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Introductory Remarks: 

The demonstration of oxygen free radicals and their derivatives was first 
described nearly fifty years ago 1

•
2

. At that time, free radical species were 
proposed as a pathological mechanism behind aging, cancer, and other 
degenerative conditions. Fifteen years later, the antioxidant enzyme superoxide 
dismutase was identified, thereby validating the proposed in vivo significance of 
reactive oxygen species (ROS). Over the next fifteen years, signaling roles were 
discovered for ROS and the reactive nitrogen species (RNS) nitric oxide (NO) 
indicating that ROS/RNS play an essential role in normal physiological states 3

. 

Over the ensuing fifteen years, the importance of mifochondrially-derived ROS in 
human disease states was closely linked to oxidative stress conditions 4'

6
• During 

the past five years, mouse knockout models have provided effective models for 
assessing the in vivo importance of antioxidant enzymes in mammalian 
physiology 7

. 

Over the past fifty years, there has been a virtual explosion in reactive oxygen and 
nitrogen biology research. Much of the earlier research on the antioxidant 
enzyme system focused on the role of this system in oxygen-rich conditions 8. 

However, more recent data has demonstrated that ROS and the AOE system play 
a critical role in normoxic as well as in hypoxic states. In this protocol, an 
overview of the oxidative stress background will be presented with a highlight of 
relevant features to the cardiovascular field. Due to the enormous breadth of the 
field, the majority of references constitute reviews focusing on a particular aspect 
of oxidative stress biology. The interested reader is referred to these if primary 
references are desired. 
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Abstract: ROS/RNS play an important role under physiological as well 
as pathophysiological states. ROS/RNS can be generated from both 
intracellular as well as extracellular sources. Several of these sources can be 
regulated with respect to the ROS/RNS production rate. The normal 
physiological roles for ROS/RNS include mediating signal transduction from 
a variety of stimuli through pathways that are just beginning to be 
elucidated. Excessive levels of ROS/RNS result in the condition known as 
oxidative stress. The disease states with increased oxidative stress are 
manifold and may reflect increased production or decreased elimination of 
ROS/RNS. These disease states include a variety of cardiac pathological 
conditions. The cellular mechanisms for reducing oxidative stress includes 
non-enzymatic as well as enzymatic methods. The non-enzymatic methods 
include vitamins and other compounds that function as antioxidants as well 
as proteins that restore the redox state of the cell or oxidized residues on 
proteins. The enzymatic methods include antioxidant enzymes that eliminate 
ROS in various cellular compartments. Therapeutic attempts to reduce 
oxidative stress have employed non-enzymatic means including vitamin 
therapy as well as pharmaceutical agents, but have met with limited success. 
Enzymatic attempts to reduce oxidative.stress have been largely limited to 
isolated organ studies in animal studies, but have shown promise. 
Antioxidant enzyme mimetics exist, but their use has not been explored in the 
cardiovascular field. Future research will likely involve modulating gene 
expression of antioxidant enzyme genes. Master regulators controlling 
antioxidant enzyme gene expression have yet to be defined in mammals, but 
candidate factors have been identified. 

I. Definitions: 

Oxidative Stress: 

Redox State: 

Redox Signaling: 

a condition whereby cells are exposed to an environment 
with excessive levels of reactive oxygen species or their 
derivatives, resulting in consumption of reducing 
equivalents and resulting in an altered cellular redox state 

the state or potential of the chemical environment within a 
cell with respect to the availability of reducing equivalents; 
estimated from lactate/pyruvate ratios, NADH/NAD+, 
and/or reduced/oxidized glutathione ratios; may be altered 
by other conditions besides oxidative stress (e.g.
increased NADH/NAD+ ratio with increased lactate) 

a form of signal transduction that in part involves the 
exchange of reducing equivalents; can be effected by 
oxidants; can result in the activation or production of 
signaling molecules such as transcription factors, 
kinases/phosphatases, enzymes, receptors, calcium 
handling components, or contractile proteins 
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II. The Players: 

Reactive Oxygen Species (ROS): 
oxygen radical species: **superoxide anion (SO; 

both an oxidant as well as reductant), 
**hydroxyl radical (OH; potent oxidant) 

other biologically reactive species: **hydrogen peroxide (H202; oxidant) 

or their derivatives: hypochlorous acid (HOC!; 
produced by 
NADH/NADPH oxidase 
and myeloperoxidase), 

nitric oxide (NO.) 
peroxynitrite (**OONO-; 

produced by the reaction of 
SO with NO, at rates 
comparable to the elimination 
of SO by SOD), 

lipid peroxides, 
hydroperoxy-radicals 

Oxygen-based metabolism utilizes carbon food sources as the origin for electrons or 
hydrogen atoms that are used by dioxygen (02) and in the process releases significant 
amounts of energy 1

• Thus, oxygen is an essential element for the majority of higher life 
forms on Earth. Although oxygen exists as a diradical, the reactivity of oxygen is limited 
by the large kinetic barrier imposed by the unpaired localization of the two electrons in 
oxygen. This kinetic barrier is overcome by enzyme reactions that trap oxygen long 
enough to allow for spin reversal of one of the oxygen electrons and subsequent pairing 
with the donor electron(s). The energy released is typically stored in high-energy 
compounds such as ATP. 

The initial trapping of an electron by dioxygen results in the formation of the radical 
commonly referred to as superoxide anion, a radical species that is of significant 
importance under both physiological as well as pathophysiological conditions. The 
acquisition of a second electron results in the formation of hydrogen peroxide, a reactive 
oxygen species that is not, however, a free radical. Hydrogen peroxide is itself a 
significant oxidant and if it acquires a third electron, results in the formation of a water 
molecule as well as the highly reactive hydroxyl free radical species. Thus, the initial 
reactive oxygen species (ROS) that are typically generated by the metabolism of 
dioxygen include the formation of the free radicals superoxide anion and hydroxyl radical 
as well as the metabolite hydrogen peroxide. 

