mention meibomian gland dysfunction, chronic blepharoconjunctivitis, and vitamin
A deficiency [11]. All these factors favor both the generation of reactive oxygen
species (ROS) and the presence of various types of free radicals in the tear; that
is, they favor oxidative stress. These, in turn, destroy proteins, mucous components,
and lipids contained in the tear leading to the ultimately loss of its stability [12].
If the antioxidative mechanisms normally present in the precorneal tear are inade-
quate, the tear becomes unstable as its components are destroyed. Different processes,
such as inflammation of the cornea and the conjunctiva, corneal neovascularization,
and metaplasia of the epithelium, which are associated with the loss of corneal
transparency and ocular secretion, are triggered at this point (Fig. 1).

The cornea is a highly differentiated tissue that allows the refraction and trans-
mission of light. It is basically a concave—convex lens with an anterior face in
close contact with the precorneal tear and a posterior face covered with aqueous
humor. Because this liquid is mainly responsible for maintaining the physiological
requirements of the cornea, the cornea lacks vascularization. It is composed of a
stratified squamous nonkeratinized epithelium, a stroma of connective tissue, and
an endothelial cell monolayer. Although this nonvascular tissue is apparently simple
in its composition, the great regularity and uniformity of its structure allows the
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Fig. 1 Left eye of the dog with chronic quantitative tear deficiency. Note hyperemia and thick
discharges, vascularized and opaque cornea (chronic keratitis)

accurate transmission and refraction of light [13]. It possesses effective low molecular
weight antioxidants (such as ascorbic acid, glutathione, and alpha tocopherol)
[14-18] and high molecular weight antioxidant enzymes (such as superoxide
dismutase, glutathione peroxidase and reductase, and catalase) [19-21]. Works carried
out by Kovaceva et al. have shown differences between the concentration of anti-
oxidants in the corneal epithelium of animals with daily activity and that of animals
with nocturnal behavior; these differences are considered due to the exposure of
diurnal animals to UV rays [22].

Due to its location, the cornea is constantly exposed to the effects of radiation,
atmospheric oxygen, environmental chemicals or pollutants, and physical factors.
These external agents can cause an oxidative imbalance in the cornea. Corneal
inflammatory processes (keratitis), which have a high diagnostic frequency (Fig. 2),
can also produce this alteration.

Cells in the epithelium and corneal stroma are capable of producing superoxide
via NADPH oxidase [23]. The superoxide thus produced potentially contributes
to the processes that occur during corneal inflammation. This process involves
neutrophil infiltration, which may obviate ROS production by the membrane-bound
NADPH oxidase system and cytoplasmic granule myeloperoxidases [12, 24].
As suggested by Chandler et al. this process can be increased by exposure to
UV, which causes overexpression of matrix metalloproteinases that are observed
with changes in the cornea that allow an influx of inflammatory cells and vascu-
larization [25].

Oxidative stress can alter the natural equilibrium between proteinases and pro-
teinase inhibitors in favor of the former, engendering pathological degradation of
collagen and proteoglycans within the corneal stromal extracellular matrix [26].

Independently of the cause, the deficit of antioxidant agents in the ocular surface,
both in tears as in the cornea, is extremely important because the ocular surface is
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Fig. 2 Keratitis affected left eye. The superficial cornea is both infiltrated and vascularized

the mucosal surface most environmentally exposed to the effects of external agents
[27-29] which exacerbate the production of ROS and free radicals, thus increasing
the oxidative injury [24].

Therefore, it would be interesting to find the association between the treatment
of the primary cause of the disease and antioxidant agents in some lesions of the
ocular surface, in order to minimize the alterations of the oxidative disbalance and
thus maintain corneal transparency.

Uveitis

The inflammation of the uveal tract (iris, ciliary body, and choroid), known as
uveitis, is the most frequently diagnosed disease in this tissue, in both dogs and
cats. The process can affect different structures that form the uveal tract or the uvea
as a whole. In veterinary medicine, there are numerous causes that can trigger
uveitis, ranging from local injuries to systemic diseases (Table 1) [30]. The altera-
tion in visual function in patients with uveitis is caused by different factors, one of
which is the damage caused by infiltration of inflammatory cells. The disruption of
the blood barrier resulting in protein extravasation and cellular infiltration into the
aqueous humor and anterior chamber is clinically called Tynall Effect (scattering of
particles in acolloid medium), and if the process allows an excessive increase in
cells deposited in the anterior chamber it is called hypopyon, and changes in the
metabolism of corneal endothelium that are observed with loss of corneal transpar-
ency as a result of edema (Fig. 3) [31]. The inflammatory cells accumulated in the
uveal tract, mainly mononuclear and polymorphonuclear phagocytes (PMNs), gen-
erate ROS. All these processes are related to an increase in cytokines, metabolites
of arachidonic acid (eicosatetraenoic acid), nitric oxide (NO), including radicals,
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Table 1 Uveitis triggers

Exogenous Endogenous
Trauma Infections (viruses, fungi, and bacteria)
Corneal ulcers Parasites
Deep wounds Cataracts
Neoplasia

Immune mediation

Fig. 3 Anterior acute uveitis in a dog with lymphosarcoma. Note severe corneal edema, hipopyon
is limited to the lower anterior chamber and miosis

such as superoxide anion (O,-") and hydroxyl radical (HO-) and nonradicals, such as
hydrogen peroxide (H,0,) and singlet oxygen ('O,). Different studies showed that
the cytokines, tumor necrosis factor alpha (TNFa), and several types of interleukins
enhance the inflammatory response in both the aqueous humor and uveal tissue [32,
33]. ROS play a key role in the development of uveitis, because these can increase
vascular permeability, damage to extracellular matrix proteins, enhance cytokine
expression, activate endothelial cells, increase adhesion molecule expression, and
increase the formation of chemotactic factors [34]. Superoxide and hydrogen per-
oxide are among the most important primary species generated by these phago-
cytes, This process, and other free radicals are formed and are associated with
tissue damage. Although H O, is a strong oxidant, its reaction with organic com-
pounds is low. In the presence of H O,, the myeloperoxidase released by phago-
cytes catalyzes the formation of hypochlorous acid. This acid reacts with other
metabolites derived from O, to form HO-, these hydroxyl radicals have been impli-
cated as the ultimate cytotoxic agent because of their high reactivity, including
peroxidation of membrane lipids [35].

On the other hand, it has been shown that activated phagocytes synthesize
considerable amounts of NO, which is the oxidation product of one of the
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guanidino-nitrogens of L-arginine. The reaction is catalyzed by two different forms
of the enzyme NO synthase (NOS) [32]. Park et al. showed that the IL-1, TNF-g,
and IFN-y are directly implicated in the production of NO [36]. The reaction
between superoxide and nitric oxide proceeds with near diffusion-limited rates,
yielding peroxynitrite (ONOQO"), and is the most potent biological oxidant obtained
from NO and O, [33]. Physiologically, the uvea possesses a high metabolic aerobic
activity with a consequent production of O, and H,0O,. However, diverse intrac-
ellular enzymatic systems prevent the accumulation of metabolic waste highly toxic
for the eye.

The inflammatory process of the choroid (choroiditis) usually involves the retina,
producing chorioretinitis, due to the close relationship between both tissues
(Fig. 4). The retina is a structure particularly sensitive to oxidative damage because
of its high consumption of O, and its high percentage of polyunsaturated fatty acids
(PUFAs) [37] which are required by retinal membranes to build up a highly fluid
microenvironment for the rhodopsin visual pigment that is responsible for the light
signal transduction and its direct exposure to light [38]. Free radicals may trigger
the initiation of lipid peroxidation (LPO) of PUFAs, leading to the release of
lipoperoxyl radicals that induce oxidative stress, which is closely related to photo-
receptor membrane lysis. Vision can be seriously affected by oxidative stress damage
to the retinal membranes.

Special attention has been recently devoted to ROS as factors that initiate the
retinal degeneration induced by inflammation. In fact, in experimental uveitis, all
the products of LPO, as well as a high concentration of peroxynitrites (ONOO"),
have been identified [39].

Fig. 4 Complete bullous retinal detachment in this domestic shorthair with advanced chorioretinitis
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The aim of the therapy of the inflammatory processes of the uveal tract is based
on preventing the development of the inflammation with steroid and nonsteroid
anti-inflammatory drugs. A large number of research works have shown the use of
antioxidants and their positive effects in the anti-inflammatory processes.

Glaucoma

The regulation of the intraocular pressure (IOP) depends on the balance of the
complex mechanisms involved in the production and drainage of the aqueous
humor. The aqueous humor is generated and evacuates constantly and in equilib-
rium in the structures of the anterior segment of the eye, for its own nutrition and
the maintenance of the ocular tone [40]. Glaucoma is an optic neuropathy, charac-
terized by the progressive degeneration of retinal ganglion cells (RGCs) associated
with an elevated IOP and visual field damage, representing the final stage caused
by a number of different conditions affecting the eye. In dogs, glaucoma has an
estimated prevalence of 1.8% [41], whereas in cats it is often secondary to other
ocular diseases [42]. In dogs, the most frequently diagnosed glaucoma is closed-
angle glaucoma, which is characterized by a degeneration of the optic nerve head
and a progressive deterioration of the visual function, in spite of the decrease
observed in the IOP, which suggests the existence of other factors producing optic
neuropathy (Fig. 5) [43]. Although it is considered that the increase in the IOP is
the most important risk factor (neurodegeneration) of the glaucoma, there are several
associated factors such as increases in the levels of glutamate [44], the metabolic
alteration of nitric oxide [45], vascular factors (ischemia) [46], and oxidative damage
caused by overproduction of ROS [47].

Fig. 5 Early state primary glaucoma. Both corneal edema and mydriasis are clinicals signs
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Several works have shown that oxidative DNA damage in the cells that compose
the trabecular meshwork is associated with an alteration in the structure of the
extracellular matrix, which produces a decrease in the drainage of the aqueous
humor and an increase in the IOP because of its constant production [48, 49].
Weinstein et al. have demonstrated an increase in active matrix metalloproteinases
in the iridocorneal angle tissue from glaucomatous eyes when compared to normal
eyes [50]. Alterations in the irrigation (ischemia) of the retina and the optic nerve
increase the levels of glutamate in the vitreous, which in turn produces cellular
degeneration of the retina caused by excitotoxic damage to the RGCs through
activation of ionotropic and metabotropic glutamate receptors [51-53]. Activation
of glutamate receptors is thought to initiate damage in the retina by a cascade of
biochemical effects such as activation of neuronal nitric oxide synthase (nNOS) and
increase in intracellular Ca?*. Glutamate has been described as a major contributing
factor to the loss of RGCs.

Several works have associated the increase in endothelin-1 with the etiology of
glaucoma. An increase in this endogenous vasoconstrictor is related to ischemia,
which can exacerbate the neurodegeneration by increasing the levels of glutamate
[54]. Nitric oxide plays a significant role in the pathophysiology of glaucoma,
because an increase in its synthesis has been associated with a decrease in the
number of RGCs. The uncontrolled increase in NO may lead to significant oxidative
stress, as NO couples with the superoxide anion radical (O,) to generate the highly
reactive and destructive peroxynitrite anion (ONOO-"). Indeed, there is certainly
ample evidence documenting the toxicity of NO in neural tissue [45]. Gionfriddo
et al. have shown that the intracellular antioxidant glutathione is decreased in the
glaucomatous eye [55]. Finally, several authors have shown the processes by which
oxidative stress plays its role in the pathogenesis of glaucoma and have allowed us
to gain insights into the molecular mechanisms involved in the physiopathology of
glaucoma and the later degeneration of the retina.

Cataract

The crystalline is a transparent, soft, intraocular biconvex lens. The fiber cells are
filled with high concentrations of crystallines, the proteins that provide a uniform
refractive index to the fiber and minimize light scatter. All these components are
inside an elastic capsule, which conditions the molecular transport with the aqueous
humor and supports the insertion of the zonular fibers [56]. In its equatorial region,
the lens has a layer of epithelial cells that terminally differentiate into fiber cells.
These cells elongate toward both the anterior and the posterior poles. The newly
formed fiber cells develop over the older fibers and displace them toward the center
of the tissue. Cataract is an opacity of the lens of the eye. There are many distinct
types of cataract defined on the basis of the section of the lens that has become
opaque (Fig. 6) [57]. This alteration affects mainly canines, especially certain
breeds [58], and is one of the main causes of blindness in this species. Park et al.
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Fig. 6 Typical appearance of a mature or complete cataract

have demonstrated that the age of onset and gender distribution of cataracts in
small-breed dogs are different depending on the breed [59]. Cataracts in different
dog breeds can be of genetic, metabolic, toxic, or traumatic origin, or due to senility,
environmental factors and other causes (Figs. 7 and 8) [60—62].

Cataracts originate from modifications in the uniformity of the protein density
of the crystalline, which produces changes in its refraction index and is manifested
by its opacity. Although the biochemical events that lead to these modifications are
not well understood yet, several researchers have found that in this disorder insol-
uble proteins are increased and that the insolubilization process is accelerated.
It seems that this insolubilization is produced by the formation of covalent bonds
as a result of protein oxidation. The sulfur-containing amino acids present in the
proteins are usually very susceptible to oxidative damage, generating disulfides that
can cause the establishment of double bridges between proteins or subunits and the
formation of aggregates [63]. The crystalline has a high concentration of reduced
glutathione, which maintains the thiol groups reduced, which in turn contributes to
its complete transparency.

Ultraviolet (UV) radiation reaches the crystalline lens directly, where it gener-
ates free radicals that damage essential molecules. This situation provides favorable
conditions for the induction of ocular destruction by ROS and reactive nitrogen
species [64].

The exact mechanism leading to cataract formation is still largely unknown [65].
The lens epithelium plays an important role in the regulation of nutrient and ion
transport to all cells in the lens, and actively participates in adaptive responses to
environmental and chemical stressors [66]. Oxidative stress is currently no longer
the hypothesis for the development of cataracts, but it is known that it not only
causes protein damage and precipitation in lens fibers, but also contributes to the
dysfunction and apoptotic death of lens epithelial cells [67-69].
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Fig. 7 Typical age-related cataract in a 13-years-old English Cocker Spaniel. Note the dense
nuclear sclerosis

Fig. 8 Toxoplasma-induced anterior uveitis, as in this domestic shorthair, is characterized by
iridal nodules, keratic precipitates and cataract

McCarty et al. and Spector have demonstrated that the damage to the lens
epithelium caused by UV radiation or oxidative stress (i.e., an increase in H,0,)
represents an initiating event in cataract formation, emphasizing the importance of
maintaining the integrity of the epithelial layer [70, 71]. Wu et al. have recently
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reported that sustained oxidative stress impairs the cell signaling involved in NF-kB
activation, which increases the death of the lens epithelial cells and exacerbates
cataract genesis [72].

The lens, as well as other tissues, has an antioxidant system and high levels of
glutathione. In patients with cataracts, these levels are lower than normal [73]. This
is in agreement with other studies that have reported an increase in ROS and other
free radicals in the aqueous humor both in patients with cataracts and in cell cultures
of lens epithelium [74]. The oxidative stress associated with increased levels of
ROS is known to accelerate cataract formation in laboratory animal models [75].
Another antioxidant agent is superoxide dismutase. Dingbo et al. demonstrated an
increase in the expression of this antioxidant agent in lens epithelial cells when
stimulating them with H,O, [76].

On the other hand, Babizhayen et al. showed that the initial stages of cataract are
characterized by the accumulation of primary LPO products and a reliable increase
in oxiproducts of fatty acyl content of lenticular lipids. The lens opacity degree
correlates with the level of LPO fluorescent end-product accumulation in the lens,
which is associated with sulthydryl group oxidation of lens proteins due to a
decrease in reduced glutathione concentration in the lens [77]. In most tissues of
the body, including the lens, superoxide is converted into hydrogen peroxide by
superoxide dismutase, but even hydrogen peroxide can become highly toxic
because it produces the hydroxyl radical OH- This toxicity is prevented by catalase
and glutathione peroxidase. These enzymes protect the lens by a system of antioxi-
dant molecules, the lynchpin of which is glutathione, and the role of which has been
expertly reviewed by Marjorie Lou [78].

Surgery (phacoemulsification and aspiration) is the main therapeutic tool against
cataracts. However, adverse effects, such as corneal epithelium damage, mechanical
and thermal damage due to the procedure, and formation of free radicals due to the
effect of ultrasound (because ultrasound causes the disintegration of water mole-
cules and the consequent formation of hydroxyl radicals) have been described.
However, because sodium hyaluronidate is known for its capacity to remove free
radicals, it is used for this surgery technique.

Nonsurgical alternatives based on antioxidants, for both the systemic and the
topical treatment as well as for the prevention of cataracts, are currently being
tested [79-81]. Finally, it is important to point out that some studies with dietary
supplements with antioxidants in dogs and human patients with cataracts have
shown a decrease in the development of cataracts [82—-84].

Retina

The retina is the innermost layer of the eyeball and it is made up of cells with vastly
different functions. The retina is composed of two types of photoreceptor cells, rods
and cones, that contain a photosensitive pigment called rhodopsin, which allows
them to perceive the light stimulus.
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The functioning and maintenance of these types of cells require a high consumption
of energy: three to four times more oxygen than other cells of the retina and neurons
of the central nervous system (CNS). They are probably the cells of the organisms
with the highest oxidative metabolism. In as much as they generate adenosine
triphosphate mainly from glucose by oxidative metabolism and glycolysis. They are
composed of a high percentage of PUFAs, which are required by retinal membranes
to build up a highly fluid microenvironment for the rhodopsin visual pigment that is
responsible for the light signal transduction. On the other hand, high unsaturation
indices make these membranes highly vulnerable to oxidative damage [85].

In the retina, the main sources of ROS are exposure to light, mitochondrial
respiration, cellular metabolic reactions such as phagocytosis of outer segment tips
by retinal pigment epithelium (RPE) cells, lipofuscin phototoxicity, and protopor-
phirin photosensitization. From the physiological point of view, ROS are constantly
generated in the course of photochemical reactions that convert light energy to
chemoelectrical signal [86].

The RPE plays a key role in the functioning and metabolism of photoreceptors.
This epithelium controls the volume and composition of fluids in the subretinal
space by means of the transport of ions, fluids, and metabolites, and is responsible
for the maintenance of the integrity of the RPE—photoreceptor interface. In addition,
the RPE plays a key role in the phagocytosis of the external segment of photorecep-
tors, an important process in the regeneration of the photopigment and the activity
of detoxification (antioxidants).

There are different mechanisms by which the retina can suffer alterations in the
reduction—oxidation (redox) status. It is known, for instance, that certain wave-
lengths can cause phototoxicity or photochemical lesion [87]. Short wavelength
radiations (the spectrum of rhodopsin) and blue light (absorption peak of 440 nm)
have an impact on the function of the pigmentary epithelium and photoreceptors,
producing photochemical damage and death by apopotosis [88]. This light
energy causes the generation of free radicals in the eye tissues, thus promoting
LPO (lipid perioxidation). The neuroretina is extremely sensitive to this process
because of its high content of PUFAs, especially the external segment of the cones
and rods, which contains a high concentration of 22:6 w3 (DHA) [89].

The molecular and cellular pathological events include apoptosis of the photo-
receptors and the accumulation of the pigment lipofuscin in the cells of the
pigmentary epithelium. Lipofuscin contains several fluorophores that are
responsible for its characteristic broadband fluorescence when excited with UV
or blue light. Irradiation of lipofuscin with short wavelength light can generate
superoxide anions, singlet oxygen, hydrogen peroxide, and lipid hydroperox-
ides, and the generation of these ROS increases as wavelength decreases These
processes cause damage to the mitochondrial DNA and to the RPE cells and
photoreceptors (Fig. 9).

In order to contrast the formation of oxidant agents, the retina presents enzymes
such as superoxidase dismutase (SOD), catalase, heme oxygenase, glutathione
peroxidase, phospholipase, and nonenzymatic antioxidants, such as vitamins E, A,
and C, melanin, lutein, and zeaxanthin [20,21,90].
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Fig. 9 Cat with retinal degeneration. Note the generalized change in reflectivity or hyperreflectivity
and dilated pupils

The inflammatory process that involves the retina is another cause of oxidative
imbalance such as the one developed in uveitis. There are numerous causes that
develop inflammatory responses that involve the retina. Studies show that leukocytic
infiltration of the retina and upregulation of tumor necrosis factor-alfa (TNF-alfa)
lead to an increase in the iNOS level, which in turn leads to production of cytotoxic
peroxynitrite (ONOO-"). Other studies carried out first by Ito et al. and then by
Rajendram et al. show that ONOO-~ can cause photoreceptor mitocondrial oxidative
stress that leads to photoreceptor apoptosis [91,92].

Reactive nitrogen species such as nitric oxide and its subproducts nitrate, nitrite,
peroxynitrite, and peroxyl radical have a direct role in cellular signaling, vasodilation,
and inflammation [72].

Different studies have demonstrated and associated the degenerative processes
of the retina with an oxidative imbalance both in elder people and animal models
[93]. In the last decades, the advances in veterinary medicine have been able to
increase the expectancy of life of domestic animals, which makes the study of diseases
related to aging interesting. As mentioned above, the RPE is key to the function of
photoreceptors both because it provides them with the photopigment and because
it removes oxidative material from them. The death of these cells by accumulation
of oxidative material eventually results in the degeneration of photoreceptors, a
disease known as age-related macular degeneration [94]. Several biochemical
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structures of oxidative damage of the RPE cells have been characterized. The best
known of these is the accumulation of lipofuscin, which contributes to the oxidation
of molecular substrates in the RPE cells through the production of ROS and also
interferes with oxidative respiration in mitochondria [88,95].

Different lines of work on oxidative damage and the retina have shown that the
physiopathological development of retinal degeneration as the cause of oxidative
mitochondrial damage is shared by various diseases such as diabetes [96], glaucoma
[97], blood—retinal barrier in hypoxic ischemia by different causes [92], hereditary
diseases [98], and retinitis pigmentosa [99]. McLellan et al. studied the role of
primary metabolic vitamin E deficiency in the development of retinal pigment
epithelial dystrophy in cocker spaniel dogs [100]. Numerous works in different
species, both in vitro and in vivo, have shown the protective efficacy on the retina
or in the different cells that integrate it with different types of antioxidant agents
[91,101-104].

Summary

There is growing evidence that a variety of intrinsic and extrinsic factors can alter
redox homeostasis. ROS and reactive nitrogen species are products of normal cellular
metabolism. It is also clear that an excessive production of free radicals causes
damage to biological material and is an essential event in the etiopathogenesis of
various diseases. The present chapter discusses the evidence regarding the role
of oxidative damage in the pathogenesis of several eye diseases and the oxidative
imbalance associated with aging.

The impact of antioxidants on prevention, manifestation, and progression of eye
disease has become an important and controversial issue in the last years. In veteri-
nary ophthalmology, it would be interesting to use antioxidants as a preventive
therapy in certain breeds with a predisposition to present eye diseases that alter the
oxidative balance such as glaucoma and cataracts. On the other hand, the therapeutic
objectives for the different eye diseases could be widened by associating the classical
protocols with antioxidant agents. Further studies should be carried out to evaluate
the penetrating ability of different antioxidants in different eye tissues.
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Oxidative Stress in Heart Failure

Gordon Moe

Abstract Heart failure (HF) is a complex clinical syndrome whose pathogenesis
involves an interplay of neurohormonal activation and inflammatory processes at
the cellular and molecular levels. Oxidative stress describes an imbalance between
antioxidant defense and the production of reactive oxygen species (ROS), which
at high levels cause cell damage but at lower levels induce subtle changes in intra-
cellular signaling pathways. Substantial evidence to date suggests the involvement
of oxidative stress in the pathophysiology of HF as well as its antecedent condi-
tions such as cardiac hypertrophy and adverse remodeling following myocardial
infarction. Oxidative stress may indeed represent one of the common pathways for
cell death/apoptosis, mitochondrial dysfunction, cardiac remodeling, and dysfunc-
tion. There is increasing evidence implying that ROS play an important role in the
development and progression of HF. However, although levels of ROS are elevated
in HF, the relative contribution of the different intracellular sources of ROS, the
precise mechanisms and their impact on the progression of HF remain unclear.
Further delineation of the downstream signaling pathways involved in ROS accu-
mulation is important in order to improve understanding of these processes and also
for the development of new therapies. Drugs such as the angiotensin-converting
enzyme (ACE) inhibitors and the statins may act in part through such mechanisms.
Despite disappointing results in using antioxidants in human studies, it is likely
that modulation of endogenous antioxidants in human HF will continue to hold
potential for both the treatment and prevention of HF.

