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1. Introduction

Free radicals derived primarily from molecular oxygen have been implicated in a variety of
human disorders including atherosclerosis, cancer, neurodegenerative diseases, and aging.!
Damage to tissue biomolecules, including lipids, proteins, and DNA, by free radicals is
postulated to contribute importantly to the pathophysiology of oxidative stress. Lipids are
readily attacked by free radicals resulting in the formation of a number of peroxidation
products.? The isoprostanes (IsoPs) are a unique series of prostaglandin-like compounds
formed in vivo via the non-enzymatic free radical-initiated peroxidation of arachidonic acid,
a ubiquitous polyunsaturated fatty acid (PUFA). Since discovery of these molecules over
twenty years ago by Morrow and Roberts, one class of IsoPs, the F,-I1soPs, have become the
biomarker of choice for assessing endogenous oxidative stress because these molecules are
chemically stability and have been detected in all biological fluids and tissues analyzed.3->
In addition to F,-1soPs, a variety of I1soPs with different ring structures have been identified.
Several of these compounds possess potent biological activities that could account for some
of the pathophysiological effects of oxidative injury. Further, IsoP-like molecules are also
generated from a number of different PUFAs including a-linolenic acid, eicosapentaenoic
acid (EPA), adrenic acid, and docosahexaenoic acid (DHA) (Figure 1). There are many
excellent reviews in the literature describing not only the quantification of F,-IsoPs in
human health and disease but also the biological activities of these molecules.5- Thus, this
review seeks to give readers a comprehensive, up-to-date overview of our current
knowledge regarding IsoPs including the chemistry and biochemistry of their formation and
metabolism, the utility of measuring these compounds as markers of in vivo oxidant stress,
and their biological properties.

1.1 Reactive oxygen species and oxidative stress

Free radicals are reactive chemical species containing one or more unpaired electrons in
their outer orbitals. Reactive oxygen species (ROS) is a term used to describe chemically
reactive, oxygen-containing molecules including oxygen-centered free radicals as well as
oxygen ions and peroxides.19-13 The most common ROS generated in living systems are
superoxide anion (O,"7), hydrogen peroxide (H»O5), hydroxyl radical (*OH), alkoxyl
radicals (RO«), peroxyl radicals (ROO), singlet oxygen (10,),14 and ozone.1> Other related
reactive species formed in cells include peroxynitrite (ONOQO™), nitric oxide (sNO),
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hypochlorus acid (HOCI), and other carbon centered radicals. ROS generated in vivo are
derived from both endogenous and exogenous sources.

ROS are continuously generated during aerobic metabolism through reduction-oxidation
(redox) reactions in the cell. The mitochondria within a cell are a major source of
endogenous ROS. The mitochondrial electron-transport chain (ETC) is the main source of
energy, in the form of adenosine triphosphate (ATP), in mammalian cells and is essential for
life. Movement of electrons from oxidizable organic molecules to molecular oxygen (O») is
responsible for ATP generation by the ETC, and O, is the final electron acceptor in this
processes yielding H,0.10 The mitochondrial ETC produces small amounts of O,"~ during
normal function due to the leaking of electrons directly to oxygen. During energy
transduction, an estimated 1-4% of oxygen reacting with the electron transport chain is
incompletely reduced to superoxide anion by leaking electrons. Complexes | and 111 of the
ETC have been shown to be responsible for generation of O,"~16 Under conditions of
cellular stress and ATP depletion, an excess of the superoxide radical causes release of free
iron (Fe'!) from iron-containing molecules, such as iron-sulfur proteins within the inner
mitochondrial membrane, promoting the formation of the reactive hydroxyl radical. 17:18

Peroxisomes are also a significant source of cellular ROS. Peroxisomes are specialized
cytoplasmic organelles present in most plant and animal cells, and they are major sites of
oxygen consumption. These organelles carry out important metabolic functions, including p-
oxidation of long-chain and very long-chain fatty acids, degradation of uric acid, and
synthesis of ether-linked lipids. Several peroxisomal oxidases produce H,O, through the
oxidation of various metabolites.19-20 Peroxisomal oxidases have been to be responsible for
approximately 35% of all H,O, formed in rat liver.2 Acyl-CoA oxidase, which is involved
in the B-oxidation of fatty acids, is one such enzyme.20 During this reaction, O, is reduced to
H»0,, which can be further reduced to H,O by the enzyme catalase (CAT). The reaction of
xanthine and xanthine oxidase yields both superoxide anion and hydrogen peroxide through
the one-electron and two-electron reduction of O,, respectively, to form uric acid.20

ROS production by phagocytic cells during oxidative burst is important in host immune
defense against microbial pathogens. Oxidative or respiratory burst is a process in which
activated phagocytes, such as neutrophils and macrophages, produce large, toxic quantities
of ROS to kill ingested bacteria.?223 Phagocytes are activated in response to
microorganisms and inflammatory mediators. Upon activation, nicotine adenine
dinucleotide phosphate (NADPH) oxidase (NOX) produces superoxide anion within the
phagosomal membrane. This superoxide-generating oxidase catalyzes the transfer of
electrons from NADPH to molecular oxygen (O,) to form O,°~.24 In addition, the heme-
containing phagocytic enzyme myeloperoxidase (MPO) produces hypochlorus acid (HOCI)
in neutrophils by the reaction of hydrogen peroxide and chloride at sites of
inflammation.2>-28 Production of ROS at sites of inflammation can cause injury to
surrounding tissues.

ROS are also generated from exogenous genotoxic sources, including UV radiation,
environmental toxicants, cigarette smoke, and other chemical carcinogens.2®

ROS have important biological functions. Low to moderate levels of ROS have been shown
to play a key role in mediating signal transduction and normal physiological processes.
H,0, can freely diffuse across cell membranes to participate in intra- and intercellular
signaling.2? H,0, is a potent oxidant capable of oxidizing methionine and reactive cysteine
residues of proteins. Reversible protein oxidation by H,0, is thought to be an important
signaling mechanism to modulate the activity of various kinases and phosphatases involved
in the regulation of cell growth, proliferation, and apoptosis.30 In fact, recent reports suggest
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that H,O, may be involved in post-translational modification of proteins in a manner that is
analogous to regulatory protein phosphorylation.3! Serine/threonine kinases of the mitogen
activated protein kinase (MAPK) family, including extracellular-regulated kinases (ERKS),
c-Jun-NHo-terminal kinase (JNK), and p38 MAPK are among the signaling molecules
whose activity may be regulated by ROS-mediated post-translational modification.3? ROS
are also thought to be involved in regulation of the phosphoinositol 3 kinase (PI13K)-Akt-p53
signaling pathway. Protein tyrosine phosphatases, such as protein tyrosine phosphatase 1B
(PTP1B) 31 and the tumor suppressor PTEN,32 have been shown to be reversibly oxidized
and inactivated by H,O,. Further, the activity of transcription factors, such as activator
protein (AP)-1 and nuclear factor kB (NF-«B), has been shown to be modulated by ROS.33

A series of antioxidant defense mechanisms have been developed to maintain redox
homeostasis and protect cells against free radical-induced oxidative damage. The redox
(reduction-oxidation) environment within a cell is characterized by the concentration of
electrons stored in many cellular constituents, and redox homeostasis is achieved when ROS
levels and antioxidant defenses are in proper balance. The primary antioxidant defenses
include antioxidant enzymes and low molecular weight antioxidant molecules. Antioxidant
enzymes, such as superoxide dismutase (SOD), glutathione peroxidase (GPx), and catalase
play a key role in the degradation of ROS. Superoxide dismutases (SODs), such as
manganese SOD (MnSOD) in the mitochondrial matrix and copper-zinc SOD (CuZnSOD)
catalyze the dismutation of O,"~ to H,0, and O,. Glutathione peroxidase (GPx) scavenges
hydrogen peroxide with reduced glutathione (GSH) as the electron donor.34 Catalase
decomposes H,0, to oxygen and water. Small molecule antioxidants, such as glutathione
(GSH), ascorbic acid (Vitamin C), a-tocopherol (Vitamin E), carotenoids, and coenzyme Q,
serve as free radical scavengers and/or reducing agents. In addition, the thioredoxin (Trx)
system, including Trx, Trx reductase, and NADPH, is important in facilitating the enzymatic
reduction of protein disulfides to regulate cellular redox status.3° Because the biological
status of a cell is closely related to its redox environment, the balance between both the
activities and intracellular levels of each of these antioxidants is critical for the health and
survival of organisms.38

Oxidant stress is characterized by an imbalance between cellular antioxidant defenses and
overproduction of free radicals, particularly ROS. Oxidative stress has become increasingly
implicated in the etiology of many human diseases, including cancer, cardiovascular disease,
ischemia/reperfusion injury, neurodegenerative diseases, lung disease and even the normal
aging process.34:37-40 For example, Harman characterized the aging process as a decline in
normal cellular function due to the accumulation of biomolecules damaged by free
radicals.*! Under conditions of oxidative stress, high levels of ROS can react non-
specifically and rapidly with cellular biomolecules, including DNA, proteins, and lipids.*?
This leads to molecular damage such as DNA mutations, protein oxidation, and lipid
peroxidation. Direct evidence, however, for the association between oxidative stress and
disease has often been lacking. A number of methods exist to quantify free radicals and their
oxidation products, although many of these techniques suffer from lack of sensitivity and
specificity, especially when used to assess oxidant stress status in vivo.”43