Second-generation ROS are generated through the actions of specific enzymes (e.g.
hypochlorous acid by myeloperoxidase as well as by the more wide-spread 
NADH/NADPH oxidase enzymes). The reaction of reactive oxygen species with other 
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biomolecules generates additional reactive oxygen species including lipid peroxides 
(generated from reactions of hydroxyl radicals with lipids) as well as peroxynitrite 
(formed from the highly efficient reaction of superoxide anion with nitric oxide). 
Peroxynitrite is a reactive nitrogen species that also qualifies as a reactive oxygen species 
and may have important beneficial roles at low levels in addition to the known 
deleterious effects at high dosages 9

•
10

• Quantitatively, more damage may be induced by 
these second-generation reactive oxygen species rather than by the primary reactive 
oxygen members. Other reactive species may also be formed under conditions of 
oxidative stress that further increase the molecular complexity of the oxidized cell 11 

ROS are generated under both physiologic as well as pathophysiologic conditions. 
Quantitatively, the primary source for ROS is the mitochondrial electron transport chain 
6

•
12

. Respiring organisms possess molecular mechanisms for sensing changes in oxygen 
environments involving alterations in oxygen content as well as in oxygen metabolites, 
although the mechanisms are complex and likely multifactorial 13

'
15

• Environmental 
stresses include pro-oxidant effects upon exposure to radiation, xenobiotic compounds, 
heavy metals, or wide fluctuations in oxygen content (anoxia/hypoxia as well as 
hyperoxia) 16

. Excessive levels of reactive oxygen and nitrogen species (ROS!RNS) 
result in cellular damage to a-variety of cellular constituents. Therefore, ROS/RNS are 
maintained at an optimal level through the actions of antioxidants also present in the cell. 
These antioxidants include both protein as well as non-protein components. 

The cellular response to prohibitive conditions of oxygen or oxygen metabolites includes 
immediate responses by pre-existing cellular factors as well as delayed adaptive 
alterations in cellular compartments. The delayed adaptive alterations are typically 
conferred by de novo changes in gene expression patterns. The means by which cells can 
sense oxidative stress and respond in an appropriate manner is accomplished by the 
important signal transduction role that ROS/RNS play. For RNS, much of the regulation 
of RNS levels is accomplished by feedback inhibition of NO production 17

•
18

. For ROS, 
the ROS-mediated responses include the regulation at the level of gene expression of 
antioxidant enzymes, transport systems for amino acids involved in glutathione 
biosynthesis, key components of ROS generating pathways, and essential factors of 
mitochondrial metabolism involved in ROS generation 19

.
21

• 

A typical oxidative deviation involves an accompanying transient increase in the 
intracellular thiol!disulfide redox state. This change in intracellular redox state is 
reflected by changes in oxidized glutathione (glutathione disulfide, GS-SG)/reduced 
glutathione (GSH) ratios. Since glutathione disulfide is reduced by the NADPH
dependent enzyme glutathione reductase, alterations in NADPH/NADP+ ratios 
frequently, but not always, parallel the changes in GSH/GS-SG ratio. Lactate/pyruvate 
levels also affect glutathione biosynthesis since pyruvate scavenges the precursor of 
glutathione, cysteine. Glutathione biosynthesis is primarily an amino acid gradient 
driven process. Therefore, cells with active protein synthesis are most susceptible to 
pyruvate-induced cysteine (and hence glutathione) depletion. 
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Sources of ROS 8
: 

Mitochondria (**oxidative phosphorylation) 
Complex I and ubisemiquinone; the primary source of intracellular 
superoxide generation; leakage increases with hyperoxia 

Inducible oxidative enzymes 
**NADH/NADPH oxidase 

major regulated source of SO in vascular tissues 
activity altered by vasoactive hormones 

**Nitric oxide synthase (eNOS, nNOS, iNOS, mtNOS) 
Xanthine oxidoreductase (SO and HzC)z) 

occurs as two interconvertible forms, 
xanthine dehydrogenase or *xanthine oxidase 

Metabolism of Arachidonic Acid 
Lipoxygenase 
Cyclo-oxygenase 
P450 mono-oxygenase 

Catalytic Cycling Enzymes 
Amino acid oxidase 
Aldehyde oxidase 
Flavoprotein dehydrogenase 
Heme oxygenase 
Peroxidases 
Superoxide dismutases 
Tryptophan dioxygenase 
Xanthine oxidase 

Hemoproteins (heme and hematin) 
Auto-oxidation 

Catecholamines 
Flavins 
Hydroquinones 
Thiols 

The vast majority of dioxygen metabolized by mammals is in the mitochondria 1
• More 

than 98% of the dioxygen metabolized is by cytochrome oxidase, Complex IV in the 
electron transport chain. Cytochrome c uses four redox centers to simultaneously transfer 
four electrons to dioxygen with the subsequent generation of two water molecules. The 
enzyme is designed such that nothing short of a fully loaded (reduced) cytochrome c 
molecule can transfer its load to dioxygen, thereby minimizing formation of reactive 
oxygen species. Other components in the electron transport chain also participate in 
redox reactions and are also quite efficient at capturing/transferring their electron load. 
However, there are at least two sites in the electron transport chain (complexes I and III) 
where electrons may leak. This leakage results in the formation of reactive oxygen 
species, namely superoxide anions. The amount of leakage has been estimated as 1-2% 
of the electron flux through the mitochondria. These rates vary according to the amount 
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of oxygen consumption in a given tissue as well as by the oxygen content in the 
immediate surroundings (for example, increased ROS in lung mitochondria is noted in 
animals housed in hyper-oxygenated conditions). 

