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ABSTRACT

We recently reported the discovery of isofurans, novel products of free radical-induced peroxidation of
arachidonic acid that exhibit favored formation with increasing oxygen concentrations. In this review, the
biochemistry of isofuran formation is compared with that of isoprostanes, with an emphasis on the mechanis-
tic basis for the favored formation of isofurans at elevated oxygen tensions. In addition, the formation of iso-
furans in various disease states in vivo is also discussed. Parkinson’s disease is presented as a disease model in-
volving mitochondrial dysfunction, a situation in which quantification of isofurans can provide a uniquely
sensitive indicator of oxidant injury. Measurement of isofurans has also provided unexpected insights into the
earliest events in hyperoxic lung injury, an important clinical problem in which measurement of isofurans
might prove to be uniquely valuable in the evaluation of approaches to limit this injury. These two settings are
then used as models to suggest a variety of other pathological settings in which measurement of isofurans to-
gether with isoprostanes could provide a complete and robust picture of oxidative stress status in ongoing and
future investigations. Antioxid. Redox Signal. 7, 202-2009.

INTRODUCTION

OXIDATIVE STRESS refers to the overproduction of free rad-
icals/oxidants and/or an insufficiency of antioxidant/rad-
ical-detoxifying systems that results in deleterious modifica-
tion of biological macromolecules. Oxidative stress continues
to be linked to an ever-increasing number of dysfunctional
states in vivo, of which atherosclerosis, neurodegenerative
diseases, cancer, inflammation, and the normal aging process
are only a few examples. The deleterious effects of oxidative
stress that contribute to disease most frequently manifest as
chemical modification of proteins, nucleic acids, and lipids.

Assessment of the role of oxidative stress in the pathogene-
sis or manifestations of any disease state requires a sensitive
and specific in vivo marker of oxidant injury. Over the last 14
years, measurement of F -isoprostanes (F,-IsoPs) has emerged
as probably the most reliable approach to assess oxidative
stress status in vivo. The biochemistry of IsoP formation in

various in vitro and in vivo conditions has been extensively
studied and is reviewed in a number of other reviews in this
Forum issue. However, an important and previously unappre-
ciated limitation of IsoP measurement can be recognized by a
detailed examination of the mechanism by which the H -IsoP
intermediates in the IsoP pathway are formed. This mecha-
nism involves an exocyclization of a carbon-centered radical
to form the bicyclic endoperoxide. This reaction, however, is
in competition with the addition of a molecule of oxygen to
the carbon-centered radical to yield a peroxyl radical, which
precludes the formation of IsoPs. Thus, these two reactions
are competing and mutually exclusive, and any setting in
which the addition of oxygen is favored relative to the exocy-
clization will result in an underestimation of the extent of
lipid peroxidation and oxidant injury using measurements of
F,-IsoP.

In a biological setting of oxidative stress, the ambient oxy-
gen concentration is the most important determinant of the
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rates of these two exclusive competing reactions. As ambient
oxygen concentration increases, IsoP formation becomes in-
creasingly disfavored as the formation of other lipid peroxi-
dation products becomes more favored (23). Quantification
of one or more of these products in combination with the
IsoPs would therefore provide a more complete picture of the
extent of oxidant injury across all oxygen concentrations. In
this article, we discuss the discovery and characterization of
isofurans (IsoFs), unique products of lipid peroxidation
whose formation becomes favored with increasing oxygen
concentration. We also discuss an ever-growing number of in
vivo situations where quantification of IsoPs and IsoFs to-
gether gives a more accurate assessment of the extent of oxi-
dant injury than that of either product alone.

DISCOVERY AND BIOCHEMISTRY
OF ISOFURAN FORMATION

In the course of limited mass scanning of lipid peroxida-
tion products formed during in vitro oxidation of arachidonic
acid by gas chromatography negative ion chemical ionization
mass spectrometry (GC/NICI/MS), a series of compounds
was observed that had chromatographic properties quite simi-
lar to those of F,-IsoPs, but that had a mass-to-charge ratio
indicating that these compounds had a mass 16 Da greater
than F-IsoPs. The chromatographic and derivatization condi-
tions used for the isolation and detection of products formed
allowed for only a limited number of potential substituents on
a lipid backbone that would form compounds that cochro-
matograph with F,-IsoPs and were 16 Da higher than F,-
IsoPs. Specifically, the incorporation of an additional atom of
oxygen would account for the mass difference and would not
dramatically alter the chromatographic properties of the re-
sultant compounds compared with those of F,-IsoPs.