1.2 Lipid peroxidation

As mentioned, lipids are major targets for free radical attack under settings of oxidative
stress. 4445 Lipid peroxidation is a hallmark of oxidative stress, and excessive production of
lipid peroxidation products has been implicated in the pathogenesis of a number of human
diseases. Lipid peroxidation can cause damage to cellular membranes through disturbance of
membrane organization and alteration of membrane integrity, fluidity, and permeability.
Free radical-mediated lipid peroxidation proceeds by a chain mechanism and involves three
events: initiation, propagation, and termination. One initiating free radical can oxidize many
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lipid molecules through sequential, self-propagating chain reactions. Radical species that
can initiate the chain reaction include hydroxyl radicals, alkoxyl radicals, peroxyl radicals,
and peroxynitrite; the hydroxy! radical is the most active. Catalytic metal ions such as
copper (Cu') or iron (Fe!") can also contribute to chain initiation. The mechanism of free
radical-initiated lipid peroxidation begins with abstraction of a bisallylic hydrogen from a
polyunsaturated lipid to form a carbon-centered radical which rearranges to a more stable
pentadienyl radical. The pentadienyl radical then combines with molecular oxygen (O5) to
generate a peroxyl radical, which facilitates chain propagation through abstraction of a
bisallylic hydrogen from a second lipid to give a conjugated diene lipid hydroperoxide and
new lipid pentadienyl radical. This permits the continuation of another chain reaction. The
distribution of lipid peroxidation products is determined by the relative contribution of
competing reactions and the free radical-initiated chain reactions are terminated by
antioxidants, 11:12:45.46

Biologically important polyunsaturated fatty acids (PUFAS), such as linoleic acid (LA)
(18:2), arachidonic acid (AA) (20:4), eicosapentaenoic acid (EPA) (20:5), and
docosahexaenoic acid (DHA) (22:6) are all subject to free radical-initiated lipid
peroxidation, yielding a diverse array of products. The rates of oxidation of these molecules
have been systematically studied and depend upon the number of -CH,- centers in the
molecule that are flanked by two double bonds (bisallylic methylenes). Thus, the
oxidizability of common fatty acids is as follows: linoleic acid < arachidonic acid <
eicosapentaenoic acid (EPA) < docosahexaenoic acid (DHA).*’ Likewise, oxidation of
linoleic acid and their esters proceeds by a simpler mechanism than that of more highly
unsaturated fatty acids such as AA, EPA, and DHA.11.1246 | ipid hydroperoxides are
primary products of free radical-initiated peroxidation of PUFAs. Oxidation of linoleates
forms hydro(pero)xyoctadienoates (H(P)ODEs). Aldehydes such as acrolein,
malondialdehyde (MDA), and 4-hydroxy-2-nonenal (HNE) are formed from lipid
hydroperoxides as decomposition products.#84% HNE, the most extensively studied of these
aldehyde products, is a highly reactive o,B-unsaturated aldehyde that can readily react with
proteins, DNA, and phospholipids to cause deleterious effects.5951 Further, more complex
oxidation products, generally termed secondary oxidation products, are generated from the
non-enzymatic free radical-catalyzed peroxidation of arachidonic acid and other highly
unsaturated PUFAs. Secondary oxidation products include a series of prostaglandin (PG)-
like products termed isoprostanes (IsoPs) as well as monocylic and serial cyclic peroxides.*
Importantly, 1soPs are considered to be the “gold standard” biomarker of endogenous lipid
peroxidation and oxidative stress.”

2. Historical perspectives on isoprostanes

In the mid-1970's, it was shown that PG-like compounds could be formed in vitro by the
non-enzyamtic peroxidation of purified polyunsaturated fatty acids. Seminal in vitro
mechanistic studies by Porter, Pryor, and others led to a proposed mechanism by which
these compounds are generated via bicycloendoperoxide intermediates.52°3 However, this
work was never carried beyond in vitro studies. Further, it was not determined whether PG-
like compounds could be formed in biological fluids containing unsaturated fatty acids.

In the 1980's, a study showed that PGD, derived from the cyclooxygenase (COX) is
primarily metabolized in vivo in humans to form 9o,11p-PGFy, by the enzyme 11-
ketoreductase.>* In aqueous solutions, however, PGD; is an unstable compound that
undergoes isomerization of the lower side chain and these isomers can likewise be reduced
by 11-ketoreductase to yield isomers of 9a,11B-PGF5,. In studies undertaken to further
characterize these compounds utilizing gas chromatography (GC)/mass spectrometry (MS),
it was found that when plasma samples from normal volunteers were processed and
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analyzed immediately, a series of peaks were detected possessing characteristics of F-ring
PGs. Interestingly, however, when plasma samples that had been stored at -20°C for several
months were reanalyzed, identical chromatographic peaks were detected but levels of
putative PGF,-like compounds were up to 100-fold higher. In addition, base-catalyzed
hydrolysis of plasma lipids also yielded significant amounts of the PGF,-like compounds.
Antioxidants and reducing agents suppressed the formation of these compounds.®® Further,
Morrow et al. demonstrated that treatment of rats with the hepatotoxicant carbon
tetrachloride (CCly) resulted in a 50 to 55-fold increase of these compounds in plasma and
over a 100-fold increase of these compounds in liver compared to untreated rats (Morrow,
Awad, Boss et al. 1992; Morrow, Awad, Kato et al. 1992).3:°6 CCl, is a potent inducer of
lipid peroxidation due to its cytochrome P450-catalylzed conversion to the trichloromethyl
radical (CClge).2” These experiments confirmed that PGF,-like compounds were generated
in vivo, not by a COX-derived mechanism, but rather non-enzymatically by auto-oxidation
of arachidonic acid. Because these compounds contain F-type prostane rings and were
comprised of many different isomers, they are termed F,-IsoPs.

Since the initial discovery of the Fo-1soPs, various classes of 1soPs that differ in regards to
the functional groups on the prostane ring have been discovered; the structures of these
different compounds are summarized in Figure 2. The compounds are named based upon the
structure of the functional groups on the cyclopentane ring in a manner analogous to the
prostaglandins. In 1997, Taber, Morrow, and Roberts proposed a nomenclature system for
the IsoPs that has been approved by the Eicosanoid Nomenclature Committee, which is
sanctioned by JCBN of IUPAC, and is used throughout this manuscript. An alternative
nomenclature system for the IsoPs has been proposed by FitzGerald and colleagues in which
the abbreviation iP is used for isoprostane, and the regioisomers are denoted as I11-VI based
upon the number of carbons between the omega carbon and the first double bond. 58

3. Formation of the Fo-isoprostanes

A mechanism to explain the formation of the F,-IsoPs from arachidonic acid is outlined in
Figure 3 and is based on that proposed by Pryor for the generation of bicycloendoperoxide
intermediates. Following abstraction of a bisallylic hydrogen atom and the addition of a
molecule of oxygen to arachidonic acid to form a peroxyl radical, the peroxyl radical
undergoes 5-exo cyclization and a second molecule of oxygen adds to the backbone of the
compound to form PGG,-like compounds. These unstable bicycloendoperoxide
intermediates are then reduced to the F,-I1soPs. Based on this mechanism of formation, four
F»-1soP regioisomers, each of which is comprised of 8 racemic diastereomers for a total of
64 compounds, are generated. Based upon the Taber, Morrow, and Roberts nomenclature
system, the four regioisomer classes are named according to the carbon number on which
the side chain hydroxy!l group is attached with the carboxyl carbon being 1, as indicated in
Figure 3.59

A central structural distinction between IsoPs and cyclooxygenase-derived PGs is that the
former contain side chains that are predominantly oriented cis to the prostane ring while the
latter possess exclusively trans side chains. Importantly, while PGs are generated from free
arachidonic acid, I1soPs are formed predominantly from oxidation of arachidonic acid
esterified in membrane phospholipids. Stafforini and colleagues have shown that Fo-1soP
hydrolysis from phospholipids is catalyzed, at least in part, by the platelet-activating factor
(PAF) acetylhydrolases | and I1. 60

It is important to note that during the formation of F,-1soPs the initial abstraction of any

bisallylic hydrogen atom from arachidonic acid is equally likely. However, quantification of
the different IsoP regioisomers finds that these compounds are not formed in equal amounts.

Chem Rev. Author manuscript; available in PMC 2012 October 12.
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When arachidonic acid is oxidized either in vitro or in vivo, the 5- and 15-series
regioisomers are formed in significantly greater abundance than the 8- and 12-series
regioisomers (Figure 4). One explanation for this difference is that that the arachidony!l
hydroperoxides that give rise to the 8- and 12-series regioisomers readily undergo further
oxidation to yield a novel class of compounds that contains both bicycloendoperoxide and
cyclic peroxide moieties; these compounds are termed dioxolane-I1soPs and have been
reported to form in vivo.61 The regioisomers of 5- and 15-series cannot undergo this further
oxidation and can, therefore, accumulate at higher concentrations in tissues and fluids as
they represent terminal oxidation products of arachidonic acid. The dioxolane-1soPs have
been extensively characterized using mass spectrometry.51-63 The biological activity and the
utility of the dioxolane-1soPs as biomarkers of oxidative stress have not been explored.

