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Abstract

Many products of lipid oxidation have been associated with human diseases. These include Fr-isoprostanes (F-
IsoPs), hydroxyeicosatetraenoic acid products (HETEs), and cholesterol oxidation products (COPs). Here we
present measurements of Fp-IsoPs, HETEs, COPs, and arachidonate in single plasma samples of patients with
acute (dengue fever and ischemic stroke) and chronic (Parkinson’s) diseases, and in age-matched study con-
trols. Urine samples were collected for F»-IsoPs analysis. Our analysis demonstrated elevated F,-IsoPs levels in
ischemic stroke, HETEs in Parkinson’s disease, dengue fever, and ischemic stroke, and COPs in Parkinson’s
disease and dengue fever patients, as compared with those in age-matched study controls. Strong but complex
correlations were observed between levels of certain oxidized lipid products and age. The relations between
various oxidized lipids and dengue fever, stroke, and Parkinson’s disease are discussed in relation to the se-
lection and application of biomarkers of oxidative lipid damage, in particular the need for corrections for age

and lipid levels. Antioxid. Redox Signal. 11, 407—-420.

Introduction

MEASUREMENT of oxidized lipids has become increasingly
important to help in understanding the dynamics of
oxidative stress in human diseases. For example, F,-iso-
prostanes (F,-IsoPs) are a group of metabolites (64 regioiso-
mers) produced by nonenzymatic free radical oxidation of
arachidonic acid. Some F»-IsoPs are potent vasoconstrictors
that may be involved in the pathology of stroke, diabetes
mellitus, and atherosclerosis (2, 26, 28). Arachidonic acid also
can be oxidized by free radicals, lipoxygenases, and cy-
tochrome P450 enzymes to produce epoxyeicosatrienoic acid
products (EETs) or hydroxyeicosatetraenoic acid products
(HETES) (8, 13, 48, 54). Although different types of HETE iso-
mers have been described (such as 5-, 8-, 9-, 11-, 12-, 15-, 20-
HETE), the precise roles of these isomers in vivo are poorly
understood. Recently some of these isomers have been linked
with vascular function and cancer [e.g., 20-HETE is reported
to be a vasoconstrictor in the cerebral circulation (39); in-

creased 9-HETE was observed in coronary artery disease
(41); and 5-, 8-, 12-, and 15-HETE are involved in tumor de-
velopment (35)].

Another group of oxidized lipids that has drawn interest is
the cholesterol oxidation products (COPs). Cholesterol can be
oxidized via enzymatic P450 reactions to give 7a-, 24,
25-, and 27-hydroxycholesterol or by nonenzymatic free radi-
cal reactions to give 7B-hydroxycholesterol and 7-ketocholes-
terol (7). Some COPs can be formed by both pathways (e.g.,
7a-hydroxycholesterol is formed as a precursor to bile syn-
thesis and also by free radical attack). COPs are found in dif-
ferent forms (esterified, sulfated, conjugated, and free in vivo)
(7), and some of the COPs appear to be specific to certain dis-
ease models. For example, 24- and 27-hydroxycholesterol are
proposed to be involved in brain vascular function (4), and oth-
ers have suggested a role of COPs in coronary artery diseases
and in the development of dementia and stroke (37).

Simultaneous measurement of different lipid oxidation
products may allow a better understanding of the signifi-
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cance of these molecules with respect to human diseases (2,
14,15, 22, 30). Our group has previously reported techniques
for the measurement of multiple oxidation products of
arachidonic acid and cholesterol in a single plasma sample
(22). Such a method is valuable, first because clinical sam-
ples are often limited. Second, the stated levels, and ranges
of levels, of various biomarkers vary between laboratories,
many depending on the exact analytic method applied, and
so it is often difficult to compare clinical disease sample re-
sults between different published reports. In this study, by
using a standardized analytical protocol, we measured a
range of oxidized lipid biomarkers (F,-IsoPs, HETEs, COPs)
in body fluids from patients with acute (dengue fever or isch-
emic stroke) and chronic (Parkinson’s disease) diseases, and
study controls. Our findings provide further insight into the
relation between lipid oxidation products and human dis-
eases, and emphasize the careful controls that are needed
when measuring such products and presenting the data.