Initial predictions as to how a single atom of oxygen could
be incorporated focused specifically on carbonyl-type func-
tionalities and epoxides. Indeed, the existence of epoxyiso-
prostanes has been reported in the literature (40). However,
these two possibilities were quickly ruled out because the ob-
served compounds failed to react both with strong reducing
agents such as sodium borohydride, which would be indica-
tive of the presence of carbonyl functionalities, and with
strong acid, which would hydrolyze epoxides. A more general
investigation of the functional groups present was then under-
taken. Analysis of the compounds as a deuterated trimethylsi-
lyl ether derivative indicated that the observed compounds
had three hydroxyl groups. Analysis after catalytic hydro-
genation indicated that the compounds contained two double
bonds. Taking into account all of these constraints, a structure
was proposed that was consistent with all of the available data
(Fig. 1). Because the structure proposed contains a substi-
tuted tetrahydrofuran ring and a series of isomers were found
to be formed, we termed these compounds isofurans (IsoFs)
(10). This structure is consistent with a structure elucidated
by Pace-Asciak in 1971, although in these studies the com-
pound under investigation (or its immediate precursors) was
thought to have been generated enzymatically by the cy-
clooxygenase and represented only a single compound rather
than a series of nonenzymatically generated products (24).
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FIG. 1. Two pathways contributing to the formation of
IsoFs. The epoxide hydrolysis pathway involves incorporation
of one oxygen atom from water into the final product. The
cyclic peroxide cleavage pathway incorporates all oxygen

atoms from gaseous oxygen. Together, these pathways form
eight IsoF regioisomers, one of which is pictured above.

To confirm the presence of an additional oxygen atom to
account for the 16-Da difference between IsoFs and F,-IsoPs,
arachidonic acid was oxidized in the presence of 180, and
H,'80 and the products analyzed by GC/NICI/MS. These
studies not only confirmed the presence of an additional oxy-
gen atom in IsoFs, but also demonstrated that two distinct
mechanisms are involved in IsoF formation: one involving
the incorporation of a single atom of oxygen from water and
three atoms of oxygen from molecular oxygen, and one in
which all oxygen atoms are incorporated from molecular
oxygen. The two mechanisms proposed for the formation of
IsoFs are shown in Fig. 1. These proposed mechanisms al-
lowed for the prediction of the structures of eight IsoF regioi-
somers, which were subsequently supported by fragmentation
data from electron ionization mass spectrometry. Very re-
cently, one of the IsoF regioisomers has been synthesized, and
the fragmentation of this synthetic compound is essentially
identical to the fragmentation assigned to the same regioiso-
mer formed during in vitro oxidation of arachidonic acid (un-
published observations). Moreover, the proposed mechanisms
allowed for the prediction that ambient oxygen concentration
would have differing effects on IsoF and F,-IsoP formation.
The mechanistic basis for this prediction is summarized in
Fig. 2, which depicts two mutually exclusive competing reac-
tions for which oxygen concentration is the critical determi-
nant. As oxygen concentration increases, F,-IsoP formation
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FIG. 2. Hypothesized mechanistic basis for the differen-
tial effects of oxygen on IsoF and IsoP formation. From a
common intermediate for both IsoF and IsoP formation, two
mutually exclusive and competing reactions are hypothesized,
with oxygen concentration as the important rate determinant.
Higher oxygen concentration favors IsoF formation and disfa-
vors the intramolecular attack by the carbon-centered radical
pictured that is necessary to form IsoPs.

was predicted to become increasingly disfavored as IsoF for-
mation was predicted to become more favored. Previous data
from our laboratory indicated that formation of IsoPs in vitro
plateaus at 21% oxygen (23). In vitro oxidation of arachi-
donic acid under varying oxygen concentrations again con-
firmed that F,-IsoP formation plateaus at 21% oxygen. In
contrast, however, [soF formation continued to increase up to
100% oxygen (Fig. 3), in keeping with predictions from the
proposed mechanisms.