4. Quantification of Fo-isoprostanes as an index of oxidant stress in vivo

Several methods have been developed to quantify the Fo-1soPs including gas
chromatography-mass spectrometry (GC/MS), GC-tandem mass spectrometry (GC/MS/MS)
liquid chromatography-tandem mass spectrometry (LC/MS/MS), and immunoassays. Each
of these assays varies in the particular mixture of F»-1soP regioisomers that are measured.
Typically, 15-F,-IsoP (also referred to as 8-iso-PGF,,), which is one of the most abundant
IsoP isomers formed in vivo, is measured along with other isomers. Several internal
standards are available from commercial sources to quantify the IsoPs. [2Ha]-15-F-1soP
([2H,]-8-is0-PGF5,) and [2H4]-PGF5, are the two most commonly used isotopically-labeled
internal standards and their structures are shown in Figure 5. (Nomenclature note: 15-F;-
IsoP is designated as such because the hydroxyl groups on the molecule are oriented trans to
side chain stereochemistry.) Recently, Mas and colleagues have reported a GC/MS method
for quantification of F»-1soPs in urine that utilizes 4(RS)-F4:-neuroprostane (derived from
DHA) as the internal standard in order to eliminate compounds that possibly interfere with
the ionization of [2H4]-15-F-IsoP and thus confound the analysis.®* However, a potential
downside of this approach is that 4(RS)-F4-neuroprostane contains conjugated double bonds
that are susceptible to undergoing oxidation during sample processing, which cannot occur
using [2H4]-15-Fo-1soP as the internal standard.

Quantification of F»-1soPs by MS has distinct advantages compared to analysis by
immunoassay methodologies such as ELISA. Although ELISA measurement offers high
throughput analysis and does not require costly instrumentation, the polyclonal antibodies
used to bind F»-1soPs exhibit cross-reactivity other many other molecules similar in
structure, including COX-derived PGF5,.5% This cross-reactivity results in the quantification
of inflated concentrations of F,-1soPs. Additionally, biological impurities can interfere with
antibody binding.55 MS offers high sensitivity and specificity yielding quantitative results in
the low picogram per mL range. Esterified F,-1soPs can also be quantified by measurement
of free compounds after base hydrolysis. GC/MS offers the greatest sensitivity, which is
particularly beneficial for quantification of low-level F»-1soPs in plasma, but requires time-
consuming sample preparation and molecule derivatization prior to analysis. Using LC/MS,
the single isomer 15-Fy-1soP can be quantified and sample throughput is greater than GC/
MS because chemical derivatization is not required.%6 Smith and colleagues recently
reported an elegant comparison study in which they examined correlations between a newly
developed LC/MS/MS methodology and two commercially available ELISA kits (Cayman
Chemicals and Oxford Biomedical Research) to quantify 15-F,-1soP in 156 urine samples.
These authors found that there was significant correlation between the three methods but the
ELISA from Oxford Biomedical Research had a positive bias compared with the other
methods while the ELISA from Cayman Chemicals revealed a large spread of results when
analyzed using a Bland-Altman plot. These discrepancies are most likely the result of the
polyclonal antibody cross-reacting with other compounds.
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The true utility of the Fo-1soPs is in the quantification of lipid peroxidation and thus oxidant
stress status in vivo. F»-1soPs are stable, robust molecules and are detectable in all human
tissues and biological fluids analyzed, including plasma, urine, bronchoalveolar lavage fluid,
cerebrospinal fluid, bile, and amniotic fluid.6” The quantification of F»-1soPs in urine and
plasma, however, is most convenient and least invasive. Notably, the Biomarkers of
Oxidative Stress (BOSS) Study, an independent, multi-investigator study sponsored by the
National Institute of Environmental Health Sciences, compared more than 30 endogenous
biomarkers of oxidative stress and determined that the most accurate method to assess in
vivo oxidant stress status is the quantification of plasma or urinary F,-lsoPs.8

Normal levels of F,-1soPs in healthy humans have been defined.87:69.70 Defining these
levels is particularly important in that it allows for an assessment of the effects of diseases
on endogenous oxidant tone and allows for the determination of the extent to which various
therapeutic interventions affect levels of oxidant stress. Elevations of IsoPs in human body
fluids and tissues have been found increased in a diverse array of human disorders and the
findings have been extensively reviewed. Some of the diseases associated with increased
levels of Fo-1soPs include atherosclerosis and its risk factors such as obesity and cigarette
smoking,”}"7> hypercholesterolemia,’® diabetes,”” HIV,78-81 asthma,82-85 neurodegenerative
diseases,®6:87 rheumatoid arthritis,88-90 certain types of cancer,1%4 and many others.”1-94

Given that the IsoPs are not only biomarkers but also mediators of oxidative-stress related
diseases, multiple investigators have focused on possible therapeutic interventions that can
decrease endogenous production of IsoPs. In fact, medical treatments of the diseases
associated with oxidative stress have had some success in inhibiting IsoP formation.
Antioxidant supplementation, anti-diabetic treatments, cessation of smoking, weight loss,
and even a decrease in daily caloric intake have been shown to decrease endogenous IsoP
formation.”2:95.96 Antioxidant therapy in particular has been studied in detail in humans,
with Vitamin E (a-tocopherol) as one of the most widespread antioxidants studied. Studies
have demonstrated, however, that that daily doses of 1600 IU or greater for at least 8 weeks
were required to statistically reduce plasma levels of F,-1soPs.%597 Interestingly, Block and
colleagues have shown that 1000 mg/day vitamin C or 800 IU/day vitamin E for two months
can lower levels of plasma F,-1soPs by 22% (P=0.01) or 9.8% (P=0.46), respectively, when
baseline levels of F,-I1soPs are high (> 50pug/mL), such as in obese populations.?8 Neither
treatment decreased levels of Fp-1soPs in individuals with normal baseline levels. In other
studies, pre-treatment of skin with topical Vitamin E has also been shown to reduce levels of
F,-1s0Ps present post-UV irradiation.3 Finally, consumption of tart cherry juice, which is
high in polyphenols, particularly anthocyanins, increases the capacity of elderly humans to
resist oxidative damage as measured by changes in plasma F»-1soP levels in response to
forearm ischemia-reperfusion (I/R) before and after treatment. The tart cherry juice
intervention reduced the I/R-induced F,-isoprostane response (P < 0.05), whereas placebo
had no significant effect. Tart cherry juice has no effect on basal F,-IsoP levels.

Despite the prevalence of reports in the literature on F,-1soPs in human disease, care must
be taken when examining the data and comparing multiple studies. In an excellent
commentary published recently, Halliwell and Lee broached several controversial topics
regarding sampling, method of quantification, and data interpretation.9%:190 One primary
discussion point in the article centered on the choice of biological matrix and the particular
F»-1soP species measured. Most studies in which F-1soPs were quantified have focused on
measuring these molecules in either plasma or urine and have assumed that these measures
were equivalent. However, in the few reported studies in which F,-1soPs were measured in
both urine and plasma, discrepancies between the two measurements were often found.
Halliwell and Lee suggest that these differences could relate to the in vivo generation of free
radicals and subsequent F,-IsoP formation as well as to the hydrolysis, metabolism, and
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excretion of these compounds. For completeness, these authors suggest measuring total F,-
IsoPs (both molecules esterified in phospholipids and those which are unesterified) in
plasma along with free F»-1soPs in urine. They also propose that measurement of F»-1soP
urinary metabolites should be considered.

5. Metabolism of F,-isoprostanes

In contrast to cyclooxygenase-derived PGs that are generated from free arachidonic acid,
IsoPs are initially formed from arachidonic acid esterified in tissues phospholipids. Fo-1soPs
can then be released from the phospholipid backbone as free fatty acids by phospholipase
action. Free F,-1soPs are found circulating in plasma; circulating Fo-1soPs are filtered in the
kidney and appear in the urine. F,-1soPs can also undergo metabolism in the liver. Two
major urinary metabolites of 15-Fy-1soP, one of the most abundant endogenous F,-1soPs,
have been identified as 2,3-dinor-15-F,-1soP (2,3-dinor-8-1soP-F5,) and 2,3-dinor-5,6-
dihydro-15-F-1soP (2,3-dinor-5,6-dihydro-8-1soP-Fy,) (Figure 6). 101102 Myltiple mass
spectrometric methodologies have been developed to quantify each of these metabolites yet
most clinical reports in the literature have focused on the measurement of unmetabolized F,-
IsoPs in urine. Interestingly, Dai et al. reported complex relationships between the excretion
of F»-1soPs and 2,3-dinor-5,6-dihydro-8-1soP-F,,, oxidative stress, obesity, and breast
cancer risk in a nested-case control study within the Shanghai Women's Health Study.%2
These findings support Halliwell's and Lee's contention that measurement of F,-I1soPs and its
metabolites should be carefully considered in clinical studies.

It is worth noting here that the majority of PGF,, observed in human urine is from the free
radical catalyzed peroxidation of arachidonic acid and not from enzymatically derived from
COX.Yin et al. have shown that PGF,, and its enantiomer (ent-PGF,,) are present the urine
of healthy humans at levels near 1 ng/mg Cr. PGF,,, itself, however, is readily metabolized
by 15-prostaglandin dehydrogenase and enzymatic reductases to yield 13,14-dihydro-15-
keto-PGF,, whereas its enantiomer is present unmetabolized in the urine. Thus, ent-PGF;,,
represents a major F,-1soP present in the urine.

In addition to the metabolites discussed above, Yan and colleagues recently established that
F,-1s0Ps are excreted in the urine as glucuronide conjugates.193 These authors noted that
levels of urinary F,-1soPs were significantly increased after treatment of the urine with b-
glucuronidase (0.43 £ 0.02 vs. 0.61 £ 0.03 nmol/mmol Cr) and that this increase was, in fact,
dependent upon the activity of the enzyme. Further study is needed to determine how
biological factors affect the extent of glucuronidation of Fo-1soPs.

6. Biological activities of the F,-isoprostanes

In addition to being robust markers of in vivo oxidant stress, F,-1soPs can exert potent
biological effects and potentially mediate some of the adverse effects of oxidant injury. As
mentioned previously, 1soPs are initially formed in vivo esterified in glycerophospholipids.
Molecular modeling of IsoP-containing phospholipids reveals them to be remarkably
distorted molecules.>® Thus, the formation of these distorted phospholipids would be
expected to exert profound effects on membrane fluidity and integrity, a well-know sequelae
of oxidant injury. The majority of the studies exploring their bioactivity, however, have been
performed using unesterified 1soPs.

