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|Isoprostanes
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Abstract The isoprostanes (IsoPs) are a unique series of
prostaglandin-like compounds formed in vivo via a nonenzy-
matic mechanism involving the free radical-initiated peroxi-
dation of arachidonic acid. This article summarizes our
current knowledge of these compounds. Herein, a historical
account of their discovery and the mechanism of their for-
mation are described. A specific class of IsoPs, the Fo-IsoPs,
are stable, robust molecules that can be measured as indices
of endogenous oxidant stress. The utility of these molecules
as biomarkers and methods by which these compounds
can be quantified are discussed. In addition to the Fo-IsoPs,
isoprostanes with other prostane ring structures as well as
oxidation products with furan and dioxolane rings can be gen-
erated from arachidonic acid.ill And, in more recent years,
isoprostane-like compounds have been shown to be formed
from polyunsaturated fatty acids including eicosapentaenoic
acid [C20:5, ®-3], docosahexaenoic acid [C22:6, ®-3], and
adrenic acid [C22:4, w-6]. These findings will be summarized
as well.—Roberts, L. J., II, and G. L. Milne. Isoprostanes.
J- Lipid Res. 2009. 50: S219-S223.
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Free radicals derived primarily from molecular oxygen
have been implicated in a variety of human conditions
and disorders, including atherosclerosis and associated risk
factors, which include smoking and obesity, ischemia/
reperfusion injury, and neurodegenerative diseases such
as Alzheimer’s disease and Huntington’s disease (1). Lipids
are readily attacked by free radicals resulting in the for-
mation of a number of peroxidation products. One class
of oxidation products formed in abundance in vitro and
in vivo is the isoprostanes (IsoPs), which were discovered
by our laboratory in 1990. IsoPs are a series of prostaglan-
din (PG)-like compounds produced by the free radical-
catalyzed peroxidation of arachidonic acid independent
of the cyclooxygenase (2). Over the past 20 years, we and
others (3) have carried out a large number of studies defin-
ing the basic chemistry and biochemistry involved in the
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formation and metabolism of the IsoPs. In addition, we
have shown that levels of IsoPs are increased in a number
of human diseases, and it is currently recognized that mea-
surement of these molecules is the most accurate analytical
method to assess oxidative injury in vivo. Further, a number
of IsoPs have been found to possess potent biological activity
and thus are likely also mediators of oxidant injury (4). In
recent years, additional related compounds, derived from
various polyunsaturated fatty acids such as eicosapentaenoic
acid (EPA) (5), docosahexaenoic acid (DHA) (6), and, more
recently, adrenic acid (7), have been discovered to be formed
as products of the IsoP pathway. It is the purpose herein to
summarize our current knowledge regarding the IsoPs in-
cluding the chemistry and biochemistry of their formation,
the utility of measuring these compounds as markers of
in vivo oxidant stress, and their pharmacological properties.

DISCOVERY OF Fo ISOPROSTANES

In 1990, Morrow et al. (2) discovered the first class of
IsoPs, the Fo-IsoPs, so named because they contain F-type
prostane rings analogous to PGFy,. A mechanism to ex-
plain the formation of the Fo-IsoPs from arachidonic acid
is outlined in Fig. 1. Based on this mechanism of formation,
four Fo-IsoP regioisomers are generated; compounds are
denoted as 5-, 12-, 8-, or 15-series regioisomers, depending
on the carbon atom to which the side chain hydroxyl is
attached (8). An alternative nomenclature system for the
IsoPs has been proposed by Rokach et al. (9) in which the
abbreviation iP is used for isoprostane, and the regioisomers
are denoted as III-VI based upon the number of carbons
between the omega carbon and the first double bond.