Materials and Methods
Materials

High purity grade (=95%) heavy labeled standards of F,-
isoprostanes (Fp-IsoPs), 8-iso-PGFp,-ds, IPF5,-VI-d4, and
IPF,,-1V-dy4, hydroxyeicosatetraenoic acid (HETEs) stan-
dards, 5(S)-HETE-ds, 12(S)-HETE-dg, 15(S)-HETE-dg, 20-
HETE-dg, and arachidonic acid-dg were obtained from Cay-
man Chemicals, (Ann Arbor, MI). Oxysterol standards
(purity =95%), 7B-OH cholesterol-d;, 7a-OH cholesterol-d,
26 (27)-OH cholesterol-ds, and 7-keto-cholesterol-d;, were
purchased from CDN Isotopes, Canada, and 24-OH choles-
terol-dy, from Medical Isotopes Inc. (Pelham, NH).

Analytic grade formic acid was purchased from Lancaster
(England), ammonium hydroxide, potassium hydroxide,
butylated hydroxytoluene (BHT), hydrochloric acid, ethanol,
acetic acid from Merck (Darmstadt, Germany), and hexane
from Tedia (Fairfield, OH). HPLC-grade methanol was pur-
chased from EM Science (Darmstadt, Germany), and iso-
octane and ethyl acetate, from Fisher Scientific (UK). N,O-
bis(trimethylsilyl)trifluoroacetamide + 1% trimethylchloro-
silane (BSTFA + TMCS) silylating agent was obtained from
Pierce Chemicals (Rockford, IL). Pentafluorobenzylbromide
(PFBBr) and N,N-diisopropylethylamine (DIPEA) were pur-
chased from Sigma Chemicals (St. Louis, MO). Oasis Mixed
Anion Exchange (MAX) cartridges for solid-phase extraction
(SPE) were from Waters Corp. (Milford, MA).

Study design and patients

The study was carried out in a single center (Clinical Trial
Unit, National University Hospital, Singapore), where selec-
tion of healthy controls was randomized. For Parkinson’s
disease, dengue fever, and stroke it was designed as an age-
matched case-control study. The gender ratio (male/female)
for healthy controls and Parkinson disease patients was 1:1,
whereas for dengue fever and stroke patients, it was 1:2. No
restriction was placed on the diet of the healthy control and
the recruited patients (except to exclude the use of dietary
supplements), but where possible, all were asked to fast
overnight before blood and urine sampling to minimize any
absorption of COPs or other oxidized lipid products (50). We
included patients with Parkinson’s disease, ischemic stroke,
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and dengue infection from the National University Hospi-
tal, Singapore. All patients provided informed consent be-
fore recruitment to the study. Acute ischemic stroke was di-
agnosed clinically and supported by neuroimaging
modalities such as computed tomography and magnetic res-
onance imaging. We included patients with first-ever stroke
with a National Institute of Health Stroke Severity (NIHSS)
score exceeding 6 who were seen within 24 h from the on-
set of their symptoms. Acute dengue infection was diag-
nosed in patients who manifested a fourfold increase in IgG
antibodies against dengue, measured in acute and convales-
cent sera. Parkinson’s disease was diagnosed in patients who
fulfilled the United Kingdom Parkinson’s Disease Society
Brain Bank criteria in the presence of bradykinesia and at
least one of the following: muscular rigidity, rest tremor, pos-
tural instability unrelated to primary visual, cerebellar,
vestibular, or proprioceptive dysfunction. We recruited
healthy controls who did not smoke and who were not tak-
ing any medications or dietary supplements. The study pro-
tocol was approved by the Institutional Review Board of the
National University Hospital.