One particular Fo-1soP that is produced abundantly in vivo and that has been extensively
tested for biological activity is 15-F»-1soP (8-iso-PGF5,), which differs from
cyclooxygenase-derived PGF,, only in the inversion of the upper side chain
stereochemistry. In initial studies, 15-Fo-1soP was found to be a potent renal vasoconstrictor
with biological activity in the low nanomolar range.1%4 Subsequent studies demonstrated
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that it has similar effect in most species and vascular systems.19% F»-1soPs are thought to
exert their biological activity through thromboxane receptor (TPR) activation as TPR
antagonists block the ability of 15-F»-1soP (8-iso-PGF,,) to active platelets and induce
vasoconstriction of vascular smooth muscle cells, carotid arteries, and renal glomeruli. More
recently, however, other mechanisms by which F,-1soPs exert biological activity have been
proposed. In 2008, Khasawneh and colleagues described a systematic study in which they
explored the signaling and molecular interactions of 15-Fy-1soP (8-iso-PGF;,) with TPRs as
well as signaling through TPR-independent mechanisms in the platelet.196 Several landmark
findings were reported therein: (1) 15-F-IsoP (8-iso0-PGF»,) coordinated with Phel84,
Aspl98 and Phel% in the active site of platelet TPRs, (2) Phel% is a unique TPR binding
site for 15-Fo-1soP (8-iso-PGF5,,,) and not other TPR agonists, (3) 15-Fo-I1soP (8-iso-PGF5,,)
both stimulates and inhibits human platelet activation, and (4) inhibition of human platelet
activation by 15-Fy-1soP (8-iso-PGF,,,) is TPR independent and is regulated by a yet to be
determined cAMP-coupled receptor. In a recent comprehensive review of platelet function
and isoprostane biology, Ting and Khasawneh suggested that F,-1soPs should be listed as
orphan ligands until further receptors regulating their biological activity are identified.107

Other regio- and diastereomers of F,-1soPs have also been studied, although studies have
been limited. 15-F,-1soP (12-iso-PGF»,) activates the PGF5, receptor and induces
hypertrophy in cardiac smooth muscle cells. Interestingly, 5-F»-1soP, a major product of Fy-
IsoP formation like 15-F»-1soP, and its 5-epimer do not induce vasomotor effects in the rat
thoracic aorta, the human internal mammary artery, nor the saphenous vein.198 Other series
of F»-1soPs have also been studied on pig retinal and brain vasculature and majority of them
showed potent vasoconstriction.199 Notably, Ting and Khasawneh have recently published
an elegant review of current knowledge surrounding the complex F»-1soP bioactivity in the
vasculature. 110

7. Do/Ey-isoprostanes

In addition to undergoing reduction to yield F,-1soPs, the arachidonyl endoperoxide
intermediate can undergo isomerization to yield E- and D-ring IsoPs (Figure 2), which are
isomeric to PGE, and PGD,, respectively.111 E5/D,-IsoPs are formed competitively with
F»-1soPs, and recent studies have demonstrated that the depletion of cellular reducing
agents, such as glutathione (GSH) or a-tocopherol, favors the formation of E,/D5-1soPs over
that of reduced F»-1soPs. Depletion of GSH and a-tocopherol occurs in various human
tissues under conditions of oxidant injury, including the brains of patients with Alzheimer's
disease (AD). Reich et al. thus examined the ratios of F-ring to E/D-ring IsoPs in post-
mortem brain tissues from patients with AD; not only were levels of both E»/D,- and F;-
IsoPs significantly elevated, but E»/D,-I1soPs were the favored products of the IsoP pathway
in affected brain regions. This increased ratio of E»/D,-1soPs to F»-1soPs provides
information not only about lipid peroxidation in a given organ, but also about the redox
environment in that tissue.

As a result of the above findings in the brain, formation of Dy/Eo-1soPs has been explored in
cerebral ischemia. A critical reduction in cerebral blood flow and increased pro-
inflammatory mediators in the affected region characterize this condition. In 2008, Farias et
al. reported that levels of E»/D,-IsoPs are increased in the brain of rats subjected to head-
focused microwave irradiation for five minutes following decapitation, a model of complete
ischemia.12 This finding was recently confirmed by Brose et al. using a newly developed
LC/MS methodology to quantify these molecules.113 Most recently, Eo/D,-1soPs have been
tentatively identified in cerebral spinal fluid of traumatic brain injured patients.114
Formation of Eo/Do-1s0Ps in these and other disease settings has important implications as
15-E5-1soP, one abundantly generated isomer, has been found to be a more potent
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vasoconstrictor than 15-F,-I1soP or PGF,, and is an inhibitor of TP-mediated platelet
aggregation.115.116

In addition to Do/Ex-1soPs, PGD, and PGE; can also be generated from oxidative stress, not
simply from the COX. Gao et al. reported the formation of these molecules and their
respective enantiomers in vivo via the spontaneous epimerization of 15-Ex-1soP and 15-Dy,-
IsoP, respectively.11?

The metabolism of E;/D»-1s0Ps has not been extensively studied but Jahn and Dinca have
synthesized a potential metabolite of 15-E»-1soP although the formation of this metabolite in
vivo has not been confirmed.118

8. A,/J,-isoprostanes

E,/D,-IsoPs, however, are not terminal products of the IsoP pathway. These compounds
readily dehydrate in vivo to yield A,/Jo-1soPs (Figure 2), which are also known as
cyclopentenone IsoPs because they contain an a,B-unsaturated cyclopentenone ring
structure.119120 A,/J,-1s0Ps are highly reactive electrophiles that readily form Michael
adducts with cellular thiols, including those found on cysteine residues in proteins and
glutathione. In fact, structural studies suggest that distinct cyclopentenone I1soPs can
selectively adduct specific residues on proteins. Stamatakis and Perez-Sala have written a
comprehensive review on the interactions between electrophilic lipids, including
cyclopentenone IsoPs, and proteins.}21 The metabolism of cyclopentenone 1soPs has been
studied in HepG2 cells, a cell line derived from human hepatocytes, as well as in the rat.
These molecules are rapidly metabolized by glutathione transferase enzymes yielding water-
soluble modified glutathione conjugates. The major urinary cyclopentenone IsoP metabolite
in rats is a 15-Ay-1soP mercapturic acid sulfoxide conjugate (Figure 7). 122

The chemical reactivity of cyclopentenone IsoPs suggested that these compounds might be
biologically active. The synthesis of two groups of cyclopentenone 1soPs regioisomers, 15-
A,-1s0Ps and 15-J,-1soPs, has allowed the examination of their bioactivity. Studies
employing primary cortical neuronal cultures demonstrated that both 15-A,-1soPs and 15-J,-
IsoPs potently induce neuronal apoptosis and exacerbate neurodegeneration caused by other
insults at concentrations as low as 100nM.123 Musiek et al. propose that these molecules
initially induce mitochondrial dysfunction and GSH depletion, causing marked increases in
intracellular ROS production and further lipid peroxidation.123-125 This interruption of redox
homeostasis leads to subsequent phosphorylation of ERK1/2 and serine 36 of p66°nC as well
as translocation and activation of 12-lipoxygenase (12-LOX). All of these factors contribute
to cell death. It is important to note that in this system 15-A,-IsoP is a both a product and
inducer of oxidative stress; the production of 15-Ax:-1soPs in response to an initial oxidant
injury sets in motion a feed-forward cycle that leads to a loss of intracellular redox
homeostasis and consequent apoptosis. Interruption of this cycle with antioxidants can
prevent cell death. Importantly, 15-A,/J,-1soPs have more recently been shown to be
produced abundantly in stroke-infarcted human cortical tissue and could be thus be partially
responsible for neurological damage following stroke events in vivo.126 Taken together,
these data suggest that A,/J,-1soPs, or the downstream signaling pathways activated by
these compounds, might represent novel therapeutic targets.

Cyclopentenone IsoPs also exert biological effects in non-neural tissue. Musiek et al.
reported that 15-A,-1soPs potently suppress lipopolysacharide (LPS)-induced inflammatory
signaling via inhibition of the NF-kB pathway in macrophages.12’ 15-A,-1soPs inhibit the
induction of COX-2 and the inducible nitric oxide synthase as well as the elaboration of
several pro-inflammatory cytokines in LPS-stimulated RAW?264.7 cells and primary murine
macrophages. Similar anti-inflammatory effects were seen with 15-J,-1soPs. 15-J,-1soPs
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also activate the peroxisome proliferator activated receptor-gamma (PPARYy) with an ECsg
of approximately 3uM. This receptor modulates a wide variety of biological processes,
including inflammatory signaling and fatty acid metabolism. 15-J,-1soPs also induce
macrophage apoptosis at low micromolar concentrations in a PPARy-independent manner.
Thus, there is a diversity of actions among cyclopentenone IsoP isomers. It appears that
these compounds could act as negative-feedback regulators of the inflammatory response,
since oxidative stress and lipid peroxidation often occur under conditions of chronic
inflammation.