Keywords Myocardial ischemia « Heart failure « Coronary artery disease « Myocyte
apoptosis « Uncouplers « PARP inhibitor

G. Moe (IX)

Li Ka Shing Knowledge Institute, St. Michael’s Hospital, University of Toronto,
Toronto, ON, Canada M5B 1W§8

e-mail: moeg @smh.toronto.on.ca

L. Mandelker and P. Vajdovich (eds.), Studies on Veterinary Medicine, 133
Oxidative Stress in Applied Basic Research and Clinical Practice 5,
DOI 10.1007/978-1-61779-071-3_9, © Springer Science+Business Media, LLC 2011



134 G. Moe

Reactive Oxygen Species in Myocardial Ischemia
and Heart Failure

Generation of reactive oxygen species (ROS) together with impaired antioxidant
defenses is observed in the failing heart as well as in myocardial ischemia and
reperfusion. During the first moments of reperfusion and myocardial injury a burst
of ROS occurs that is associated with changes in mitochondria, for example, perme-
ability transition (PT) pore opening [1]. The source of ROS generation during early
reperfusion has not been clearly determined; it may be of either mitochondrial or
cytoplasmic origin. On the other hand, during ischemia, and likely during the early
acute pathways of ischemic preconditioning, the source of ROS generated clearly
involves the mitochondrial electronic transport chain (ETC), and this may be different
than the source of ROS generated during early reperfusion [2, 3]. The mitochondria
are central to the process of myocardial failure because ROS generation by mito-
chondria affects the expression of genes encoding key elements of the apoptotic
pathway, including mitochondrial PT pore components such as adenine nucleotide
translocator (ANT) and porin.

A number of studies have shown that in the failing heart cardioprotective inter-
ventions may prevent or slow ROS production via antioxidants such as manganese
superoxide dismutase (Mn-SOD) and target apoptosis. Furthermore, when exposed
to an insult, cardiomyocytes are able to mount a cardioprotective response. In addition,
chemical, metabolic, and even physical stressors have been shown to generate car-
dioprotective responses that share elements of the ischemic preconditioning model
and in these responses, the mitochondria are the key factors.

As well as regulating the cellular bioenergetic supply in the form of adenosine
triphosphate (ATP), the organelle has many roles. A participant in the trigger and
mediation of cardioprotective responses, mitochondria house and regulate pivotal
early events in the apoptotic pathway. This plasticity enables the organelle to func-
tion both as a target and as a player in myocardial signal transduction events and in
the generation of ROS in response to a variety of cellular insults providing an
appropriate antioxidant response.

The time course of Mn-SOD induction, a mitochondrial-specific protective
response to ROS mediated damage, correlates well with that of the appearance of
ischemic tolerance. However, the activities of other cellular antioxidants such as cata-
lase and copper-SOD (Cu-SOD) are not similarly affected. In the canine model of
pacing-induced HF, our group has demonstrated a marked increase in left ventricular
(LV) tissue aldehyde levels suggesting increased free radical-induced damage [4, 5].
The increased levels of oxidative stress correlated with the onset of reduced cardiac
mitochondrial complex III and V activities. This has been corroborated by measure-
ments of ROS levels in paced compared to unpaced dogs, revealing that both O, and
OH- radicals generated from mitochondrial-produced H,O, are increased in the failing
heart and correlated with the severity of LV dysfunction [6, 7].

Oxidative stress also appears to be involved in the generation of large-scale
myocardial mtDNA deletions that have been shown in pacing-induced HF [4], as well
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as in studies of ameroid constriction-mediated myocardial ischemia in the dog [8].
Furthermore, neonatal cardiac myocytes treated with TNF-a. displayed a significant
increase in ROS levels, accompanied by an overall decline in mtDNA copy number
and decreased complex III activity [9]. The TNF-a mediated decline in mtDNA
copy number might result from an increase in mtDNA deletions. ROS-induced
mtDNA damage, resulting in respiratory complex enzyme dysfunction, contributes
to the progression of LV remodeling and failure after myocardial infarction (MI).
In a murine model of MI and remodeling created by ligation of the left anterior
descending coronary artery, increased ROS production (e.g., OH- level) was found
in association with decreased levels of mtDNA and ETC activities, suggesting
impairment of mitochondrial function [10].

In addition, chronic release of ROS has been linked to the development of
LV hypertrophy, extracellular matrix (ECM) remodeling, and HF. Thus, blocking/
reducing ROS production may be an important target in the treatment of HF.
Indeed, recent observations have suggested that overexpression of the genes for
peroxiredoxin-3 (Prx-3), a mitochondrial antioxidant, or mitochondrial transcrip-
tion factor A (TFAM), might prevent the decline in mtDNA copy number (likely
secondary to mtDNA damage, i.e., increased deletions) and also the mitochondrial
dysfunction observed in HF [11]. Thus, preventing oxidative stress and mtDNA
damage may be an attractive approach in HF treatment.

In addition to chronic ROS generation from the mitochondrial organelle, ROS
can also be derived from nonmitochondrial NADPH oxidase, which in endothelial
cells is activated by cytokines, neurohormones, and growth factors (e.g., angio-
tensin II, norepinephrine, and TNF-a) [12, 13]. Furthermore, long-term altera-
tions in cardiac phenotype can be driven by redox-sensitive gene expression, and
in this way ROS may act as potent intracellular second messengers. In cardiac
myocytes, NADPH oxidase plays a prominent role in the hypertrophic pathway
[14, 15]. In addition, NADPH oxidase activity is significantly increased in the
failing versus nonfailing myocardium [15]. It has been reported that the statins,
by modulating the ROS-generating activity of NADPH oxidase, can inhibit cardiac
hypertrophy by cholesterol-independent mechanisms [16, 17]. The statins have
been shown to block the isoprenylation and activation of members of the Rho
guanosine triphosphatase (GTPase) family such as Racl, an essential component
of NADPH oxidase. Taken together, it appears that blocking ROS production
with statins may have some beneficial effects in patients with myocardial hyper-
trophy and chronic HFE.

Myocardial ischemia, an important cause of heart failure in humans, can produce
changes in the endogenous defense mechanisms against oxygen free radicals,
mainly through a reduction in the activity of mitochondrial superoxide dismutase
(SOD) and a decline in tissue content of reduced glutathione [18]. Increased ROS
production in both the mitochondria and white blood cells (WBC) and toxic oxygen
metabolite production are exacerbated by readmission of oxygen during postisch-
emic reperfusion. Furthermore, oxidative stress resulting from both increased ROS
generation and diminished antioxidant reserve, promotes the oxidation of thiol
groups in proteins and lipid peroxidation leading first to reversible damage, and
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eventually to necrosis. Mitochondria of circulating WBC and platelets sense oxidative
stress during capillary passage and react by producing ROS.

Although a number of observations have shown that severe HF is associated
with oxidative stress, the mediator role of WBC and platelets of oxidative stress in
HF has only been recently investigated. Ijsselmuiden et al. have studied a group of
HF patients and healthy volunteers (control group) [19]. WBC and platelets of both
arterial and venous blood samples were quantitatively analyzed with respect to the
development of cytoplasmic and mitochondrial oxidative stress using fluorescent
dyes. The increased number and percentage of cells with both cytosolic and mito-
chondrial fluoresence signified extensive presence of oxidative stress and were
significantly greater than those found in control samples. Moreover, myocardial
oxidative stress (gauged by coronary sinus sampling) exceeded systemic production
(gauged by peripheral venous sampling). Furthermore, partial pulmonary clearance
of ROS containing cells was identified in controls by the reduction in arterial
compared to venous samples; in contrast, no significant difference (between arterial
and venous samples) was found in ROS-containing cells in severe HF patients
suggesting defective pulmonary clearance in these cases. Thus, in severe HF the
proportion of WBC and platelets that are ROS-positive is raised, possibly because
cytosolic ROS-positive WBC and platelets are normally cleared in the lungs and
this function appears to be deficient in severe HF whereas mitochondrial ROS
production is increased. The raised numbers of circulating ROS-positive WBC and
platelets amplify OS in HF. A more rigorous approach could have been employed
by first carrying out the study in an animal model that might eliminate the concerns
raised by the drug treatments, and the potential heterogeneity of HF etiology, which
may have an impact on these findings.

Coronary artery disease (CAD), with consequent myocardial ischemia and
necrosis, is a well-recognized leading cause of HF, thus it is relevant to note here
that ROS play an integral role in the genesis and progression of CAD and HF. In the
vessel wall ROS contribute to the formation of oxidized low density lipoprotein
(LDL), a major player in the pathogenesis of atherosclerosis and ROS-mediated
activation of matrix metalloproteinases (MMPs) may play a contributory role in
vessel plaque rupture, initiating coronary thrombosis and occlusion [20, 21].
Observations in vitro and animal studies have shown that in the failing heart, ROS
influence several components of the cardiac phenotype and its remodeling, including
contractile function, interstitial fibrosis, endothelial dysfunction, and myocyte
hypertrophy. ROS contribute to the remodeling processes in a number of ways,
including activating MMPs that participate in the reconfiguration of the ECM; acting
as signaling molecules in the development of compensatory hypertrophy; and
contributing to myocyte loss via apoptosis signaling.

Excessive production of nitric oxide (NO) has also been implicated in the
pathogenesis of chronic HF [22]. Uncoupling of constitutive nitric oxide synthase
(NOS) leads to the overproduction of superoxide (O,") and peroxynitrite (ONOO"),
two extremely potent oxidants. Peroxynitrite produced from the reaction of highly
reactive NO with the superoxide anion impairs cardiovascular function through
multiple mechanisms, including activation of MMPs and nuclear enzyme poly
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(ADP-ribose) polymerase (PARP). Increased oxidative stress resulting from the
overproduction of superoxide also mediates the dysregulation of S-nitrosylation of
proteins at specific cysteine residues by reactive nitrogen species (RNS), a more
selective modification of proteins than found with protein oxidation. This redox
mechanism has been demonstrated to lead to altered myocardial excitation-contractility
and vascular reactivity [23, 24].

Myocyte Apoptosis

One of the mechanisms from which increased oxidative stress may contribute to HF
progression is apoptosis. Both the generation of ROS and the onset of apoptotic
cell death are important and often connected events in cell homeostasis. Increased
oxidative stress and ROS accumulation can lead to myocyte hypertrophy, interstitial
fibrosis (through matrix metalloproteinase activation), and apoptosis. Apoptosis
can be blocked or delayed by treatment with antioxidants and thiol reductants [25].
Moreover, overexpression of antioxidant proteins (e.g., MnSOD, glutathione
peroxidase [GPx], and metallothionein [MT]) can block the progression of apoptosis
[26, 27]. Attenuation of apoptosis by overexpression of the antiapoptotic protein
Bcl-2 was associated with protection against ROS and oxidative stress [28]. Cells
from transgenic mice containing ablated genes encoding antioxidant proteins such
as glutathione peroxidase (GPx) have both increased OS levels and increased apop-
tosis [29, 30]. Agents that induce apoptosis, for example, TNF-a, also promote
high levels of mitochondrial-generated ROS [31]. In addition, ROS production can
target an array of signal transducers (e.g., JNK, TNF-a, and MAPK) that interface
with the apoptotic machinery. This includes both activation of the proapoptotic
Bcl-2 family and mediators including TNF-a, as well as the modulation of their
gene expression by activation of specific transcription factors such as NF-kB.

An important model system has emerged to study the induction of oxidative
stress and apoptosis using H,O, treated cultured cardiomyocytes [32]. This approach
allowed molecular and biochemical appraisal of cellular and mitochondrial events
presaging, accompanying, and following the induction of cardiomyocyte apoptosis.
In addition, it allowed the study of short-lived signaling intermediates as well as the
use of various treatments including antioxidants to stem the development of cardio-
myocyte oxidative stress and apoptotic progression [33]. Not all cardiomyocyte
apoptosis is triggered by oxidative stress and ROS generation. Gathered observa-
tions have shown no evidence of ROS or NO involvement in the palmitate-mediated
induction of apoptosis in neonatal rat cardiomyocytes [34], illustrating the complex,
multipathway, and parallel nature of signaling in the apoptotic pathway.

Cesselli and coworkers attempted to link common pathways involved in mediating
oxidative stress and apoptosis in dogs with heart failure induced by right ventricular
pacing [35]. Using immunohistochemistry and immunoblotting techniques, the
investigators tracked the changes in multiple apoptotic pathways including the caspases,
mitochondrial cytochrome c release, as well as proteins involved in DNA damage.
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Interestingly, myocyte, endothelial cell, and fibroblast apoptosis were detected
before severe impairment of cardiac function became apparent. Cell death increased
with the duration of pacing, and myocyte death exceeded endothelial cell and fibro-
blast death throughout heart failure development. Nitrotyrosine formation and
p66™ levels progressively increased with pacing and were associated with cell
apoptosis. p50 (AN) fragments were augmented and paralleled the degree of cell
death. Cytochrome c release and activation of caspase-9 and -3 increased from 1 to
4 weeks of rapid pacing.

These findings indicate that cardiac cell death precedes the development of LV
dysfunction, providing support that apoptosis participates in the progression of LV
remodeling. p66** is a signaling molecule that appears to link oxidative stress and
apoptosis [36]. It is an oxidant stress-induced, proapoptotic proto-oncogene known
to be activated by phosphorylation in response to stimuli such as H,0O,, UV radiation,
or epidermal growth factor. In mice, transgenic disruption of p66™™ or inactivation
of its ability to be phosphorylated appears to confer resistance to oxidative damage
and prolong life. In the study, cytochrome c release from the intermembrane mito-
chondrial compartment to the extramitochondrial space, translocation of the inactive
procaspase-9 from the mitochondria to the cytosol, and nitrotyrosinylation of
proteins in myocytes were identified here at the early and late stages of heart failure.
These biochemical events increased with duration of pacing and the appearance of
clinical heart failure. p53 fragments due to the loss of the C-terminus (p50 [AC]) or
N-terminus (pS0 [AN]) were detected in the paced myocytes, indicating an interac-
tion between activated p53 and distinct forms of DNA damage. p53 fragments also
increased with the duration of pacing. Taken together, these findings support the
notion that oxidative damage may have at least played a partial role in myocyte
death during the onset and evolution of heart failure.

Mitochondrial Dysfunction

Recent studies in this pacing model have also revealed that heart failure progression
is commonly accompanied by marked changes in myocardial bioenergetic reserves,
mitochondrial function, metabolic substrate utilization, as well as an overall depletion
of myocardial high-energy phosphates [4, 37, 38]. Reduced levels of myocardial
respiratory complex I [6], III, and V activities [4], and mitochondrial fatty acid 3
oxidation [38] have been observed in the pacing-induced heart failure model primarily
in LV tissues. In the atrial tissues from paced hearts, Cha et al. reported severely
reduced activities of the phosphotransfer enzymes creatine kinase and adenylate
kinase, as well as depletion of high-energy phosphates (ATP and creatine phosphate),
indicating that atrial bioenergetics was also affected in the paced failing [37].
Although the molecular and biochemical basis underlying the specific mitochon-
drial enzyme changes as well as the myocardial shift in substrate utilization have
thus far been undetermined, a time course analysis revealed a parallel increase of
oxidative stress markers, myocyte apoptosis, and respiratory enzymatic dysfunction
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in the left ventricle in early heart failure, thereby suggesting the existence of a link
among these factors [39]. A similar association was found between the elevation of
atrial levels of malondialdehyde, a marker of oxidative stress, and atrial bioenergetic
deficit in dogs with pacing-induced heart failure [37].

An attractive hypothesis for the mitochondrial contribution as a mediator of
heart failure relates to its pivotal role in the generation of ROS. ROS-mediated
damage affects lipids, DNA, and proteins, and might be expected to most severely
affect mitochondrial macromolecules. Effects of ROS damage on a wide spectrum
of cardiomyocyte functions including contractility, calcium transport, and cycling,
and on further mitochondrial ATP generation could explain several of the deficits
seen in heart failure. Furthermore, mitochondrial ROS appear to play a role in
activation of select nuclear gene expression by eliciting a novel transcriptional
programming [40].

In an attempt to further delineate the molecular basis of a potential linkage
between myocardial enzymatic dysfunction and apoptotic remodeling and establish
their significance in the pacing-induced HF, we recently examined the regional
distribution of these subcellular changes assessed by immunoblot and with enzy-
matic analysis applied to specific subpopulations of mitochondria from paced and
unpaced animals [41]. Enzymatic dysfunction was examined for in mitochondrial
subpopulations and immunoblot analysis was performed using homogenate proteins
from the left atrium (LA) and LV of paced and control mongrel dogs. We found a
greater range of enzymatic defects (complex L, III, and V) in mitochondria subpopu-
lations from the LV as compared with the LA, where only complex V was defective.
As shown in Fig. 1, analysis of paced LV tissue proteins demonstrated a downregu-
lated expression of both mitochondrial genes such as cytochrome b and nuclear
genes (e.g., ATP synthase B subunit, mitochondrial creatine kinase). Protease-
activated products of both mitochondrial (e.g., apoptosis inducing factor) and cyto-
solic (e.g., caspase-3) apoptogenic proteins were increased in both the LA and LV.
Nuclear-localized apoptotic markers such as p53 and p2lwere also significantly
increased in the LV of the paced dogs. Thus, abnormal activity of several mitochon-
drial enzymes and increased apoptogenic pathway appear to be mediated, at least
in part, by an orchestrated shift in expression (both nuclear and mitochondrial
DNA) of respiratory chain subunits (e.g., cytochrome b, ATP-b), mitochondrial
bioenergetic enzymes (e.g., mitochondrial creatine kinase), global transcription factor
(e.g., PGC-1), as well as apoptotic proteins (e.g., p53, p21), with distinct differences
in their regional distribution and in the subpopulations of affected mitochondria.

Oxidative Stress and Cardiac Function

Oxygen serves as the critical terminal electron acceptor in the mitochondrial ETC;
in its absence the ETC shuts down and cardiac demands for ATP are not met.
Molecular oxygen is also central in both the formation of NO, a primary determi-
nant of both vascular tone and cardiac contractility, and in the generation of ROS
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Fig. 1 Western immunoblot analysis of proteins from left ventricular and left atrial tissues.
Representative Western immunoblots (a, b) showing specific peptide levels in homogenates of
left atrium (LA) and left ventricle (LV) from control (C) and paced (P) dog hearts; (¢) actin.
Reproduced with permission from: [41]
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(and subsequent oxidative stress) as a significant by-product of energy metabolism
during its sequential acceptance of electrons in the mitochondrial ETC. The end
results of NO/redox disequilibrium have implications for cardiac and vascular
homeostasis and may result in the development of atherosclerosis, myocardial tis-
sue remodeling, and hypertrophy. ROS/RNS generation is also attributed to the
transit from hypertrophic to apoptotic phenotypes, a possible mechanism of myo-
cardial failure [42].

Endothelial dysfunction is a critical component in the systemic vasoconstriction
and reduced peripheral perfusion that characterizes patients with HF [43]. Endo-
thelial regulation of vascular tone is mediated mainly by NO. Increased oxidative
stress in patients with HF may be related in part to decreased bioavailability of NO
secondary to reduced expression of endothelial NO synthase (eNOS) and increased
generation of ROS. These react with NO in the setting of decreased antio-
xidant defenses that would normally clear these radicals, culminating in attenuated
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endothelium-dependent vasodilation particularly in patients with advanced HF.
Moreover, abnormal production and/or distribution of ROS and reactive nitrosative
species in blood creates oxidative and/or nitrosative stresses in the failing myocar-
dium and endothelium.

As previously noted, the uncoupling of constitutive NOS leads to increased
generation of superoxide (O,") and peroxynitrite (ONOO"). Peroxynitrite affects
cardiovascular function and contributes to the pathogenesis of cardiac and endothe-
lial dysfunction secondary to MI, chronic HF, diabetes, atherosclerosis, hyperten-
sion, aging, and various forms of shock. Moreover, pharmacological inhibition of
xanthine oxidase (XO)-derived superoxide formation, as well as neutralization of
peroxynitrite, or inhibition of PARP, may provide benefit in various forms of cardio-
vascular injury [23]. Increased oxidative stress resulting from an overproduction of
superoxide mediates the dysregulation of S-nitrosylation of proteins at specific
cysteine residues by RNS, a more selective modification of proteins than found
with protein oxidation. This redox mechanism has been found to lead to altered
myocardial excitation-contractility and vascular reactivity [23, 24].

In the vasculature, disease states such as hypertension and the activation of the
renin—angiotensin—aldosterone system (RAAS) can result in reduced vascular NO,
as NO synthase becomes uncoupled with the oxidative depletion of its cofactor
tetrahydrobipterin (BH,), leading to the production of superoxide (O,) in lieu of
NO [44]. Both NO and NOS have been implicated in the modulation of cardiac
relaxation [45]. Using a series of carefully controlled invasive hemodynamic stud-
ies and noninvasive imaging methods, Silberman and colleagues recently studied a
mouse model that developed diastolic dysfunction in the absence of systolic dys-
function or cardiac hypertrophy [46]. Cardiac tissues from these mice showed
increased oxidation of BH4 as well as increased superoxide formation, reduced NO
production, and dephosphorylated phospholamban. Feeding hypertensive mice BH,
improved cardiac BH4 stores, phosphorylated phospholamban levels, and the dia-
stolic dysfunction. The investigators concluded cardiac oxidation, independently of
vascular changes, could lead to uncoupled cardiac NOS and diastolic dysfunction.
The heart preparations analyzed in this study contained both the eNOS and nNOS
isoforms that are expressed within cardiac myocytes, in addition to the eNOS that
is robustly expressed in cardiac endothelial cells, which may raise a challenge to
separating the roles of cell- and isoform-specific NOS pathways at the molecular
level. Nevertheless, the observation that BH4 and related redox pathways play a key
role in cardiac diastolic function, represents an important addition to the growing
appreciation of the salutary biological effects of BH4 in overall cardiovascular
homeostasis [47, 48].

Taken together, studies that have explored the pathways whereby BH4 ame-
liorates diastolic dysfunction [46] or endothelial dysfunction [49] have provided
indirect evidence that implicates the RAAS in the pathophysiological response.
Angiotensin II modulates ROS production in diverse biologic tissues and has
been shown to stimulate eNOS-derived O, production, which in turn is sup-
pressed by BH4 [49]. The vascular dysfunction seen in models of diabetes,
hypercholesterolemia, and hypertension is associated with enhanced oxidation
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of BH4 to BH2 and can be restored in vivo by BH4 supplementation [47, 48, 50].
Moens et al. [51] have reported that administration of BH4 can attenuate the
cardiac hypertrophy and myocardial fibrosis seen in a model of pressure over-
load, in association with an improvement in oxidative stress. These investigators
provided evidence indicating that the effects of BH4 were due to effects on NOS
pathways in cardiac myocytes but did not involve activation of cGMP-dependent
pathways in the heart.

To further assess the role of renin-angiotensin-aldosterone system in mediat-
ing oxidative stress in HF, we recently studied the impact of angiotensin II type
1 receptor (AT R) blockade on hemodynamics, LV remodeling, oxidative stress,
and tissue expression of AT( )R and angiotensin II type 2 receptors (AT,R) in a
canine model of pacing-induced HF [52]. Animals were randomized to rapid
right ventricular-pacing for 3 weeks to severe heart failure and treated with can-
desartan or placebo from day 3 onwards, or no pacing. Candesartan significantly
reduced pulmonary arterial and LV diastolic pressure, LV end-diastolic and end-
systolic volume and ascites, increased cardiac output, dP/dz, and ejection frac-
tion, while reversing the marked increase in aldehydes, a marker of oxidative
stress, observed in the placebo group (Table 1). Although candesartan did not
alter LV AT R protein expression compared to placebo or sham, it reversed the
decrease in AT,R protein observed in the placebo group. We therefore conclude
that in the pacing model of heart failure, chronic AT R blockade attenuates
hemodynamic deterioration and limits LV remodeling and dysfunction, in part
by reversing oxidative stress and AT,R downregulation.