The major regulated source of SO production in mammalian cells appears to be the 
membrane-bound NAD(P)H oxidase system. This multi-subunit protein complex has 
multiple members, several of which have cell-type specific components. In comparison to 
xanthine oxidase- and mitochondrial-SO production, NAD(P)H oxidase is the major 
oxidase in most cells of the cardiovascular system. The inducibility of the NAD(P)H 
oxidase system in cells comprising the vascular bed (endothelial, smooth muscle, 
fibroblast cells) is on the order of minutes to hours, further supporting the suggestion that 
NAD(P)H oxidase is the source for ROS involved in signal transduction. Both SO and 
H20 2 have been implicated as ROS generated by NAD(P)H oxidase systems. The type 
and duration of ROS generated by NAD(P)H oxidase varies according to the ligand
mediated pathway that is being stimulated or with the type of force (i.e. laminar or 
oscillatory shear stress) to which endothelial cells are subjected to. Regulation of 
NAD(P)H oxidase activity is both transcriptional as well as post-translational. 

Xanthine oxidase (XO) is another enzyme that may play an important role in the 
generation of ROS. XO is one of two enzyme activities that the parental enzyme, 
xanthine oxidoreductase (XOR) can possess;- It is XO that generates ROS, a]though this 
is the minor form of XOR under most circumstances. By interconversion to the 
alternative enzyme, xanthine dehydrogenase (XDH), it is possible that ROS generation 
by XO mai be regulated biochemically by conditions favoring XO rather than XDH 
formation 2

• The conversion of XDH to XO is favored by sulfhydryl oxidation or 
limited proteolysis, conditions found with reoxygenation of hypoxic tissues. 

Nitric oxide synthase (NOS) also plays a critical role in ROS generation, albeit in an 
indirect way. NO reacts very favorably with SO to form the peroxynitrite. The removal 
of SO by NO in this manner kinetically rivals the elimination of SO by the superoxide 
dismutases (SODs). Since NOS are capable of being regulated by multiple stimuli, this 
may serve as an important source of regulation for ROS generation 23

• The interaction of 
NO and peroxynitrite with mitochondrial components leads to modulatory and 
deleterious effects rupon mitochondrial function, respectively 24

• The complexity of NO 
effects is further complicated by interactions with other components besides SO such as 
lipid radicals 25

. 

Other cellular sources for ROS generation include compounds or enzymes that produce 
ROS via metabolic or enzymatic actions. These include metabolism of lipid second 
messengers such as arachidonic acid, heme prosthetic groups, and other cellular 
compounds including amino acids and aldehydes. Superoxide dismutase itself may be a 
potential source of ROS (H20 2), particularly under conditions where removal of H20 2 is 
impaired. The significance of some of these ROS sources is probably more relevant 
under pathological conditions than under normal physiological states. 
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III. The Referees: 

Antioxidant enzymes 
Superoxide Dismutase 

Dismutates SO to H20 2 

Three forms Cytosolic/Peroxisomal - Cu/Zn-SOD 
(encoded by SODl), 

Mitochondrial- Mn-SOD (encoded by SOD2), 
Extracellular- EC-SOD (encoded by SOD3) 

All three forms bind single charged anions 
Cu/Zn-SOD: dimeric proteins (monomer 32 kDa) 

First line of antioxidant defense 
Knockout mice have no obvious deficits 

(unless stressed; focal cerebral ischemia and 
reperufsion produce increased neurological 
damage and deficits) 

Primarily constitutively expressed 
Mn-SOD: homotetramer (96 kDa) 

Essential for normal mitochondrial function 
) Knockout mice exhibit dilated cardiomyopathy, 

neonatal lethality, and biochemical abnormalities 
Induced by cytokines, oxidative stress 

EC-SOD tetramer, Cu/Zn-containing, secreted glycoprotein 
Knockout mice have no obvious deficits 
(hyperoxia produces increased pulmonary damage) 
High affinity for heparin and heparan sulfate 
Major SOD activity in extracellular fluids 

Catalase 

and in the vascular wall 
Regulated by cytokines 

Converts H20 2 to water and oxygen 
Predominantly peroxisomal 
Important for induction of tolerance to oxidative stress 

Glutathione Peroxidase 
Converts Hz02 (as well as other hydroperoxides) plus 

reduced glutathione to H20 plus oxidized glutathione 
At least five isoenzymes in mammalian cells: 

GPXl (cytosolic and mitochondrial, ubiquitous), 
GPX2 (cytosolic, mainly GI tract), 
GPX3 (extracellular, mainly kidney), 
GPX4 (cytosol and membrane, ubiquitous), 
GPXS (testes) 

Contains selenium complexed with a cysteine residue 
(except GPXS) 

Major protection against low levels of oxidant stress 

Others: Peroxidases, Thioredoxin Reductase 
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The antioxidant enzyme (AOE) defense system for controlling ROS levels consists of 
three primary enzyme groups 19

•
21

. Superoxide dismutases (SOD) are the predominant 
means of eliminating SO. SOD catalyze the formation of hydrogen peroxide and 
dioxygen from two SO molecules. The hydrogen peroxidase is subsequently eliminated 
by other enzymatic components of the AOE pathway. There are at least three different 
gene products encoding SOD with forms that are primarily localized in the cytosol, 
mitochondria, or extracellular spaces (encoded by the SODl, SOD2, and SOD3 genes, 
res[Jectively). Gene knockout experiments have defined the relative contribution and 
importance of each of these members in the mouse. SODl and SOD3 appear to be 
important under conditions where mice are exposed to elevated levels of exogenous 
stress, but otherwise mice lacking either of these genes do well. Mice lacking SOD2, 
however, exhibit multi-organ pathology, neonatal lethality, and biochemical 
abnormalities consistent with oxidatively stressed mitochondria. Since mitochondria are 
the predominant site of SO production, it seems clear that the loss of the mitochondrially
localized SOD2 gene product would have a significant effect upon mitochondrial and, 
therefore cellular, function. 