Sample preparation

Samples of blood and urine of healthy volunteers and
Parkinson disease patients were collected in the morning. As
for dengue fever and ischemic stroke patients, blood and
urine samples were taken on the day of clinical diagnosis be-
fore any clinical intervention and also (where possible) after
recovery. Venous blood was collected into Na-EDTA blood
tubes that were primed with 15 ul of 5 mM indomethacin
dissolved in ethanol. Plasma was separated immediately by
centrifugation and then placed into tubes with 20 ul/ml
plasma of 2 mM BHT (in ethanol). The samples were stored
at —80°C and were analyzed within 6 months of sample col-
lection.

Before analysis, the plasma samples were thawed at room
temperature. Mixed heavy isotopes, 8-iso-PGFy,-ds, IPF,,-
VI-d4, 5(S)-HETE-ds, 12(S)-HETE-dg, 15(S)-HETE-dg, 20-
HETE-dg and arachidonic acid-dg, and 73-OH cholesterol-dy,
7a-OH cholesterol-dy, 24-OH cholesterol-dy, and 26 (27)-OH
cholesterol-ds, and 7-keto-cholesterol-dy, all prepared in eth-
anol, were added to plasma and mixed. To measure (22) the
total (freetesterified) form of oxidized lipids (F,-IsoPs,
HETEs, and COPs) and total arachidonate, 1 ml plasma was
hydrolyzed at 37°C for 30 min with 1 ml of 1 M potassium
hydroxide prepared in methanol for the release of esterified
lipids. Afterwards, 0.5 ml methanol, 0.2 ml of 5 M HCI, and
2.5 ml of 40 mM formic acid (pH 4.6) were further added
and mixed. For measurement of free forms in plasma and
urine (22, 23) for F»-IsoPs and in plasma for HETEs, 1 ml of
formic acid (40 mM, pH 4.5) was added to 1 ml of sample,
mixed and then immediately processed by SPE. For stan-
dardizing the dilution of urine, creatinine levels were mea-
sured by using Sigma Diagnostic kit (St. Louis, MO), and to-
tal cholesterol levels, by the National Referral Laboratory
(NRL), Singapore.

Extraction and derivatization of oxidised lipid products

The prepared samples were extracted and derivatized by
using a previously described method (22). In brief, MAX SPE
cartridges were used to purify the prepared samples, by
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washing with 2 ml of 2% ammonium hydroxide and then by
2 ml of methanol: 20 mM formic acid (pH 4.6) mix (40:60
vol/vol). Afterward, different solvents were sequentially
added for the elution of COPs, and F»-IsoPs, HETEs, and
arachidonate. COPs were eluted with 2 ml of hexane fol-
lowed by 2 ml of hexane:ethyl acetate (70:30 vol/vol). The
two fractions were combined for derivatization for GC-MS
analysis. Thereafter, total F,-IsoPs, total HETEs, and total
arachidonate were eluted with 2 ml of hexane/ethanol/
acetic acid (20:29.4:0.6 vol/vol). The procedure described
was repeated for extraction of free F-IsoPs and HETEs in
plasma and urine.

The collected samples were completely dried under ul-
tra—high-purity nitrogen gas. Samples for COPs measure-
ment were derivatized with 50 ul pyridine and 50 ul
N,O-bis(trimethylsilyl)trifluoroacetamide with 1% trime-
thylchlorosilane (BSTFA + 1% TMCS) and incubated for 2 h
at room temperature. The derivatized mix was then dried
and reconstituted in 30 wl undecane with 5 ul BSTFA +
1%TMCS before GC-MS analysis. Samples for total F,-IsoPs,
total HETEs and total arachidonate measurement were de-
rivatized with 15 ul DIPEA (10% vol/vol acetonitrile) and
30 ul PFBBr (10% vol/vol acetonitrile) at room temperature
for 30 min and dried under nitrogen gas. Acetonitrile (20 ul)
and BSTFA with 1% TMCS (40 ul) were then added and in-
cubated at room temperature for 2 h. The derivatized sam-
ples were then dried and reconstituted in 70 ul iso-octane
and incubated at room temperature for 20 min. Before GC-
MS analysis, an aliquot of 5 ul of the sample was taken into
another vial and diluted with 195 ul of iso-octane for total
arachidonate measurement, and the rest was used to mea-
sure total F,-IsoPs and total HETEs.