15-Ao-1soPs have also been shown to inhibit NF-xB activation, through impairment of 1kB-
o degradation, in LPS-stimulated human placenta and fetal membranes.28 Like in
macrophages, this inhibition was associated with a reduction in the release of pro-
inflammatory cytokines including IL-1pB, IL-6, IL-8, and TNF-o as well as PGE; and PGF5,,.
These cytokines and PGs are involved in both term and preterm labor and delivery and these
authors suggest that 15-A,-I1soPs or other cyclopentenone IsoPs could abrogate early labor.
The potential role that cyclopentenone 1soPs could play in labor and delivery is of particular
interest in light of a recent study by Menon and colleagues which demonstrated that Fo-
IsoPs are increased in normal term human fetal membrane explant cultures exposed to
cigarette smoke extract.129 In that publication, the authors suggest that generation of Fo-
IsoPs may be an alternate pathway, in regards to traditional thinking about the bioactivities
of the COX-generated PGE, and PGF,,, that mediates preterm pre-labor rupture of
membranes. The data presented in these two studies suggests that the redox environment and
consequent generation of either F»-1soPs or Eo/Do- and Ay/Jo-1soPs in the human placenta
and fetal membranes may be an important and previously understudied mechanism
regulating onset of labor and delivery. Further studies are needed in this area to determine
what role, if any, I1soPs play in the pathophysiology of childbirth.

9. Deoxy-J,-isoprostanes

15-deoxy-A1214-PGJ, (15-d-PGJ,) is a cyclopentenone PG that formed following the
dehydration and isomerization of PGJ,, a metabolite of PGD». Like PGA/PGJ, and Aj/J,-
IsoPs, 15-d-PGJ, contains af-unsaturated carbonyl functionalities that contribute to a wide
array of biological activities exerted by this molecule. This compound actually exhibits
greater reactivity and biological potency in many cellular systems compared to other PGA,/
PGJ, and Ay/J,-1soPs as 15-d-PGJ, contains two electrophilic carbon centers at both C-9
and C-13, which can undergo Michael addition with free sulfhydryls of cysteine residues on
proteins.130 Some of the biological activities of 15-d-PGJ, are related to the observation that
this molecule activates the PPARy nuclear receptor.131 Previous studies indicate that 15-d-
PGJ, mediates PPARy-dependent repression of NF-xB and AP-1, inhibiting the expression
of pro-inflammatory proteins. 132 15-d-PGJ, has also been shown to possess PPARy-
independent activity through direct adduction to intracellular proteins targets. In this context,
15-d-PGJy, like 15-Ay/Jo-1s0Ps, has been shown to exert anti-inflammatory effects by
inhibiting NF-kB-dependent gene transcription via covalent modification of cysteine
residues on 1kB kinase and in the DNA binding domains of NF-xB subunits,133:134 |n
addition to its proposed role inflammation, 15-d-PGJ, exhibits potent antiproliferative and
pro-apoptotic effects in various cancer cell lines by modulating MAPK35 and p53
activity.136.137 15.d-PGJ, also stimulates antioxidant responses through activation of Nrf2-
mediated signaling via adduction to critical cysteine residues on the electrophile sensor
Keap1.138-141

Despite significant interest in the biological activity of 15-d-PGJ,, evidence for its formation

in vivo is controversial. Production of 15-d-PGJ, has been reported in selenium-
supplemented macrophages following LPS stimulation42 and in rodent models of
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inflammation, including carrageenan-induced pleurisy in rats:33 and zymosan-induced
resolving peritonitis in mice.143 15-d-PGJ, was also detected in macrophages in human
atherosclerotic lesions using immunohistochemical approaches.144 In addition, Hirata et al.
reported the detection of A12-PGJ,, the precursor to 15-d-PGJ,, in human urine, and its
formation was suppressed to some extent by COX inhibitors.14> On the other hand, Bell-
Parikh et al. reported very low levels of 15-d-PGJ, (~5 pM) in human urine, and these levels
are likely insufficient to exert bioactivity.146 Additionally, levels of 15-d-PGJ, were
unaltered in the pathophysiological settings in which 15-d-PGJ,-mediated activation of
PPARYy has been implicated, namely inflammation and diabetes. Based on these and other
findings, the physiological relevance of 15-d-PGJ, has been questioned.146:147 Further, the
extent to which 15-d-PGJ, is formed in vivo in humans and the mechanisms that regulate its
formation remain unclear.

Recently, Hardy et al. described for the first time that 15-d-PGJ, is generated from the free
radical catalyzed peroxidation of arachidonic acid (Figure 8). Further, a series of 15-d-PGJ,-
like compounds, termed deoxy-Jo-1soPs, are formed in vivo from the dehydration of J,-I1soP
regioisomers (Figure 9). 15-d-PGJ, and deoxy-Jo-1soPs were significantly generated in vivo
esterified in membrane phospholipids in rat liver after induction of lipid peroxidation by
CCl,.148 The finding that 15-d-PGJs is produced in vivo via free radical-catalyzed lipid
peroxidation, independent of the COX pathway, offers new insights into the possible
mechanisms that contribute to 15-d-PGJ, formation and provides the impetus for
examination of the systemic production of 15-d-PGJ, in humans.

10. Isoketals/isolevuglandins

In addition to rearranging to generate E,/D5-1s0Ps, Hy-1soPs rearrange to form highly
reactive y-ketoaldehydes (yKAs, also called isoketals or isolevuglandins) in the same
manner that PGH, derived from cyclooxygenase non-enzymatically rearranges to form
levuglandins. Oxidation of AA generates eight E,- or D,- YKA regioisomers and 64
individual stereoisomers (Figure 10).14? Ex-isomers have the ketone group adjacent to the
carboxylate side chain and the aldehyde adjacent to the second (or lower) side chain; D,-
isomers have the aldehyde group adjacent to the carboxylate side chain and the ketone group
adjacent to the second side chain.

Interest in these molecules as potential mediators of cellular dysfunction induced by
oxidative stress stems from three cardinal features of their biochemistry: 1) their rapid
adduction to lysine residues of proteins, 130 2) their proclivity to crosslink proteins, 151-154
and 3) their adduction to aminophospholipids. 1°° It is important to note that most studies
examining the biological activities of these molecules have used a single yKA regioisomer,
referred to as levuglandin E; or 15-E,-isoketal, which is produced by either pathway. For
simplicity, we will refer to this compound as yKA throughout.

10.1. The yKAs react with the lysyl residues of proteins

The reaction of yKAs with primary amines including lysine and PE is shown in Figure
11.150 Formation of the essentially non-reversible pyrrole adduct underlies the far greater
reactivity of yKAs compared to other commonly studied lipid aldehydes such as HNE which
typically form Michael adducts. The dramatic differences in reactivity of yKA and HNE was
demonstrated in experiments where each of the lipid aldehydes were incubated with albumin
in vitro. Greater than half of all yKA adducted to the protein in the first 20 seconds, while
less than half of the HNE was adducted after 60 min incubation time.150 Formation of yKAs
in vivo can be quantified by measuring the highly stable yKA-lysyl-lactam adducts using
mass spectrometry.156 Because these adducts are not rapidly cleared, their tissue level serves
as a dosimeter of oxidative stress over time.157 Increased yKA-protein adducts have been
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reported in a number of disease conditions including atherosclerosis, myocardial infarction,
end-stage renal disease, experimental sepsis, hyperoxia, and carbon tetrachloride
poisoning.198-161 Formation of protein adducts may underlie some of the reported effects of
these compounds including alterations in ion channels.162

10.2. The yKAs crosslink proteins

The initial reaction of yKA with lysine forms pyrrole adducts which then mature under
oxidizing conditions into lactam, hydroxylactam, or cross-linked adducts (Figure 11).151-154
Oxidation of protein pyrrole adducts in the immediate vicinity of other nucleophiles such as
cysteines form crosslinks between the amino acid residues,163 and alter the conformation
and function of proteins.164 yKAs crosslink proteins more potently and rapidly than
HNE,1>4 and this protein-protein crosslinking can be prevented experimentally by adding
excess of glycine.1>4 If and to what extent cross-linking contributes to yKA action needs to
be further explored.

10.3. The yKAs react rapidly with phosphatidylethanolamine

In addition to lysine residues, yKA can react with other primary amines present in cells
including phosphatidylethanolamine (PE) and DNA.165-167 One of the most important of
these cellular amines is the aminophospholipid phosphatidylethanolamine (PE). Because
non-enzymatic formation of yKA occurs on membrane phospholipids, they are well
positioned to react with PE in the membrane. Exogenous addition of yKA to human
umbilical vein endothelial cells (HUVEC) leads to approximately five-fold more abundant
yKA-PE adduct formation than protein adduct formation.155 Although little is known about
the levels of yKA-PE in vivo, Li et al reported significant increases in mice chronically
treated with ethanol and in human subjects with age-related macular degeneration.168
Likewise, there is a paucity of data relating to the bioactivity of yKA-PE, but recent studies
suggest the possibility that they might mediate some of the pro-inflammatory effects of lipid
peroxidation. For instance, in studies with cultured HUVEC, yKA-PE induces expression of
inflammatory cytokines and adhesion molecules that results in the adhesion of THP-1
monocytes.161 This effect appears to be mediated by induction of endoplasmic recticulum
(ER) stress, as exposure of endothelial cells lead to increased expression of ER stress
signaling molecules such as BiP and CHOP. Furthermore, chemical inhibitors of ER stress
signaling blocked monocyte adhesion to HUVEC induced by yKA-PE. Although the exact
mechanism whereby yKA-PE induces ER stress is unknown, yKA-PE significantly alters
membrane curvature and the N-pyrrole moiety of yKA-PE appears to mediate this effect.