Catalase is another member of the AOE system. It induces the elimination of hydrogen 
peroxidase in peroxisomes and results-in the formation of water and molecular oxygen 
from a bimolecular reaction of hydrogen peroxide. Glutathione peroxidases also 
eliminate hydrogen peroxide as well as other peroxide species, but unlike catalase they 
use NADPH as the reductant. Multiple glutathione peroxidase genes exist that encode 
various proteins that localize in several subcellular compartments of the cell. Gene 
knockout experiments of any single member result in phenotypes with minimal 
phenotypes unless stressed, probably related to the rather ubiquitous expression pattern of 
the glutathione peroxidase members. 

Other cellular factors have been identified that may participate in oxidative stress 
biology. However, for peroxiredoxins, a primary role may be in ROS signaling, although 
peroxide elimination has been demonstrated 26

• Thioredoxin and thioredoxin reductase 
are two additional proteins that alter oxidative stress levels 27

• Thioredoxins function as 
general, but potent, protein disulfide oxidoreductases. Several targets include 
transcription factors involved in critical cellular responses such as p53, NF-KB, and AP-
1. Thioredoxin also is a specific electron donor for several peroxidoxins. Thioredoxin 
reductase can regenerate several antioxidants including selenoproteins, ascorbic acid, a
tocopherol, lipoic acid, and ubiquinone 28

• A member of the peroxiredoxin family, 
peroxiredoxin III, in addition to thioredoxin are prominently up-regulated at the protein 
level as is MnSOD in mitochondria isolated from oxidative stressed cells 29

. Therefore, 
these factors may play a prominent role in response to fluctuations in the cellular 
oxidative stress status. 
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Non-enzymatic antioxidants/Proteins 
Albumin,lron-binding/iron-transport proteins (lower free iron 

concentration and thereby prevent lipid peroxide generation) 
Ceruloplasmin (a copper-binding glycoprotein that acts as a SO scavenger, 

alters the iron oxidation state from Fe2+ to Fe3+) 
Thioredoxin (plus other sulfhydryl-containing proteins?) 

Non-enzymatic antioxidants/Compounds 
Glutathione 
Vitamins (A, C (ascorbic acid), E (a-tocopherol)) 
P-carotene 
flavonoids 
selenium 
cysteine 
coenzyme Q (ubiquinone) 
uric acid 
biliverdin 

Several cellular proteins serve as non-enzymatic sinks for ROS whereas other non
proteinaceous factors act as direct or i~direct (e.g. - as cofactors) antioxidants 21

•
30

• 

Glutathione is a critical factor in redox regulation. It may function as a direct 
antioxidant, as a cofactor for enzymes eliminating ROS and their derivatives (glutathione 
peroxidases, glutathione-S-transferases, or as a substrate for transport-mediated export 
pathways involving oxidative stress biomolecules 31

• Of note, a coordinated expression 
of enzymes involved in glutathione-mediated drug detoxification seems essential for 
effective defense mechanisms. A similar theme is apparent for expression of antioxidant 
enzymes. 

Non-proteinaceous antioxidant factors include vitamins A, C (ascorbic acid), E (a
tocopherol), as well as P-carotene. Deficiencies in some of these factors result in disease 
states characterized in part by increased oxidative stress. Supplementation with excess 
amounts of these factors has also been examined as a therapeutic option for disease states 
associated with increased oxidative stress (see below for more detail). 

Uric acid and biliverdin are compounds that function as antioxidants (indirectly for 
biliverdin since it is rapidly converted to bilirubin by biliverdin reductase 32

). Of note, 
both uric acid and biliverdin are products of enzymatic reactions that may lead to the 
production of ROS (xanthine oxidase and heme oxygenase, respectively). 
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IV. The Moves: 

Signal Transduction: Targets and/or Inducible Producers 
Growth Factor, Cytokines and Other Cell Surface Receptors 

Direct & Indirect (via rae- NADH/NADPH oxidase) 
(e.g.- receptor tyrosine kinases) 

Kinases 
Src 
PKC 
MAPK 

Phosphatases 
Inhibition of PTPase 

Transcription Factors 

The early focus of ROS research was aimed at describing the pathophysiological effects 
that elevated levels of ROS had and on defining the resultant oxidative stress condition. 
What has become increasingly evident in recent years, however, is that ROS also play an 
essential role in normal physiologic states such as immunity, aging, and cell growth & 
differentiation. The primary means by which they accomplish this goal is via their 
effects upon cellular signal transductio_!l-pathways 33

-
36

. 

ROS can serve as signaling molecules in a number of ways. First, the induction of ROS 
has been observed after stimulation of ligand-activated receptor pathways 37

• In the 
vascular bed, this has been most clearly demonstrated by angiotensin II stimulation of 
vascular endothelial and smooth muscle cells. However, stimulation of other receptors 
has revealed a similar means of generating ROSin response to PAF, thrombin, IL-l, and 
TNF~a. The mechanism whereby production of ROS via these receptor-stimulated 
pathways occurs is by modulation of NAD(P)H oxidase activity. Of additional interest to 
the cardiovascular field, mechanical forces involving shear stress and stretch also 
stimulate NAD(P)H oxidase activity. 