Table 1 Effect of angiotensin receptor blockade on LV tissue aldehyde concentrations (Reproduced
with permission from Moe et al. [52])

Aldehydes
(pmol/100 mg) Sham Paced/placebo Paced/candesartan
Saturated
Heptanal 148+26 297 +54" 172+43™
Octanal 177+21 177+32 19728
Decanal 72+3 77+8 61+9
Unsaturated
t-2-Heptanal 3,447+420 3,557+810 2,387 +485"
t-2-Octanal 149+18 205+19° 15419
t-2-Nonenal 210+18 275+36" 168+14™
t,t-2,4,-Nonadienal 17+4 24+3 18+4
4-OH-Hexanal 1,469 +102 2,337+168" 1,728 268"
4-OH-Nonenal 693+53 1,200+ 175 1,189+175
4-OH-Decanal 5.7+0.7 6.9+0.2 5.8+0.7
Malondialdehyde 2,009+108 14,125+1,002™ 5,563 £874™

“P<0.05 vs. sham
“P<0.01 vs. sham
""P<0.05 vs. paced/placebo dogs
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Antioxidant Therapy

ROS and cellular redox states regulate an extensive number of vital pathways in the
myocardium, including energy metabolism, survival and stress responses, apoptosis,
inflammatory response, and oxygen sensing. Gathered observations have shown
that the role ROS play in ischemia and reperfusion injury, as well as the role that
antioxidant therapy may play, varies whether one use whole organ and animal models
or isolated cell models; findings are often contradictory, thereby explaining in part
why clinical trials of antioxidants frequently have shown mixed results. The powerful
cell-damaging ROS oxidants can be neutralized by an array of protective antioxi-
dant scavenger enzymes, as well as by various lipid and water-soluble compounds
including ascorbic acid, glutathione, thioredoxin, and a-tocopherol. The antioxi-
dant enzymes are located in a variety of cellular compartments including the mito-
chondria (e.g., MnSOD, glutathione peroxidase, thioredoxin reductase, peroxisomes,
e.g., catalase, microsomes, e.g., cytochrome p450) and in the cytosol (e.g., CuSOD
and cytosolic thioredoxin reductase). In general, there are significantly lower levels
of antioxidants in myocardial mitochondria than in liver mitochondria, but the
consensus opinion is that the antioxidant capacity of the heart is generally sufficient
to handle normal levels of ROS production, but not the greater ROS accumulation
that occurs in myocardial ischemia [53].

A mitochondrial isoform of catalase with low specific activity has been found in
rats [54, 55]. This mitochondrial catalase activity was detected in the heart but not
in the liver or skeletal muscle and it appeared to increase during caloric-restricted
diets and in the diabetic heart [56, 57]. The role that this enzyme plays has not
been fully determined although there is evidence of its participation in the preven-
tion of excess lipid peroxidation in myocardial ischemia [58]. On the other hand, a
mitochondria-specific catalase has not been found in the heart of transgenic mice
even after overexpression of the catalase gene [59]. SODs catalyze the removal of
superoxide radicals by the formation of H,O,, however, GPx catalyzes the break-
down of H,O, to water and oxidized glutathione (GSSG) by using reduced glutathione
(GSH). Because GPx is located in both the mitochondria and cytosol, H,O, can
be removed from either compartment depending on the availability of glutathione.
A small fraction of the total cellular pool of GSH is sequestered in the mitochondria
by the action of a carrier that transports GSH from cytosol to the mitochondrial
matrix [60]. Upon exposure to increased exogenous ROS, isolated perfused rat
hearts are rapidly depleted of their antioxidant reserves, including those of SOD
and GSH, rendering them more vulnerable to the action of oxidative injury [61].

Another important mechanism in the antioxidant reactions is the sequestering
of iron and copper ions to keep them from reacting with superoxide or H,O,.
The antioxidant dexrazoxane prevents site-specific iron-based oxygen radical
damage by chelating free and loosely bound iron. In addition, it has been used as a
cardioprotective drug against doxorubicin-induced oxidative damage to myocardial
mitochondria in both humans and animals [62]. The antioxidant metal-binding
protein metallothionein (MT) also provides cardioprotection by reacting with ROS
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produced by ischemia/reperfusion and doxorubicin treatment as found in studies
with a cardiac-specific MT-overexpressing transgenic mouse model [63]. MT
expression is also inducible within the heart (and other tissues) by TNF-a, 1L-6,
doxorubicin, and metals such as cadmium and Zn [63, 64], although its cardiopro-
tective role has yet to be determined.

The uncoupling of mitochondrial respiration from OXPHOS ATP production, by
either artificial uncouplers such as 2,4-dinitrophenol (DNP) or natural uncouplers
such as laurate, fatty acids, and mitochondrial uncoupling (UCP) proteins, strongly
inhibits O,-~ and H,0, formation in mitochondria [65, 66]. ROS production is
favored when the mitochondrial membrane potential is above a specific threshold.
Under conditions where the mitochondrial membrane potential is at its peak, for
example, state 4 respiration, ROS production is increased. It is noteworthy that
increased mitochondrial membrane potential slows electron transport through the
respiratory chain, resulting in increased half-life of the ubiquinone free radical and
the likelihood that electrons will interact with oxygen to form ROS [67]. Uncouplers
prevent the transmembrane electrochemical H* potential difference (AUl,) from
being above a threshold critical for ROS formation by respiratory complexes I and
III. This has been corroborated in transgenic mice in which UCP3 protein is lacking,
resulting in enhanced ROS production and increased OS in heart and skeletal
muscle [68], in transgenic mice with UCP1 overexpression [69], and in cardiomyo-
cytes with UCP2 overexpression, in which ROS is markedly attenuated [70].

Pharmacological inhibition of xanthine oxidase-derived superoxide formation
and neutralization of peroxynitrite or inhibition of poly(ADP-ribose) polymerase
(PARP) have been reported to provide significant benefit in various forms of car-
diovascular injury [71]. Using rat and mouse models of HF, beneficial effects of a
novel ultrapotent PARP inhibitor have also been demonstrated by Pacher et al. [72].
The effect of INO-1001 on the development of HF induced by permanent ligation
of the left anterior descending coronary artery was assessed, as was HF induced by
doxorubicin, and acute HF induced by bacterial endotoxin. In the coronary ligation
model, significantly depressed LV performance and impaired vascular relaxation
of aortic rings were found; PARP inhibition significantly improved both cardiac
function and vascular relaxation. In the doxorubicin model, a single injection of
doxorubicin induced high mortality and a significant decrease in LV systolic pres-
sure, +dP/dt, —dP/dt, stroke volume, stroke work, ejection fraction, and cardiac
output. Treatment with the PARP inhibitor reduced doxorubicin-induced mortality
and markedly improved cardiac function; on the other hand, PARP inhibition did
not interfere with doxorubicin’s antitumor effect. In the endotoxin model of cardiac
dysfunction, PARP inhibition attenuated the reduction in myocardial contractility
elicited by endotoxin. Taken together, these data support the view that PARP inhibi-
tion may be an effective approach in the experimental treatment of various forms
of acute and chronic HF.

Mitochondrial ROS and OS are implicated in the pathogenesis of the cardiac
damage elicited by ischemia/reperfusion and the cardiomyopathies associated with
Fridreich’s ataxia (FRDA) and doxorubicin [73, 74]. Several oxygen radical scav-
engers including CoQ10, vitamin E, dexrazoxane, and idebenone have been used
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for treatment [75-77]. In doxorubicin-induced cardiomyopathy, the free-radical
scavenger dexrazoxane has been shown to protect the heart from doxorubicin-
associated oxidative damage, and has been recommended for clinical use to attenu-
ate the myocardial damage that may occur in children with acute lymphoblastic
leukemia treated with doxorubicin chemotherapy [78]. Both CoQ10 and idebenone
have been found to markedly improve cardiac function and reduce cardiac hyper-
trophy in patients with FRDA [79-81]. Of interest, ataxia and other central nervous
system symptoms are less affected by the administration of these antioxidants than
the cardiac phenotype. In addition, idebenone seems to improve the cardiac dysfunc-
tion observed in mitochondrial cardiomyopathy [75].

CoQ10, in addition to its role as an antioxidant, also serves multiple cellular
functions, including participation as an electron carrier in the respiratory chain
and as an activating cofactor for mitochondrial uncoupling proteins. Furthermore,
CoQ10 appears to have a beneficial effect in several neurological disorders with
cardiac involvement, including MELAS and KSS syndromes [82]. Moreover, a
significant reduction in the incidence of cardiac conduction abnormalities seen in
patients with KSS or CPEO syndromes has been reported using CoQ10 at rela-
tively high doses ranging from 60 to 150 mg/day [83]. Also, clinical improvement
was observed in patients with advanced HF after CoQ10 supplementation to stan-
dard therapy [84]. Nonetheless, because the sample size and the design used in
these studies raised concerns as to general clinical application of CoQ10 in treating
HF, a large double-blind multisite clinical trial is currently underway to test its
efficacy [85].

B-blocker and angiotensin-converting enzyme (ACE) inhibitor are routinely
used in the management of HF. Whether carvedilol, a vasodilator B-blocker with
antioxidant activity, indeed exerts beneficial antioxidant effects in patients with HF
remains controversial. Whereas some investigators reported a reduction of oxida-
tive stress in HF patients treated with carvedilol [86] others did not [87]. Using
immunohistochemistry, Nakamura et al. evaluated the expression of 4-hydroxy-2-
nonenal (HNE)-modified protein (a major lipid peroxidation product) in endomyo-
cardial biopsy tissues from 23 patients with dilated cardiomyopathy (DCM) and 13
control subjects with normal cardiac function [88]. Expression of HNE-modified
protein was found in all myocardial tissue samples from patients with DCM.
Expression was distinctive in cardiomyocytes cytosol. Myocardial HNE-modified
protein levels in patients with DCM were significantly increased compared with the
levels in control subjects. In addition, biopsy samples from 11 patients with DCM
were examined before and after treatment with carvedilol (5—30 mg/day; mean dos-
age, 22 + 8 mg/day). Following treatment, myocardial HNE-modified protein levels
decreased by 40% and with improvement in HF. Taken together, this study confirmed
that oxidative stress is elevated in HF and the administration of carvedilol resulted
in reduction of oxidative stress and improvement in cardiac function.

These same investigators have also examined whether levels of 8-hydroxy-2-
deoxyguanosine (8-OHdG), a marker of oxidative DNA damage, were elevated in
the serum and myocardium of patients with DCM, and whether carvedilol could
decrease 8-OHAG [89]. Serum 8-OHdG was measured by enzyme immunoassay in
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56 patients with DCM and in 20 control subjects. DCM patients had significantly
increased levels of 8-OHdG compared to control subjects. Interestingly, immuno-
histochemically positive 8-OHdG staining was detected in the nuclei of cardiomyo-
cytes from DCM endomyocardial tissue patients, but not in controls. After treatment
with carvedilol, the serum levels of 8-OHdG in DCM patients decreased by 19%,
together with improvement in HF. Thus, levels of 8-OHdG are elevated in serum
and myocardium of HF patients and carvedilol seems to be an effective way to
reduce oxidative DNA damage.

The antioxidative properties of B-blockers and ACE inhibitors in severe HF have
been studied by Chin et al. [90]. From a group of 66 outpatients with HF, 46 patients
who were on an established treatment with ACE inhibitors were started on 3-blockers,
and 20 patients not previously on ACE-inhibitors were treated with lisinopril.
Baseline parameters were compared to 22 healthy control subjects. Serum lipid
hydroperoxides (LHP) and total antioxidant capacity (TAC) were determined as
indices of oxidative damage and antioxidant defense, and plasma von Willebrand
factor (vWf) as an index of endothelial damage/dysfunction. The baseline indices for
the measures of oxidative damage and endothelial function in the 66 HF patients
were significantly higher than healthy control subjects. After 3 months of mainte-
nance therapy with B-blockers, a significant reduction in LHP levels occurred, but
not in TAC or vW{. ACE inhibitor therapy also significantly reduced vWf{ levels,
but did not have any statistically significant effects on LHP or TAC. These findings
suggest that oxidative stress in advanced severe HF may be due to increased free
radical production or inefficient free radical clearance by scavengers and that
B-blockers, but not ACE inhibitors, reduced lipid peroxidation (although no relation
was found between a reduction in oxidative damage and endothelial damage/
dysfunction).

Treatment with ACE inhibitors, angiotensin, aldosterone, and endothelin receptor
blockers has been shown to beneficially modulate endothelial dysfunction in severe
HF. As pointed out by Bauersachs and Widder [91], these therapies increase NO
bioactivity by either modulation of ROS generation, thereby preventing the interac-
tion of superoxide anions with NO, and/or by increasing eNOS expression/activity.
In experiments in rats with large MI, treatment with AVE9488, a novel eNOS tran-
scription enhancer, attenuates cardiac remodeling and endothelial dysfunction.
Furthermore, antioxidants, L-arginine, cofactors of endothelial NO-synthase, and
exercise training positively modulate endothelial function [92].

Conclusions

Molecular oxygen is central in both the formation of NO, a primary determinant
of both vascular tone and cardiac contractility and in the generation of ROS, as a
significant by-product of energy metabolism during its sequential acceptance of
electrons in the mitochondrial ETC. These short-lived intermediates can either
act as an important signaling molecule or induce irreversible oxidative damage to
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proteins, lipids, and nucleic acids, therefore ROS and oxygen exert both beneficial
and deleterious effects. ROS play an integral role not only in the genesis of CAD
but also in its progression. Several in vitro and animal studies have demonstrated
that in the failing heart, ROS influence several components of the cardiac pheno-
type and cardiac remodeling, including contractile function, interstitial fibrosis,
endothelial dysfunction, and myocyte hypertrophy. Furthermore, ROS contribute to
the remodeling processes in a number of ways including activation of MMPs that
participate in reconfiguration of the ECM, acting as signaling molecules in the
development of compensatory hypertrophy, and contributing to myocyte loss via
apoptosis signaling. ROS can be generated in the heart and endothelial tissues by
nonmitochondrial reactions, including the involvement of xanthine oxidase (XO),
NAD(P)H oxidases, and cytochrome p450. In addition, increased ROS and toxic
oxygen metabolite production in both the myocardial mitochondrial organelle
and leukocytes are exacerbated by readmission of oxygen during postischemic
reperfusion.

Oxidative stress, resulting from both increased ROS generation and diminished
antioxidant protection promotes the oxidation of thiol groups in proteins and lipid
peroxidation leading initially to reversible damage, and finally to necrosis. Reduced
bioavailability of NO and increased generation of ROS within the vascular wall are
key determinants in endothelial dysfunction, and this imbalance between NO and
ROS mainly results from neurohumoral activation associated with HF. Furthermore,
the activation of the RAAS may play a central role. Although the use of scavengers
to treat oxidative stress has been considered for quite some time, the success of this
approach has been questionable at least. Nonetheless, there is increasing evidence
that HF generation of ROS/RNS may be ameliorated by targeting ROS/RNS-
generating enzymes and upstream mediators. 3-blockers, but not necessarily ACE
inhibitors, appear to reduce lipid peroxidation although so far no relation has been
demonstrated between a reduction in oxidative damage and endothelial damage/
dysfunction. Nevertheless, therapies that ameliorate endothelial function in heart
failure have been shown to improve exercise tolerance and outcomes making
endothelial dysfunction an important target to develop novel therapies based on the
concepts reviewed in this chapter.
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Nutrient Selection in the Management
of Canine Atopic Dermatitis

John Kuck

Abstract Atopy, or atopic dermatitis is a common allergic skin condition affecting
dogs in North America. As a result of type-I hypersensitivity reaction, individuals
afflicted with atopy experience intense pruritus, bacterial and fungal skin infec-
tion, and lifelong therapy to decrease the severity of the disease. Oxidative stress
resulting from and being caused by allergic inflammation is thought to perpetuate
skin irritation and magnify the severity of disease manifestation. Traditional anti-
inflammatory and immune-suppressant therapies are effective in most cases at
controlling signs of disease but often carry significant costs and side effects for
the patient. Recent interest in alternative or complementary therapies for atopy has
resulted in proliferation of dermatology-specific antioxidant preparations for veteri-
nary patients. Compounds of particular interest include proanthocyanidins, omega
three fatty acids, alpha lipoic acid, and spirulina. As clinical experience with the
use of such treatment alternatives grows and as this experience gathers support by
scientific research, antioxidants may become commonplace adjunct therapy in the
treatment of many allergic skin conditions.

Keywords Atopic dermatitis » Oxidative stress « Antioxidant « Proanthocyanidin
e Omega three fatty acids « Alpha lipoic acid « Spirulina « TBARS « Total
antioxidant power

Introduction

Allergic dermatitis remains the most common presenting complaint attended to
by veterinary practitioners in North America with regard to diseases of the skin.
Atopy, or sensitivity to inhaled or percutaneously absorbed environmental allergens
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is second only to flea bite hypersensitivity as the most common form of allergic
dermatitis. Atopy displays a strong familial and breed predilection and appears to
be polygenic in origin. Treatment of atopic dermatitis has evolved with our under-
standing of the disease and traditionally has been based upon immune modulation
and anti-inflammatory therapies. Increased interest among veterinarians and pet
owners in alternative treatment modalities has developed rapidly over the last
decade and has resulted in a proliferation of natural-based products for treatment of
skin diseases, namely antioxidants. The perceived ambiguity of just how natural
products work on a biochemical and physiological level has made product recom-
mendation difficult for many veterinarians attempting to meet the demand for
rational alternative and complementary care. A review of the medical literature
does prove rewarding for an investigator looking for scientific data, but the search
can be time consuming. The purpose of this chapter is to summarize some of the
more promising nutrient therapies for atopic dermatitis as well as review the disease
itself, comparing and contrasting the mechanisms of traditional and complementary
approaches. Although not an exhaustive summary, this chapter may aid the general
practitioner in selecting adjunct approaches to the treatment of atopic dermatitis.
For most patients alternative therapies will never supplant traditional care, but they
can complement chronic disease management, improve client relations, build trust,
and reduce the side effects and cost associated with standard therapies.
Hypersensitivity reactions occur as a result of very complex sequences of events
that are beyond the scope of this chapter. Outlined here are the major cellular and
biochemical interactions simplified for the purpose of review and highlighting
where antioxidant and nutrient therapies can be of benefit both in a theoretical and
practical sense. In healthy individuals, immune surveillance of benign environmental
antigens results in the formation of either IgG or IgM, effectively binding and
facilitating the removal of foreign material without a systemic response. In atopic
individuals the immune system forms IgE antibodies against some antigens, initiating
the cascade of events that cumulatively result in allergy, otherwise known as atopic
dermatitis. IgE formation in healthy individuals is generally reserved for response
to parasitic infestation. This response, referred to as a type-I hypersensitivity reaction,
can be divided into two distinct phases: the immediate and delayed phase responses.
The immediate phase is seen just minutes following allergen exposure and is
initiated as previously sensitized IgE-activated mast cells degranulate in response
to intimate contact with the allergen. Mast cells release their granules of histamine
as well as prostaglandin D, into the capillary beds of the skin causing capillaries to
dilate, endothelium to contract, and tissue edema to form as a result of vascular
leak. The late phase response in type-I hypersensitivity reactions begins 2—4 h
postallergen exposure and involves the recruitment of inflammatory leukocytes,
primarily eosinophils, helper T lymphocytes (T, 2s, CD4 T cells), and neutrophils,
into affected areas of the skin. Tissue macrophages elaborate tumor necrosis factor
alpha which in turn increases the expression of leukocyte adhesion molecules,
allowing escape of leukocytes into the interstitium through previously dilated capil-
laries [1]. This response is perpetuated through continued allergen exposure and
complicating sequelae such as pyoderma and secondary yeast proliferation.
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Oxidative stress is a term assigned to a state in which an individual’s ability to
reduce oxidants in situ has been diminished by disease or the production of oxidants
has overwhelmed the normal defense mechanisms, disrupting homeostasis. Free
radicals are defined as independent molecules with one or more unpaired electrons.
As with most inflammatory diseases, the production of several species of radical
oxygen and nitrogen are produced in above normal and locally toxic levels in
patients suffering with atopy. It has been demonstrated that significant disruptions
to homeostasis occur in human pediatric patients suffering with atopic dermatitis [21].
Both markers of oxidative stress (8-hydroxy-2'-deoxyguanosine, nitrite/nitrate) and
antioxidant status (selenium) experienced significant derangements when compared
to healthy controls [2].

Cellular respiration is the main source of oxygen radical formation but many
enzymatic pathways are capable of producing various radical species. Superoxide
radicals, hydroxyl radicals, hydrogen peroxide, hypochlorous acid, and nitric oxide
all result from and have the potential to incite inflammation during a sensitivity
reaction [3]. A quantitative assessment of the magnitude of oxidative stress as well
as the antioxidant response of patients may eventually be within the reach of prac-
titioners, but for now it remains the realm of the researcher. Interest in measuring
oxidative stress and quantifying its effects has led to recent advancements in methods
of testing for oxidized by-products of DNA, protein, and lipids. These assays may
assume a commercial form available through veterinary diagnostic laboratories in
the future allowing the practitioner to identify individuals under oxidative stress
and assist in selecting therapeutic intervention [4]. Until that time, subjective
assessment of clinical response remains our most practical tool for guiding therapy.

Treatment for allergic dermatitis, whether due to flea bite sensitivity or atopic
dermatitis, has been directed toward intervening at crucial steps along the chain of
events leading to disease manifestation. Glucocorticoids, long the mainstay therapy
for allergic conditions, affect leukocyte kinetics, phagocytic defenses, cell-mediated
immunity, humeral immunity, and production of inflammatory mediators [5].
Cyclosporine binds to specific intracellular receptors in T-lymphocytes. This action
inhibits synthesis of cytokines interleukin 2 (IL-2), interleukin 3 (IL-3), and tumor
necrosis factor (TNF) resulting in a suppression of the activated T-lymphocytes [22].
Subsequent generations of specific T-cell inhibitors, namely tacrolimus and pime-
crolimus, act similarly and carry several advantages over cyclosporine; specifically
a much smaller molecular size allowing penetration of the epidermis when given
topically [6].

Topical therapies have also been deployed with varying amounts of success.
These include antiseborrheic agents, topical glucocorticoids, and antimicrobial
preparations. Antihistamines have limited use against allergic dermatitis in veterinary
patients and this limitation is most likely due to our inability to recognize the
immediate phase response during which antihistamine therapy is most likely to be
effective. A positive response to antihistamine therapy in atopic canine patients is
thought to occur in approximately 10-15% of cases.

Control of secondary conditions is also often necessary and these most often include
systemic and topical antibiotics, antifungals, ceruminolytics, and antiseborrheals.
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Hyposensitization therapy has been a useful tool for decreasing the magnitude of
allergic response in humans with environmental sensitivities. Repeated administra-
tion of antigen injected subcutaneously has been demonstrated to decrease IgE
levels and increase IgG titers in allergic individuals. Specific T-cell tolerance of
antigen is thought to be induced by changing the predominant phenotype of antigen-
specific T-cells from T 2 to T, 1 [1]. T, 1 cells evoke cell-mediated immunity and
phagocyte-dependent inflammation whereas T2 mediated reactions evoke strong
antibody responses and eosinophilic accumulation, with the latter carrying a much
greater implication for allergic diseases. Similar results have been achieved in some
veterinary patients but overall the response to hyposensitization is considered to be
sporadic. The expense and inconvenience of allergen testing and follow-up injec-
tions is cost prohibitive for many clients. The low response rates are thought to be
due to incomplete identification of allergens in individuals sensitive to numerous envi-
ronmental components.

Beginning with the French Paradox in which researchers observed the antiath-
erosclerotic properties of oligomeric proanthocyanidins (OPCs), these compounds
have received close attention for their free radical scavenging and anti-inflammatory
properties. Found in most brightly colored fruits and vegetables, OPCs are available
in a pharmaceutical grade preparation refined from grape seeds. Subsequent
research has demonstrated that this antioxidant action also has direct effects on
inflammation. Decreased levels of interleukin-6, tumor necrosis alpha, and prosta-
glandin E, have been correlated directly to proanthocyanidins in experimental
models of inflammation [7, 8, 19]. They have also been demonstrated to inhibit
tissue macrophage activation, which is a main source of tumor necrosis factor alpha
[7]. One study also suggested OPCs can stabilize mast cells inhibiting degranula-
tion [9, 24]. This would suggest that OPCs possess properties that disrupt skin
inflammation at several steps leading to allergic dermatitis.