10.4. yKA Scavengers

To better define the biological role of yKAs in oxidative injury and potentially prevent their
detrimental effects, studies were performed to identify selective scavengers of yKAs. Initial
screens identified pyridoxamine (PM) as a compound that effectively intercepts yKAs from
adducting to cellular amines.16 To understand the basis of PM's reactivity with gKAs,
Amarnath and colleagues determined second order reaction rates for a series of primary
amines relative to N-a-acetyl-lysine. These structure-activity relationship studies identified
the critical moiety to be a phenolic amine with the hydroxyl group adjacent to the methyl
amine (Figure 12).16% Therefore, other phenolic amines such as salicylamine (SA) and
pentyl-pyridoxamine (PPM) are similarly potent and are as selective as PM for scavenging
vKA. None of these three scavengers significantly reduced the levels of F»-1soPs during in
vitro oxidation of AA, indicating that reduction in the level of yKA adducts can be directly
attributed to yKA scavenging and not inhibition of lipid peroxidation.170 Further, these
compounds did not significantly scavenge other lipid aldehydes such as HNE169.170 ang
they reacted with a-ketoaldehydes such as methylglyoxal at a rate approximately 187 times
slower than yKAs.169 Thus, PM and related phenolic amines preferentially scavenge yKAs
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compared to other lipid aldehydes. The mechanism for this selectivity of these phenolic
amines appears to be the ability of the hydroxy! group adjacent to the methylamine to
catalyze pyrrole formation.169 In aqueous solutions, all three scavengers markedly reduced
the levels of Lys-lactam adduct, but in platelets, SA and PPM reduced levels of Lys-lactam
adducts to a greater extent than PM.170 Additionally, in intact cells exposed hydrogen
peroxide, both SA and PPM protected cellular viability, while PM did not.170 Similarly, SA
and PPM protected cells against peroxide induced inhibition of sodium currents, while PM
failed to do s0.162 SA is orally bioavailablel’! and administering SA in the drinking water of
ApoE4 mice prevents the age-related loss of working memory in these mice.12 yKA
scavengers could thus be valuable tools for future in vivo studies exploring the contribution
of yKA to disease processes.

11. Isofurans

As discussed, the value of F»-I1soPs as a biomarker of endogenous oxidative stress is well
appreciated. Nonetheless, a shortcoming of this approach exists during situations involving
oxidant injury in settings of elevated oxygen tension. When IsoPs are formed there is a
carbon-centered radical that undergoes 5-exo-cyclization to form the cyclopentane ring.
Alternatively, this carbon-centered could react with a molecule of oxygen to generate
oxidized products of a different structure as shown in Figure 13. These products have a
substituted tetrahydrofuran ring and thus have been named isofurans (IsoFs).173174 Two
mechanisms have been proposed for the formation of these molecules — the cyclic peroxide
cleavage pathway and the epoxide hydrolysis pathway.17> A total of 8 regioisomers are
formed that are comprised of 16 racemic diastereomers for a total of 256 compounds. IsoFs
are routinely quantified using the same GC/MS assay utilized to measure F»-1soPs; the
primary m/z noted for the pentafluorobenzyl ester, trimethylsilyl ether derivatives of the
IsoFs.

As hypothesized by Fessel et al., it was found that whereas levels of F-1soPs from
arachidonic acid remain virtually unchanged when oxygen tension is increased from 21% to
100%, levels of IsoFs are increased significantly.174 Further, it has been shown that levels of
IsoFs esterified in lungs of mice exposed to 100% O, were significantly increased compared
to mice breathing 21% O,. In these animals, level of F,-1soPs remained unchanged.

More current studies have demonstrated the utility of quantifying IsoFs as biomarkers of
oxidative stress in clinical settings in which high concentrations of oxygen are used during
treatments or procedures. For example, in 2009, Vento et al. examined the effect of using
either 30% or 90% O, for the resuscitation of preterm neonates (24-28 weeks gestational
age).176 In the study it was found that urinary IsoFs, but not F,-1soPs, were significantly
increased one week after birth in the high-oxygen group compared to the low-oxygen group.
Additionally, increased levels of urinary IsoFs as well as increased levels of GSSG and 8-
hydroxy-2'-deoxyguanosine, other biomarkers of oxidative stress, correlated with
development of chronic lung disease. The authors concluded that resuscitation of preterm
neonates with 30% oxygen caused less oxidative stress, inflammation, need for oxygen, and
risk of bronchopulmonary dysplasia.

Additionally, two recently published studies have examined the utility of IsoFs as
biomarkers of oxidative injury during surgical procedures. Mas et al. compared levels of Fo-
IsoPs and IsoFs and the effects of general or spinal anesthesia during ischemia/reperfusion
of the leg in patients undergoing knee replacement surgery.1”” Interestingly, F,-I1soPs were
significantly lower in the general anesthesia patient group compared to the spinal anesthesia
group whereas levels of IsoFs were significantly increased when general anesthesia
compared to spinal anesthesia. The authors proposed that the increase in IsoFs was related to
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increased oxygen concentrations administered during general anesthesia. The
pathophysiological consequences of this increase oxidative stress need to be explored.

Notably, Billings and colleagues examined the relationship between development of
postoperative acute kidney injury (AKI) following cardiopulmonary bypass (CPB) and
oxidative stress, as measured by both plasma and urine F,-1soPs and IsoFs.17® AKI occurs in
up to 30% of cardiac surgery patients and independently predicts in-hospital mortality,
morbidity, and midterm as well as long-term survival; thus, understanding the mechanism(s)
leading to AKI and development of a biomarker to predict AKI is of central importance.
Plasma and urine F»-1soPs and IsoFs were increased significantly during CPB with the
magnitude of increase of IsoFs being much greater. Further, concentrations of both
biomarkers in plasma and urine increased more significantly in subjects who subsequently
went on to develop AKI. The magnitude of increase in urinary IsoFs was considerably
greater compared to plasma IsoFs and was sustained over a period of two days following
CPB. F»-IsoPs and IsoFs generated in the kidney are directly excreted into the urine.
Therefore, the authors suggest the large increase in urinary IsoFs could reflect increased
renal oxygen tension and oxidative stress due to dysfunctional mitochondria, which results
in diminished mitochondrial oxygen consumption and thus higher cellular oxygen tension.
In a separate study, also recently published, Snoeijs and colleagues examined the role of F»-
IsoP signaling via the thromboxane receptor in renal ischemia reperfusion injury in wild
type and thromboxane (TP) receptor knockout mice.17® F,-1soPs as well as thromboxane B,
were readily detected in the urine of both groups following surgery; and kidney dysfunction,
histological injury, and the number of infiltrated neutrophils was similar between the two
groups. The authors thus concluded that Fo-1soPs might not play a central role in oxidative
stress signaling in this setting. Taken together, these studies emphasize the need to carefully
consider the mechanism of formation of oxidized lipid biomarkers as well as the clinical
setting and disease state when quantifying endogenous oxidative injury.

12. Formation of isoprostanes in situ on phospholipids

As noted, IsoPs are primarily formed from the free radical attack on the phospholipids of
cellular membranes and are subsequently released by phospholipases such as PAF-acetyl
hydrolases. Most of the biological activities of isoprostanes, however, have been studied
using the free form of the molecule as esterified isoprostanes are perceived as reservoir of
the free isoprostanes. Recently, a novel class of esterified isoprostanes containing an
epoxide moiety have been characterized in mildly oxidized LDL (MM-LDL). These
phospholipid isoprostanes are called epoxyisoprostanes.180 Extensive studies have been
carried out on these esterified isoprostanes and roles of these isoprostanes have been
uncovered in the initiation and progression of atherosclerosis. There are many excellent
reviews in the literature summarizing the biological activity of oxidized phospholipids
including these phopholipid-bound isoprostanes.13:181.182 This review will focus on the
chemical mechanisms of formation of esterified isoprostanes, detection by mass
spectrometry, and comparison of the biology of the esterified isoprostanes to free analogues.

12.1. Mechanism of formation of epoxyisoprostanes esterified on phospholipids

The general free radical mechanism on the formation of different classes of isoprostanes has
already been summarized herein. The G,- and Hy-1soPs, or bicyclic endoperoxides, are the
critical intermediates that can be converted to the other IsoPs, such as Fo-, Eo/D5-1soPs.
Epoxy-F,-1soPs have never been identified in vivo, thus these epoxy-IsoPs are most likely
derived from the rearrangement from the G,/H,-1soPs to Eo/D,-analogues.183 The chemical
mechanism of formation is summarized in Figure 14. Briefly, the rearrangement of the
bicyclic endoperoxides in Go-1soPs gives rise to intermediate E»/D,-1soPs in which the
hydroperoxides are not reduced. The acidity of the a-hydrogen atom of the carbonyl group
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on the cyclopentane ring renders a unique 1,5-dehydration reaction with the concomitant
formation of an epoxy ring to give epoxy-E,/D,-I1s0Ps, in this case esterified in
phosphatidylcholine (PC). It should be noted that the hydroperoxide functionality on the side
chains is a prerequisite for the subsequent dehydration to occur. If the hydroperoxide is
reduced while the rearrangement occurs, the E»/D,-I1soPs will be generated instead. Thus the
redox enivronment in a biological system is an important determining factor for the
formation of these epoxy-IsoPs. It is plausible that the product distribution of these IsoPs is
strongly dependent on the reducing equivalents that they are exposed to. As discussed, a
strong reducing environment favors the formation of F»-1soPs because the bicyclic
endoperoxides and the hydroperoxides are readily reduced. The bicyclic endoperoxide
functionality has limited stability and it readily rearranges to D,/E,-1soPs upon exposure to
aqueous media. Thus, the formation of these epoxy-1soPs most likely occurs after the
oxidized sn-2 side chains on the phospholipid flip outside of the hydrophobic environment
of the membrane.