In addition to serving as a downstream target for receptor-stimulated signaling, NAD(P)H 
oxidase may also signal through other receptor pathways. Activation of several 
intracellular kinases by ROS leads to activation of the EGF and PDGF receptors. These 
activated receptors recruit other signaling proteins to form a complex that, in turn, 
activate additional downstream targets. In this manner, NAD(P)H oxidase may be 
considered as an upstream component of the ROS-mediated EGF and PDGF receptors 
signaling pathway. 

Another signaling component target for ROS are the MAP kinases 38
• Several members 

of this serine/threonine kinase family are activated in response to various forms of stress 
' including oxidative stress. The extent to which these members respond to ROS 
stimulation varies according to cell type and agonist. Furthermore, additional kinase and 
phosphatase targets for ROS have been identified that lend additional complexity to the 
oxidative stress-signaling pathway 39

•
41

• 
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The alterations in intracellular signaling pathways, in response to enhanced oxidative 
stress conditions, eventually results in changes in gene expression patterns. Changes in 
oxidative stress conditions may result in altered redox states that may be reflected by 
glutathione disulfide/glutathione ratios 42

•
43

• Redox regulation of transcription factors is 
well appreciated 44

•
45

. The sum effect of a chanfe in oxidative stress status is also 
dependent upon the dosage of the ROS signal 4 

. 

The changes in gene expression are typically conferred by transcription factors that also 
may be targets for ROS or ROS-mediated modifications. For example, changes in 
intracellular localization, protein stability, or expression levels have been demonstrated 
for NF-KB, HIF-1, and AP-1, respectively. All three of these transcription factors are 
directly modified by ROS or by redox factor 1 (REF-1), a dual-specificity protein that 
uses thioredoxin as a cofactor to modify the redox status of key cysteine thereby altering 
the DNA-binding and/or transactivation capacity of these important transcription factors 
47

•
48

• Mice lacking both alleles for REF-1 die in utero whereas mice lacking one allele 
exhibit increased oxidative stress and reduced survival that is partially restored by dietary 
supplements of antioxidants 49

• What remains an enigma for investigators studying many 
of the oxidative stress-activated transcription factors is whether they are a cause or effect 
of the pathophysiological state 50

•
51

• 

r' 

One additional aspect of oxidative stress signaling that is sometimes overlooked is that 
repression of gene expression is observed in addition to activation other genes by ROS 52

• 

Therefore, defects in oxidative stress signaling may result in aberrant expression of genes 
that are inappropriately up-regulated as well as ones that are down-regulated. If these 
defects are mediated by a common signal transduction component, then correcting a 
defect in that component would presumably rectify a number of genes in the appropriate 
direction. 
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V. The Fouls: 

Pathophysiology/Molecular Targets: 
Proteins Enzyme Inactivation 1

•
5

: 

Lipids 

DNA 

By SO - Catalase 
Glyceraldehyde-3-phosphate dehydrogenase 
Ornithine decarboxylase 
Glutathione peroxidase 
Myofibrillar ATPase 
Adenylate cyclase 
Adenine Nucleotide Translocator 
Aconitase (mitochondrial and cytoplasmic) 
Creatine phosphokinase 
Glutamine synthase 

By H20 2 - protein-tyrosine phosphatase lB 
phospholipids 
cardiolipin 
Iilitochondrial>nuclear 

Pathophysiology/Molecular To~ic Byproducts 53
: 

Proteins carbonyl derivatives 
direct oxidation (of amino acids) 
indirect oxidation (via carbohydrate or lipid oxidants) 
cross-linked amino acids 

Lipids hydroperoxides 
aldehydes (4-HNE, malondialdehyde) 

DNA 8-hydroxy 2-guanosine (8-0H-dG) 
deletions (mt DNA) 

The multiple sites and sources of free radical damage eventually result in oxidative stress 
damage that is measured by a variety of indirect means. The sum effect of this damage 
can lead to several pathological findings including altered calcium handling (due to 
oxidative stress damaged sarcolemma and sarcoplasmic reticulum), abnormal 
mitochondrial function (as a consequence of depleted energy stores), apopotosis or 
necrosis 54

, changes in contractility (due to decreased sensitivity ofmyofibrils to calcium 
fluxes), cell cycle progression 55

, and altered gene expression profiles (as a consequence 
of sustained ROS signaling and activation of other downstream signaling networks). As 
might be imagined, there are a myriad of systemic effects that may arise from increased 
oxidative stress. The disease phenotype due to oxidative stress damage will depend upon 
the affected cell/tissue type, the antioxidant reserve that is affected, the magnitude as well 
a~ duration of the oxidative stress insult, and/or the predominant source of ROS that is in 
excess. 
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VI. The Penalties: 

Non-Cardiac Disease States 
Inflammatory Disease States 

Allergy 
Arthritis 
SLE 
Glomerulonephritis 
Vasculitis 
ARDS 

Neurological Diseases 
MS 

Cancer 

Alzheimer's disease 
ALS 
Muscular dystrophy 
Parkinson's disease 

Lung Disease States 
COPD 
Oxidant-induceg Lung Disease (ARDS) 

Adriamycin-induced to'xicity (Cardiomyopathy and Lung Disease) 
Diabetes 
Steatohepatitis 
HIV-associated complications (and other infectious disease processes) 
Eye Disease States 

Cataracts 
Retinal Degenerative Disease 
Glaucoma 

Congenital Disease Conditions 
Chronic Granulomatous Disease 
Downs Syndrome 

Ischemic Conditions 
Stroke 
Intestinal Ischemia 
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Imbalances in ROS and AOE levels have been associated with a wide variety of human 
disease states 20

• This is likely related to the demonstrated association of oxidative stress 
with inflammation. Indeed, ROS play an important role in cytokine signaling. Rather 
than consider oxidative stress as a commonplace non-causal association, it may be best to 
consider oxidative stress as evidence that an essential signaling pathway has been 
activated. The prevalence of oxidative stress findings likely represents the universal 
importance of this biological signaling pathway. 