The case for deployment of OPCs to combat inflammation is compelling
enough that one company, Animal Health Options of Golden, Colorado, who also
is a sponsor of this project, has based an entire product line around the compound.
In its original form, Proanthozone became the first veterinary-specific antioxidant
product to be placed under the scrutiny of university-level research. The paper,
which appeared in JAVMA, revealed that in cats challenged with acetaminophen,
Proanthozone decreased the magnitude of oxidative stress and resulting
Heinz body anemia at labeled dosages [10]. The next-generation OPC product,
Proanthozone Derm contains alpha lipoic acid, omega three fatty acids, and spir-
ulina in addition to proanthocyanidin in the hopes of bringing additive and
synergistic effects to a safe natural product designed specifically to suppress
allergic inflammation.

A pilot study evaluating the effectiveness of Proanthozone alone as a treatment
for atopic dermatitis yielded mixed results. Of the seven patients completing the
study, one showed major improvement as assessed by the owner. Five of the study
subjects showed moderate improvement as assessed by the owner. Only one owner
indicated no benefit from Proanthozone therapy alone (Beco L., 2006, Sponsored
by Animal Health Options, Golden, CO. 2006). All test subjects were subjected to
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appropriate drug withdrawal periods for glucocorticoids, cyclosporine, antihistamines,
and immunotherapy prior to enrollment. Although owner assessment of patients
completing the study was positive overall, a percentage of the original study popu-
lation withdrew from the study due to a lack of response or worsening of the condi-
tion. Regardless, the results warrant further investigation as withdrawal from the
study may have represented compliance or expectation discrepancies among the
population of owners. As most nutritional therapies have a wide margin of safety,
responses may also be dose-dependent and this represents another topic worthy of
further investigation.

Perhaps the most thoroughly researched nutritional supplement for treatment of
allergic skin conditions, omega three fatty acid’s effects on skin health and inflam-
mation are linked to the metabolism of inflammatory leukotrienes as well as main-
tenance of the skin as a barrier to allergen and infection. Omega threes are found in
fish oils and are available in a wide variety of veterinary formulations including
many commercial dermatologic diets. Often taken as a daily nutritional supplement
for benefits in preventing certain cancers and the promotion of healthy hair and
skin, in high doses omega threes can have a more direct effect on allergic inflam-
mation. Eicosapentanoic acid (EPA) and Dihomogammalinoleic acid (DHGLA)
compete with arachidonic acid as a substrate for the proinflammatory lipoxygenase
and cyclo-oxygenase enzyme pathways. EPA and DHGLA metabolites are less
inflammatory than those of arachidonic acid resulting in a net anti-inflammatory
effect [11]. Omega three fatty acids are also thought to affect IL-2 activation of
monocytes [11, 12]. The daily dose for omega three fatty acids is generally well
accepted and considered to be around 22 mg/kg/day [13].

Alpha lipoic acid (lipoate) was heralded as a supernutrient when it was found that
in its reduced form, dihydrolipoate, it acts as a powerful antioxidant when admini-
stered orally. Crucial to antioxidant recycling in vivo, alpha lipoic acid increases
levels of vitamin C, glutathione, and, as a result, vitamin E [14]. This net effect natu-
rally elevates the body’s own defense against chronic inflammatory damage. Alpha
lipoic acid also has been shown to suppress the proliferation of human keratinocytes,
a finding potentially helpful in suppressing some of the secondary changes accom-
panying chronic dermatitis [15]. Interleukin-2 is another inflammatory cytokine
involved in the late phase of type-I hypersensitivity that perpetuates the immune
response. Alpha lipoic acid is also known to suppress the release of interleukin-2 and
interleukin-4 by human peripheral lymphocytes [16, 20]. Dosage recommendations
for alpha lipoic acid in canines range from 1.0 to 5.0 mg/kg/day [3].

Spirulina represent a class of cyanobacteria found in tropical and subtropical lakes
worldwide. Thought to have provided a nutritious food source for Mesoa-merican
peoples, NASA and the European Space Agency now are investigating the possibility
of spirulina cultivation during long-term space flights. Therapeutically, spirulina has
been potentially useful as an antihistamine in treating hay fever in humans [17, 23].
Much of the data available on the therapeutic effects of spirulina have been gleaned
from experimentally induced allergic rhinitis in rats. In these test subjects spirulina
demonstrated an ability to increase the phagocytic activity of macrophages, stimulate
the production of antibodies and cytokines, increase accumulation of NK cells into
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tissue, and the activation and mobilization of T and B lymphocytes. Spirulina also
reduced the inflammatory reaction of nasal mucosa in treatment groups when com-
pared to negative controls. Mast cell degranulation was also reduced in the treatment
group compared to that of the negative control group [17, 18, 25].

Data from clinical trials on Proanthozone Derm are not yet available at this writing
but will be available from the manufacturer in the near future. In the proposed study,
the investigators will be quantitatively assessing the total antioxidant power (TAP)
and thiobarbituric acid reactive substances (TBARS) in control versus treatment
groups that include both healthy and atopic individuals. The TBARS assay is the most
widely accepted assay for measuring lipid peroxidation as an assessment of oxidative
stress. TAP refers to the total radical scavenging capacity of exogenous antioxidant
supplementation. The goals of this study are twofold: to determine whether
Proanthozone Derm can quantitatively reduce oxidative stress in atopic individuals
and if so, how this affects the clinical course of disease. The implications of the study
are potentially very important and could significantly add to our understanding of the
role oxidative stress plays in manifestation of atopic dermatitis.

Often a multimodal approach to treating allergic dermatitis will yield the best
results, requiring both traditional and alternative therapies. Secondary or complicating
factors such as secondary pyoderma, yeast overgrowth, otitis externa, or underlying
endocrinopathy must be dealt with specifically with appropriate conventional thera-
pies. As parasitic hypersensitivity can appear clinically similar to atopy, all patients
should be screened thoroughly to rule out ectoparasitism. Case selection for com-
plementary care is crucial to success because response times can be somewhat
prolonged. Failure of alternative therapy is often due to compliance problems in
which frustrated clients do not continue with therapy when immediate results are
not achieved. This is particularly true in clients accustomed to responses achieved
with the administration of steroids and so client expectations should be carefully
assessed and considered. In these cases, combination therapy is best with an induc-
tion and maintenance phase implemented through concurrent steroid or other
lymphocyte inhibitor, and antioxidant therapies followed by maintenance with an
appropriate dermatology-specific antioxidant preparation. Treatment goals, for
example, a reduction in steroid dose and resulting side effects versus complete
disease control, should also be clear in the mind of the veterinarian and the client
at the onset of therapy as these will also vary from case to case.

Clinical data on nutritional products has been hard to come by, mostly for
reasons pertaining to the ready availability of naturally based components. The incentive
for investment in expensive research data is small when readily available natural
ingredients are the subject. Therefore, much of the research on natural compounds
has been conducted through the benefit of federal research grants. Patents have
been issued for novel combinations of natural ingredients, however, and for this
reason more research from the private sector may be on the way. Product selection
should be based upon ingredient rationale, quality controls, and the needs of the
individual patient. Properly applied, antioxidant and complementary modalities can
add greatly to the health of atopic patients, build solid client relationships and fulfill
a need for alternatives to traditional therapies that carry their own set of drawbacks.
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Avian Antioxidants and Oxidative Stress:
Highlights from Studies of Food, Physiology,
and Feathers

Kevin J. McGraw

Abstract As generally fast-moving animals with high metabolic rates, birds have
been the subject of many studies of oxidative balance. For a given lifespan and
body size, birds tend to experience less oxidative stress than other comparable
endothermic animals such as mammals, due at least in part to superior antioxidant
machinery. Here, recent research is reviewed, with emphases on avian oxidative
stress and antioxidants in the context of life-history evolution, paying special atten-
tion to oxidant balance as it relates to growth, reproduction, and aging. Dietary
antioxidants such as carotenoids can enhance these life-history features in both
free-ranging and domesticated species, but patterns are not as clear for tocopherol
intake. Studies of endogenous antioxidants such as hormones (e.g., melatonin)
and enzymes (e.g., superoxide dismutase) are much more limited, with fewer in
wild birds, but for some systems (e.g., sperm, aorta) and domesticated species
these molecules offer a strong defense from oxidative damage in the context of
reproduction, nutritional state, and toxin exposure. Uric acid and glutathione have
also emerged as focal avian antioxidants to track, alongside more general assays of
“total antioxidant capacity”. More studies are encouraged that comanipulate oxida-
tive stress and antioxidant supplies/actions, to better understand the interactions and
coevolution of these biological molecules and processes.
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Introduction

To date protection from oxidative stress has been studied in many organisms, and
since the 1950s and the inception of the free radical theory of aging [35] biologists
have sought to find ideal model systems for investigating oxidative damage as it
pertains to long-lived, endothermic humans. We have gained tremendous informa-
tion for various basic and applied purposes from studies of domesticated mammals
(see other chapters in this text), but given the high metabolic rates and unusual
resistance to oxidative damage that many birds show [45, 74], it is valuable to con-
sider their patterns of antioxidant accumulation and action as well as their sources
of and coping mechanisms for oxidative stress, relative to the human condition and
potential interventionist solutions to our aging pathologies. Detailed historical accounts
of studies of avian antioxidants and oxidative damage are presented elsewhere,
especially in domesticated birds [92], so the goal here is to synthesize much of the
new information published mostly on free-living birds in the context of life-history
trade-offs (e.g., growth, mating, aging) and evolution. For additional reading on the
topic, also see [19, 26], and [68].

Dietary Antioxidants

Water- and fat-soluble antioxidant nutrients abound in the avian diet, from plant
vitamins (e.g., vitamin C), tocopherols, polyphenols, and terpenoids (e.g., carotenoids)
available to herbivores to similar forms sequestered in animal tissues for carnivores.
Concentrations tend to be higher in plant foods, with the exception of vitamin A,
which is comparatively enriched in animal tissues [56] as a metabolic derivative of
plant carotenoids. Fundamentally, the full spectrum of dietary antioxidant types in
birds is the same as that available to the broad range of herbivorous, carnivorous,
and omnivorous mammal species, but because birds are less commonly considered
to be herbivorous than mammals [65] one would expect their exceptional longevity
not be strongly food-driven.

Some birds show clear dietary preferences for antioxidants. Given the superior
color vision of diurnal birds such as passerines compared to mammals generally
(except trichromatic primates), food preferences for colorful foods may confer
antioxidant benefits on consumers, given that plant pigments such as carotenoids
and anthocyanins can be antioxidants. A recent study on European blackcaps
(Sylvia atricapilla) showed preferential consumption of artificial food rich in
extracts of anthocyanin, a common pigment in their diet of small dark-colored berries
[87]. When present in food, colorless fruit flavonoids also are preferred by black-
caps and enhance the responsiveness of their immune system [14]. Other birds are
known to prefer colorful foods (e.g., red, blue, and black fruits in songbirds;
[66, 70, 80]), although the benefits of such selections are not yet clear. Perhaps the
oddest example of this is the selective ingestion of ungulate feces by Egyptian
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vultures (Neophron percnopterus), whose diet of decaying animal tissue is typically
deficient in antioxidants and whose yellow facial coloration is dependent upon a
diet rich in yellow carotenoid pigments from plants that are only partially digested
by (and thus defecated by) grazers [71].

Based on its molecular properties, vitamin E is viewed as one of the most effective
radical scavengers in animals. Concentrated most in leafy green vegetable foods,
high intake/accumulation has clear beneficial effects on antioxidant capacity of
serum in young broiler chickens (Gallus domesticus; [17]) and on growth rate in
wild barn swallow (Hirundo rustica) nestlings [24]. Recent antioxidant studies
of vitamin E circulation in adult wild birds, however, have been less conclusive.
A comparative study of nearly 100 New World bird species has revealed that vitamin
E levels poorly associate with other circulating micromolecular antioxidant metrics
[15] and with life-history variation (e.g., clutch size, survival rate, incubation
period, nestling period, basal metabolic rate, body mass, and tropical versus tem-
perate habitat; [18]). Some have speculated on the valuable lipid-protecting role of
vitamin E in birds, where flight and fatty acid metabolism are linked [15], for which
little support has been found, but an additional possibility is that rapid, fine-scale
dynamics of vitamin E action and recycling (by vitamin C, unique among dietary
antioxidants; [31]) has been difficult to capture in these coarse comparative studies
where species can be represented by a single blood sample. Short-term physiological
studies coupling vitamins C and E are now warranted in wild birds to better under-
stand vitamin E contributions to antioxidant protection.

Carotenoids have clearly been the dietary antioxidant class that has received
the most attention in birds. This has largely stemmed from the fact that birds
deposit carotenoid pigments into the integument to develop colorful red-to-
yellow colors in feathers, bills, legs, and skin, which are used in visual commu-
nication (e.g., mate selection; [39]). In various species, only those individuals
who accumulate large supplies of carotenoids from food are able to maintain
proper health and advertise such nutritional and somatic gains to prospective
rivals or mates by developing brilliant coloration [57, 62]; thus, tracking carotenoid
intake and use has become vital for understanding these “honest advertisement”
models of sexual selection.

Despite a link between signal honesty and antioxidant action in the mid-
1990s [59], the antioxidant benefits of carotenoids in the context of signaling
was essentially ignored empirically until a decade later (see further discussion
by [38, 60]). In a dietary carotenoid supplementation experiment on captive
zebra finches (Taeniopygia guttata), which display sexually selected red beak
coloration, Alonso-Alvarez et al. [2] found that elevations in systemic carote-
noid levels covaried positively with increases in antioxidant defense, measured
as the susceptibility of red blood cells to free radical attack (also see evidence in
[47] in captive greenfinches, Carduelis chloris). Since this time, there has been
considerable debate as to the antioxidant potency of carotenoids in birds [37, 48,
49, 78]. A meta-analysis, admittedly from few studies and species at this stage
of investigation, yielded an insignificant antioxidant role for carotenoids in birds
[20], although the authors admit that more emphasis on antioxidant/oxidative



164 K.J. McGraw

stress balance is required to comprehensively evaluate what antioxidant metrics
truly indicate quantitatively [22]. In fact, it is possible that other dietary antioxi-
dants, such as vitamin E, have more potent effects on sexual signaling traits
including carotenoid coloration than the carotenoids themselves (e.g., [37, 77],
but see [54]).

Despite the outburst of studies in this area showing pervasive benefits of
carotenoids for growth (i.e., embryonic stages when metabolism and levels of
susceptible biomolecules, e.g., polyunsaturated fatty acids, are high), health, repro-
duction, and survival [12, 63, 64, 86]), we still know very little about carotenoid
supplies and demands in free-ranging birds. In future work, special attention should
be placed on carotenoid variation in the avian diet [40, 75], interactions with other
antioxidants (e.g., vitamins), and the variety of ways that carotenoids could interact
with radicals [61] and affect system performance (i.e., immunopermissive actions
at the receptor, cellular, and genetic levels).

Aside from assessing levels of individual dietary antioxidant types, some
researchers have developed a technique whereby a cumulative estimate of “antioxidant
capacity”, largely capturing micromolecular dietary forms circulating through
avian plasma or serum, can be obtained, independent of key endogenously synthe-
sized antioxidants such as uric acid (see more below). These residual values [16, 17]
are obviously confounded by physiological use or storage of these compounds, but
nonetheless given the importance of this “antioxidant capacity” metric (i.e., TEAC)
in the human literature [67], it warrants consideration here. Residual TEAC scores
(i.e., non-uric-acid antioxidant capacity) were very weakly associated with life-
history variation in the aforementioned comparative study [16] compared to raw
TEAC values and to uric acid concentrations. Hence, very different information can
be gained by analyses of single molecule types versus quenching actions of the
antioxidant milieu, and it will only be by assessing complex antioxidant (and oxida-
tive stress) dynamics within free-ranging bird species that we will gain the neces-
sary insights to frame antioxidant nutrition and physiology in evolutionary and in
human contexts.

Nondietary Endogenous Antioxidants

Although dietary antioxidants essentially serve as the second line of (radical propa-
gation) protection from oxidative damage, internally produced molecules can function
in the initial, intermediate, and final stages of defense from free radical attack.
Enzyme systems such as superoxide dismutase (SOD) work to prevent radical
formation initially. The neurohormone melatonin, the tripeptide glutathione, and
the nitrogen-rich waste product uric acid all can act as dietary forms in offsetting
radical attack. Finally, various other enzyme systems (e.g., lipases, proteases,
DNA-repair enzymes) can repair or delete radical-damaged tissue. Although much
of our foundation for understanding these mechanisms in birds still lies in poultry
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research [92], a few investigations have been done of late at all levels of endogenous
antioxidant activity in nongamebirds and in wild birds, which inform us on
comparative patterns between birds and mammals and key life-history investments
where an oxidative balance must be struck.

Endogenous Radical-Protecting Enzymes

One of the broader investigations of antioxidant enzyme systems among birds was
done on seminal fluid and spermatozoa in five species from a phylogenetically
ancient group comprised of gamebirds (chicken, turkey, guinea fowl) and water-
fowl (duck and goose; [93]). Avian sperm have higher levels of unsaturated fatty
acids (UFAs) than other tissues and thus are particularly exposed to lipid peroxida-
tion, which may influence sperm survival and fertilization capacity. Surai et al. [93]
measured SOD and glutathione peroxidase (GTP) activities in spermatozoa from
these bird species and found some correspondence between free-radical-attack
susceptibility and offsetting enzyme action; for example, levels of UFAs, SOD, and
GTP were highest in duck spermatozoa, whereas all were lowest in turkey. This
suggests important coevolutionary links between oxidative stress and antioxidant
demands in a vital cell type, and one that may have to endure special longevity
compared to organisms such as mammals, as avian sperm survive while stored in
tubules within female reproductive tracts for a period of up to several weeks prior
to fertilization.

Quail, given their ancestral muscle-demanding flight requirements, have been
used as a model for understanding oxidative stress and muscle performance, by
adding weights to bodies to induce hypertrophy and then removing them to induce
atrophy; here, CAT, SOD, and GTP activity is most elevated under hypertrophic
muscle conditions and then declines with increasing atrophy [85], suggesting that
these enzymes protect tissue when it is most stressed. Quail have also served as
experimental models for studying atherosclerosis, and cholesterol supplementation
increases SOD levels in aorta but does not affect catalase or GTP in the aorta or
myocardium [33]. They have also been used to show a genetic basis to oxidative
stress risk in aortic endothelial cells, as cells from atherosclerosis-susceptible
strains of quail exhibit lower GTP, SOD, and catalase activity [41]. Within species
these patterns suggest high levels are protective in the short term for individuals;
however, birds are touted to have lower levels of these enzymes than mammals [42],
probably reflecting a longer-term coevolutionary response with oxidative stress
susceptibility and inputs of other antioxidants.

Enzyme activity in individuals may be traded off against other energetically
demanding activities, such as breeding. Wiersma et al. [97] nicely demonstrated an
ecologically relevant determinant of SOD and GTP activity; they manipulated the
number of nestlings raised (i.e., brood size) by captively breeding zebra finches and
found that SOD and GTP activities decreased by approximately 25% in both sexes
when having to feed more young.
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Endogenous antioxidants also do not necessarily work independently of nutritional
state, and the intake of specific antioxidant nutrients. Turkeys have been used as a
model for understanding the effects of alcohol on congestive cardiomyopathy [27],
and here alcohol intake increases SOD, GTP, and catalase (see more below in
“Endogenous Cell/Tissue Repair Enzymes”) enzyme expression and action, perhaps
working to minimize lipid peroxidation and repair tissue in the heart. Intake of
oxidants (from rancid fish), beyond enzyme-deactivating capabilities, was thought
to lead to cardiac myopathy and death in four rehabilitating brown pelicans
(Pelecanus occidentalis; [32]). Foods low in UFAs (e.g., canola oil) promote anti-
oxidant enzyme activities in turkeys, whereas those with high UFA concentrations
(e.g., tallow) decrease them [82]. Also, ingestion of other environmental compounds,
such as polluting toxins, can affect endogenous antioxidant defenses; high SOD,
CAT, and GTP levels were found in white stork (Ciconia ciconia) chicks from areas
near copper manufacturing plants in Poland [52, 53].

Endogenous Antioxidant Molecules

Glutathione is synthesized in cells (especially from liver) from amino acid precur-
sors and, among many other key biological functions, stands as an important free-
radical scavenger. By serving as an electron donor, it is converted to its oxidized
state (glutathione disulfide), whose concentrations in birds (as in other animals)
are often assessed relative to its reduced form as a metric of oxidative stress. For
example, experimental exposure to flame-retardant chemicals (PBDEs) and mer-
cury toxicity increased oxidized glutathione in young American kestrels (Falco
sparverius; [30]) and in mallard ducks (Anas platyrhynchos; [43]), respectively;
in addition, supplementation with the antioxidant vitamin C decreased oxidized
glutathione in heart of Japanese quail [99]. Although the majority of past studies
have emphasized its use under laboratory/experimental conditions, Isaksson et al.
[50] investigated glutathione status of small songbirds (great tits, Parus major) in
an urban ecological setting. Adult birds living closer to the city center were paler
in carotenoid coloration (see above) and had higher oxidized glutathione levels
than those living more rurally, but the same pattern was not evident in nestlings
[50]. Interestingly, glutathione also plays a role as a cysteine precursor in white-
crowned sparrows that use high levels of this sulfur amino acid in feather (keratin)
synthesis [69].

Melatonin is a monoamine hormone produced primarily in the pineal gland of
the brain that regulates biorhythms, growth, and sexual activity in birds, in addition
to serving as a potent endogenous antioxidant [79]. For example, in vitro melatonin
administration effectively protected heterophils of ring doves (Streptopelia risoria)
from induced lipid peroxidative damage [83]; it can also work to upregulate anti-
oxidant enzymes in chickens (GTP; [81]) and ring doves (SOD; [84]). Melatonin
also may slow aging in birds, as in vivo supplementation reduced superoxide anion
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levels in very old ring doves [25]. As with other antioxidants reviewed above,
melatonin levels are also influenced by environmental conditions, such as high
electromagnetic fields (in captive kestrels; [29]) or immobilization stress (in ring
doves; [9]). Research on melatonin in the context of mating has also been con-
ducted, with Bertrand et al. [10] finding that melatonin supplementation reddens
the sexually attractive beak of adult male zebra finches. Comparative studies of
melatonin and fitness in wild birds are now needed to confirm these patterns estab-
lished in captive domesticated models.

Uric acid — the main nitrogenous waste product in birds — is the third main type
of endogenous avian antioxidant, and based on a flurry of recent studies is among
the best-studied antioxidant molecules in wild birds [91]. In fact, high levels of uric
acid have been invoked to explain in part the exceptional longevity of birds [96]. In
numerous, mostly passerine, bird species, total antioxidant activity of plasma
sampled is dominated by the action of uric acid ([4, 16, 17, 47, 5]; see [90] for a
discussion of poultry). Cohen et al. [16] found in their large study of avian life-
history variation that, as with total antioxidant capacity, uric acid levels were asso-
ciated among species with a “live-fast, die-young” strategy. Within species, uric
acid varies by sex, weight, and heredity in several strains of domesticated turkeys
[36] and according to levels of metabolic activity (e.g., flight) in pigeons [88] and
to handling stress in wild-caught house sparrows (Passer domesticus) and gray
catbirds (Dumetella carolinensis; [16]). Directions of relationships between stress
and antioxidants were not equal for these two songbird species, however, indicating
that uric acid concentrations reflect dynamic (and potentially species- or context-
specific) antioxidant production, mobilization, and consumption processes. A cell-
mediated immune challenge was found not to be a source of change for uric acid
levels in red-legged partridges (Alectoris rufa), however [78].

Two recent insights on uric acid in birds may further our understanding of anti-
oxidant physiology in this group. First, allantoin is an oxidative product of uric acid
and the balance between these two molecules was found to be linked to exercise
status of captive white-crowned sparrows (Zonotrichia leucophrys gambelii; [94]),
suggesting that, as in humans, this ratio may be an even better indicator of oxidative
stress in birds than uric acid. Moreover, in a study of a fruit-eating passerine species
(yellow-vented bulbul, Pycnonotus xanthopygos), waste was found to contain
proportionally more ammonia than uric acid, especially when water intake was high
and protein intake was low [95]. This occurred by postrenal recovery of nitrogen and
led to high levels of plasma uric acid, all of which is occurring in a group that lacks
the enzyme to synthesize vitamin C. Taken together, these authors suggest that
bulbuls show a specialized uric acid antioxidant recycling strategy that compen-
sates for vitamin C deficiency [95].