The regioselectivity of epoxy-I1soP-PCs is quite interesting. The two regioisomers of 5- and
8-series of Go-1soPs gives rise to Eo/A, types of epoxy-IsoPs while 12- and 15-series Go-
IsoPs generates D,/Jo epoxy-1soPs, respectively. It should be pointed out that D,/E;-IsoPs
without epoxide function groups can be produced from each of the four Go-1soPs. The
regioselectivity of these novel epoxy-I1soP-PCs has not been studied. Based on the
regioselectivity of Fo-1soPs and the formation of dioxolane-1soPs from 8- and 12-G,-1soPs,
one can predict that 5- and 15-series of G,-1soPs generate more abundant epoxy-IsoPs than
those from 8- and 12-series Go-1soPs. It is important to note that the epoxy-D,/Jo-1soP-PCs
should be more reactive than epoxy-Eo/Ay-1soP-PCs.

12.2. Biological activity of isoprostanes esterifed on phospholipids

As noted, our current knowledge on the biological activities of isoprostanes primarily
focuses on the free acid analogues of F,-1soPs, specifically 15-Fo¢-1soP; E»-IsoPs,
specifically 15-Eo-1soP; and 15-As/J»-1soPs. In contrast to the free acid analogues of 1soPs,
the biological activity of phospholipid IsoPs have not been well studied.184-186 The epoxide
containing 1soP-phospholipids, epoxy-E,/Ds-isoprostane phosphatidycholine (PEIPC) and
their dehydration products epoxy-cyclopentenone isoprostane PC (PECPC), were initially
identified in MM-LDL. In LDL, oxidized 1-palmitoyl-2-arachidonyl-sn-glycero-3-PC
(PAPC) activates endothelial cells to produce monocyte chemotactic protein (MCP-1) and
interleukin-8 (I1L-8), two chemokines that play an important role in atherosclerosis. PEIPC
and PECPC are the major components in oxidized PAPC that mediates this effect.

PEIPC and PECPC can also modulate a variety of intracellular signal transduction
pathways: (1) PEIPC has been shown to activate the receptors of PGE, and PGD,, EP2 and
DP receptors respectively.187 This effect is implicated in atherosclerosis because EP2
receptors are expressed in all cell types relevant to atherosclerosis including endothelial cells
(ECs), monocytes, macrophages and vascular smooth muscle cells. Activation of EP2
receptors on ECs by PEIPC activates integrins and increases binding of monocytes while
EP2 receptor antagonists abolish this effect. The epoxide moiety in the molecules seemed to
be required for the activation of EP2 receptor.

Additionally, phospholipid-bound IsoPs activate PPARs, intracellular ligand-activated
transcription factors. Specifically, PEIPC and PECPC activate PPARGa. in transfected HelLa
cells. PPARa is involved in MCP-1 synthesis; MCP-1 mediates monocyte recruitment
during atherogenesis. Accumulation of PEIPC and PECPC in cells exposed to cytokines and
in atherosclerotic lesions suggests that these lipids may play a role in the chronic disease
processes.183
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(2) It has long been demonstrated that MM-LDL caused a saturable dose-dependent increase
in CAMP levels in aortic ECs that may result from stimulation of G4 and inhibition of G;
heterotrimeric G-protein complexes. More recently, it has been found that PEIPC in
oxPAPC increase intracellular cAMP levels.188 Later studies have identified Gs-coupled
prostaglandin E2 and D receptors (EP2 and DP) as mediators of this CAMP elevation
induced by OXPAPC and PEIPC.189 Elevation of cAMP induced by PEIPC causes cellular
effects relevant to inflammation including activation of the small GTPase R-RAS, which
stimulates apical expression of connecting segment-1-containing fibronectin and thus
promotes the entry of monocytes into sites of chronic inflammation. On the other hand,
cAMP-dependent PKA plays a role in OXPAPC-induced phosphorylation of transcription
factor CREB leading to enhanced expression of heme oxygenase-1, an enzyme with
prominent antioxidant and anti-inflammatory properties.2%0 Furthermore, cAMP and PKA
play mechanistic roles in barrier-protective effects of OxPLs in pulmonary vascular
endothelium.

3) OXPAPC regulates genes related to inflammation, lipid metabolism, cellular stress,
proliferation, and differentiation. In human aortic ECs, oxidation mixture of PAPC
modulates expression of ~1,000 genes.19! Transcription factors characterized as mediators
of the effects of PEIPC are described in Table 1.

12.3. Detection of intact isoprostanes esterified on phospholipids by mass spectrometry

Historically, quantification of F»-1soPs has been accomplished by GC-MS techniques after
steps of purification and derivatization. However, more recently, direct characterization and
quantification of the PL esterified isoprostanes using LC/MS has been performed. Fo-1soP-
PAPC was first identified by fast atom bombardment mass spectrometry in the negative ion
mode.3 Recently, we employed iontrap MS to characterize the isoprostanes esterified on
different phospholipid head groups after reverse phase separation. The different intact
regioisomers have been identified using MS" in the negative ion mode.192 The F»- and D,/
E,-1soP esterified to 1-stearoyl-2-arachidonyl-PE have been detected in vitro and in vivo.
The levels of intact E,- and F»-1soPs on 1-palmitoyl-2-arachidonyl-PC and 1-stearoyl-2-
arachidonyl-PC atherosclerotic plaques at different stages were analyzed by ESI-MS in the
positive ion mode.193 There is, however, no clear trend of the levels of these IsoP-PCs at
different stages of atheroma development.

PEIPC and PECPC were structurally characterized by MS, UV and NMR (Figure 15).
Chemical derivatization was also used to assist with identification and characterization of
functional groups in these molecules. Derivatization with methoxyamine HCI helped to
identify the carbonyl group and epoxide in the structure. Treatment with sodium
borohydride reduced the carbonyl group as well as the epoxide ring. Catalytic hydrogenation
on the free acid analogue indicated the presence of two double bonds and two reducible
oxygens in the molecules. After hydrolysis using the enzyme PLA2, the free acid of the
epoxy-E,-I1soP was characterized by IH-NMR. Thus the structure of epoxy-E,-1soP-PAPC
was unambiguously identified. Independent chemically synthesis also confirmed the
structures.

Levels of intact PEIPC were determined in rabbit aortas using LC/MS. In healthy controls
29.2 + 3.1 ng/ mg of wet tissue was detected while the levels increased to 141.5 + 45.2 ng/
mg in New Zealand white rabbit aortas.194 PEIPCs were also detected in cultured HAECs.
The levels of these compounds increased from 13 ng/mg in the control to 22.5 ng/mg after
treatment with IL-1p. 183
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13. Formation of isoprostanes from other polyunsaturated fatty acids

Arachidonic acid is not the only polyunsaturated fatty acid that can be oxidized to generate
IsoPs. The basic requirement for cyclization to occur is the presence of at least three double
bonds. F-ring IsoPs have are formed from the peroxidation of linolenic acid [C18:3, F1-
IsoPs or phytoprostanes]19°, EPA [C20:5, -3, F3-1soPs]1%, DHA [C22:6, -3, F4-1soPs or
F4-neuroprostanes (NPs)], and, most recently, adrenic acid [C22:4, ®-6, Fo-dihomo-IsoPs]
(Figure 16).197 Several excellent reviews of the phytoprostanes including recent
perspectives on phytoprostane and IsoP nomenclature systems have been recently reported
in the literature; thus, this review will focus on IsoPs generated from DHA, adrenic acid, and
EPA'198,199

13.1. Isoprostanes/Neuroprostanes generated from docosahexaenoic acid

Docosahexaenoic Acid (DHA) is highly enriched in human brain and neurons comprising
~25% to 35% of the total fatty acids in aminophospholipids.2%0 DHA is more susceptible
than AA to oxidation owing to the fact that it contains a greater number of double bonds.201
Initial studies of DHA oxidation were undertaken due to the abundance of this PUFA in the
brain with the idea that measurement of IsoP-like compounds formed from oxidation of
DHA, termed neuroprostanes (NPs), might provide a more sensitive biomarker of neuronal
oxidant injury than IsoPs.197 DHA, however, is also abundant in the eye, heart, liver, and
testes. Additionally, it is a major component of marine fish oil as well as many food
supplements including infant formula. Studies initiated to understand the mechanism(s)
underlying the oxidation of this PUFA are thus of great importance.46

Analogous to the pathway of IsoP formation from arachidonic acid, F-ring NPs are formed
by reduction of H-ring intermediates. Because of the larger number of double bonds in
DHA, 8 rather than 4 regioisomers are formed as a result of abstraction of a bisallylic
hydrogen atom from C6, C9, C12, C15, and C18. This gives rise to 8 NP regioisomers (4-,
7-,10-, 11-, 13-, 14-, 17-, and 20-series NPs).292 4-series and 20-series NPs are formed in
greatest abundance as the other series of compounds can be further oxidized to generate
dioxolane NPs in the same manner that 8- and 12-series IsoPs can generate dioxolane ring-
containing 1soPs. The ring structures of the NPs are also similar to the spectrum of ring
structures noted for 1soPs. F4-NPs are formed both during oxidation of DHA in vitro and in
normal brain tissue.29% Moreover, F,-NPs are present in CSF from normal individuals and
levels are higher in patients with Alzheimer disease (AD).2%4 Recently, Brown and
colleagues have shown that F,-1soPs and to a greater extent, F4-NPs, are significantly
increased in neurons exposed to ischemic preconditioning.2%% In addition to F4-NPs, E4-/Dg-
NPs, A4/J4-NPs, and y-ketoaldehyde products similar to the isoketals (neuroketals, NK) are
formed during oxidation of DHA in vitro and levels of these NPs are present in detectable
quantities in brain tissue.29 Interestingly, NK protein adducts in normal human brain reach
levels of ~10 ng/g brain. Further, levels of NK adducts measured by LC/MS/MS in
hippocampus from brains of patients with AD were significantly increased compared to
hippocampus from age-matched controls; intense immunostaining, using the single chain
antibody which recognizes both isoketal and NK adducts, was noted in virtually every
neuron in the hippocampus from patients with AD while staining was absent in aged-
matched controls.207:208