Analysis with gas chromatography—-mass
selective detection

Fo-IsoPs, HETES, and arachidonate. The derivatized sam-
ples for F,-IsoPs, HETEs, and arachidonate were analyzed
with a mass selective detector (Hewlett-Packard 5973N; Ag-
ilent Technologies,) connected to a gas chromatograph
(Hewlett-Packard 6890; Agilent Technologies, Santa Clara,
CA), fitted with an automatic sampler and a computer work-
station. The temperature settings were programmed (22).
The mass spectrometer was used in the negative chemical
ionization (NCI) mode set at selective ion monitoring (SIM),
and chromatographic separations were carried out on a
fused silica capillary column coated with cross-linked 5%
phenylmethylsiloxane (HP-5; Agilent Technologies). Quan-
titation was achieved by relating the peak area of the total
and free forms of F,-IsoPs or HETEs, and total arachidonate
with their respective deuterated internal standard peaks (22).

Cholesterol oxidation products. For measurement of COPs,
a mass selective detector (Hewlett-Packard 5975; Agilent
Technologies) interfaced with a gas chromatograph (Hewlett-
Packard 5890 II) and equipped with an automatic sampler
and a computer workstation was used. Separations were car-
ried out on a fused silica capillary column coated with cross-
linked 5% phenylmethylsiloxane (Ultra 2, Agilent Technolo-
gies), and the temperature settings were programmed (22).
The detector was set at electron ionization (EI) mode, and
measurement was performed by SIM. Quantification of COPs
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was calculated by comparing peak area of each compound
with the deuterated internal heavy standard.

Statistical analysis

All analysis was performed by using GraphPad Prism ver-
sion 5.0 for Macintosh (GraphPad Software, San Diego, CA).
Student’s t test was performed between healthy subjects and
for all illnesses. The significance of onset to recovery stage
for dengue and stroke patients was tested with analysis of
variance at confidence level of 95%. Spearman’s ranked cor-
relation was performed between age and F,-IsoPs, HETEs,
arachidonate, and COPs, and Pearson’s correlation, between
urinary Fr-IsoPs, plasma F,-IsoPs, and arachidonate at 95%
confidence interval.

Results

The purpose of this article is to examine the levels of var-
ious oxidized lipid biomarkers in healthy controls and pa-
tients with examples of acute diseases (dengue fever and
recent-onset ischemic stroke) and a chronic disease (Parkin-
son’s disease). All these diseases are complex and multifac-
torial, which must be borne in mind when evaluating the re-
sults.

Before beginning studies on clinical samples, we deter-
mined whether age or gender affects levels of F,-IsoPs,
arachidonate, and COPs (Fig. 1, Tables 1 and 2) in healthy
controls. No significant gender effects were found (data not
shown). The data for plasma arachidonate and cholesterol
were initially ranked according to age, and Spearman’s cor-
relation study was performed for every 5-year increment
starting from 25 years. Graphic linear regression and corre-
lation significance was found to change at 50 = 5 years.
Hence the data are presented as three groups, all (25-86
years), younger than 50 years (25-49 years), and 50 years and
older (50-86 years). A significant positive correlation was
found between urinary Fp-IsoPs and age (Fig. 1). This corre-
lation was observed in the age range 2549 years but not in
the range from 50 to 86 years. By contrast, little correlation
was shown between plasma total, esterified, and free F»-
IsoPs and age (Table 1). After arachidonate adjustment of the
data, plasma total and esterified F,-IsoPs still showed only
a weak correlation with age (Table 1). Significant negative
correlations between age (25-86 years) and plasma arachi-
donate, total cholesterol, 78-hydroxycholesterol, and 27-hy-
droxycholesterol were demonstrated (Fig. 1 and Table 2), but
in this case, the decrease for all four biomarkers was much
more obvious in the subjects aged 50 or older (Fig. 1 and
Table 2). Significant negative correlations for 7p-hydroxyc-
holesterol, 24-hydroxycholesterol, and 27-hydroxycholes-
terol with age (25-86 years) were seen even after adjustment
for total cholesterol (Table 2). The decrease was noticeable
in 50+-aged subjects for 24-hydroxycholesterol and subjects
younger than 50 years for 27-hydroxycholesterol.