More importantly, IsoFs were then detected in vivo and
were shown to reflect differences in ambient oxygen concen-
trations in tissues. These data are summarized in Fig. 4. In a
tissue with a very low oxygen tension, the liver, the formation
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FIG. 3. Effect of oxygen tension on F,-IsoP and IsoF for-
mation during oxidation of arachidonic acid (AA) in vitro.
Each column represents the mean + SEM for three independent
experiments. Arachidonate was oxidized using an Fe/ADP/
ascorbate system, and all solutions were quantitatively de-
gassed and then replaced with the appropriate oxygen concen-
tration and nitrogen balance. *p < 0.05, **p < 0.001 versus all
other groups by ANOVA.
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FIG. 4. Ratio of IsoFs to F,-IsoPs in different tissues. Ra-
tios of IsoF/F,-IsoP levels were measured in rat liver (n = 3),
brain (n = 4), and kidney (n = 6). “Brain” represents the hip-
pocampus, one of the most oxygen-rich regions of the brain.
Results are shown as the means + SEM.

of esterified F,-IsoPs is highly favored compared with the
formation of IsoFs. In contrast, in richly oxygenated tissues
like kidney and brain, the level of IsoF formation exceeds that
of F,-IsoPs by greater than twofold. Not only did these obser-
vations demonstrate that IsoFs are formed in vivo and that
their formation in vivo is favored over the formation of IsoPs
at relatively higher oxygen concentrations, these data also
suggested that combined measurements of both F,-IsoPs and
IsoFs may provide a more complete and reliable index of ox-
idative stress status under all conditions than measurement of
cither analyte alone. Evaluation of this hypothesis is greatly
facilitated by the fact that F,-IsoPs and IsoFs copurify using
the assay for F,-IsoPs and therefore can be quantified in a
single GC/NICI/MS assay as a pentafluorobenzyl ester tri-
methylsilyl ether derivative by the additional monitoring of
the M—+CH,C F, ion for IsoFs. This potential utility of mea-
suring IsoFs as an index of oxidative stress remains to be
fully explored, although the possibilities are great. Moreover,
determining the ratio of IsoFs and F,-IsoPs formed could in
theory be used to monitor responses to a wide variety of ther-
apies, such as drugs or procedures to restore blood supply in
peripheral vascular disease, synthetic oxygen carriers (so-
called “blood substitutes”) that are in development to reduce
the need for blood products in surgery, and antiangiogenesis
measures targeted at disrupting blood supply to solid tumors,
to name just a few.

ISOFURANS IN PARKINSON’S DISEASE
AND MITOCHONDRIAL DYSFUNCTION

In defining disease settings in which IsoFs would be a
useful adjunct to quantification of F,-IsoPs as an index of ox-
idant injury, one must define disease states where oxygen
concentrations are perturbed and, specifically, where oxygen
concentrations are elevated above normal. This can, at first
glance, seem like a relatively short list, as many disease states
involve decreased oxygen concentrations in tissues, as op-
posed to increased oxygen concentrations. One pathologic
state that seems an obvious choice for investigation with
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TABLE 1. DEMOGRAPHIC DATA FOR CONTROLS AND PATIENTS WITH PD, DLB, MSA, AND AD
Control PD DLB MSA AD
Number 5 7 4 4 5
Age (years) 79.0+4.9 76.4+3.2 69.3+9.2 77.4+8.8 80.6 £10.2
Postmortem interval (h) 6.6 £3.7 8.6+£6.9 11.2+7.8 10.2+10.4 7.8+£6.2
Male/female 3/2 4/3 2/2 2/2 2/3

IsoFs is hyperoxia-mediated lung injury, so-called oxygen
toxicity (3, 18). This is discussed in detail in the next section.
However, a larger group of potential disease states that may
not be immediately obvious are those involving mitochondr-
ial dysfunction.

The underpinning hypothesis is that mitochondrial dysfunc-
tion creates an environment conducive for IsoF formation in
two important respects. First, mitochondrial dysfunction and
blockade of the electron transport chain are widely known to
enhance greatly free radical leakage from the mitochondria,
much of which is thought to be in the form of superoxide
anion. Indeed, compounds such as MPTP (1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine) (1, 29, 35) and rotenone (2, 13,
34), both of which are inhibitors of mitochondrial complex I,
have been shown to enhance superoxide production and re-
lease from mitochondria. Secondly, mitochondrial dysfunc-
tion/blockade leads to a decrease in overall oxygen consump-
tion by the mitochondria. As mitochondria are the main
consumers of oxygen in most living cells, this should lead to
an overall increase in intracellular oxygen concentration. With
mitochondrial dysfunction, then, a setting exists involving
both increased free radical production and increased intracel-
lular oxygen concentration, which would favor the formation
of IsoFs, but disfavor the formation of F,-IsoPs.