An important structural distinction between IsoPs and
cyclooxygenase (COX)-derived PGs is that the former con-
tain side chains that are predominantly oriented ¢is to the
prostane ring while the latter possess exclusively trans side

Abbreviations: COX, cyclooxygenase; DHA, docosahexaenoic acid,;
EPA, eicosapentaenoic acid; GC, gas chromatography; GSH, gluta-
thione; IsoF, isofuran; IsoK, isoketal; IsoP, isoprostane; LC, liquid
chromatography; MS, mass spectrometry; NICI, negative ion chemical
ionization; NP, neuroprostane; PG, prostaglandin.
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Fig. 1. Pathway of formation of Fe-isoprostanes. IsoP, isoprostane.

chains (2). In this regard, however, we have reported that
PGs can be formed via the IsoP pathway as smaller amounts
of endoperoxides containing {ransside chains are generated
in vitro and in vivo by this mechanism (10). In this case, PGs
derived via the IsoP pathway can be distinguished from
those formed by COX because the former are generated
as a racemic mixture while the latter are enantiomerically
pure. A second important difference between IsoPs and
PGs is that IsoPs are formed primarily in situ esterified to
phospholipids and are subsequently released by a phos-
pholipase(s) (11), while PGs are generated only from free
arachidonic acid. Molecular modeling of IsoP-containing
phospholipids reveals them to be remarkably distorted
molecules (12). Thus, the formation of these abnormal
phospholipids would be expected to exert profound effects
on membrane fluidity and integrity, well-known sequelae of
oxidant injury.

In this regard, the biological activity of the Fo-IsoPs has
been studied. While these molecules are formed in situ on
phospholipids as discussed, studies exploring the bioac-
tivity of IsoPs have been performed using unesterified
compounds as free acids. One Fo-IsoP that is produced
abundantly in vivo and has been extensively tested for bio-
logical activity is 15-Fo-IsoP (8-iso-PGFg,) (13). This IsoP has
been found to be a potent vasoconstrictor in a variety of
vascular beds, including the kidney, lung, heart, brain, and
others (14, 15). In addition, 15-Fo-IsoP induces endothelin
release and proliferation of vascular smooth muscle cells.
There is also additional evidence that this molecule can
increase resistance to aspirin inhibition of platelet aggre-
gation in platelets as well as inhibit platelet aggregation
in human whole blood (16). These vasoactive and platelet
effects of 15-Fy-IsoP have been shown to result from inter-
action with the thromboxane receptor, a G-protein cou-
pled transmembrane eicosanoid receptor, based on the
finding that these effects could be abrogated by throm-
boxane receptor antagonists (17, 18).
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QUANTIFICATION OF Fo- ISOPS AS AN INDEX OF
ENDOGENOUS OXIDANT STRESS

A true utility of the Fo-IsoPs is in the quantification of
lipid peroxidation and thus oxidant stress status in vivo
(19, 20). Because they are stable molecules, measurement
of the Fo-IsoPs has revolutionized the ability to quantify
oxidative injury in vivo. In a recent multi-investigator study,
termed the Biomarkers of Oxidative Stress Study, sponsored
by the National Institute of Health, it was found that the
most accurate method to assess in vivo oxidant stress status
is the quantification of plasma or urinary IsoPs, and thus,
currently, quantification of these compounds provides the
“gold standard” to assess oxidative injury in vivo (3).

A number of methods have been developed to quantify
the IsoPs. Our laboratory uses a gas chromatographic/
negative ion chemical ionization mass spectrometric
(GC/NICI-MS) approach employing stable isotope dilu-
tion (21). For quantification purposes, we measure the
Fo-IsoP, 15-Fo-IsoP, and other Fo-IsoPs that coelute with this
compound. Several internal standards are available from
commercial sources to quantify the IsoPs. The advantages
of MS over other approaches include its high sensitivity
and specificity, which yield quantitative results in the low
picogram range. Its drawbacks are that it is labor intensive
and requires considerable expenditures on equipment.

Several alternative GC/MS assays have been developed
by different investigators including Pratico et al. (22) that
quantify other IsoP regioisomers and Mas et al. (23) who uti-
lize an F-ring IsoP deriving from DHA, termed 4-F,-NP, as an
internal standard. In addition, a number of liquid chromato-
graphic (LC)/MS methods for Fo-IsoPs have been developed
(24-26). One advantage of LC/MS methods is that the sam-
ple preparation for analysis is simpler than that for GC/MS
because no derivatization of the molecule is required.

Alternative methods have also been developed to quantify
IsoPs using immunological approaches (27). Antibodies
have been generated against 15-Fy-IsoP and several im-
munoassay kits are commercially available. A potential
drawback of these methods is that limited information is
currently available regarding their precision and accuracy.
In addition, little data exist comparing IsoP levels deter-
mined by immunoassay to MS. Despite potential limita-
tions, immunoassays have expanded IsoP research due to
their low cost and relative ease of use (20).