These data illustrate the importance of careful age match-
ing of groups when performing clinical studies. Thus we
eliminated data for healthy subjects younger than 40 years
for comparison with the acute and chronic disease patients,
in whom the median age was 56 years, and range, 40-69
years. No gender difference was found in the level of the ox-
idized lipids measured in the age-matched control groups
and disease patients. Our correlation analysis also showed
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plasma total F»-IsoPs to be positively correlated with plasma
arachidonate and urinary Fy-IsoPs levels (Fig. 2) over the
whole age range.

Fo-isoprostanes and arachidonate in disease

Plasma F»-IsoPs levels (total, esterified, or free) of Parkin-
son’s disease subjects showed no significant difference from
healthy age-matched controls (Fig. 3). It should be noted that
these patients were being treated with various drugs (e.g., L-
DOPA), which could perhaps have pro- and antioxidant
properties against lipid peroxidation (1, 14, 33, 42, 43). Un-
like for normal controls, a significant positive correlation was

found for Parkinson’s disease between age and plasma total
Fy-IsoPs (r = 0.52; p < 0.01). Correlations also were noted be-
tween urinary F,-IsoPs and age (r = 0.41; p < 0.05), between
plasma total F»-IsoPs and arachidonate (r = 0.67; p < 0.001),
and between urinary F,-IsoPs and plasma free F,-IsoPs (r =
0.41; p < 0.05), but this did not cause F»-IsoPs levels to be-
come significantly greater than those in normal controls.
Parkinson’s disease did not change arachidonate levels com-
pared with those in healthy controls (Fig. 3). Analysis of the
age-matched controls (40-69 years) did not show any sig-
nificant correlation between age, F»-IsoPs, HETEs, arachido-
nate, and COPs, and between urinary F-IsoPs and plasma
F>-IsoPs.
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TaBLE 1. SPEARMAN’S CORRELATION OF BETWEEN PLASMA F»-ISOPROSTANES, ARACHIDONATE, AND AGE
All subjects <50 years =50 years

n r 4 n r p n r 4
Total F»-IsoPs 140 0.21 ns 80 0.23 ns 60 —-0.24 ns
Esterified F»-IsoPs 140 0.02 ns 80 0.03 ns 60 —0.28 ns
Free F,-IsoPs 140 —0.06 ns 80 0.11 ns 60 —0.01 ns
Arachidonate 81 -042 <0.001 40 —-0.24 ns 41 -0.41 <0.01
Total F,-IsoPs/arachidonate 81 0.29 ns 40 0.25 ns 41 0.09 ns
Esterified F,-IsoPs/arachidonate 81 0.16 ns 40 0.19 ns 41 -0.02 ns

Gender ratio (male: female) for all subjects is 1:1, <50 yearsis 1:2 and =50 yearsis 1:1.

ns, not significant at 95% confidence interval.

By contrast, Fp-IsoPs (total, esterified, adjusted for
arachidonate, and urinary) levels were significantly higher
than those in age-matched controls during the first 24 h of
acute stroke (onset) and tended to be higher even after re-
covery from stroke (Fig. 3). Onset in this context means
when the patient was first admitted to hospital with symp-
toms, and blood and urine samples could be drawn, and
is not necessarily when the stroke began. Even for the pa-
tients who recovered (those who no longer showed symp-
toms of neurologic deterioration and no further vascular
events), levels of these Fp-IsoPs (total, esterified, and ad-
justed for arachidonate) did not decrease completely to the
healthy control range, although some decline was seen
(Fig. 3).

Onset of dengue fever refers to the development of severe
symptoms leading to hospital admission. Dengue fever (on-
set) did not cause any change of esterified F,-IsoPs or total
F,-IsoPs, but interestingly, an increase in plasma free Fp-
IsoPs and urinary F,-IsoPs was noted, both of which de-
creased in the recovered patients (Fig. 3). Such change might
be due to possible modification of renal function during the
dengue fever or to changes in lipolysis that could have ac-
celerated the hydrolysis of intact F»-IsoPs esterified to phos-
pholipids (21, 22, 44).