In humans, the presence of apocarotenoids — endogenously formed intermediates
in the conversion process of B-carotene to retinal — can serve as an endogenous
molecular indicator of the antioxidant protection afforded to individuals [100];
however, despite the presence of apocarotenoids in chickens [89], this approach
has not yet been applied to birds.
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Endogenous Cell/Tissue Repair Enzymes

This form of defense is the least studied of the antioxidant mechanisms in birds,
and what little has been done has focused on environmental toxins and glutathione-
S-transferase (GST). It is unclear why less attention has been paid to these enzymes,
as spectrophotometric assays appear straightforward [34] but require terminal
sampling and tissue harvesting. The prediction is that GST and other repair
enzymes will increase in activity after exposure to and damage from oxidative
stress. GST levels in erythrocytes increase in chickens exposed to arsenic and
endosulfan (an organochlorine insecticide; [1]) and in the liver of quail that have
been treated with cyanobacterial toxins [76]. In a very nice urban ecological study
of tissue antioxidants in great tits, Isaksson et al. [51] sampled lungs and liver of
birds from urban and rural sites and only lung CAT (not GST) tended to increase in
urban animals. Much more life-history information is needed on the causes and
consequences of repair enzyme activity in birds.

Oxidative Stress

Birds have emerged as a model taxon for understanding how oxidative damage
shapes somatic maintenance in animals. They have notably high lifetime energy
expenditures, largely a function of endothermy and flight (e.g., oxygen consumption),
but perhaps unexpectedly have long lifespans and slower rates of aging compared
to similarly sized endotherms (such as mammals, including bats; [45, 46]).
Researchers now suspect that strong antioxidant mechanisms (above) combine with
reduced oxidant-generation processes (‘“free radical production hypothesis of aging”
[6-8]) to contribute to the high maximum lifespan potential of birds.

Methods for assessing ROS damage to the avian body appear consistent with
other taxa, especially including measurements of lipid peroxidation and DNA dam-
age in various cells and tissues (e.g., [42, 51, 73, 92]). Short-term in vitro assess-
ments of free radical intermediate formation, using electron spin resonance, have
also been used [55], but mitochondrial free radical production has been of particular
interest to avian biologists, because birds appear to have lower rates of ROS pro-
duction in the mitochondria of tissues such as heart, brain, and lung [6]. In fact, it
is suggested that the mechanism behind low rates of ROS generation in birds like
pigeons is that the ROS generator sites (e.g., iron—sulfur centers) maintain a low
degree of reduction [6]. At the molecular level, DNA repair, low rates of ROS pro-
duction near DNA, capacities for brain neurogeneration, and low rates of accumula-
tion of advanced glycosylation end-products are also invoked to explain extreme
avian longevity [6, 46, 58]; the delayed maturity and slow annual fecundity of some
birds (e.g., in seabirds) also interplay at the behavioral/evolutionary level [46].

Some of the more ecologically relevant assessments and manipulations of
oxidative stress have been performed in wild birds. For example, in free-ranging,
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long-lived alpine swifts (Apus melba; [11]), red-blood-cell resistance to oxidative
stress (using the KRL test) was positively related to annual survival in adult males
and to clutch size in females. Moreover, females with low resistance to oxidative
stress laid eggs with a similarly poor resistance, which were then less likely to
hatch. A different study of nestling birds (wild Eurasian kestrels, Falco tinnun-
culus) showed that, early in life, oxidative stress is closely associated with the
number of competing siblings in the nest [23]. Induction of avian oxidative stress,
for experimental purposes, has also taken behaviorally naturalistic forms, in addition
to traditional biochemical routes (e.g., oxygen, hydrogen peroxide, paraquat,
gamma-radiation; [48, 73]). These include increasing the number of offspring in a
nest, which was shown to elevate parental workload as well as oxidative stress in
domesticated zebra finches [97]. Alonso-Alvarez et al. [3, 4] also showed in zebra
finches that testosterone elevation as well as more frequent breeding weakens red
blood cell resistance to oxidative stress. A meta-analysis of avian studies has also
produced one of the best comparative pieces of evidence that immune system
activation affects oxidative stress [21].

As suggested above, in addition to the body and eggs, sperm are argued to be
especially susceptible to oxidative stress, given their high concentration of polyun-
saturated fatty acids and limited DNA repair ability [93]. Oxidative stress is thought
to be a major cause of infertility in male chickens [98], and a few recent studies of
birds have considered reduction of oxidative stress in bird semen [13]. Supplemental
vitamin E can limit oxidative stress in the semen of chickens [28], although the
same was not true of vitamin C in turkey seminal fluid [72]; instead ascorbic
acid appeared to delay the formation of multinucleated giant cells that are indica-
tive of infection. Clearly, more work is needed on sperm and oxidative stress in
free-ranging birds.
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Free Radicals and Antioxidants
in Avian Diseases

Miklés Mézes and Krisztian Balogh

Abstract Oxygen and nitrogen free radicals have importance in the pathogenesis
of different infectious and metabolic poultry diseases. The present review discusses
the free radical-initiated oxidative damage of macromolecules (such as lipids,
proteins, and DNA) as part of the unspecific immune response caused by some
viral (Marek’s disease, Newcastle diseases, or infectious bursal disease) or bacterial
diseases (Salmonella, Staphylococcus, Clostridium, or E. coli), parasitic infections
(coccidiosis), and some nutritional or metabolic diseases (ascites syndrome, nutri-
tional encephalomalatia, knockdown syndrome of turkeys, or tibial dyschodroplasia).
The effects of dietary antioxidants (vitamins E and C, and selenium) on free radical
formation and their effect on humoral immune response against invading viruses
and bacteria are also discussed.

Keywords Poultry « Marek’s disease « Newcastle disease « Pulmonary hypertension
(ascites) syndrome o Nutritional encephalomalacia « Knockdown syndrome o Tibial
dyschondroplasia

Introduction

Excessive levels of reactive oxygen species (e.g., superoxide anion, hydrogen peroxide,
and hypochlorous acid) and reactive nitrogen species (nitric oxide, nitroxyl radical,
and nitrogen dioxide) can be stimulated by stressful conditions such as acute [62]
or chronic [33, 63, 75, 77] hypo- or hyperthermia, and clinical diseases [20] such
as inflammatory processes [107]. Oxygen and nitrogen free radicals have impor-
tance in antimicrobial and antitumour defence, and they also contribute to the
pathogenesis of diseases [80]. The cellular defence mechanisms against invading
micro-organisms result in free radical formation [51]. The reactive species thus
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produced attack invading micro-organisms by nitration, oxidation, and chlorination
reactions [91]. However, the level of reactive oxygen free radical production during
the so-called respiratory burst mechanism in phagocytes exceeds that required for
cell activation [12]. Additionally, inducible nitric oxide synthase (iNOS), which
becomes activated as a consequence of the recognition of invading bacteria or
viruses by the immune system, activates the cyclo-oxygenase (COX-2) enzyme
through a binding and S-nitrosilation mechanism and results in proinflammatory
processes [48].

There is some evidence that birds have a more potent antioxidant system than
mammals against the detrimental effects of oxygen free radicals [49, 96]. Therefore,
it was hypothesised that the changes occurring in the antioxidant systems of chickens
upon stress induced by chronic corticosterone exposure [61] differ from those seen
in mammals. In addition, the long life-spans and slow ageing rates of birds are para-
doxical in view of their high metabolic rate and high body temperature, which are
predicted to be responsible for accelerated ageing according to the free radical
theory of ageing [37]. However, some research results support that birds have special
adaptations for preventing age-related tissue damage caused by reactive oxygen
species [39].

Antioxidants and Immunity

Numerous data indicating that several natural antioxidants (vitamin E, selenium,
and carotenoids) are among the major immunostimulating agents and their require-
ments for such action usually higher than those for the bird’s growth and develop-
ment [99]. For instance, vitamin E improves the phagocytic function of macrophages
[52], and vitamin E and selenium significantly improve antibody production [7] or
affect lymphocyte function [58].

Free Radicals and Antioxidants in Avian Diseases

Most of the infectious or nutritional diseases generate oxygen free radical forma-
tion and consequently impair the antioxidant defence system in avian species.
Some of the most important viral, bacterial, parasitic, and nutritional diseases and
their free radical background are discussed in this chapter.

Marek’s Disease

Marek’s disease (MD) is a herpes virus-induced, naturally occurring lymphopro-
liferative disease of chickens [93]. Free radicals, such as nitric oxide (NO) produced
by the enzyme NO synthase (NOS) are potent antiviral agents in addition to having
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immune regulating functions. NO inhibits the replication of Marek’s disease virus
(MDV) in vitro and in vivo [110]. iNOS gene expression during MDV infection is
mediated during the cytolysis phase of infection, which finding implicates that NO
is a critical factor involved in increasing the virulence of MDV. Jarosinski et al. [43]
reported that chickens resistant to the development of MD had a greater potential
to produce NO than MD-susceptible chickens, as was shown in vitro by measuring
NO levels in chick embryo fibroblast cultures obtained from these chickens after
treatment with lipopolysaccharide (LPS) and in vivo inoculation with MDV strains
ranging from mild to very virulent. The results showed that the more virulent
strains induced the highest level of NO in the blood plasma, suggesting a role of
NO in the pathogenesis of MD induced by more virulent strains.

In a recent study [47], experimental MDYV infection in chickens caused signifi-
cantly increased DNA damage and elevated malondialdehyde and NO metabolite
levels in the MD group as compared to the healthy controls. A positive correlation
was also found between MDA levels and DNA damage in MDV-infected chickens.
Of the antioxidants of small molecular weight, the concentration of reduced gluta-
thione was lower in the MD group as compared to the control.

Newcastle Disease

Newecastle disease (ND) is a paramyxovirus-induced disease with varying pathoge-
nicity to avian species from mild or unapparent infection to sudden death, and
causing respiratory, digestive, ocular, and enteric problems [95]. After infection
with Newcastle disease virus (NDV), chicken heterophils had a decreased ability to
phagocytise bacteria in vitro but showed increased NO production, suggesting that
NDV can stimulate heterophils to produce and/or utilise nitrogen intermediates but
not oxygen intermediates [57], and that these free radicals activate viral replication
[80]. Free radical formation during NDV infection supports that dietary butylated
hydroxytoluene having antioxidant property prevents mortality of chickens exposed
to NDV [10], possibly through the same mechanism as found in vitro in murine
isolated macrophages where NDV-mediated NOS and NF-kB activation were
blocked by another antioxidant, butylated hydroxyanisole [105].

Although the effects of butylated hydroxytoluene and butylated hydroxyanisole
on virus infection were suspected to be direct, it cannot be excluded that protection
occurs through other — unknown — effects on the metabolism of host organism [80].
It is well known that leukocytes utilise nitrogen free radicals to control microbial
pathogens. Upon activation, activated NOS catalyses the production of NO radicals,
which leads to the formation of reactive nitrogen intermediates. That system is
activated and modulated by microbial products and a series of temporally expressed
cytokines. The effector molecules, generated in the early innate immune response,
are not specific to the invading pathogen and may also cause damage to the host.
It is the critical balance of these processes in the initial stages of infection that
determines the outcome of infectious disease [46]. However, NDV infection not
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only activates the above-mentioned process but causes DNA fragmentation in the
mononuclear cells, shortening of sarcomeres in the heart muscle containing debris
from degenerated mitochondria, and the condensation of chromatin in cardiomyo-
cytes, which are typical signs of apoptosis [55, 56] that has been proposed to be a
free-radical-mediated process [32].

Infectious Bursal Disease

Infectious bursal disease (IBD) is a highly contagious disease of young chickens
caused by the IBD virus. IBD has free radical mediated pathogenesis as in the case
of other virus-induced diseases. That finding was proven by those findings when
antioxidant treatment, such as high doses of vitamin E and selenium decreased the
morbidity and mortality of IBD [78].

Salmonella Infection

The Gram-negative bacterium Salmonella enteridica invades and colonises chicken
intestines [101]. Its LPS elicit both humoral and cellular immune responses, inducing
an acute phase response [40] and activating an oxidative burst mechanism in
chicken heterophil granulocytes through a toll-like receptor mediated signal mecha-
nism [25]. The oxidative burst mechanism results in reactive oxygen radical forma-
tion [89] which may cause free radical mediated damages.

Staphylococcus Infection

The Gram-positive enterotoxigenic bacterium Staphylococcus aureus causes arthritis,
dermatitis, and septicaemia in poultry [98]. Its toxic metabolite, lipoteichoic acid
(LTA), activates the acute phase response [40] and the oxidative burst mechanism
in chicken heterophil granulocytes [25]. The oxidative burst mechanism, as was
mentioned above, possibly causes free radical mediated damage in different tissues,
besides exerting local effects on invading bacteria and granulocytes.

Clostridium perfringens Infection

The free radical mediated effects of Clostridium perfringens are supported by findings
indicating that the production of reactive oxygen species dramatically increased in
circulating polymorphonuclear (PMN) leukocytes as by the chemiluminescence
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method after challenge with C. perfringens in broiler chickens. It was also found
that 14- to 21-day-old chickens orally challenged with C. perfringens had higher
leucocyte chemiluminescence responses and more severe intestinal lesions than
unchallenged birds [79].

Necrotic Enteritis

Necrotic enteritis is primarily associated with the rapid proliferation of o- and
B-toxin produced by Clostridium perfringens strains type A or C; however, the
presence of this anaerobic bacterium does not lead directly to disease [16]. At a
critical population size of Clostridium perfringens in the intestine of poultry, its
toxin production commences and the epithelial tissues of the gastrointestinal tract
develop a necrotised appearance [27]. The a-toxin has phospholipase activity
[104], which causes epithelial cell membrane damage [19]. The membrane damage
may be caused by the release of inositol triphosphate and diacylglycerol, which
activate intracellular protein kinase C. The latter activates endogenous phospholi-
pases and the arachidonic acid pathway, resulting in inflammatory response and
eventually cell death. The importance of the arachidonic acid cascade mechanism
is supported by findings that n-3 fatty acids, which are known to inhibit eicosanoid,
mainly prostaglandin E, and interleukin 1, synthesis [65], decrease the occurrence
and pathogenesis of necrotic enteritis [4]. According to the above-mentioned facts,
the hydrolysis of membrane phospholipids is a key event in the pathogenesis of
necrotic enteritis.

Nutritional stress, such as feeds contaminated with mycotoxins well known to
be free radical generators [99], challenges the antioxidant status of poultry, rendering
them more susceptible to pathogenic bacteria such as Clostridium perfringens.
Although enterocytes and colonocytes are exposed to oxygen free radicals, their
susceptibility may vary, and distal ileal enterocytes and colonocytes are more prone
to inflammation and oxidative stress associated with these radicals [6]. Brush border
membrane and colonic apical membrane are susceptible to superoxide, which
can cause peroxidation and degradation of membrane lipids, specifically certain
phospholipids [81].

Escherichia coli Infection

Avian pathogenic Escherichia coli is a Gram-negative bacterium causing airsac-
culitis, polyserositis, septicaemia, and other mainly extraintestinal diseases in
chickens, turkeys, and other avian species. E. coli can be found in the intestinal
microflora of healthy birds, and most of the diseases associated with E. coli infection
are secondary to environmental and host-related predisposing factors. Experimental
infection studies have shown that the air-exchange regions of the lung and the air
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sacs are important sites of entry of E. coli into the bloodstream of birds during the
initial stages of infection and that resistance to phagocytosis may be an important
mechanism in the development of the disease [17]. In an in vitro model system it
was found that E. coli inhibits macrophages through a classical, antiapoptotic
NF-kB activation, which delays the phagocytosis-induced cell death of macrophages
upon ingestion of E. coli. This finding was supported by the partial inhibition of
NF-«B activation which did not influence the rate of uptake of bacteria but was
followed by the increased production of oxygen radicals and enhanced intracellular
killing in macrophages [34]. However, the E. coli genome contains a specific oxy-R
sequence that improves the tolerance of the bacteria against oxidative damage, in
that case the oxidative killing mechanism [111]. Intravenous administration of E.
coli-derived LPS significantly increased the concentration of malondialdehyde and
3-nitro-tyrosine in plasma of poultry [106]. There is experimental evidence that the
ingestion of E. coli by PMN leukocytes causes apoptosis of the latter cells, which
is related to the respiratory burst mechanism and the formation of intracellular reactive
oxygen intermediates [108].

Coccidiosis

Coccidiosis is an avian disease caused by protozoal parasites of the Coccidia
subclass, Eimeriidae family, giving rise to intestinal damage. A potential oxidative
destruction of mucosal tissue was suggested, supported by the increased activity of
NADPH oxidase and increased production of O, during Eimeria infection in the
intestinal mucosa [1]. It has been demonstrated that the sporozoites of Eimeria spp.
are very sensitive to superoxide ions [76]. The ability of the mucosal leukocytes to
produce hydrogen peroxide as the precursor of superoxide formation also depends
on the cellular immune status of chicken; for example, naive (specific pathogen
free) birds produce less hydrogen peroxide than their hyperimmune counterparts
[82]. Changes in the concentration of NO, another free radical, indicated that
the virulence of Eimeria strains was not directly related to NO production [1].
With these findings it can be explained why the supplementation of L-arginine,
which is the substrate of iNOS [74], did not reverse the pathological signs of
Eimeria infection [2].

It was found [53] that the infection of broilers with coccidia intensifies the
processing of free radicals in the blood and the liver homogenate. This was evident
from the increased levels of reduced glutathione and lipid peroxidation and also
from the activities of superoxide dismutase, glutathione peroxidase, and glutathione
reductase. Changes in the enzyme activities were more pronounced in the blood
than in the liver of the infected birds. Changes in the content of some low-molecular-
weight antioxidants, such as vitamins A, C, and E, occur in the host in coccidiosis [23].
In the case of Eimeria infection and mucosal damage, a-tocopherol absorption is
also impaired, which can only partially be restored by increasing the vitamin E
content of the diet. However, in contrast to previous findings that a-tocopherol
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enhances the immunocompetence of chickens and thereby enhances their immunity
to several diseases including coccidiosis [22], supplementation of the feed with
up to 200 mg kg™' a-tocopheryl-acetate had no consistent beneficial effect on
the pathological changes caused by mild or severe infection with Eimeria [3].
Experimentally induced Eimeria tenella infection caused impairment of the lipid
peroxide and antioxidant status of chickens, namely increased concentration of
malondialdehyde and catalase activity, and decreased superoxide dismutase activity
in Eimeria-infected birds, compared to healthy chickens [31].

Pulmonary Hypertension (Ascites) Syndrome

Pulmonary hypertension syndrome (PHS) of broilers, also called ascites, is an
increase in intravascular hydrostatic pressure occurring secondary to right ventricular
failure (RVF). In response to increased pressure, the transudate leaks out of blood
vessels and accumulates in the abdominal cavity, thus producing ascites. However,
the mechanism of cell injury underlying the pathogenesis of the syndrome is not
clearly understood. The development of cardiac failure in an apparently healthy
young broiler chicken can be explained by a series of factors such as genetic selec-
tion for a rapid growth rate, high feed efficiency, and a large pectoral muscle mass,
all requiring high oxygen levels [14, 66]. The modern chicken has a small lung
volume to body weight ratio, causing an inability of the respiratory system to
respond to the broiler’s elevated oxygen needs, which leads to hypoxia and respira-
tory acidosis [14]. An increase in free radicals occurs as a result of the pulmonary
hypertension-induced RVE. RVF suggests that the increase in free radicals caused
the heart disease [44].

Pulmonary hypertension (PH) is caused by increased blood flow or increased
resistance to blood flow in the lung [45]. During hypoxia, various mechanisms
increase the production of free radicals including lipid peroxide, hydrogen peroxide,
and superoxide. This is supported by the fact that thiobarbituric acid reactive
substances (TBARS), as indicators of cellular lipid peroxidation, increased by more
than 100% in the heart and liver of broilers affected by ascites syndrome as
compared to control birds [18]. However, it has to be mentioned that TBARS is not
an absolutely specific indicator of lipid peroxidation because thiobarbituric acid
may react with aldehydes other than malondialdehyde, one of the end-products of
lipid peroxidation [42].

Tissue damage secondary to hypoxia attracts white blood cells, which in turn
release more free radicals, causing further damage [8, 35]. Enkvetchakul et al. [21]
observed inflammatory cell infiltration in various tissues of chickens with PHS.
An alternative hypothesis concerning the cause of mortality in PHS is heart
muscle damage because of the abnormal mitochondrial hydrogen peroxide accu-
mulation [68]. This hypothesis supports findings according to which changes
in the permeability of the sarcolemmal membrane, due to lipid peroxidation, led
to the accumulation of calcium in the mitochondria [94]. In ascitic broilers, there
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was ultrastructural evidence of a calcium overload in the mitochondria of their
cardiomyocytes [67]. Lipid peroxidation may therefore develop during ascites
because the antioxidant status of the birds is compromised [21]. These changes may
contribute to the influx of calcium and changes in the permeability of the mitochon-
drial membranes and, consequently, to the deposition of hydrogen peroxide in the
mitochondrial matrix of cardiomyocytes. Basal hydrogen peroxide production, as
an indicator of electron leak, was higher in breast and heart muscle mitochondria
of birds suffering from PHS than in controls, and the differences in electron leak in
the mitochondria of muscles were magnified by the inhibition of electron transport
at Complex I and IIT (cyt b,,). Complex I activity was lower in the heart muscle
mitochondria of birds with ascites syndrome as compared to controls but there was
no difference in Complex II activity. Thus, mitochondria isolated from the heart
muscle of birds with ascites syndrome exhibited site-specific defects in electron
transport within Complex I and III that could contribute to a lower respiratory chain
coupling. These findings prove the inefficient cellular use of oxygen that may
contribute to the development of ascites syndrome in broilers [102].

Acidosis will also affect cellular membrane integrity and reduce free radical
elimination, hence exacerbating the negative effect of free radicals. Higher plasma
lipid peroxide values have been reported in PHS broilers [8], and Enkvetchakul
et al. [21] demonstrated impaired antioxidant status as well as lower pulmonary and
hepatic tocopherol and glutathione levels in PHS broilers. Generation of hydroxyl
radicals (OH") was found in broiler chickens with ascites induced experimentally
using exposure to low temperature or administration of triiodothyronine (T,). It was
suggested that reactive oxygen species, such as OH" ions, may be involved in the
pathogenesis of ascites syndrome in broiler chickens [5].

The free radical theory concerning the pathogenesis of ascites syndrome is
supported by findings that dietary antioxidants are useful in the prevention of PHS
but only at high doses. For instance, the feeding of a diet containing 87 mg kg™
vitamin E was ineffective [9] but with high vitamin E (250 mg kg™') and selenium
(0.3 mg kg™', in the form of seleno-methionine) content decreased the incidence
of PHS syndrome in chickens (10% vs. 0.9%) after a short-term exposure to
heat stress [88]. In other studies [54, 109], dietary vitamin C at 500 mg kg™' feed
reduced PHS mortality induced by cool environmental temperatures and feeding of
a thyroid hormone.

Nutritional Encephalomalacia

Nutritional encephalomalacia is a disease of young poultry, reaching its highest
incidence during the third week of life [11]. The condition is obviously caused by
peroxidative dysfunction of the cerebellum in absolute or relative deficiency of
vitamin E, and is readily induced by diets supplying linoleic acid [11, 90]. However,
in the presence of adequate vitamin E supplementation linoleic acid, even when
added as rancid fat, did not provoke lipid peroxidation in the cerebellum and nutritional
encephalomalacia [28]. Susceptibility of the brain to that nutritional deficiency may
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be caused by the fact that among the chicken tissues the brain showed the highest
susceptibility to iron-induced oxidation [100].

The chicken brain contains high amounts of polyunsaturated, mainly n-6, fatty
acids [64]. Recently it has been found [87] that fatty acids have an ability to scav-
enge superoxide anions in an unsaturation-dependent manner. Polyunsaturated fatty
acids of the n-3 series resulted in a lower formation of reactive oxygen species as
compared with saturates, monounsaturates, or polyunsaturates of the n-6 series.
The concentration of a-tocopherol and the activities of antioxidant enzymes (super-
oxide dismutase and glutathione peroxidase) are very low in the brain [29, 72],
and oa-tocopherol content of the liver, acting as the main storage site during embry-
onic development, decreases rapidly during the first week posthatching [71]. Avian
vitamin E deficiency has several other clinical manifestations including exudative
diathesis and degenerative myopathy of the pectoral muscles, heart, or gizzard, and
all of these pathological changes are caused by free radical mediated membrane
disturbances [50].