Through collaboration with Dr. Jing Zhang at the Univer-
sity of Washington, we were afforded a unique opportunity to
test this hypothesis by examining IsoF and F,-IsoP levels in
substantia nigra (SN) tissue collected post mortem from pa-
tients with Parkinson’s disease (PD) (11). PD is a disease in
which mitochondrial dysfunction, especially involving com-
plex I, has been well documented and a disease in which ox-
idative stress is thought to play an important role. We exam-
ined esterified levels of IsoFs and F,-IsoPs in SN samples
from PD patients and compared them with age-matched con-
trols. In addition, levels were also measured in the SN from
brains of other patients with other disorders of neurodegener-
ation for comparison. Samples of SN from patients with Alz-
heimer’s disease (AD) were included as a regional specificity
control, as AD is a neurodegenerative disease that involves
oxidative injury to specific areas of the brain (31) while spar-
ing the SN. Patients with multiple system atrophy (MSA)
were included to ensure that any differences detected in the
PD patients were not simply due to cell death in the SN. MSA
involves neuronal loss in many brain regions, including the
SN, but oxidative stress has not been strongly implicated in
the pathogenesis of MSA. Finally, patients with dementia
with Lewy bodies, or diffuse Lewy body disease (DLB), were
examined. DLB is thought to be a disease lying near the mid-
dle of a spectrum defined by AD at one end and PD at the
other. We sought to determine whether DLB pathology in the

SN was biochemically more similar to AD or PD, as this
could have important implications for the pathogenesis of
DLB, which is poorly understood at present.

The demographic data for the patients included in this
study are shown in Table 1, and the results of the study are
shown in Fig. 5. In keeping with the initial hypothesis, levels
of IsoFs esterified in the SN were significantly elevated in
PD patients compared with controls, whereas levels of esteri-
fied F,-IsoPs were not. Interestingly, we found that DLB was
accompanied by oxidant injury in the SN more similar to PD
than to AD. These data, then, may point to a role for mito-
chondrial dysfunction and oxidative stress in the pathogene-
sis of DLB that merits further investigation.

These studies also provide considerable support for the
value of measuring IsoFs as a biomarker of oxidative stress in
vivo. First, these studies represent a model of human disease
in which IsoFs provide unique information that could not
have been obtained by measurement of F,-IsoPs alone. This
greatly supports the notion that measurement of IsoFs and F,-
IsoPs in combination can provide a more accurate index of
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FIG. 5. Analysis of IsoFs and F,-IsoPs esterified in SN.
Measurements are presented as ng of product/g wet weight of
tissue. PD and DLB patients show a significant increase in
IsoFs compared with all other groups (*p < 0.05), whereas F,-
IsoPs show no significant increase for any group in the study.
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oxidant injury than measurement of either product alone.
Secondly, these studies serve as a “proof of concept” for the
notion that IsoFs may be an especially useful biomarker of
oxidant injury in settings of mitochondrial dysfunction. This
greatly extends the number of potential pathologic states in
which IsoFs might prove to be the best indicator for the in-
volvement of oxidative stress. Mitochondrial dysfunction has
been observed or hypothesized in a variety of diseases involv-
ing mutations of the mitochondrial genome, the so-called fa-
milial mitochondriopathies (12, 20, 27). The involvement of
oxidative stress in the pathogenesis of these diseases has been
only cursorily investigated, and future investigations utilizing
measurements of IsoFs could prove to be very informative. A
number of drugs that are widely used clinically, most notably
drugs used to treat HIV/AIDS as part of highly active anti-
retroviral therapeutic regimens, show mitochondrial toxicity
as an important side effect (4, 22, 39, 42). As with the famil-
ial mitochondriopathies, examination of IsoF formation in
patients being treated with these drugs might shed light on
the involvement of oxidative stress and lipid peroxidation re-
lating to the toxicity profiles of these drugs. Finally, mito-
chondrial mutations and/or mitochondrial dysfunction have
been implicated in the neoplastic and malignant potential of a
variety of tumors (6, 8, 19, 25). As with the other examples
given above, measurement of IsoFs in these tumors could
provide insight into the links that might exist between mito-
chondrial mutations/dysfunction, oxidative stress, and tumor
progression.