Through the signaling actions of ROS/RNS, a homeostatic circuit likely exists in the cell 
so as to maintain optimal ROS/RNS levels. Disturbance of ROS/RNS homeostasis may 
result from increased generation and/or decreased removal of ROS/RNS. The magnitude 
of a deviation from "normal" homeostatic levels of ROS, in addition to the duration of 
the deviation, are determined by the type of oxidative etiology as well as to the depth of 
the antioxidant cellular reserves. 

Since ROS levels can be derived from modulated sources, it is plausible to consider that 
ROS homeostasis serves as a redox (or other) sensor. Deviations from optimal ROS 
levels would be expected to activate protective measures including the restoration of ROS 
homeostasis. If ineffective protective measures are enacted, oxidative stress damage 
would ensue thereby triggering alternative protective responses including apoptosis . 

.! 
Given the makeup of the antioxidant defense network, it would seem reasonable to 
consider that components of this network should be induced under oxidative stress 
conditions if a homeostatic role for ROS signaling is valid. Indeed, multiple reports have 
provided evidence demonstrating that members of the AOE family act as inducible 
components of the antioxidant network. These reports have included cell culture, isolated 
organ, and whole animal studies. 

A critical role for AOE as homeostatic regulators is most effectively demonstrated by the 
results of SOD2 knockout mice that exhibit multi-organ pathology and biochemical 
abnormalities consistent with excessive oxidative stress. Whether the dramatic 
pathological changes observed in SOD2 null mice are due to oxidative stress-induced 
damage or to alterations in ROS signaling (or both) remains an open question. Tissue
restricted elimination of SOD2 from hepatocytes results in no discernable phenotype 
suggesting a humorally-mediated factor or alternative cell population is responsible for 
the hepatic pathology seen in SOD2 null mice. 
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Pathophysiology/CV Disease States 
Vascular: 

Hypertension 
Angii and VSMC 
Vascular SO production/treatment 
Inhibition of NADH/NADPH oxidase 

Atherosclerosis 

Cardiac: 

Endothelial Dysfunction 
VSMCgrowth 
Monocyte migration 
OxLDL formation 
Vascular Remodeling 

Ischemic heart disease 
Myocardial infarction 
Cardiomegaly 
Congestive heart failure 
Arrhythmias 

ROS have been well appreciated as signal transducers in the cardiovascular field 56
• The 

vascular bed has been a focus for reactive oxygen and nitrogen biology researchers for a 
number of years 57

'
60 with SO, H20 2, NO, and other ROSJRNS have widely accepted 

effects on endothelial function 61
-
65

. The initial evidence for NADPH oxidase as a source 
for modulated levels of ROS signaling has come from the vascular biology field 66

•
67

• 

Oxidative stress and its effects upon calcium signaling have also been explored in the 
vasculature 68

•
69

• The pulmonary vascular bed constitutes an important source for ROS, 
particularly SO, under both physiological as well as pathophysiological states 70

• 

Interactions of the vascular endothelium with leukoc~tes in the setting of oxidative stress 
have also been a focus for a number of investigators 1

. 

Important roles for ROS or oxidative stress-induced dysfunction have also been seen for 
cardiac myocytes 72 and vascular smooth muscle 73

• The importance of ROS has been 
noted in models of cytokine-mediated cardiac dysfunction 7 

• Oxidative stress changes 
have been noted in th,e progression from stable or compensated to unstable or 
decompensated CHF states 75

•
76

• ROS also play an important role in the initial phase of 
myocardial stunning 77

•
78 as well as in delayed preconditioning 79

• These findings have 
prompted investigators to assess whether markers of oxidative stress carry important 
prognostic information 8

0-
85

• 
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VII. The Playbook/Past and Present: 

Antioxidants/Endogenous Compounds 
vitamins (A, C, E) 
P-carotene 
glutathione 
uric acid 
combination therapies 

Antioxidants/AOE Mimetics 

Antioxidants/Drugs 
Ace inhibitors (captopril; HO. scavenger, inhibitor of NAD(P)H oxidase) 
P-blockers (propanolol; anti-peroxidative and anti-radical activities) 
Calcium channel blockers (scavenge peroxy radicals) 
Statins 
Probucol 
Desferrioxamine 

The primary non-enzymatic antioxidants that have been examined as therapeutic options 
are the vitamins A, C, and E 86

-
88

• Vitamin E (a.-tocopherol), a lipid-soluble vitamin, is 
present in high concentrations inthe cell membrane and mitochondrial membrane. It 
reacts with ROS to form lipid hydroperoxides that are effectively removed through the 
action of the phospholipase-glutathione peroxidase system. By acting as a free radical 
scavenger and terminator, vitamin E in the presence of free radicals forms dimmers or 
quinines. Water-soluble vitamin C scavenges free radicals either through the formation 
of dehydro-ascorbate or through the regeneration of vitamin E. Vitamin A and its 
precursor, P-carotene, eliminate ROS as well as lipid radicals in a manner that may be 
more effective under hypoxic conditions. Vitamin E supplementation perhaps has the 
best possible use, but it is not by any means universally accepted as an effective therapy 
89,90 

For the same reason that vitamin and other dietary supplements were considered as 
antioxidant agents, pr$:scription and over-the-counter drugs have also been examined for 
prooxidant or antioxidant effects 91