Knockdown Syndrome of Turkeys

Turkey knockdown was defined as any condition identified in a turkey flock that
has affected the neuromuscular or skeletal systems to a degree that a turkey is
unable to walk or stand properly. Knockdown syndrome may be associated with
numerous feed, management, or disease factors alone or in combination. Dosage of
monensin was proposed as one of the main causes [13], but feed restriction, heat
stress, copper, mycotoxins, and sodium chloride in feed have all been suggested as
contributing factors.

The diagnosis of turkey knockdown syndrome is based on the clinical signs and
histopathological lesions associated with knockdown. Affected birds were found to
be recumbent, demonstrated paresis, and were unable to vocalise. Post-mortem
examination revealed few significant lesions although pallor of the adductor mus-
cles and petechiation in the adductor and gastrocnemius muscles were noted.
Additional results indicated that changes in vitamin E status and in vitamin E con-
tent of the blood plasma correlated with the occurrence of knockdown [24, 70]. Of
the other parameters of the biological antioxidant defence system, Cu/Zn-superoxide
dismutase activity in the blood plasma also tended to be lower in turkeys suffering
from knockdown syndrome as compared to the controls [70]. The same changes
were found in monensin poisoning of chicken with impairment of the antioxidant
status and elevated lipid peroxidation [92].

Tibial Dyschondroplasia

Tibial dyschondroplasia (TD) is a widespread abnormality found in rapidly growing
meat-type poultry [59]. TD is a metabolic cartilage disease of young poultry
in which endochondral bone formation is disrupted leading to the retention of a
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noncalcified, avascular plug of cartilage in the tibial growth plate. It is characterised
by the persistence of cartilage below the growth plate. The TD lesion arises from a
failure of growth plate chondrocyte differentiation, which results in an accumu-
lation of prehypertrophic cells [85]. The cause of TD is believed to be a genotype
and nutrition interaction that can be influenced by other factors such as mycotoxins, for
example, fusarochromanone [38], or the presence of oxidised fat in the diet, which
will cause the degradation of fat-soluble vitamins, including vitamins D, A, and E
[60]. Oxidised fat intake as a possible oxidative stress effect also impairs the pres-
ence of reduced glutathione which requires both for keeping the sulthydryl groups
in the cells, and also acts as an important part of the antioxidant defence mechanism
[69]. The effect of reduced glutathione in the pathogenesis of TD was proved by
Rath et al. [84] using thiram, a glutathione inhibitor, for inducing this metabolic
cartilage disease in poultry.

It is also important to mention that the osteolytic action of osteoclasts may be
enhanced in the presence of free radicals [30]. Experimental studies have shown
that addition of the active vitamin D, metabolite 1,25-dihydroxycholecalciferol [86]
or its primary metabolite, 25-hydroxycholecalciferol [85], reduced the incidence and
severity of TD in broilers. In addition, ascorbic acid would also be a potential
preventive factor against TD because it participates in the biosynthesis of stable
cross-linked collagen, stimulates the hydroxylation of 25-hydroxycholecalciferol
to the active D, metabolite [26], and also acts as an antioxidant [36]. However, the
availability of copper is reduced by high doses of ascorbic acid [15]. Copper is
required for connective tissue development, and in the case of copper deficiency
fibrils will not be properly cross-linked, and the resulting structure may be weakened
or may fail [83].

Antioxidants as Prevention Against Avian Diseases

Based on the above-mentioned results it can be concluded that antioxidant (vita-
mins E and C and selenium) supplementation may improve the efficiency of vac-
cination, namely antibody production, against viral or bacterial infections [97], and
vitamin E improve humoral immunity and phagocytic activity [103]. In addition to
the above-mentioned antioxidants, vitamin D, can also be used as an effective pre-
vention against some nutritional diseases [41, 73].

Summary

The purpose of the present review was to summarise the oxygen and nitrogen
free radical background of some important infectious and metabolic poultry diseases.
It is well known that most viral and bacterial diseases cause free radical formation
and lipid peroxidation in different tissues as part of the immune response mechanism.
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However, that mechanism becomes uncontrolled by the endogenous antioxidant
defence mechanisms and may cause free radical-mediated damages.

Dietary antioxidants, such as vitamins E and C and selenium, have a dual effect
on the above-mentioned processes. One is a direct antioxidant effect controlling the
formation and/or scavenging the free radicals and the other is mainly to improve the
humoral immune response of the organism against invading viruses and bacteria,
and partly improve the antibody formation after vaccination against them.
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Oxidative Stress in Ruminants

Pietro Celi

Abstract This chapter examines the role that oxidative stress plays in ruminant
medicine. We examine how redox homeostasis in involved in some physiological
functions and we discuss the implications of the impairment of oxidative status on
ruminant health and production. The study of oxidative stress is a relatively young
field of research in ruminant medicine. The understanding of the role of oxidants
and antioxidants in physiological and pathological conditions is rapidly increasing.
Oxidative stress is an active field of research in ruminant medicine and has been
implicated in numerous disease processes including sepsis, mastitis, acidosis,
ketosis, enteritis, pneumonia, respiratory, and joint diseases. Compared to human
medicine, only a limited number of conditions have been investigated in regard to
the effects of oxidative stress in ruminants. Studies in cattle have been sporadic and
mainly concerned with mastitis, pneumonia, and retained placenta. More recently,
studies have been focused on metabolic diseases that affect dairy cows during the
peripartum period. Numerous and rapidly evolving methodologies for evaluating
oxidative stress are available to researchers and clinicians, each with their own
distinct advantages and disadvantages. Differences in models and methodologies
make it difficult to make meaningful comparisons, even for studies that seem quite
similar superficially. With this in mind, it is the goal of this chapter to summarise
the present knowledge of oxidative stress in ruminant medicine and to examine the
basis of and evidence for the role of oxidative stress in ruminant health and produc-
tion, highlighting the need for continued research on oxidative stress in ruminant
medicine. Clarity of understanding of the pathophysiology of oxidative stress in
ruminants will allow the design of specific antioxidant therapies. Future research
should focus on the establishment of a reference panel of biomarker of oxidative
stress to be used in ruminant medicine. The development of an oxidative stress
index as an approach in ruminant and veterinary medicine is also discussed.
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Oxidative Stress in Ruminant Physiology

Measuring Oxidative Stress in Ruminants

Oxidative stress in veterinary medicine and particularly in ruminant health is a
relatively young field of research. Numerous and rapidly evolving methodologies
for evaluating oxidative stress, each with its own distinct advantages and disadvan-
tages, are available to clinicians and scientists. However, differences in models and
methodologies make it difficult to make meaningful comparisons, even for studies
that seem quite similar. Methods for quantifying oxidative stress mostly include
direct or indirect measures of oxidants and antioxidants. Given their often high
reactivity, quantification of oxidants and antioxidants often requires specialised
equipment and considerable experience. As oxidative stress is indicative of an
imbalance between oxidants and antioxidants, methods for quantifying oxidative
stress mostly include direct or indirect measures of oxidants and antioxidants ([174,
1841]). In these sections, some principles and commonly used measures of oxidative
stress and damage are briefly outlined.

Pro-oxidants

The most abundant free radicals in biological systems are the oxygen-centred free
radicals and their metabolites, usually referred as “reactive oxygen metabolites”
(ROMs; [184]). ROMs are formed continuously as normal by-products of cellular
metabolism and, in low concentrations, they are essential for several physiological
processes, including protein phosphorylation, transcription factor activation, cell
differentiation, apoptosis, oocyte maturation, steroidogenesis, cell immunity, and
cellular defence against micro-organisms ([1, 77, 184]). However, when produced
in excess, ROMs can damage cell functionality as they can harm cellular lipids,
proteins, and DNA ([184, 260]).

The plasma level of ROMs is considered an indicator of free radical production
[184]. ROMs are a collective term that includes not only oxygen-centred free radi-
cals such as superoxide anion and hydroxyl radical, but also some nonradical deri-
vates of oxygen, such as hydrogen peroxide, and hypochlorous acid [214]. A ROMs
kit has been developed to assess oxidant levels in plasma and other biological flu-
ids. The ROMs test has been validated using electron spin resonance [3] and is now
considered the “gold standard” for measuring total oxidative status. Electron spin
resonance is not suitable for routine analysis as the method is complex and requires
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specific technical assistance not available in most laboratories. The utility of the
ROMs assay in monitoring oxidative stress in goats [53, 57, 74], sheep [209], and
dairy cows [27, 28, 208] has been reported.

The concentrations of individual oxidant components can be measured separately
in the laboratory, but such measurements are time consuming, labour intensive, and
costly. It has been shown that free radical analytical system (FRAS 4) technology
offers a quick, simple, precise, and reliable method of assessing oxidative status in
dairy cows [183] and in horses [56] which is particularly useful in the field where
it is not always practical or possible to get samples to a laboratory immediately. The
possibility of assessing oxidative stress directly in blood provides veterinarians
with a simple and reliable method of measuring oxidative stress in clinical situa-
tions such as the monitoring of therapy and in the antioxidant supplementation of
domestic animals. However, given the lack of reference values for ROMs in ruminants
it is difficult to establish if and when these animals are experiencing oxidative
stress. Therefore it is important to calculate the specific referral ranges because a
correct biochemical evaluation of oxidative status is an essential premise to prevent
and eventually to treat the effects of oxidative stress in ruminant medicine.

Advanced oxidation protein products (AOPP) are terminal products of proteins
exposed to free radicals and arise from the reaction between plasma proteins and
chlorinated oxidants mediated by a neutrophil enzyme myeloperoxidase [90, 201].
In humans, AOPP have been associated to several diseases including chronic
renal failure [291], diabetes mellitus [140], diabetic nephropathy [241], coronary
artery diseases [142], and obesity [15]. Chronic accumulation of AOPP has been
demonstrated to promote inflammatory processes in diabetic kidney [241] and in
chronic renal failure [291] indicating that AOPP might be a by-product of neutro-
phil activation during infections. Studies in ruminants have reported higher levels
of AOPP in lambs [51] and dairy cows [52] supplemented with Yerba Mate (Ilex
Paraguanensis).

More information about the role of protein oxidation in ruminants’ health and
production could be obtained by the comparison of AOPP with other indicators of
protein oxidation, such as advanced glycation end-products (AGE). However,
although a correlation between AGE and inflammatory parameters is usually not
found or is only weak, the induction of proinflammatory activities caused by AOPP
seems to be more intense [141, 292]. This suggests that oxidative stress is more
closely linked to inflammation and acute phase reactions than the advanced
glycation process and its end-products. AOPP could thus better describe acute
inflammation, whereas AGE might serve more as a marker of chronic long-lasting
damage [141]. These observations are highly relevant as a high level of AOPP
could indicate the presence of an inflammatory process which could compromise
the correct embryonic development in the dairy cow [182, 183].

Lipids, in particular those that are polyunsaturated, are prone to oxidation.
Lipids are one of the most susceptible substrates to free radical damage and
biomarkers of lipid peroxidation are considered the best indicators of oxidative
stress [102]. Malondialdehyde (MDA) is one of the several low-molecular-weight
end-products formed during the radical induced decomposition of polyunsaturated



194 P. Celi

fatty acid [136]. MDA readily reacts with thiobarbituric acid producing a red pigment
that can be easily measured by spectrophotometry in the form of thiobarbituric acid
reactive substances (TBARS) [136].

It is worth noting that the MDA assays have been criticised for low specificity
and artefact formation inasmuch as only a fraction of the MDA measured is gener-
ated in vivo. Furthermore, the TBARS assay, a common method used to measure
MDA, is considered inaccurate, and returns results that differ according to the assay
conditions used [119]. For example, studies in dairy cows have yielded contrasting
results with some reports failing to show any significant changes in plasma MDA
concentrations during the peripartum period [48, 49], whereas in other studies
MDA or TBARS concentrations increased around calving [27, 28, 35].

This apparent discrepancy could also have been mainly due to the great individual
variations observed in MDA concentrations measured in the studies by [48, 49].
Similarly, studies in transported cattle have failed to report a consistent change in
MDA concentration. It seems that this discrepancy is partly due to the different
methodologies employed to assess MDA. TBARS detect a wide range of lipid peroxi-
dation products, and are rather unspecific for MDA [113]. High-pressure liquid
chromatography would be expected to be highly specific and perhaps more accu-
rate than the spectrophotometric procedures [173]. More recently an ELISA-based
isoprostane (considered to be the most reliable markers of lipid oxidation; [187]),
assay has become commercially available and might be able to shed more light on
the role of lipid peroxidation during the peripartum period in ruminants.

Antioxidants

Endogenous antioxidants can be divided into three major groups [184]. The first
group comprises enzymatic antioxidants including superoxide dismutase (SOD)
and glutathione-peroxidase (GSH-Px), and represents the main form of intracellular
antioxidant defence. Plasma GSH-Px activity contributes to the oxidative defence
of animal tissues by catalysing the reduction of hydrogen and lipid peroxides [119]
and is also considered an indicator of oxidative stress [268]. GSH-Px functions in
cellular oxidation-reduction reactions to protect the cell membrane from oxidative
damage caused by free radicals [92]. SOD catalyses the dismutation of superoxide
to hydrogen peroxide (H,O,) and it is considered the first defence against pro-
oxidants [119]. Studies in grazing sheep have shown that GSH-Px activity is influ-
enced by soil and pasture characteristics [7] and by season [8].

In dairy goats SOD activity is decreased during the postpartum period probably
as a consequence of lower peroxide generation as testified by the decrease in ROM
concentrations [57]. Because SOD activity increases H,O, production, protection
from reactive oxygen would only be given by a simultaneous increase in catalase
and GSH-Px activities and availability of glutathione [93, 156]. Studies in dairy
goats have shown that blood GSH-Px activity is decreased during the postpartum
period, suggesting that goats may have experienced some degree of oxidative stress
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and lipid peroxidation [53, 57]. Inasmuch as GSH-Px is directly targeted at removing
H,0, generated during the dismutation of free radicals [77], it would seem reason-
able to see a parallel decrease in ROMs levels. ROMs levels indeed, decreased on
week 4 postpartum, however, the concentrations in week 2 were significantly
higher [57], which further indicated that the goats experienced oxidative stress
during the early postpartum period. Even if blood GSH-Px activity were inhibited
[53, 57], the organism could have been defended against oxidative stress by other
alternative routes. For example, catalase is another antioxidant enzyme that can
catabolise H,0, [77].

The second group includes nonenzymatic protein antioxidants that are primarily
found in plasma. They are mainly represented by sulfhydryl (SH) groups of albumin
and are considered a significant element of the extracellular antioxidant defence
system against oxidative stress as are protein SH groups [271]. The reducing
properties of SH residue are known to be oxidised under oxidative stress and
other physiological conditions [72, 73]. Total thiol groups of plasma represent the
SH groups of albumin, L-cysteine, and homocysteine. Under physiological condi-
tions, SH groups are the most chemically reactive sites and have strong reducing
properties [189, 255].

Studies in dairy goats have shown that plasma albumin concentrations are
significantly reduced during summer [74]. This finding is quite relevant consider-
ing that albumin is part of the antioxidant pool, it being a free radical scavenger
[118]. Plasma albumin levels are also decreased during the peripartum period in
dairy goats which further indicates that goats were exposed to oxidative stress
during the peripartum period [53, 57]. Albumin is exclusively synthesised by the
liver, and is the main source of plasma SH. The reduction in liver function that is
usually observed in the early postpartum period might explain lower plasma SH
and albumin levels. Studies in dairy cows have confirmed the antioxidant role
played by albumin particularly near calving when animals usually do not receive
any vitamin/mineral supplementation [48].

The third group is represented by the nonenzymatic low-molecular-weight
antioxidants, and it is found mainly in plasma but also in other extracellular and
intracellular fluids. The primary antioxidant capacity of serum is derived from
nonenzymatic antioxidants such as glutathione, o-tocopherol, -carotene, and uric
acid [120]. In particular, GSH plays an important role in protecting cells against
oxidative stress and toxic agents. It acts as substrate or cosubstrate in enzymatic
reactions and it also reacts directly with free radicals and lipid peroxides [38].

For example, in a selenium deficiency situation, hepatic glutathione (GSH) syn-
thesis is increased and this depletes cellular cysteine [40], so it may impair physi-
ological processes (growth and wool production) where cysteine is required for
protein synthesis. Indeed, GSH synthesis seems to compete with wool growth for
cysteine [170]. Cysteine is vital for wool growth and is usually the first limiting
amino acid for wool fibre synthesis [171]. Sheep selected for high wool production
tend to have lower blood cysteine and GSH concentrations than those selected for
low wool production [128, 290]. Low concentrations of GSH can be associated
with impaired animal health as cysteine and GSH play a key role in the regulation
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of the immune response [79]. Therefore, considering that GSH is a reservoir of
cysteine, selecting for both GSH concentrations and wool growth rate might result
in improvements in both wool production and health status [170]. In the meantime,
when selenium deficiency is diagnosed, its supplementation is recommended to
improve the development of resistance and resilience of sheep to gastrointestinal
parasites [54].

Because of the difficulty in measuring each antioxidant component separately
and their interaction in the plasma, several methods have been developed to
assess total antioxidant capacity (TAC). The measure of antioxidant capacity
considers the cumulative action of all the antioxidants present in plasma and body
fluids, thus providing an integrated parameter rather than the simple sum of
measurable antioxidants [104]. Antioxidant capacity can be measured by means of
several methods, such as trolox equivalent antioxidant capacity (TEAC; [185]),
total radical-trapping antioxidant parameter (TRAP; [103]), oxygen radical
absorbance capacity (ORAC; [44]), or the ferric reducing ability of plasma (FRAP)
and biological antioxidant potential (BAP; [26]). The BAP test provides a global
measurement of many antioxidants, including uric acid, ascorbic acid, proteins,
a-tocopherol, and bilirubin [26]. In dairy cows BAP levels have been measured
during early lactation [208] and mid-lactation [52], however, comparisons can
hardly be done because those studies involved cows in different physiological
phases. Also, the rearing system may determine important differences in terms of
oxidative status of animals.

A pasture-based system could improve the oxidative status of animals due to the
elevated antioxidant content of green grass [71, 100] and the physical exercise
related with the grazing system has better antioxidant status [100]. Grazing may
provide dairy cows with health benefits from certain vitamins and minerals.
Vitamins A and E, and selenium are known antioxidants that play important roles
in animal health and production. Although fresh forage is typically considered
capable of supplying adequate levels of antioxidants for dairy cattle, the availability
of these compounds for lactating grazing cows is diminished when pasture avail-
ability is not adequate to meet their energy requirements. In this situation the gap
between energy required for milk production and energy intake is often met by
supplementing cows with conserved forage such as silage. Silage is known for its
poor antioxidant content [20] and thus this might expose cows to oxidative stress.
A decrease in BAP levels was observed when dairy cows were fed corn silage and
concentrate supplementation [52]. Concentrate supplementation with the diet has
been proved to reduce pasture intake [21] and to increase the degradation of some
antioxidants at the ruminal level [282]. Plasma BAP might have decreased also
as a direct consequence of ROM increase. Indeed, changes in the components of
antioxidant systems are often not the cause, but the consequence of the oxidative
stress induced by higher free radical activity [275].

Plasma antioxidant status is the result of the interaction of many different
compounds and systemic metabolic interactions [104]. As a single measure, TAC
provides relevant information that may effectively describe the dynamic equilib-
rium between pro-oxidants and antioxidants in the plasma compartment [43, 104].
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In the absence of reference values for ruminants, TAC can be used to evaluate
the effect of treatments when the results are expressed as change with respect to the
basal value [104]. Indeed, TAC is a useful tool for measuring stress in transported
calves [211]. In conclusion the evaluation of TAC on a herd basis may be a useful
indicator of animal welfare and may be more sensitive and reliable than the measure
of a single parameter, which could reveal individual variations. Moreover, TAC
could be used as a tool to evaluate the nutritional status of animals fed different
diets or to evaluate the general nutritional status of animals throughout the year.

Oxidative Stress in Ruminant Health

Mastitis

Mastitis is the most devastating disease of dairy animals; despite improved man-
agement practices and dry cow therapy, mastitis remains a worldwide problem of
major economic threat to dairy farmers. The inflammatory reaction accompanying
mastitis is generally caused by bacterial infection. Severe inflammation damages
the mammary secretory epithelium and cytotoxic radicals and proinflammatory
cytokines are released by the phagocytic cells [159]. Reactive nitrogen intermedi-
ates are important radicals that play a complex role in the inflammatory process
[110]. Excessive amounts of neutrophiles, macrophages, lymphocytes, eosino-
philes, and various epithelial cells of mammary tissue in milk are considered a
response of mammary tissue to micro-organisms in part of inflammation of the
mammary gland [159, 249]. The level of some cytokines (TNF-a, IL-1b, IL-6,
IL-8) and other molecules such as nitric oxide (NO) are reported to increase during
infections [200, 216].

NO operates in a variety of tissues to regulate a diverse range of physiological
processes, including the inflammatory response [67]. Macrophage and epithelial
cells of the mammary gland produce a significant amount of NO; this inducible NO
mediates inflammation during mastitis [32]. High NO activity has been observed in
mastitic animals [16] and an increase in milk NO levels from cows with experimen-
tally induced mastitis has been reported, and it has been proposed that the elevated
NO concentration in milk resulted from the inflammatory response of the mammary
gland [32]. An increase in NO concentrations in milk from mammary glands with
subclinical mastitis also supports the relationship between elevation of NO levels
and inflammation [16]. Somatic cell count (SCC) in milk is a well-known indicator
reflecting mammary health and milk quality. A positive relationship between SCC
and NO concentration has been reported [16, 32]. Changes in milk NO levels thus
could be proposed as an additional diagnostic tool to detect inflammation during
mastitis. Finally, it has been noted that the concentrations of nitrite and nitrate
increase both in plasma and milk after intramammary infusion of E. coli bacteria or
E. coli endotoxin [31, 162] and that this increase can be prevented by treatment
with aminoguanidine, a specific inhibitor of iNOS [32].
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NO production is increased during inflammatory diseases [176, 188] and it is
activated by cytokines. Indeed, a positive correlation between intramammary
and systemic TNF-o and NO production has been reported in an acute mastitis
[31]. NO production is considered as a primary defence system [131, 203] as it has
antimicrobial properties due to peroxynitrite, a reactive nitrogen metabolite, derived
from oxidation of NO [25]; however, peroxynitrite can cause alterations in antioxi-
dant balance in the organism when produced in excess [58]. During inflammatory
diseases such as mastitis, there is an increase in lipid peroxidation which causes a
decrease in levels of some antioxidant molecules leading consequently to oxidative
stress [110, 162, 284]. During inflammatory diseases, high levels of NO react
with superoxide anions leading to formation of peroxinitrite radical [25], and
peroxinitrite radicals oxidise long-chain fatty acids in cell membranes leading
to increase in lipid peroxidation and formation of free radicals [5, 279]. Therefore,
increase in lipid hydroperoxide level following lipid peroxidation during experi-
mentally induced acute mastitis in cattle clearly indicates that mastitis causes for-
mation of free radicals.

Milk from mammary glands with subclinical mastitis has higher levels of
total oxidant capacity and lower levels of TAC compared to milk from mammary
glands without subclinical mastitis [16]. An increase in ROMs following experi-
mentally induced acute mastitis with lipopolysaccharide injection has been
reported, however, a decrease in ROMS production was noted after retinoid admin-
istration [115]. Therefore it seems that mastitis could induce oxidative stress leading
to increase in formation of free radicals in milk.

Serum and milk concentrations of ascorbate levels have also been identified as
oxidative stress biomarkers in bovine mastitis. Dairy cattle affected by acute and
subclinical forms of mastitis showed a significant decrease in ascorbate concentra-
tion [158, 213]. This decrease in ascorbate concentration seems to be accompanied
by an increase in the levels of lipid hydroperoxide in erythrocytes isolated from
dairy cows with acute mastitis. The association of increased lipid peroxidation and
lowered ascorbate levels further support that mastitis induced oxidative stress in the
mammary gland. Ascorbic acid is the most important water-soluble antioxidant in
mammals [229]. It is well known that cows can synthesise vitamin C and vitamin
C is not a required nutrient for dairy cows, however, several studies are suggesting
that vitamin C is related to mastitis. Cows with mastitis have lower concentrations
of vitamin C in the plasma and milk [158, 284] and the severity of clinical signs is
proportional with the magnitude of the decrease in concentrations [284].
Subcutaneously injected vitamin C may have therapeutic value for cows with mastitis
[195, 213], however, in LPS induced mastitis ascorbate administration had
marginal effect on clinical signs but recovery of milk production was improved by
the treatment [58]. In view of the above-mentioned results, it would be interesting
to attempt the combined treatment of vitamin C and aminoguanidine to prevent the
consequences of udder-related oxidative stress and inhibit inflammation-induced
iNOS in mastitis [174].