ISOFURANS IN SETTINGS OF
ABNORMAL OXYGEN DELIVERY

The most obvious situations in which quantification of
IsoFs would be expected to provide insight into oxidative
damage are those in which oxygen supply is deliberately al-
tered. Most notable is the setting in which lung injury can
occur in patients that are ventilated with supraphysiologic
concentrations of oxygen, i.e., concentrations of oxygen
greater than that in room air (21%). Oxygen toxicity refers to
the well recognized clinical problem in which a patient expe-
riences lung damage and pulmonary dysfunction after breath-
ing elevated concentrations of oxygen for extended periods of
time. The lung damage and pulmonary dysfunction are char-
acterized by atelectasis, pulmonary edema, neutrophil infil-
tration, and ultimately a presentation indistinguishable from
the acute respiratory distress syndrome. Although the exact
concentration of oxygen and duration of exposure required to
produce lung damage are not absolutely defined in humans,
administration of concentrations of oxygen higher than 60%
for limited periods of time (a few hours) is generally consid-
ered safe.

Oxygen has been presumed to cause damage to the lung by
inducing an oxidant injury to bronchial epithelial and pulmo-
nary endothelial cells. Insight into how high concentrations
of oxygen might induce an oxidant stress was elucidated by
Freeman and Crapo who demonstrated that production of su-
peroxide anion by lung mitochondria increases with increas-
ing oxygen tension (14). Direct evidence, however, for oxi-
dant injury to epithelial or endothelial cells in oxygen toxicity

FESSEL AND ROBERTS

has been equivocal, with some studies finding increased lev-
els of biomarkers of oxidative injury (7, 21, 30), whereas oth-
ers have failed to show such increases (16, 36). Cellular re-
sponses to hyperoxia are also mixed, with some studies
finding up-regulation of antioxidant defense systems (15,
38), whereas others have failed to show this (9, 26). Protec-
tion from hyperoxic lung injury by administration of antioxi-
dant compounds (5, 32, 33) or by enhancing defenses against
free radical damage (17, 28, 41) has been somewhat effective,
although even these findings are not unequivocal (16, 37).
Thus, it remains unclear whether oxidant injury plays a fun-
damental causative role in pulmonary oxygen toxicity.

We had previously explored the potential role of oxidant
injury in oxygen toxicity in a sheep by measuring F,-IsoPs. In
that study, we quantified levels of F,-IsoPs in plasma, urine,
bronchoalveolar lavage fluid, and lymph draining from the
lung in a sheep breathing >98% oxygen for up to 96 h. De-
spite apparent marked respiratory distress in the animal, lev-
els of F -IsoPs did not increase in any of these fluids. With
the current realization that the formation of F,-IsoPs becomes
highly disfavored whereas the formation of IsoFs becomes
highly favored in the presence of high concentrations of oxy-
gen, we revisited the question of the role of oxidative stress in
oxygen toxicity utilizing measurements of [soFs in mice ex-
posed to a high concentration of oxygen.

Adult female C57/B16 mice were exposed to >98% oxygen,
and at various time points the animals were killed and the
lungs removed for quantification of esterified IsoFs and F,-
IsoPs. During a brief time course extending over 3—4 h, F,-
IsoP levels in the lungs of mice exposed to the high concen-
tration of oxygen remained unchanged compared with levels
measured in animals breathing room air. In striking contrast,
however, levels of IsoFs in the lungs increased significantly
over control levels after just 3 h of oxygen exposure (Fig. 6).
Subsequent experiments have identified important subcellu-
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FIG. 6. IsoFs and F,-IsoPs esterified in lung following
oxygen exposure. C57/Bl6 mice (n = 8 in each group) were an-
alyzed at baseline and after 3 h of exposure to >98% oxygen.
F,-IsoPs show a modest, but statistically insignificant, trend to-
ward increase, whereas IsoFs increase dramatically after just
3 h of oxygen exposure. *p < 0.001 versus IsoF baseline; #p <
0.01 versus F,-IsoP 3 h of O,.
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lar targets of oxidative injury and have shown that the pulmo-
nary endothelium is an especially important site of damage
following brief exposure to high concentrations of oxygen
(unpublished observations).