• Coenzyme Q (ubiquinone), a component of the 
mitochondrial transport chain, has been used as a dietary supplement for a variety of 
disease states including various cardiovascular disease conditions. However, it remains 
controversial as to whether or not there is any benefit to this agent when used for 
cardiovascular disease conditions and its effect, if any, is likely small 92

•
93

• A variety of 
drugs used to treat cardiovascular disease conditions function in part as antioxidants 76

•
86

• 

These include ace inhibitors which scavenges free radicals; beta-blockers which inhibit 
lipid peroxidation; calcium channel blockers which have anti-lipid peroxide action and 
may also inhibit SO generation in some cases; and statins. 
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Since oxidative stress may be induced by overproduction of ROS or by depletion of 
antioxidant defenses, potential therapeutic options may have different treatment aims and 
effects. If so, this would be a plausible explanation for the failure to observe profound 
effects of single or even combination vitamin therapies despite the association of 
depressed levels of these vitamins with cardiac events and the early results of small trials 
supporting the use of supplemental vitamin or other antioxidant therapy in cardiac 
patients (extensively reviewed in 72

). Nonetheless, current recommendations support an 
adequate dietary intake of antioxidant vitamins, particularly vitamin E 94

. Other 
investigators have raised concerns regarding the ne§ative conclusions of clinical trials 
with antioxidants due to methodological factors 95

•
9 

• 

Use of AOE as therapeutic agents has primarily been examined in animal models 
(reviewed in 76

). It has also been suggested that a coordinated antioxidant res~onse is 
required to prevent an imbalance in the oxidative stress homeostatic network 7

• Thus, 
therapies involving a single AOE may be ineffective. This is particularly true if ROS 
homeostasis involves optimal levels of not just SO, but also H20 2• Long-term use of a 
single AOE as an oxidative stress therapeutic agent may result in pathologic conditions 
even if short-term results are effective. This is indirectly supported by genetic 
associating polymorphic variants of SOD2 and SOD3 with dilated cardiomyopathy and 
coronary artery disease, respectively 98

-
100

• . 

The physiological or pathophysiological process where the influence of AOE has been 
most extensively analyzed has been aging 101

• The research in this area was sparked by 
initial findings that certain genetic mutations increased longevity in nematodes or fruit 
flies. Many of these mutations resulted in a global increase in the oxidative stress 
response including higher expression of AOE. Transgenic organisms that over-expressed 
various forms of SOD in these organisms also resulted in increased longevity supporting 
the free radical idea of aging. Based on these findings, SOD mimetics with catalase 
activity and peroxynitrite scavenging action were used to increase the lifespan of 
nematodes. These same and other agents were subsequently used to rescue the dramatic 
phenotype seen in SOD2 knockout mice, a phenotype characterized by increased 
oxidative stress, mitochondrial dysfunction, and multi-organ pathology. Whether these 
same agents may have additional cardiovascular protective effects has not been 
determined to date. 
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VIII. Future: 

Antioxidants/Molecular Targets- Gene Regulatory Proteins 
Regulatory Pathways for AOE Gene Expression 

ARE-Binding Transcription Factors 
Forkhead Transcription Factors 
Other Candidates? 

An alternative to the vitamin or single antioxidant enzyme ap~roaches would be to 
consider targeting regulators of the oxidative stress network 1 2

. Signaling through an 
oxidative stress network via such a regulator may be in several ways. One way would be 
by stimulation via antioxidant action. This would be especially useful if modulation of 
an antioxidant's signaling capacity is affected by oxidative stress. A second way in 
which signaling could be affected is if elevations in ROS directly alter components of the 
signal transduction pathway. Both of these pathways are not mutually exclusive and 
evidence exists in support of both, as we will see. 

Several candidate factors have been proposed as key regulators of the oxidative stress 
response pathway. These include kinases/phosphatases, transcription factors, and even 
ROS-generating complexes 103

• For purposes of this discussion, we will consider 
transcription factors themselves as key regulators of a ROS homeostatic network. The 
rationale behind this selection is) hat: (1) modulation of more upstream events in ROS 
signaling such as generators or kinases/phosphatases have demonstrated effects upon a 
subset of transcription factors (thereby identifying a candidate population) and (2) the 
oxidative stress response in part involves de novo changes in gene expression patterns 
that include induction of transcription. 

Despite the identification of transcriptional regulators in bacteria that respond to ROS, 
homologues in eukaryotes have not been found to date 104

• However, the existence of 
such regulators has been assumed since aerobic organisms are frequently and 
continuously exposed to conditions of elevated oxidative stress. If a ROS homeostatic 
regulatory network exists, then a key regulator should: (1) have its activity altered by 
conditions of increased oxidative stress and (2) be critical for modulation of the oxidative 
stress response. As is quite evident, how one defines these criteria in detail will affect the 
selection of a candidate regulator. Therefore, one should consider these details when 
considering whether a candidate regulator may be a "master regulator" of the oxidative 
response. 

With respect to the first criteria, alteration of activity may be conferred in a variety of 
ways. A given enhancer element may bind multiple transcription factors in various 
regulated manners. Furthermore, the transcriptional initiation complex for a given 
promoter consists of multiple transcription factors, each of which may be a multi
component complex, that in summation endow a given promoter with its unique 
regulatory features. Thus, the inducible range of a promoter may have an absolute 
requirement for one transcription factor, but may have its activity modulated by the 
presence (or absence) of another. In addition, regulation of a given transcription factor 
may be direct or indirect, with examples of the latter being via regulation of an obligate 
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partner (for heterodimers) or by sequestration of the transcription factor outside the 
nucleus. 