Hydroxyeicosatetraenoic acid products in disease

Total and esterified HETEs levels were found to be about
double the age-matched healthy control level for stroke (on-
set) subjects, even after arachidonate adjustment. At recov-
ery stage, the levels significantly decreased to values similar
to these of the healthy controls (Fig. 4). Free HETEs level did
not change in stroke (Fig. 4).

Onset of dengue fever also was associated with high total
and esterified HETESs, and the total and esterified arachido-
nate-adjusted values compared with the age-matched
healthy control. At the recovery stage, these levels again de-
creased close to the healthy control level. On the contrary,
free HETEs were significantly lower in dengue fever (onset)
group compared with the healthy age-matched controls, and
the level decreased even further on recovery. Elevated lev-
els of total and esterified HETEs and total and esterified
arachidonate-adjusted HETEs in Parkinson’s disease pa-
tients were observed in comparison to the healthy control,
but the free HETESs level did not differ (Fig. 4).

Cholesterol oxidation products in disease

Acute stroke patients had lower 7B-hydroxycholesterol
levels compared with the age-matched controls, and these

TABLE 2. SPEARMAN’S CORRELATION COEFFICIENT OF BETWEEN PLASMA CHOLESTEROL
OxipATION PrODUCTS, TOTAL-CHOLESTEROL, AND AGE

All subjects <50 years =50 years
n r p n r p n r p
7B-Hydroxycholesterol 95 —0.42 <0.001 56 -0.15 ns 39 —0.50 <0.01
7-Ketocholesterol 95 0.15 ns 56 0.03 ns 39 —0.03 ns
7a-Hydroxycholesterol 95 -0.17 ns 56 —-0.19 ns 39 —-0.18 ns
24-Hydroxycholesterol 95 0.07 ns 56 0.01 ns 39 —0.04 ns
27-Hydroxycholesterol 95 -0.39 <0.001 56 -0.22 ns 39 —0.58 <0.01
Total-cholesterol 75 —0.26 <0.05 43 0.19 ns 32 -0.67 <0.001
7B-Hydroxycholesterol /cholesterol 75 -0.29 <0.05 43 -0.29 ns 32 —0.06 ns
7-Ketocholesterol/cholesterol 75 0.07 ns 43 0.004 ns 32 0.10 ns
7a-Hydroxycholesterol /cholesterol 75 —0.19 ns 43 —0.26 ns 32 —0.04 ns
24-Hydroxycholesterol / cholesterol 75 —0.26 <0.05 43 -0.16 ns 32 —0.42 <0.05
27-Hydroxycholesterol/cholesterol 75 —043 <0.001 43 —0.54 <0.001 32 0.05 ns

Gender ratio (male: female) for all subjects is 1:1, <50 yearsis 1:1 and =50 yearsis 1:1.

ns, not significant at 95% confidence interval.
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FIG. 2. Pearson’s correlation of oxidized lipid products
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tal Fo-IsoPs vs. arachidonate (1 = 81). (B) Plasma total F,-
IsoPs vs. urinary Fp-IsoPs (n = 92). Mean * SEM at 95% con-
fidence level for each correlation is indicated by dotted line.

remained low even at the recovery stage (Fig. 5). However,
it is important to relate these effects to disease-induced
changes in cholesterol levels. After an acute stroke, the total
plasma cholesterol levels tended to be elevated compared
with those of age-matched controls, but at recovery stage,
the levels significantly decreased (Fig. 6). Levels of 7B-hy-
droxycholesterol adjusted with cholesterol levels still tended
to be low compared with those of the healthy controls, but
the levels tended to increase after recovery. Other products
of COPs and COPs standardized with total cholesterol were
not affected by stroke (Figs. 5 and 6).
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Compared with those in the age-matched healthy controls,
acute dengue fever infection significantly lowered 7B-hy-
droxycholesterol, 7-ketocholesterol, 7a-hydroxycholesterol,
and 24-hydroxycholesterol levels, whereas at recovery, the
levels increased closer to the levels of age-matched controls
(Fig. 5). However, onset of dengue fever caused markedly
lower cholesterol levels, which increased after recovery. As
a result, 7B- and 7a-hydroxycholesterol levels adjusted with
total cholesterol were still lower but to a smaller extent, and
7-ketocholesterol and 27-hydroxycholesterol adjusted with
total cholesterol were actually higher than those in the
healthy control (Fig. 6). At the recovery stage of dengue
fever, 7a-hydroxycholesterol and 27-hydroxycholesterol ad-
justed with total cholesterol decreased, the latter near to the
levels of the healthy controls (Fig. 6).