Antioxidant nutrition plays an important part in mastitis prevention because
of the critical role of these micronutrients in mammary resistance to this disease
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[36, 86, 232, 251, 283]. Micronutrients that are associated with antioxidant activity
including vitamin A, vitamin E, B-carotene, selenium, zinc, and copper have been
studied for their effect on mastitis [36, 86] and it has been reported that antioxidant
supplementation could decrease the duration, incidence, and severity of clinical
mastitis [251]. In a study of experimentally induced acute mastitis, an increase in
antioxidant capacity by administering vitamin E and selenium was reported [192].

Vitamin E and selenium given prior to calving have also been proposed for
prophylactic treatment of mastitis, because vitamin E is depleted as calving
approaches and remains low during weeks 1 and 2 of lactation [252]. Precalving
administration of vitamin E increased plasma o-tocopherol concentrations and
neutrophils from vitamin E treated animals had a greater ability to kill bacteria
[127]. Selenium, either alone or in combination with vitamin E increases bacterial
killing by blood neutrophils [126]. GSH-Px is the selenoenzyme and it has
been observed that blood concentration of selenium and GSH-Px activity nega-
tively correlated with the prevalence of intramammary infection [87]. Low GSH-Px
activity in mastitic cows with high SCCs and high level of prostaglandin formation
has been recorded [127]. GSH-Px is the selenoenzyme and it has been observed that
blood concentration of selenium and GSH-Px activity negatively correlated with
the prevalence of intramammary infection [87]. These data further corroborate the
involvement of oxidative stress in mastitis.

Nitrate Poisoning

Oxidative stress in dairy ruminants is also likely to be induced by feed composition
and in particular its content of antioxidants or thiol-containing compounds.
For example, forage grown in the presence of high levels of nitrogen fertiliser
contains high concentrations of nitrates and nitrites, which can be converted into
peroxinitrite, a reactive species known to modify proteins and stimulate lipid
peroxidation [212]. The consumption of forage with elevated concentrations of
nitrates and nitrites may have negative repercussions on ruminant health and
welfare and may result in poor reproductive performances. Poor fertility, particu-
larly embryo mortality and high rates of return to estrus, is commonly observed
during spring grazing in dairy cows [269]. Spring grass is rich in rapidly degradable
nitrogen, thus, cows turned out onto spring grass may experience a period of excess
rapidly degradable nitrogen, which results in elevated rumen and plasma ammonia
and plasma urea concentrations, which may be deleterious to fertility [163].
Feeding excess rapidly degradable nitrogen increases embryo mortality in sheep
[180]. Ruminants may develop hemolytic anaemia (also known as “kale anaemia”)
when they have a high intake of brassica when they are introduced to the crop.
Other manifestations include growth retardation in lambs. The principal hemolytic
factor present in such crops has been attributed to S-methylcysteine sulphoxide
(SMCO), its effects being mediated through formation of dimethyldisulphide
(DMDS) in the rumen by micro-organisms exhibiting SMCO-lyase activity [248].
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All brassicas contain SMCO to various degrees. Rumen microflora convert SMCO
into a breakdown product that reacts with components of red blood cells. The effect
of the red blood cell break-down is high levels of abnormal bodies in the red cells,
called “Heinz bodies” and lowered blood haemoglobin concentration. The subse-
quent oxygen deficiency can cause sudden death or sickness. The problem is
common where brassicas have not been in the ground long enough to mature before
grazing. It has been reported that cattle grazing brassica present a reduction in
erythrocyte GSH and copper levels [22] as well as increased levels of lipid peroxi-
dation, increased erythrocyte osmotic fragility, and a decrease in lipid packing
density [250]. It has also been reported that sheep with an inherited GSH deficiency,
and thus with lower antioxidant capacity, become more anaemic when fed brassica
and exhibit a higher Heinz body count compared with GSH-sufficient animals
[265]. Such observations indicate that the hemolytic activity of DMDS may be
mediated through the formation of oxidative free radical species within the red
blood cells. Indeed, their membrane is rich in polyunsaturated fatty acids, which
makes them a primary target for reactions involving free radicals. The observation
that the susceptibility of red blood cells to free radical insult is influenced more by
plasma chain-breaking antioxidants (vitamin E, ascorbate) than by iron-binding
antioxidants (transferrin and lactoferrin; [186]) suggests that the former provide
primary protection against hemolysis induced by peroxyl radicals. Indeed, supple-
mentation with vitamin E can increase the resistance of red blood cells to oxidative
stress in cows [275].

Transport Related Diseases

Farm livestock experience a variety of stressors that can modify normal behaviour
and growth, leading to losses in performance. Transport is a critical phase in animal
production and utilisation and often considered as one of the main causes of
stress, raising considerable interest both in economic and animal welfare terms.
Transportation of cattle is a routine management practice. However, mixing groups
of unfamiliar animals and loading, unloading, and driving the cattle are associated
with psychological stress, physical damage, and injury. The most commonly measured
indicator of short-term stress is cortisol, but its levels are highly variable and
comparisons between different studies are difficult [160, 161]. During transport,
animals are exposed to a variety of potential stressors such as motion of the vehicle,
noise, vibrations, centrifugal forces, rapidly changing light conditions, heat, cold, poor
air quality, deck height, mixing of unfamiliar groups, poor road conditions, and
the possible lack of water and feed [39, 123]. Moreover, heat stress has been recog-
nised as one of the most common problems encountered during road transportation
of livestock [246] and contributes to transportation-induced stress during summer
months [23]. Animal health can be impaired by various pretransport and transport
conditions and may cause injury, reduce performance, and can promote the
development of diseases in animals [123].



Oxidative Stress in Ruminants 201

Oxidative stress has been implicated in the pathophysiology of transport-related
diseases [61, 211, 271, 285]. Stress is a main predisposing factor for respiratory
diseases especially causing shipping fever syndrome in cattle; this respiratory synd-
rome is caused by viruses and bacteria [80]. It has been suggested that viruses can
also affect the host cell redox status by increasing cellular pro-oxidants. Some
viruses are known to activate monocytes and polymorphonuclear leukocytes to
generate free radicals [234].

Stress of any origin, including transport, is capable of depleting the body’s
antioxidant resources [235]. It has been reported that vitamin E concentrations
are reduced in transported steers, and the exposure to simulated dust storms after
being transported further decreases its concentrations [60], also stress decreases
a-tocopherol concentrations in cattle plasma, neutrophils, and red blood cells
[235]. Vitamin E supplementation may be required after stress to restore o-tocopherol
in tissues [198] and indeed it seems to increase average daily gain and decrease
shipping fever mortality [99]. Concentration of ROMS is increased in white blood
cells isolated from calves after shipping, likely as a result of enhanced respiratory
burst [285] and TAC is decreased in transported calves [61]. A decrease in average
daily gain and increased bovine respiratory disease in conjunction with decreased
posttransport concentrations of serum vitamins A and E have also been reported
[60]. These observations indicate that the maintenance of optimal antioxidant status
is of crucial importance to decrease the susceptibility to transport-related disease
and to sustain productive performances in cattle.

The stress reaction can influence various metabolic processes including increase
of the body temperature, heart and respiration rate, and also the decrease of body
weight. These metabolic processes accompany oxidative stress which appears as
the consequence of excess ROM production. Information about the relationship
between cortisol concentrations and the lipid peroxidation process in cattle subjected
to the stress conditions induced by transportation is lacking. It seems that the
transport-related increase in cortisol may directly influence the increase of free
fatty acids, urea, B-hydroxybutyrate, and total plasma abumin [111, 161, 280].

Lipid peroxidation products such as MDA increase in calves after transporta-
tion and it has been associated with mortality and morbidity in shipped cattle [61].
It has been observed that plasma TBARS are increased after transportation [285].
Transport stress induces an increase in lipid peroxidation products not only in the
peripheral circulation but also in white blood cells. The oxidative response of
bovine neutrophils in vitro may mirror the destructive response observed during
bovine respiratory disease and it is one of the crucial factors causing the damage
of lung diseases [154, 286]. The decrease of lipid peroxidation intensity in leuko-
cytes after transportation by antioxidants used in this study may protect immuno-
logical cells from the development of respiratory infection process [272]. The
results of the study suggest that these antioxidants have a major impact on bovine
white blood cells during animal transport and should be recommended as protective
factors during transport [272]. Oxidative stress associated with cattle transport has
also been evidenced by excessive accumulation of leukocyte lipid oxidation prod-
ucts [271]. It seems that transport stress induces lipid peroxidation processes in
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animal tissues; indeed, stress is directly related to lipid oxidation in muscle [179].
Considering the potential effects of lipid peroxidation on the adipose tissue [120] it
would be important to establish whether serum MDA concentrations are related to
carcass characteristics of cattle, especially in cattle that have been exposed to
extensive environmental and biological stressors [61].

Processes involving weaning and transport serve as appropriate models of
commonly encountered stressors in calves and their immature antioxidant defence
system during the neonatal period could make them susceptible to oxidative stress
[133]. It is likely that stressors such as marketing (through sale yards) and transpor-
tation to the feedlot precipitate oxidative stress in cattle, which reduces the antioxi-
dant defence capacity and increases total body lipid peroxidation, resulting in the
susceptibility of cattle to respiratory disease at the feedlot. Concentration of reactive
oxygen species is increased in white blood cells isolated from calves after shipping,
likely as a result of enhanced respiratory burst [287]. TAC decreases in transported
calves, and it continues to decline for up to 4 weeks after transportation [61].
Dietary supplementation with vitamin E increases average daily gain [99] and
decreases morbidity in received cattle [47, 217], highlighting the importance of
antioxidants to ruminant health.

GSH-Px activity in post-weaned calves is highly associated with preweaning
selenium availability [24]. In weaned and transported calves challenged with
Manhemia hemolytica, signs of morbidity coincided with elevated plasma GSH-Px,
however, no evidence of whole blood GSH-Px alteration in the face of Manhemia
exposure was observed even if both plasma and whole blood GSH-Px activity were
higher in calves that had been supplemented with selenium [259]. GSH-Px activity,
therefore, is dependent on selenium status in addition to oxidative stress and
adaptive responses.

Transportation stress significantly decreases serum TAC concentrations in
calves which is a reflection of the reductant capability of the whole antioxidant
defence system, with the assumption that all of the antioxidant mechanisms are
synergistic [61]. A decrease in antioxidant concentrations could result in a decrease
in the ability of calves to detoxify reactive metabolites or reactive oxygen species
produced by cells during aerobic metabolism. It seems that oxidative stress modu-
lates the intensity of inflammation in respiratory disease development, also causing
damage to immunological cells and lung tissues [65, 69] and that it exerts a significant
impact on the immune functions of cells due to increased phagocytic activity of
neutrophils and macrophages [254].

Antioxidant administration may inhibit the inflammatory process by decreasing
expression of cell adhesion molecules, and may reduce migration of neutrophils
and inhibit proinflammatory cytokine production [84]. Administration of exogenous
a-tocopherol incorporated in liposomes protected against lung edema in animal
models of acute respiratory distress syndrome and against induced lung injury by
lipopolysaccharide in a mouse model, which correlated with the antioxidant and
oxidative status of cells [88, 221]. Vitamin E supplementation may enhance resis-
tance to infectious agents or augment immune responsiveness. Vitamin E is known
for its antioxidant function and can augment immunity through enhanced GSH-Px



Oxidative Stress in Ruminants 203

activity in leukocytes and stimulation of helper T-cells, chemotaxis, phagocytosis,
and antibody production ([4, 184, 258]). Vitamin E supplementation to newly
arrived calves has been associated with reduced serum acute-phase protein concen-
trations on day 7 for SAA and AGP and day 28 for Hap, SAA, and AGP [61]. It is
likely that vitamin E supplementation decreased inflammatory mediators such as
IL-6 and TNF-a, which stimulate the acute-phase response through reduction of
oxidative stress. However, whether it is desirable to reduce the acute-phase response
of stressed cattle must be questioned as haptoglobin provides antioxidant and anti-
microbial activity and plays a role in stimulation of angiogenesis [75]. Therefore,
during development of respiratory tract disease, the acute phase response is prob-
ably important in helping an animal resist respiratory tract pathogens.

Reproductive Disorders

In human medicine, there is growing evidence on the effects of oxidative stress in
the female reproduction system [1]. ROMs can affect a variety of physiological
functions in the reproductive tract, and excessive levels can result in precipitous
pathologies affecting female reproduction. In ruminants and in the dairy cow in
particular, oxidative stress has been associated with several pathological conditions,
such as retained placenta, udder edema, and mastitis, which in turn may impair
reproductive performance. Antioxidant status may be one determinant of reproduc-
tive function in dairy cattle. Administration of vitamin E or the combination of
vitamin E and selenium has been reported to reduce the incidence of postpartum
reproductive disorders such as retained foetal membranes, metritis, and cystic ovaries
[9, 122] and to improve fertility [11, 19]. In other studies, however, there was no
beneficial effect of administration of supplemental vitamin E alone or in combina-
tion with selenium on reproductive function [81, 152, 233].

ROM can be either beneficial or detrimental to reproductive events [1]. Low
levels of ROM can be beneficial in promoting the binding of sperm to the zona
pellucida [2, 68, 238]. In cattle, the superoxide anion and hydrogen peroxide are
essential for sperm capacitation and the acrosome reaction, respectively, in vitro
[202, 203]. However, high hydrogen peroxide concentrations reduced bull sperm
motility in vitro [202] and may impair fertilisation and embryo development
[206, 276]. The role of oxidative stress in the control of female reproduction has
not been fully elucidated in ruminants, however, it seems that pro- and antioxidants
can influence the reproductive axis at different levels.

ROMs are produced in the steroidogenic cells and mononuclear phagocytes in
the corpus luteum and the increase in ROMs in the corpus luteum seems to be
involved in luteolysis [153, 260]. For instance, a decline in expression of SOD,
as well as catalase, occurs during apoptosis in regressed corpus luteum of the
bovine ovary [225]. Although ROMs have been implicated as both positive and
negative regulators of luteal cell steroidogenesis [45], it has been proposed that
uncontrolled generation of ROMs, such as that elicited by PGF2 [231], disrupts
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cellular homeostasis leading to functional and structural luteolysis. Data supporting
a role for ROMs in the loss of progesterone synthesis are derived from numerous
studies of the effects of oxidative stressors and antioxidant factors on luteal cell
steroidogenesis in vitro [194, 274].

Furthermore, PGF2 -induced accumulation of ROMs occurs before the decrease
in progesterone synthesis [230], suggesting a direct cause—effect relationship.
In addition, ROMs have been reported to inhibit progesterone synthesis by the
inhibition of cytochrome P450 scc, intracellular transport of cholesterol to mito-
chondria, and by impairing luteinising hormone receptors [260]. Considering
that ROMs are generated in the corpus luteum and that SOD activity has been
reported in the corpus luteum, it is reasonable to speculate that ROMs and SOD are
involved in the regulation of the corpus luteum function. When an imbalance occurs
between oxidants and antioxidants, as in oxidative stress, the corpus luteum
activity can be impaired leading to premature luteolysis [260]. Indeed, ROMs can
disrupt the integrity of luteal cells plasma membrane, which is often seen in the
regression of the corpus luteum. The increase in ROMs during the regression phase
of the corpus luteum could be ascribed to the decrease in SOD expression observed
in the corpus luteum of pseudopregnant rats after PGF2_ administration [242]. Also
PGF2_ may contribute to ROM increase because it induces lipid peroxidation [242]
and stimulates superoxide radical production [262].

Also macrophages have been hypothesised to be involved, at least in part, in
luteolysis. Macrophages produce ROMs and damage cells when they are activated.
They increase in number in the regressing corpus luteum and produce cytokines
that inhibit P4 production by luteal cells [260]. In addition, a decrease in blood flow
occurs in the ovary during the corpus luteum regression and this may cause tissue
damage via reactive oxygen species generation by the mechanism of ischemia-
reperfusion injury [260].

Finally, ROMs are generated during normal embryo metabolism but an excess
in ROM production that occurs during oxidative stress has been reported to impair
embryo development leading often to embryo death [116]. Embryos have internal
(SOD and GSH-Px) and external (transferrin, ascorbic acid present in the oviduct)
mechanisms to protect themselves against ROM attack as well to dispose of ROM
excess [116]. However, due to continuous and abundant ROM production during
embryo development, OS may occur. ROMs can damage preimplantation embryos
by increasing lipid peroxidation [116] and DNA fragmentation [261], by altering
either enzymes or mitochondrial structures and functions, and leading often to
embryonic death [1, 116].

Oxidative stress might also be considered one of the mechanisms that link
inflammation with embryo mortality. For example, observations from cows experi-
encing mastitis suggest that activation of inflammatory or immune responses can
lead to embryonic mortality [121]. These embryonic losses appear to follow activation
of multiple pathways that disrupt the reproductive axis at several points including
the hypothalamic—pituitary axis, ovary, oocyte, and the embryo [121]. Activation of
inflammatory and immune responses leads to an increase in cytokine production,
which in turn can increase secretion of other molecules detrimental for embryo
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survival and development, such as PGF2_or NO [121]. Elimination of bacterial
infections through phagocytosis involves activation of neutrophils which, once
activated, undergo the respiratory burst releasing ROMs intended to target foreign
pathogens, but the lack of specificity in these reactions may result in tissue damage
to the host [174].

Pregnancy itself involves an increase in activated monocyte and macrophages, as
well as markers of OS, consistent with a proinflammatory state [197]. A positive
correlation between AOPP and C-reactive protein in pregnant women has been
reported indicating that an association between inflammatory mechanisms and oxida-
tive stress in pregnancy is a likely event [90]. Maternal and foetal metabolism during
pregnancy is greater than at any other stage in the life cycle, because of increased
mitochondrial activity in maternal tissues and the conceptus [18]. This is associated
with an increase in the production of ROMs particularly in dairy cows during late
gestation [27, 28, 48]. A reduction in feed intake reduces antioxidant intake and the
endogenous synthesis of antioxidant proteins and peptides [296], whereas overfeeding
results in an increase in ROM production as a consequence of increased oxidation
of energy substrates [89]; in both scenarios the oxidative defence system is weak-
ened and oxidative stress can result. In addition, a deficiency of antioxidant minerals
(e.g., Se, Zn, Cu, or Fe) or vitamins (e.g., folic acid, vitamin B6, and vitamin B12)
reduces the survival and growth of embryos and foetuses [13].

Oxidative stress during pregnancy has been reported in cases of intrauterine
growth restriction (IUGR; [30]) and the situation is worsened in response to both
underfeeding [48] and overfeeding [63]. As a consequence, a reduction in the bio-
availability of tetra-hydrobiopterin (BH,), an essential factor for endothelial NOS
and a potent antioxidant, and NO in maternal and foetal tissues, develops [240].
This may contribute to insulin resistance in cows and sows during late gestation,
because NO mediates the stimulatory effect of insulin on muscle glucose uptake
and metabolism [138]. The recognition of oxidative stress in [UGR has led to the
development of selective interventions. For example, dietary supplementation of
selenium could enhance placental angiogenesis and foetal growth in underfed ewes
[215]. This effect may result, in part, from an increase in the bioavailability of BH,
and NO in the vascular system through an increase in the activity of selenium-
dependent GSH-Px to remove hydrogen peroxide [240, 294]. Finally, increasing
the biological availability of Zn, Cu, and Mn through attachment to short-chain
peptides has been reported to improve reproductive performance of swine, partly
by enhancing antioxidant functions [130]. Moreover, it is well known that immune
cells generate a large amount of ROMs when stimulated [174, 201, 257]. At the
moment, the reciprocal role of each actor in respect to the others is far from being
elucidated. Several pathways might be activated but a central role of oxidation
products seems likely.

In sheep early embryonic mortality is the main source of reproductive wastage
[50]. This high embryonic mortality rate has enormous economic implications,
increasing reproductive wastage and retarding genetic progress. The high rate of
pregnancy failure is assumed to be a consequence of insufficient communication
between the conceptus and the maternal environment. Biomarkers of oxidative
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stress seem to be involved in this network [55]. The oxidant status can influence
early embryo development by modifying the key transcription factors and hence
modifying gene expression [70]. Concentrations of ROM may also play a major
role both in the implantation and fertilisation of eggs [239]. There is an increased
interest in examining the role of oxidative stress in female reproduction because
it may be a major link in the infertility puzzle. Oxidative stress modulates a range
of physiological functions and its role in pathological processes affecting female
reproduction. It is important to further elucidate the role of oxidative stress in
infertility and embryonic losses in sheep and thus design strategies to overcome
its adverse effects. Strategies to overcome oxidative stress are aimed at minimising
the exposure of gametes to environments that generate free radicals. Spermatozoa are
the exogenous source of ROMS and therefore they can play an active role in the
regulation of the reproductive tract microenvironment.

Oxidative stress can also affect reproductive events through reactive nitrogen
species such as NO [224]. An endogenous NO system exists in the fallopian tubes
[223]. NO has a relaxing effect on smooth muscles and it has similar effects on
tubular contractility. Deficiency of NO may lead to tubal motility dysfunction,
resulting in retention of the ovum, delayed sperm transport, and infertility. Infertility
associated with urogenital tract infections is associated with diminished sperm
motility and viability. Increased NO levels in the fallopian tubes are cytotoxic to the
invading microbes and also may be toxic to spermatozoa [222]. In addition, NO
might participate in the regulation of uterine contraction [199]. Indeed, a decrease
in antioxidants may contribute to impaired muscle tone and thus uterine contract-
ibility. This can result in decreased transport of sperm to ova or retained placenta
[184]. In a normal fertile woman, the contractions increase throughout the prolifera-
tive and periovulatory phases, and decrease in the secretory phase. From this point,
NO is synergistic with progesterone and might relax uterine contractions in the secre-
tory phase in a paracrine fashion. Studies on the effect of oxidative stress in the
regulation of the reproductive physiology in sheep are lacking.

Therefore it seems that oxidative stress is involved in several events that occur
in the maternal reproductive tract. The precise mechanisms by which oxidative
stress regulates the physiology of reproduction are still not clear. Therefore we need
to investigate the role that oxidative stress plays in the control of reproductive
events in sheep. Clarity in the understanding of these processes will lead to the
improvement of assisted reproductive technologies. Further characterisation of
components involved in maternal-embryo communication will lead to the identifi-
cation of these factors. This will allow strategies to be devised that will reduce early
embryonic and economic losses.

Retained Placenta

Retention of the foetal membranes is a common, albeit poorly understood
postpartum disorder that has a negative effect on reproductive efficiency and
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profitability of milk production in dairy cattle [164, 257]. The release of foetal
membranes postpartum is a physiological process, involving loss of fetomaternal
adherence, combined with contraction of uterine musculature [181]. Retention of
the foetal membranes seems to be due to an abnormal physiological process for
the release of foetal membranes or pathological factors that affect the loosening
mechanism of the placentomes [181]. Disturbances of the lipid metabolism during
late pregnancy are associated with a high frequency of retained placenta [107].
Retention of the foetal membranes can result in improper control of enzyme
activities leading to disturbances in metabolic pathways of collagen or hyaluronic
acid [83, 149, 150]. This, in turn, may directly influence the process of improper
separation of cotyledonary membranes. These consequences may also include an
imbalance between production and neutralisation of free radicals, which could
appear during impaired hormonal metabolism. Retention of foetal membranes
seems to be connected with an imbalance between production and neutralisation
of pro-oxidants [146]. Impairment of the antioxidant defence systems seems to be
responsible for retained foetal membranes [144, 151] as well as alterations in
lipid and protein peroxidation products [145, 147]. The reduced incidence of
retention of the foetal membranes after supplementation with Vitamin E and
selenium [82, 139, 236] suggests a role of oxidative stress in the aetiology of
retention of the foetal membranes.

Steroid and prostaglandin metabolic pathways can be a source of ROMs as well
as being altered by influence of excess ROMs. Differences in steroid hormones as
well as prostaglandin concentrations between animals unaffected and affected by
retention of the foetal membranes have been reported [143, 146, 148]. There are
reports describing the differences in PGF2  and PGE, concentrations in placental
tissue between released and retained cotyledonary membranes [166, 249]. Plasma
progesterone is higher and the levels of oestrogen are lower in cows that retain
the placenta than in animals that do not [59, 114]. The levels of 8-iso-PGF2_ are
higher in retained than in nonretained placental tissues [146] and this elevation
seems to be due to an increase in lipid peroxidation [145, 147]. Thus, the increase
in concentrations of 8-iso-PGF2_ in bovine caruncle and cotyledon of the placenta
may be the result of ROM imbalance and may cause tissue oxidative damage,
accompanying the improper release of cotyledonary membranes.