These studies taken together have several potentially im-
portant clinical implications. First, these findings suggest
that oxygen begins causing damage to the lung that can be de-
tected by enhanced formation of IsoFs, but not F,-IsoPs, long
before symptoms of lung injury become clinically apparent.
Furthermore, damage is detectable after exposure to a high
concentration of oxygen for only a short period that is gener-
ally considered safe by clinicians. Mention should be made
that these results were obtained in mice, and it remains to be
shown whether these findings are also applicable to humans.
If, however, even relatively brief exposures to high concentra-
tions of oxygen have the potential to cause damage at the cel-
lular level in humans, as in mice, which can be both dose- and
time-dependent, perhaps oxygen should be considered as a
“drug” that should be used as cautiously as any other more
traditional pharmacological intervention. Finally, these ex-
periments establish the occurrence of oxidant injury in the
setting of hyperoxia and suggest that quantification of IsoFs
provides a remarkably sensitive indicator of hyperoxia-in-
duced oxidant injury. This also opens up the possibility of uti-
lizing measurements of IsoFs to explore therapeutic interven-
tions that may minimize pulmonary oxygen toxicity, allowing
the safe delivery of higher concentrations of oxygen in criti-
cally ill patients.

SUMMARY AND FUTURE
INVESTIGATIONS

Our investigations to date have characterized IsoFs as
novel products of free radical-catalyzed peroxidation of
arachidonic acid in vitro and in vivo. IsoFs have been charac-
terized structurally and have been shown to contain a substi-
tuted tetrahydrofuran ring. The IsoFs have been shown to ex-
hibit favored formation with increasing oxygen tension,
whereas the formation of F,-IsoPs becomes disfavored in the
presence of elevated concentrations of oxygen. The ability of
ambient oxygen concentration to modulate the formation of
both IsoPs and IsoFs has also been demonstrated in vivo, and
the IsoF/F,-IsoP ratio can reflect steady-state tissue oxygena-
tion. Quantification of IsoFs has strongly implicated a role
for oxidant injury in the pathogenesis of two distinctly differ-
ent disorders, PD and hyperoxia-induced lung injury, and
these observations would not have been possible using only
measurements of F,-IsoPs. Moreover, these initial lines of in-
quiry have opened up a number of additional avenues for fu-
ture investigation, some of which are discussed below.

Many additional opportunities for investigation that have
evolved from the discovery of IsoFs remain to be explored.
One of the most interesting and important questions remain-
ing to be addressed is whether IsoFs are not just biomarkers
of lipid peroxidation, but whether they also exert biological
effects and thus might participate as mediators of oxidant in-
jury, as has been found for IsoPs. This question has remained
thus far unanswered due to the lack of a synthesized pure
IsoF isomer. During in vitro oxidation of arachidonic acid,
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128 chemically distinct isomers of IsoFs are formed, in addi-
tion to a myriad of other products of lipid peroxidation.
Therefore, any attempt to purify a single IsoF isomer to suffi-
cient purity and in sufficient quantities to perform bioassays
would be prohibitively difficult, if not impossible. As men-
tioned above, however, a single IsoF isomer has been synthe-
sized recently that will now allow us to begin to explore
whether it is capable of exerting biological actions.

The studies of IsoFs in pathologic states conducted to date
have provided insights that have engendered a number of ad-
ditional hypotheses and avenues for further investigation.
These include genetic and drug-induced mitochondriopathies
and the opportunity to define the relationship between con-
centration of oxygen and time of exposure in regard to risk
for oxidative injury to the lung in humans. What has clearly
emerged from the discovery of IsoFs and studies performed
thus far is that measurement of F,-IsoPs alone as an indicator
of oxidative stress has its limitations as does measurement of
IsoFs, but that combined measurement of both F,-IsoPs and
IsoFs likely provides the most accurate and reliable quantita-
tive index of oxidative stress status available to us at the pres-
ent time.

ABBREVIATIONS

AD, Alzheimer’s disease; DLB, diffuse Lewy body dis-
ease/dementia with Lewy bodies; GC/NICI/MS, gas chro-
matography negative ion chemical ionization mass spectrom-
etry; IsoF, isofuran; IsoP, isoprostane; MSA, multiple system
atrophy; PD, Parkinson’s disease; SN, substantia nigra.
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