Parkinson’s disease subjects showed significantly higher
7B-hydroxycholesterol, 7-ketocholesterol, and 27-hydroxyc-
holesterol, but low 24-hydroxycholesterol levels compared
with the healthy controls (Fig. 5). No difference in choles-
terol level was found in Parkinson’s disease compared with
the healthy control, and so adjustment for total cholesterol
also showed significantly high 7-ketocholesterol and 27-hy-
droxycholesterol and low 24-hydroxycholesterol levels com-
pared with those of the healthy controls (Fig. 6).

Discussion

This study showed that different types of diseases (using
examples of two acute diseases and one chronic one) can lead
to altered levels of oxidized lipids. It highlights the advan-
tages of a single methodologic approach for the analysis,
which minimizes the discrepancy of values due to applica-
tion of different analytic methods. Our studies were intended
to observe potential differences in biomarkers of lipid oxi-
dation in different diseases and are not intended at this stage
to investigate the relation of biomarkers to the disease pro-
cess or to propose diagnostic and prognostic assays, espe-
cially given the complex nature of Parkinson’s disease (ef-
fects of various treatments, especially), dengue infection, and
stroke and the wide variations in severity and outcome be-
tween patients. Further detailed studies are being conducted
in larger clinical settings for each disease.

Nevertheless, our data draw attention to several impor-
tant issues when performing any studies of this type. First,
levels of many of the oxidized lipid products are affected by
age, in particular, F,-IsoPs, 7a-hydroxycholesterol and 27-
hydroxycholesterol, and the effects vary in different age
bands. The literature contains conflicting reports on the re-
lation of age and F»-IsoPs, where an increase in plasma and
urine was reported (3, 47, 49), a decrease in urine (19), or no
association with age in plasma (10, 25) and in exhaled breath
condensate (29). In our study, healthy controls also showed
an increase in urinary Fp-IsoPs with age (25-86 years) but

L
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FIG.3. Comparison of F,-isoprostane levels between age-matched healthy controls and patients with acute and chronic
diseases. (A) Plasma total F»-IsoPs, (B) plasma esterified F,-IsoPs, (C) plasma free F»-IsoPs, (D) arachidonate, (E) plasma
total F>-IsoPs standardized with arachidonate level, (F) plasma esterified F»-IsoPs standardized with arachidonate level,
and (G) urinary F,-IsoPs. Each graphic column expresses mean = SD. Number of subjects for each disease group is shown
in parentheses. AA, Arachidonate; Cr, creatinine; PD, Parkinson’s disease; DFO, onset of dengue fever; DFR, recovery stage
of dengue fever; STO, onset of ischemic stroke; and STR, recovery stage of ischemic stroke. Unpaired Student’s ¢ tests
showed p < 0.05 and "p < 0.01 vs. healthy controls. Repeated analysis of variance showed *p < 0.05 and **p < 0.01 be-
tween onset and recovery stages of dengue or ischemic stroke.
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FIG. 4.
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Comparison of HETEs levels between age-matched healthy controls and patients with acute and chronic
diseases on (A) plasma total HETEs, (B) plasma esterified HETEs, (C) plasma free HETEs, (D) plasma total HETEs
standardized with arachidonate level, and (E) plasma esterified HETEs standardized with arachidonate level. Each
graphic column expresses mean = SD. Number of subjects for each disease group is shown in parentheses. AA, Arachi-
donate; PD, Parkinson’s disease; DFO, onset of dengue fever; DFR, recovery stage of dengue fever; STO, onset of isch-
emic stroke; and STR, recovery stage of ischemic stroke. Unpaired Student’s t test showed p < 0.05 and “p < 0.01 vs.
healthy controls. Repeated analysis of variance showed *p < 0.05 and **p < 0.01 between onset and recovery stages
of dengue or ischemic stroke.
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FIG. 5. Comparison of COPs levels between age-matched healthy controls and patients with acute and chronic dis-
eases. (A) 7B-Hydroxycholesterol, (B) 7-ketocholesterol, (C) 7a-hydroxycholesterol, (D) 24-hydroxycholesterol, and (E) 27-
hydroxycholesterol. Each graphic column expresses mean = SD. Number of subjects for each disease group is shown in
parentheses. PD, Parkinson’s disease; DFO, onset of dengue fever; DFR, recovery stage of dengue fever; STO, onset of isch-
emic stroke; STR, recovery stage of ischemic stroke. Unpaired Student’s t test showed “p < 0.05 and “p < 0.01 vs. healthy
controls. Repeated analysis of variance showed *p < 0.05 between onset and recovery stages of dengue or ischemic stroke.