Production Diseases

Several production diseases of the dairy cow are a manifestation of the cow’s inability
to cope with the metabolic demands of high production and they include conditions
such as retained placenta, displacement of the abomasums, ketosis, acidosis, fatty
liver, hypocalcaemia, hypomagnesaemia, and laminitis [193]. It seems that oxida-
tive stress is involved in the pathogenesis of these diseases and that antioxidant
therapy might be beneficial in reducing the incidence of these diseases during the
transition period.



208 P. Celi

Acidosis is the most important nutritional problem of dairy cattle and is also a
major challenge for feedlot cattle. Lameness is one of the most important health
and welfare challenges for the dairy industry. Relatively cheap grains provide an
excellent and economical energy source, but the use of these and increasing emphasis
on high quality, lush pastures can place herds at increased risk of acidosis. This
condition can appear in a variety of situations and with different clinical signs.
Ruminal lactic acidosis is a clinical disorder of cattle that can result in rumenitis,
metabolic acidosis, lameness, hepatic abscessation, pneumonia, and death. Of
greater economic importance are losses that result from subclinical acidosis in dairy
cattle, particularly those fed on pasture [37]. Acidosis can be involved in the aetiology
of several diseases. The marked increase in ruminal acidity and osmolality can
damage the ruminal and intestinal wall, decrease blood pH, and cause dehydration.
Laminitis, polioencephalomalacia, and liver abscesses often accompany acidosis.
Even after animals recover from a bout of acidosis, nutrient absorption may be
retarded [205]. The above, together with a shift in rumen bacteria and possible
defaunation [101] could induce oxidative stress.

Grazing may provide dairy cows with health benefits from certain vitamins and
minerals. Although fresh forage is typically considered capable of supplying adequate
levels of antioxidants for dairy cattle, the availability of these compounds for lactating
grazing cows is diminished when pasture availability is not adequate to meet their
energy requirements. In this situation the gap between energy required for milk
production and energy intake is often met by supplementing cows with conserved
forage such as silage. Silage is known for its poor content in antioxidants [20] and
thus this might expose cows to oxidative stress. Considering that rumen microbes
are predominantly anaerobes, with a less-developed antioxidant capacity than aerobe
organisms, it is likely that the reduced antioxidant content of the silage might
induce oxidative stress in the ruminal micro-organism, compromising their prote-
olytic activity and optimal growth. Because ROMs and antioxidants are involved in
several physiological functions it might be beneficial to supplement cows with
antioxidants [208].

A dramatic increase in energy requirements during the transition period
makes dairy cows highly susceptible to negative energy balance. The metabolic
adaptation to negative energy balance requires interactions of metabolic fuels and
its failure may occur in various tissues such as the liver, adipose tissue, and others
[124]. The failure of metabolic adaptation to negative energy balance is crucial in
the development of oxidative stress as the antioxidant capacity is frequently not
sufficient to neutralise the increase in free radicals [184]. Intensified processes of
NEFA oxidation proceed in the liver and result in the increased production of
ketone bodies and lipid accumulation in the liver (lipomobilisation syndrome). The
production of reactive oxygen species is also increased and cows experience
oxidative stress [27, 28]. The lipomobilisation syndrome causes hepatomegaly and
development of fatty liver during lactation [124]. Cows with liver failure have
raised hepatic lipoperoxidative processes and a low antioxidative status [191].

Paraoxonase is a high-density lipoprotein (HDL)-associated enzyme, which has
antioxidative properties. A decrease in serum paraoxonase activity has been
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observed in cows with hepatomegaly [266] and it could be considered as a result of
the metabolic imbalance taking place mainly in the liver. Lower PON activity could
contribute to an overall reduction of antioxidant capacity in dairy cows throughout
the transition period which could make them more susceptible to inflammatory
disease and reproductive disorders in advanced lactation. A positive correlation
between paraoxonase and milk production has been observed in dairy cows. Bionaz
et al. [29] emphasise the importance of preventing inflammation during the transition
period. High liver function during the first month of lactation should be promoted
to obtain high performance in dairy cows. It seems that baseline plasma paraoxo-
nase is a promising diagnostic index for identifying the early lactating cows whose
usual liver functions may be impaired [29]. Cows diagnosed with low paraoxonase
can be treated to promote their recovery; thus, their liver function may be improved
so that they can cope with the increase in metabolic demands after parturition.

Elevated levels of NEFA in plasma, betaoxidation of fatty acids for energy
production, and hyperketonemia are the major biochemical changes recorded in
ketosis. The free fatty acids not only induce a state of oxidative stress, but also
impair endogenous antioxidant defences by decreasing intracellular glutathione
[35]. Also, elevated ketone body levels have been reported to influence cellular
GSH and lipid peroxidation in vivo, and there was enhanced generation of super-
oxide radical by acetoacetate [135], suggesting that oxidative stress plays a vital
role in clinical and subclinical ketosis in dairy cows inducing a state of oxidative
stress [28]. With the increased blood level of NEFA in ketosis, it can be well presumed
that oxidative stress may play, at least in part, a significant role in the progression
of the disease process in a state of negative energy balance. Indeed, the supplemen-
tation with antioxidants improves the rate of recovery and metabolic health of cows
affected by subclinical ketosis [226].

Abomasal displacement is one of the most important noninfection diseases
in high-yielding dairy cows and occurs in approximately 3.5% of dairy cows
each year. Abomasal displacement is a multifactorial disease with numerous nutri-
tional risk factors. Cows exhibiting low feed intake during the peripartum period
are at increased risk of displaced abomasum. Cows fed high concentrate-to-forage
ratio diets in early lactation, diets that promote hypocalcemia, or diets with inade-
quate particle size are also at increased risk of having a displaced abomasum
[107]. Cows with elevated blood levels of NEFA before calving are at increased
risk of developing left displacement of the abomasum, suggesting that prepartum
diets as well as early lactation diets are contributing to abomasal displacement [42].
Finally, oxidative stress seems to be involved in the pathogenesis of this disease
[96]. It has been reported that the administration of ascorbic acid and a-tocopherol
in dairy cows with left abomasal displacement results in a more rapid decline of
fatty acid concentrations to normal levels than untreated animals. The resumption
of ruminal activity was observed as early as 24 h after repositioning of the abo-
masums in the treated animals [95]. This observation indicates that enhancing the
antioxidant status of the cows is a useful tool to treat abomasal displacement.
Whether antioxidant supplementation prepartum can prevent this condition remains
to be determined.
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Milk fever and subclinical hypocalcaemia are the most important macromineral
disorders that affect transition dairy cows. Milk fever occurs when calcium leaves
the blood to support milk production faster than Ca can be put back into the blood
from the diet, skeletal Ca stores, and renal conservation of calcium. The disease is
characterised by an acute decline in blood Ca concentration to levels that no longer
support nerve and muscle function. The result is a weak cow that is unable to contract
smooth muscles (such as those responsible for abomasal contraction and closure of
the teat sphincter) or skeletal muscle properly, which can result in a cow that is
unable to stand [107]. An important component of the homeostatic control that
regulates extracellular calcium is 1,25-dihydroxy vitamin D. Delayed or insufficient
production of 1,25-dihydroxy vitamin D is thought to be a common cause of milk
fever [109]. Because hydroxylation of cholecalciferol in the 1 and 25 positions is
dependent on cytochrome P-450 enzymes [281], ROMs inactivation of these
enzymes [258] may inhibit 1,25-dihydroxy vitamin D production and have implications
for milk fever.

Parasitic Infections

Parasitic diseases seem to be a causative source of oxidative stress; indeed, several
studies have reported on the presence of oxidative stress in humans and animals
infected with parasites [237, 270] as well as the antioxidant defence mechanism
that exists between parasites and the mammalian host [269]. In human allergic
inflammatory diseases, such as helminthic infections, the associated influx of
eosinophils has been implicated as a primary source of tissue damage [66], possibly
via their potent ROM production [210, 297]. Ruminant gastrointestinal nematode
infections are common and widespread, and their immunopathology closely resembles
that of human gastrointestinal infection. However, research on intestinal parasites
linking to oxidative stress in ruminants is still scarce.

The responsiveness to nematode infection varies considerably between ruminant
species, with goats being markedly more susceptible and less capable of developing
immune resistance than sheep [129, 132, 293]. Marked species differences in anti-
oxidant status have been observed between sheep and goats and it seems that these
differences were influenced by nematode infection [169]. Moreover, an intriguing
relationship emerged between antioxidant status and differences in the relative
susceptibility of sheep and goats to nematode infection. Compared with sheep,
goats have higher plasma concentrations of albumin, SH groups, vitamins E and A,
and TAC [169]. Thus it seems that the effect of nematode infection on total antioxi-
dant status reflects increases in oxidative stress related to intestinal nematode
infection. As goats have evolved as browsers, they are less likely than sheep (grazers)
to be exposed to parasitic larvae [263]. Therefore goats might have been under less
evolutionary pressure to develop natural resistance to gastrointestinal parasite
infections. Therefore the higher antioxidant status in goats might allow them to
counteract the potentially greater oxidative challenge in response to gastrointestinal
parasite infection [169].
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The nutritional status of the host can influence the rate of acquisition of immunity
to parasitic infection [64] and a better understanding of the role of nutrition will be
important if producers are to make better use of the host acquired immunity and
reduce dependence on anthelmintics [273]. The role of selenium is of particular
relevance especially in selenium-deficient areas. Sheep produced and run in these
areas are more susceptible to diseases and infection due to immunodeficiency
[220]. With escalating anthelmintic resistance, it is critical that more integrated
approaches to parasite control are investigated.

Selenium is an essential element in the diet of animals and is important in host
antioxidant defence and immune function [219, 253]. A deficiency can result in ill
thriftiness, reproductive losses, reduced reproductive efficiency, wool yields, and
reduced growth rate in young lambs throughout the growing period [218, 220, 287],
and a severe selenium deficiency can lead to sudden death from white muscle
disease [288]. Selenium is a component of the selenoenzyme GSH-Px, which acts
as an antioxidant and helps prevent tissue damage caused by free radicals. GSH-Px
has been used as an indicator of selenium status in animals due to the high correlation
found between dietary selenium and the activity of this enzyme in plasma and red
blood cells [8].

A deficiency in selenium has been reported to cause delayed adult worm expul-
sion and increased egg production of established female worms in mice inoculated
with the gastrointestinal parasite Heligmosomoides polygyrus, suggesting an
impaired intestinal response in the mice [253]. No differences in the overall immune
response to Haemonchus contortus infection have been observed in sheep given an
intraruminal selenium pellet [137]. Selenium supplementation on helminthes burdens
of marginally selenium deficient suckling Angora goat kids did not influence the
level of parasitism [91]. It seems then that selenium supplementation may not offer
a useful additional means of controlling internal parasites of Angora goat kids.
However, other studies have demonstrated that both selenium and vitamin E are
required for specific IL-4-related changes in intestinal physiology that promote host
protection against gastrointestinal nematode parasites in mice [17, 253].

In selenium-supplemented sheep lower faecal egg counts than the nonsupple-
mented counterparts have been observed, which suggests the selenium status of
sheep may influence the rate of acquisition of resistance to parasitic infection [54].
The observed negative correlation between faecal egg counts and GSH-Px suggests
that an increase in GSH-Px activity may reduce parasitic infection. However, as the
correlation was not very strong it is likely that selenium status is not the only factor
responsible for the development of resistance to gastrointestinal parasites in Merino
sheep [54]. Indeed, there are a number of other factors that can also play a role in
the development of resistance and resilience to gastrointestinal parasites such as
age, climatic conditions, genetics, nutrition, and grazing management [41, 62, 273].
Further evaluation of the contribution of selenium to worm expulsion should con-
tribute to an understanding of the role of oxidative stress in the development of
resistance to gastrointestinal parasites.

Tropical theileriosis is a progressive lymphoproliferative disease of cattle caused
by the protozoan parasite Theileria annulata. The parasite acts as a serious con-
straint to cattle production in endemic areas, causing lethal infections in exotic cattle
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and considerable mortality in indigenous and crossbred stocks [106, 190]. There is
some evidence that oxidative stress and lipid peroxidation incorporate in pathogen-
esis of anaemia in theileriosis. An increase in oxidative stress and in lipid peroxida-
tion in erythrocytes of cattle infected with 7. annulata has been reported and it seems
that this might be the cause of increased erythrocyte fragility due to membrane lysis
[112]. The levels of methemoglobin, used as an index of erythrocytes oxidation,
markedly increase at the onset of anaemia in experimental Theileria sergenti infec-
tion [246] and an inverse relationship has been observed between methemoglobin
levels and PCV [243]. An increase in protein oxidation in the membrane of erythro-
cytes has also been reported in 7. sergenti-infected cattle [296]. Finally, the levels of
antioxidants in erythrocytes are decreased during the progression of anaemia in
cattle infected with 7. sergenti [245]. It seems that oxidative changes in erythrocytes
are closely related to the pathogenesis of anaemia in theileriosis.

Lipid peroxidation in erythrocytes of affected cattle increases MDA production
[14, 112, 196, 228]. Increased MDA concentration in erythrocytes of affected cattle
may be an indication of elevated oxidative stress in theileriosis. High levels of
MDA have been associated with erythrocyte infection rate with 7. annulata and the
severity of anaemia [14]. Similarly, in cattle with 7. sergenti during the onset of
anaemia, levels of MDA increased remarkably in proportion to the decrease of packed
cell volume and increase of parasitemia [244]. Similar observations have been
reported in calves infected with 7. sergenti [117, 295]. These observations further
support the hypothesis that oxidative damage to the erythrocytes plays a crucial role
in the pathogenesis of anaemia in bovine theileriosis.

Leptospirosis

Leptospirosis, a zoonotic disease with worldwide distribution, is considered a
toxin-mediated disease leading to lipid peroxidation as lypopolysaccaride of its
membrane plays a role in the cytotoxicity [157, 167]. The induction of lipid peroxi-
dation gives rise to an increase in MDA content [85]. This procedure activates cell-
protective antioxidant defence mechanisms such as glutathione and uric acid [94].
An increase in NO levels in humans with severe leptospirosis has been reported
[175]. In inflammatory conditions, NO production increases through stimulation of
inducible NO synthase via activation of proinflammatory cytokines and causes NO
mediated tissue injury by reacting with superoxide to generate peroxynitrite, a
powerful cytotoxin [46]. It seems then, that NO may play a role in the pathogenesis
of leptospirosis [175]. In cattle affected by leptospirosis an increase in MDA and a
decrease in GSH pool have been observed [85] indicating that oxidative stress is
involved in the pathogenesis of leptospirosis. The increase in uric acid and NO, and
decreased albumin concentration in leptorpirosis cases [85] further support the role
of oxidative stress in leptospirosis-affected animals.

Uric acid increases during acute oxidative stress and ischemia and its increased
concentrations might be a compensatory mechanism that protects tissue against
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free radicals [6, 105]. A decrease in albumin may also be indicative of oxidative
stress as albumin possesses a significant antioxidant activity [33] and the antioxi-
dant effect of albumin against free radical induced blood haemolysis has also been
reported [34]. The measurement of uric acid, albumin, and reduced GSH and MDA
concentrations can therefore be used as indicators of oxidative stress in diseases
such as leptospirosis

Oxidative Stress in Ruminant Metabolism and Production

Metabolic Changes Mediated by ROMs

Impairment of animal performance by ROMs may involve altered metabolism as
much or more than actual cell damage. ROMs are involved in numerous signalling
pathways [77] and some of these are involved in the control of anabolic and cata-
bolic processes. For example, proteins that are sensitive to oxidative damage often
react with ROMs through redox-active cysteine residues and because these cysteine
residues undergo similar oxidative modification in response to oxidative changes in
SH groups’ redox status, disease-related changes in redox status may cause disruption
of those physiological responses [78]. Both antioxidant defence and reactions
catalysed by steroidogenic enzymes require reducing equivalents provided by
NADPH [168, 209]. Excessive consumption of reducing equivalents by oxidative
stress can lower NADPH, and increase NADP concentrations despite elevated
activity of the monophosphate shunt, which generates the reduced form [155].
Consumption of reducing equivalents by ROM reactions can diminish the supply of
NADPH available for important physiological processes.

Finally, the induction of the monophosphate shunt by increased ROM imbalance
can divert glucose from other pathways. This possibility assumes greater impor-
tance when the requirement for glucose and the quantity available in the ruminant
are considered. In dairy cows, pregnancy and lactation are physiological stages
considered to induce metabolic stress [76]. Dairy cows can experience oxidative
stress [28, 49, 208], which may be associated with metabolic diseases during the
peripartum period [184]. A number of recent studies have reported variable levels
of oxidative stress during the periparturient period in dairy cows [28, 48, 97] and
it seems that ROMs and antioxidants may be involved in some relevant physiologi-
cal functions such as milk yield [98]. The adoption of intensive methods of hus-
bandry in dairy ruminants for higher milk yields is likely to increase the incidence
of metabolic diseases. The study of the metabolic and nutritional factors that affect
the oxidative status in ruminants is an interesting area of research and there is a
growing body of evidence underpinning the pathophysiological consequences of
oxidative stress in farm animals.

The animal feed industry is under increasing consumer pressure to reduce the
use of antibiotics as feed additives. This is a natural consequence of the increasing
demand for safe products for human consumption. The use of herbs as additives in
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livestock nutrition, as an alternative to other chemical compounds, is a new goal in
livestock production [177]. The use of alternative feedstuffs naturally rich in anti-
oxidants, in ruminant nutrition represents a novel management tool that is green,
clean, ethical [178], and extremely easy to use. However, the effect of dietary anti-
oxidant supplementation in ruminants has not yet been fully evaluated and thus, the
role and the activity of natural antioxidants not commonly present in the diets of
ruminants warrants further investigation.

Milk Production

In the postpartum period, cows are metabolically challenged as energy demands
outstrip energy intake, and animals enter a state of negative energy balance [134].
This triggers mainly catabolic pathways which, at the cellular level, increase the
production of ROMs [28]. There is evidence that oxidative stress is affected by
body condition at calving [28] and by milk yield [49, 172] and diet [98]. Cows with
a body condition score greater than 3 before calving mobilise more body reserves
in the postpartum period and experience more oxidative stress than animals with
lower scores [28]. Cows with high milk yields have higher concentrations of oxidative
stress than lower-yielding animals [49, 172] and the feeding of high levels of starch
to cows during early lactation increases oxidative stress, possibly due to changes in
oxidative phosphorylation [98].

In cows fed two different diets designed to achieve restricted or high milk
production, the concentration of antioxidants was low and the concentration of
ROMs high in the first 2 weeks of lactation in both groups [208]. The concen-
tration of antioxidants was lower during early lactation, in agreement with other
reports [108, 165], and is presumably due, in part, to the utilisation of antioxi-
dants in colostrum production [108]. Changes in free radical and antioxidant
concentration appear to represent homeorhetic processes that normally occur in
early lactation, although these were higher in the feed-restricted cows [208].
Given the lack of reference values for ROM and BAP in cows, and the fact that
few studies have been carried out in this area, the causes of oxidative stress are
difficult to identify. Therefore, medium- and high-energy balance and milk
yield categories have been developed to further investigate the relationship
between these variables and oxidative stress [208]. This approach reduces the
effect of individual cow variation and also takes into account the effect of the
feeding system.

For the energy balance category, the results indicated that an increased energy
reserve mobilisation affected the level of oxidative stress but only in cows fed to
achieve restricted milk production. Cows fed to achieve restricted milk produc-
tion had higher levels of OS and of NEB relative to cows fed to achieve high
milk production. Oxidative stress levels were related to lower BAP concentra-
tions in cows fed to achieve restricted milk production, a finding that might
suggest that only cows with very high body reserve mobilisation experience
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oxidative stress [208]. Indeed, cows in good body condition at calving and in
high negative energy balance in early lactation had higher oxidative stress [28].
Similarly in humans, obesity is associated with high levels of pro-oxidants
[280]. Therefore, the higher level of oxidative stress in cows in extreme negative
energy balance might reflect a reduction in the precursors of endogenous anti-
oxidants. Although milk production is associated with oxidative stress due to the
increased cellular metabolism involved [49, 172], it has been found that oxidative
stress was higher in cows fed to achieve restricted milk production or tended to
be higher in cows fed to achieve high milk production when the yield was lower
[208]. The high level of oxidative stress in low-producing cows was associated
with high concentrations of ROM.

Dairy cows are exposed to various metabolic pressures of adaptation to high
milk yield and environmental conditions and oxidative stress may develop. It has
been proposed that the activation of antioxidant defences is a preparative mechanism
against oxidative stress caused by physiological stress situations [125]. It seems,
indeed, that the entire antioxidant system is under homeostatic control. However,
when metabolic reactions are overloaded, free radicals accumulate and the distur-
bance of the redox balance may occur, resulting in oxidative stress.

Heat stress has also been suggested to affect oxidative status in dairy ruminants
which can affect reproductive and productive performances. Evidence suggests that
the effects of elevated temperatures on embryonic development involve changes in
the metabolism of free radicals. Heat shock increases intracellular ROMs in
cultured bovine embryos, which in turn delays or blocks embryo development
[229]. Moreover, exposure of cultured mouse embryos to elevated temperatures
causes a reduction in GSH [10]. The situation in vivo is still somewhat contro-
versial. No evidence of a beneficial effect of supplemental vitamin E and selenium
above estimated requirements on reproduction or milk yield of lactating dairy cows
under cool or heat stress conditions or of vitamin E as an embryonic thermopro-
tectant or as a culture medium additive for enhancing development of preimplanta-
tion embryos in culture have been observed [207]. It is possible that supplementation
of vitamin E and selenium are unlikely to enhance reproductive or lactational
performance of lactating dairy cows receiving adequate dietary requirements of
these nutrients.

Higher erythrocyte oxidant and antioxidant biomarkers in cows calving in summer
than in cows calving in spring has been reported [27], which would indicate some
effects of hot weather on the oxidative status of transition cows. Also higher plasma
ROM concentrations have been reported in lactating dairy goats in summer com-
pared to spring [74]. In another study heat stress did not increase lipid peroxidation
or lipid-soluble antioxidant concentrations in blood of lactating cows [266].
However, the objective animals of these studies were of different physiological
status, which might be responsible for the discrepancies of the results. Taken all
together, these results may suggest that the effects of heat stress on oxidative status
are probably related to the physiological phase of the animals, and also that these
effects might be different at the local (embryonic development within the uterus) or
systemic level (plasma oxidative stress biomarkers).
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Current and Future Developments

The field of oxidative stress in ruminant medicine is still in the early stages of
development. Oxidative stress has been associated with numerous conditions,
however, there is a great deal to be discovered about its role in ruminant health and
production. For example, if oxidative stress is a primary cause of pathological
change or a consequence of disease processes still remains to be determined.
Clarity of understanding of the pathophysiology of oxidative stress in ruminants
will allow the design of specific antioxidant therapies.

Future research should focus on the establishment of a reference panel of oxida-
tive stress biomarkers to be used in veterinary medicine. Future research should
also address the issue of standardisation of techniques and methodologies to study
oxidative stress. For example, tissue biopsy sampling techniques can be utilised
only in particular cases in veterinary medicine, therefore a major challenge in
veterinary oxidative stress research is to develop a set of blood biomarkers that can
reliably reflect the tissue oxidative status in the individual animal. There are numerous
techniques that can be used to measure oxidative damage [174], however, veteri-
nary scientists and clinicians need to establish whether oxidative stress biomarkers
measured in blood and/or serum provide a reasonable index of the general oxidative
stress status. Considering that oxidative damage is likely to occur in only few tissues
at the same time, high levels of serum oxidative stress biomarkers can be the conse-
quence of (1) a generalised increase in oxidative stress in most of the tissues, resulting
in an increase of the biomarker concentration in blood proportional to the extent of
tissue damage; (2) the increase of oxidative stress just in a particular tissue which
is the origin of the pathological dysfunction; and (3) an increase of oxidative damage
produced specifically in the circulatory system [12]. Even if several animal studies
seem to suggest that oxidative stress biomarkers change in the same direction in
blood and tissues, this needs to be fully evaluated in ruminant species.
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