The biological activity of these molecules remains largely unexplored due to the complex
strategies required to chemically synthesize these molecules. In recent years, however, three
primary research groups including Vidari and colleagues, Taber and colleagues, and Durand
and colleagues have successfully synthesized neuroprostane molecules of varying ring
structures.209-211 Hopefully the synthesis of these molecules will lead to a greater
understanding of the biological activities of NPs in tissues enriched with DHA. Musiek et al.
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have shown that 14-A4-NPs, synthesized by Vidari and colleagues, are potent inhibitors of
NF-kappaB signaling similar to 15-A,-1soPs.212

13.2. Isoprostanes from adrenic acid

VanRollins and colleages have examined the formation of F-ring I1soPs, termed F,-dihomo-
IsoPs, generated from adrenic acid (C22:4, w-6).213 Adrenic acid, like DHA, is highly
enriched in the brain but is primarily found in white matter and is associated with myelin.
White matter is commonly damaged by ischemic stroke and is uniformly damaged in
multiple sclerosis. These authors found that Fo-dihomo-1soPs are formed in significant
amounts from adrenic acid and levels are markedly increased in settings of oxidant stress
occurring specifically in the white matter in human brain. Proportionally, levels of dihomo-
IsoPs in white matter undergoing oxidative injury increase to a greater extent than IsoPs and
NPs derived from arachidonic acid and DHA, respectively. These studies suggest that
quantification of dihomo-IsoPs may be a selective marker of white matter injury in vivo.
Studying the formation of Dy/E,-dihomo-IsoPs in white matter may be of particular
importance due to the reducing environment in the brain and the identification of D,/E,-
IsoPs from arachidonic acid molecules in ischemic stroke and traumatic brain injury.

13.3. Isoprostanes from eicosapentaenoic acid

Eicosapentaenoic Acid (EPA) is a polyunsaturated «-3 fatty acid that is a major component
of marine fish oil. Evidence from both epidemiological studies and clinical trials has shown
that increased intake of fish oil, and, specifically, the -3 fatty acids, have beneficial effects
on diseases associated with oxidative stress, particularly cardiovascular diseases. As early as
1980, studies suggested that the low mortality rates from coronary heart diseases among
Greenland Eskimos compared with Danes may be due to the Eskimos' high consumption of
seafood. 214 Since that time a number of cohort studies have been published that
demonstrate a cardioprotective effect from fish consumption.215-222 These epidemiological
studies have provided evidence that fish consumption favorably affects coronary heart
disease mortality. In support of these studies, the hypothesis that consumption of -3
polyunsaturated fatty acids found in marine fish oils act to protect individuals from
cardiovascular disease has been tested in a number of randomized control interventional
trials. One of the larger prospective studies to date was the Gruppo Italian per lo Studio della
Sopravvivenzia nell-Infarto (GISSI)-Prevention study. In this study, 11,324 patients with
pre-existing heart disease were randomized to 300 mg/d vitamin E, 850 mg/d EPA + DHA,
both, or neither. After 3.5 years of follow-up, the group given the m-3 PUFAs alone
demonstrated a 15% reduction in the primary endpoints of death, non-fatal myocardial
infarction, and non-fatal stroke. This study also found that there was a 20% reduction in all
causes of mortality as well as a 45% reduction in sudden cardiac death compared to the
control diet group. Interestingly, in these studies vitamin E supplementation was found to
provide no additional benefit. 223 This result, however, is not unexpected as the dose of
vitamin E tested is known not to effectively reduce endogenous levels of lipid
peroxidation.9°

EPA alone is also helpful in treating cardiovascular disease patients. A large-scale study to
determine the effects of the EPA, entitled the Japan EPA Lipid Intervention Study (JELIS),
sought to determine the effect(s) dietary EPA supplementation would have on
hypercholesterolemic patients suffering from coronary artery disease. 18,645 patients with a
total cholesterol of 6.5 mmol/L or greater were recruited throughout Japan, and patients
were randomly assigned to receive either 1800 mg of EPA daily with a statin treatment or
statins alone. After a five-year follow-up, major coronary events were decreased 19% in the
EPA-fed group versus the control statin group, indicating the promise of fish oil
supplementation in the prevention of cardiac events in patients with high cholesterol. 224-226
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Multiple other smaller trials have also shown additional cardioprotective effects associated
with EPA. 227.228 |mportantly, Gao et al. quantified the effect of EPA supplementation on
arachidonate content and F»-1soP levels in the heart tissue and found that levels of F,-IsoPs
decreased dramatically, up to 64%, suggesting that EPA effectively decreases levels of pro-
inflammatory F,-IsoPs formed from arachidonate.1%6 Recent, related work has suggested
that metabolism of EPA yields oxidized bioactive compounds that mediate its effects.
Serhan and co-workers have described novel anti-inflammatory hydroxylated EPA
metabolites (termed E-series resolvins) that are derived from the enzymatic-mediated
oxidation of EPA.229.230 These findings have led to considerable interest in determining
other oxidation products of EPA that may mediate the anti-inflammatory effects of this fatty
acid. Thus, Gao et al. went on to describe the formation of F3-1soPs from the oxidation of
EPA and showed that levels of these compounds dramatically increased in concordance with
the noted decrease in Fo-1soPs.231

The significant generation of F3-1soPs in cardiac tissue brings into question the biological
activity of these molecules and the similarity to Fo-1soPs. One limited report, which
provided no data, stated that the EPA-derived IsoP, 15-F3:-1soP, possessed activity that is
significantly different from the 15-F»-1soP acid in that the EPA-derived compound does not
affect human platelet shape change.232 The lack of activity of 15-F;-1soP is consistent with
observations regarding EPA-derived 3-series prostaglandins in that these latter compounds
exert weaker agonist or no effects in comparison to arachidonic acid-derived 2-series
prostaglandin.233234 Fyrther study is needed to determine the biological consequences of
IsoP generation from EPA and whether EPA supplementation might be beneficial to
populations with increased oxidative stress.

Analogous to arachidonic acid oxidation, multiple classes of IsoPs can also form from EPA
oxidation. As/J3-1soPs, also known as the EPA-derived cyclopentenone 1soPs, have been
definitively described to form in abundance in vivo in settings of oxidative stress as well.
They have been found to exert potent anti-inflammatory activity much like their arachidonic
acid and DHA counterparts through inhibition of NF-«xB. 235 Unlike A,-IsoPs and A4-NPs,
15-Ag;-I1soP did not promote lipid peroxidation in RAW cells. In addition to Az-I1soPs, a J3-
IsoP isomer formed from EPA peroxidation has been shown to induce the NF-E2 related
factor 2 (zlglng)-based antioxidant response through inhibition of Keapl, a negative regulator
of Nrf2.

14. Summary

The discovery of the 1soPs as products of non-enzymatic lipid peroxidation has been a major
breakthrough in the field of free radical research. The quantification of these molecules has
opened up new areas of investigation regarding the role of free radicals in human physiology
and pathophysiology, and appears to be the most useful tool currently available to explore
the role of endogenous lipid peroxidation in the pathogenesis of human disease. Our
understanding of the IsoP pathway continues to expand, providing new insights into the
nature of lipid peroxidation in vivo, and revealing new molecules that exert potent biological
actions and might serve as unique indices of disease. Basic research into the biochemistry
and pharmacology of the IsoPs, coupled with clinical studies employing these molecules as
biomarkers, should continue to provide important insights into the role of oxidant stress in
human disease.
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Figure 1.
Structures of polyunsaturated fatty acids that have been shown to generate isoprostane-like

compounds.

Chem Rev. Author manuscript; available in PMC 2012 October 12.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Milne et al.

Page 34

R e

Arachidonic acid

Ha-Is0P

l o 3.

9 H %
o e e co0H L co0H
: R p e e
| ] T Il
HO OH 2 OH Q OH @ OH
E;dsoP Dy-lsoP Eg-lsol Dy-lsok
¥
(/;.._,/‘-._- G O0H
R P
T [s]
| H
OH t
AxlsoP Jy-tsoP

Figure 2.
Oxidation of arachidonic acid via free radical-catalyzed peroxidation can yield a number of
isoprostanes with varying ring structures.
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Figure 5.
Structures of isotopically-labeled internal standards typically used to quantify Fo-
isoprostanes.
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Figure 6.
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The major urinary metabolite of 15-Ay;-1soP identified in the rat.
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15-deoxy-A1214-PGJ, can be formed from cyclooxygenase-derived PGD, as well as from
the non-enzymatic free radical-catalyzed peroxidation of arachidonic acid.
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Multiple 15-d-PGJ, regioisomers can be generated during free radical-catalyzed
peroxidation of arachidonic acid.
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Figure 12.
Structures of y-ketoaldehyde scavengers.
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Mechanism of formation of isofurans compared to the mechanism of formation of F,-
isoprostanes.
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Formation of epoxy-isoprostanes esterified in phosphatidylcholine.
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F-ring isoprostanes from arachidonic acid, docosahexaenoic acid, adrenic acid, and

eicosapentaenoic acid.
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Table 1

Transcription Factors Activated By Epoxy-1soP-PC

Transcription Factors | Cell Type Target Cofactors References
STAT3 HAEC IL-8 c-SRC JAKs Gharavi, 2007, J. Biol. Chem.
PPARs HAEC IL-8 MCP-1 Subga, 2002, J. Biol. Chem.
NRF2 HUVEC NQO1 HO-1 | NADPH oxidase | Jyrkkanen, 2008, Circ. Res. Li, 2007, J. Lipid Res.
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