Normal levels of Fo-IsoPs in healthy humans have been
defined (4, 28). Defining these levels is particularly im-
portant 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
in a diverse array of human disorders, including athero-
sclerosis (29), diabetes (30), obesity (31), cigarette smoking
(32), neurodegenerative diseases (33), and many others.
Further, treatments for some of these conditions, including
antioxidant supplementation, antidiabetic treaments, cessa-
tion of smoking, and even weight loss, have been shown to
decrease production of Fo-IsoPs (34, 35).
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FORMATION OF ISOPS WITH ALTERNATIVE
RING STRUCTURES

Since the initial discovery of the Fo-IsoPs, the labora-
tories of Roberts and Morrow have shown that the IsoP
pathway provides a mechanism for the generation of other
classes of IsoPs from arachidonic acid, which differ in re-
gards to the functional groups on the prostane ring. The
classes of all known IsoPs are shown in Fig. 2. In addition to
undergoing reduction to yield Fo-IsoPs, the arachidonoyl
endoperoxide intermediate can undergo isomerization to
yield E- and D-ring IsoPs, which are isomeric to PGEy and
PGDo, respectively (36). Eo/Do-IsoPs are formed competi-
tively with Fo-IsoPs, and studies have demonstrated that the
depletion of cellular reducing agents, such as glutathione
(GSH) or o-tocopherol, favors the formation of Eo/Do-
IsoPs over that of reduced Fo-IsoPs (37).

Eo/Dgo-IsoPs are not terminal products of the IsoP path-
way. These compounds readily dehydrate in vivo to yield
Ao /Jo-IsoPs, which are also known as cyclopentenone IsoPs
because they contain an «,B-unsaturated cyclopentenone
ring structure (38). Ay/Jo-IsoPs are highly reactive electro-
philes, which readily form Michael adducts with cellular
thiols, including those found on cysteine residues in proteins
and GSH (39). These cyclopentenone IsoPs are rapidly
metabolized in vivo by glutathione transferase enzymes
to water-soluble modified glutathione conjugates (40). A
major urinary cyclopentenone IsoP metabolite in rats, a
15-Ag-IsoP mercapturic acid sulfoxide conjugate, has been
identified (40).

Thromboxane-like molecules have also been reported
to be generated via the IsoP pathway, although compounds
with structures similar to prostacyclin have not been re-
ported. Further, a series of compounds termed isoketals
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Fig. 2. Oxidation of arachidonic acid to yield isoprostanes of dif-
fering ring structures. IsoK, isoketal.

(IsoKs or isolevuglandins) can be generated via the IsoP
pathway and result from opening of the cyclopentane ring
(41). These compounds are highly reactive and readily
adduct lysine residues on proteins resulting in covalent
modification and protein dysfunction and cross-linking.

FORMATION OF OTHER PEROXIDATION
PRODUCTS FROM ARACHIDONIC ACID

In addition to being able to form PG-like molecules,
arachidonic acid can be oxidized to yield molecules with
cyclic peroxide and furan ring structures. These molecules
are formed in competition with isoprostanes from the key
intermediate 1 as can be seen in Fig. 3. This radical inter-
mediate can either undergo a 5-exo cyclization reaction,
which does not require oxygen, to yield IsoPs or react with
molecular oxygen to yield monocyclic peroxides and serial
cyclic peroxides (42), which contain cyclic peroxide ring
structures, or compounds termed isofurans (IsoFs), which
contain a substituted tetrahydrofuran ring (43). Based
upon this mechanism of formation, one would hypothesize
that as oxygen tension increases, the formation of cyclic
peroxides and IsoFs would be favored compared with
IsoPs. Indeed our laboratory has shown that when arachi-
donic acid is oxidized at differing oxygen tensions (1% O,
21% Og, and 100% Oy) levels of IsoFs increase with oxygen
tension, while no significant increase in IsoPs is observed
between 21% Oy and 100% O, (44).
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Fig. 3. Oxidation of arachidonic acid to yield isoprostanes, mono
and serial cyclic peroxides, and isofurans.
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Considering these findings, IsoFs may provide a better
index of oxidant stress than IsoPs in conditions associated
with higher oxygen levels. Indeed, in an experimental set-
ting of hyperoxia-induced lung injury in mice, we found
that IsoFs esterified in the lung tissues of these animals
are significantly increased compared with controls while
Fo-IsoPs remained unchanged (44). Further, in a study in
which rats were administered kainic acid, it was found that
seizures induced increases Fo-IsoPs and IsoFs in a manner
dependent upon cellular levels of Oy in the hippocampus
(45). Fo-IsoPs were increased in the peak hypoxia phase of
the seizure while IsoFs were increased in the “reoxygenation”
phase of the seizure.