As for the second criteria, the oxidative stress response is dependent upon: (1) the type, 
magnitude, and duration of oxidative insult; (2) the specific biochemical pathway that an 
investigator is focused on; and (3) the cell type in which oxidative stress is being applied. 
Since ROS and the enzymes that eliminate them have been well defined, most 
investigators consider the AOE as key components of the oxidative stress response 
pathway. The AOE are also likely components of an ROS homeostasis network since if 
induced, would effectively down-regulate minor elevations in ROS. Thus, it would seem 
reasonable that a candidate master regulator of the oxidative.stress response should 
modulate gene expression for several AOE. 

A wide variety of transcription factors are modified by altered redox states. Modulation 
of the activities of these transcription factors results in altered gene expression patterns 
that affect a number of cellular processes. Undoubtedly, many of these redox-sensitive 
transcription factors serve predominantly as important downstream targets in the ROS
mediated signaling pathway. However, what is less evident is which, if any of the 
currently known redox-sensitive transcription factors, serve as components of a 
regulatory network for ROS homeostasis. Recent efforts in identification of key 
transcriptional regulators of the oxidative stress response have focused primarily on two 
areas: (1) evaluation of transcription factors binding to the DNA enhancer element 
referred to as the antioxidant response element (ARE); (2) the forkhead transcription 
factor family. 

The ARE was defined on the basis of its ability to confer transcriptional induction to 
phenolic antioxidants 16

•
105

•
106

• The ARE has been identified in a number of promoters 
that are induced by these agents. At least one member of the AOE family contains a 
functional ARE that may be important in its regulation. Multiple transcription factors are 
capable of binding to the ARE, a general theme for enhancer elements. The most likely 
candidates responsible for conferring phenolic antioxidant-induced transcription are 
nuclear respiratory factor 1 and 2 (Nrfl and Nrf2), members of the NF-E2 family of 
transcription factors. These factors, when over-expressed, enhance basal and xenobiotic
inducible transcription of ARE-responsive reporters. The expression patterns also mirror 
the quinone reductase gene, a phenolic oxidant stimulated and ARE-containing gene. 
Mice lacking Nrfl exhibit embryonic lethality indicating a critical role for this factor in 
embryonic development whereas mice lacking Nrf2 exhibit more pronounced oxidative 
stress-induced lung damage in comparison to wildtype mice. 

The complexity involved in identifying the transcription factors responsible for regulation 
through a specific enhancer element is evident when reviewing the ARE literature. Other 
transcription factors are capable of repressing or activating ARE-containing reporters 
depending upon whether they are heterodimers or homodimers. Furthermore, repressor 
proteins exist that sequester Nrf2 in the cytoplasm in untreated cells 107

• Treatment of 
cells with phenolic antioxidants or xenobiotic agents relieves this sequestration and 
results in activation of ARE-containing reporters. Although these findings increase the 
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complexity for understanding regulation of a specific gene, it also raises the possibility 
that modulation of a target gene may be achieved by targeting of several transcription 
factors in concert. However, from a therapeutic standpoint, modulation of a single key 
regulatory factor would be more feasible, if not more desirable. 

The relevance of forkhead transcription factors to oxidative stress biology was initially 
made in the aging field with genetic experiments using the nematode C. elegans 108

• 

Mutations in a gene encoding a forkhead transcription factor, DAF-16, resulted in an 
aging phenotype similar to another due to a mutation in the C. elegans catalase gene 109

. 

Additional genetic mutations and experiments eventually defined a regulatory pathway 
involving the PI3K-Akt/PKB kinase pathway that had as its downstream target DAF-16 
110

•
111

. These experiments related regulation of oxidative stress to aging and other 
essential physiological processes. 

Investigators pursuing similar experiments in mammalian cells found that a forkhead 
transcription factor subsumed a similar role in higher eukaryotes 112

•
113

. These cell 
culture experiments revealed that: (1) a forkhead transcription factor was important for 
the oxidative stress response in quiescent cells, (2) over-expression of the forkhead 
transcription factor activates the MnSOD- and catalase-encoding genes; (3) the PI3K
Akt/PKB-forkhead signal transduction pathway was conserved in mammalian cells; (4) 
subcellular localization, and therefore activity, of the forkhead transcription factor was 
controlled by phosphorylation in a ROS-stimulated, Akt/PKB-dependent manner. 

Although the forkhead transcription factors appear to be good candidates as regulators of 
the oxidative stress response, several important questions still remain to be addressed. 
First, several transcription factors have been identified that stimulate AOE gene 
transcription in transient transfection or over-expression cell culture experiments. 
However, an ability to transactivate an AOE gene may be necessary but not sufficient 
evidence for concluding that the factor in question is a master regulator. Second, the in 
vivo significance of the forkhead transcription factor remains unanswered since knockout 
mice lacking the forkhead-encoding gene have not been reported. The expectation would 
be that forkhead knockout mice resemble SOD2 knockout mice (if embryonic lethality is 
not an issue). Third, the importance of the forkhead transcription factor appears to be in 
quiescent cells under conditions of low glucose availability. Therefore, forkhead 
transcription factors cannot be the universal means of AOE regulation since there are 
multiple cell types that have high rates of metabolism or proliferation, and yet have intact 
oxidative stress response pathways (i.e. -an ability to induce AOE gene expression). 

The forkhead transcription factors are inactivated under metabolically active conditions 
as well as in proliferating cells. Since oxidative stress is even more likely in these latter 
cellular states, it would be reasonable to assume that additional factors regulating the 
oxidative stress response involving AOE gene expression exist besides the forkhead 
transcription factor family. Future efforts may identify additional candidates for a master 
regulator of AOE gene expression. If so, these master regulatory factors will likely be 
important for a number of human disease states. 
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