FORMATION OF ISOPS FROM OTHER
POLYUNSATURATED FATTY ACIDS

Arachidonic acid is not the only polyunsaturated fatty
acid that can be oxidized to generate IsoPs. F-ring IsoPs
have been shown to be generated from the peroxidation
of the omega-3 polyunsaturated fatty acids EPA [C20:5,
-3, Fs-IsoPs] and DHA [C22:6, w-3, Fy-neuroprostanes
(NPs)] (5, 6). Our interest in examining the formation of
IsoP-like compounds from EPA and DHA stems from emerg-
ing evidence that has implicated increased dietary intake of
fish oil, which contains large amounts of EPA and DHA, as
being beneficial in the prevention and treatment of a num-
ber of diseases, including atherosclerotic cardiovascular
disease and sudden death, neurodegeneration, and various
inflammatory disorders, among others. Further, recent
data have suggested that the anti-inflammatory effects
and other biologically relevant properties of w-3 fatty acids
are due, in part, to the generation of various bioactive oxi-
dation products (46). We thus hypothesized that EPA- and
DHA-derived IsoPs could contribute to the beneficial bio-
logical effects of fish oil supplementation. Indeed, one report
states that the EPA-derived IsoP, 15-F5-IsoP, possesses activ-
ity that is different from 15-Fo-IsoP in that it does not affect
human platelet shape change or aggregation (47).

Interestingly, our laboratory has found that the levels
of IsoPs generated from the oxidation of EPA significantly
exceeds those of Fo-IsoPs generated from arachidonic acid,
perhaps because EPA contains more double bonds and is
therefore more easily oxidizable (5). Additionally, in vivo
in mice, levels of Fs-IsoPs in tissues such as heart were vir-
tually undetectable at baseline but supplementation of
animals with EPA markedly increased quantities up to
27.4 * 5.6 ng/g heart. But, of particular note, we found
that EPA supplementation also markedly reduced levels of
arachidonate-derived Fo-IsoPs mouse heart tissues by over
60% (P < 0.05). These observations are significant because
Fo-IsoPs are generally considered to be pro-inflammatory
molecules associated with the pathophysiological sequelae
of oxidant stress. It is thus intriguing to propose that part
of the mechanism by which EPA prevents certain diseases is
its ability to decrease Fo-IsoP generation. In addition, it sug-
gests that supplementation with fish oil may be of benefit
to populations associated with increased levels of Fo-IsoPs.
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More recently, our laboratory has examined the formation
of F-ring IsoPs generated from adrenic acid (C22:4, w-6) (7).
These compounds are termed Fo-dihomo-IsoPs. Adrenic
acid, like DHA, is highly enriched in the brain but is pri-
marily found in white matter and is associated with myelin.
White matter is commonly damaged by ischemic stroke and
is uniformly damaged in multiple sclerosis. We reported
that Fo-dihomo-IsoPs are formed in significant amounts
from adrenic acid and levels are markedly increased in set-
tings of oxidant stress occurring in the white matter portion
of the brain in humans. Proportionally, levels of dihomo-
IsoPs in white matter undergoing oxidative injury increase
to a greater extent than IsoPs and NPs derived from arachi-
donic acid and DHA, respectively. These studies suggest
that quantification of dihomo-IsoPs may be a selective marker
of white matter injury in vivo.

SUMMARY AND THOUGHTS FOR THE FUTURE

The discovery of the IsoPs as products of nonenzymatic
lipid peroxidation has been a major contribution to lipid
oxidation and free radical chemistry. 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 mole-
cules as biomarkers, should continue to provide important
insights into the role of oxidant stress in human physiology
and pathophysiology. il
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