only in the younger group (25-49 years) and not in the older
group (50-86 years). In contrast, arachidonate, total-choles-
terol, 7B-hydroxycholesterol, and 27-hydroxycholesterol de-
creased with age, but more so in subjects older than 50 years

than in those younger than 50 years. One factor might be the
different changes of HDL levels in these groups (8). Hence,
the discrepancies (3, 10, 15, 19, 47, 49) might relate to the use
of different age ranges. It also should be noted that the great



>

= s
£ 3.09 3z
ED = 5 3
£ 2.5+ = 7
E - 3
5 2.04 S
5 s - £
S 1.54 2%
6 S % g) N
= 1.0+ Iy ?3
= o
e 5
< 0.5+ =
g T
§ 0.0~ : g
<
Q;b\ C’\ Qoh N ) Q\\ £
$ OO .
> Q Q S
\2‘0
5 ;
;E 10+ 8 504
Q
5 S
s 8 — e
Q +
2 x 3
O —~ N~
= o 61 O Bp
= & * 2 £
> 20 o oh
%2 4d 5 &
S g
>
=7 n
< S
: e a
3 & & & & & & 3
&
S E
2 50 %
e ° 80
E 2
S 404 o 2 .
s I
23 - 7. *
5 i R 2
S &b < 40
£ 2 204 EaE oo
2 g~ e ++
o 5 s [l e
MI 10 > 204 gz ———
= T s e
< T ~ i bames
% 0 T (‘é 0 : T
= N ) N D \) D
~ & Q@’ Ox\q MAAAN E S P O O D
IS S SO S S » SO O O
S S
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Unpaired Student’s ¢ test showed "p < 0.05 and “p < 0.01 vs. healthy controls. Repeated analysis of variance showed *p <
0.05 and **p < 0.01 between onset and recovery stages of dengue.
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majority of our patients are of Chinese origin (in Singapore),
whereas previous studies examined United States and Eu-
ropean populations. Whether this affects the results remains
uncertain.

Our second conclusion is that diseases do not show ele-
vations in all lipid oxidation products (i.e., disease itself does
not simply elevate all biomarkers of oxidative lipid damage).
Thus, for F»>-IsoPs, we saw an increase in stroke but not in
dengue or Parkinson’s disease, and for COPs in Parkinson’s
disease but not in stroke. By contrast, elevated HETEs were
found in all three diseases (discussed later). It is well known
that free radicals play a role in lipid peroxidation involved
in human ischemia/reperfusion injury (14, 15, 23). It was re-
ported that F»-IsoPs levels were elevated within the first 8 h
of stroke (20), but in our study, high levels were still recorded
within 24 h of stroke and tended to decrease on recovery
(day 7) in patients who recovered. This was clearly shown
in ischemic-stroke patients in whom the levels of F»-IsoPs
were elevated (20, 46). Oxidized lipid compounds, in partic-
ular F»>-IsoPs, have been linked to vascular function, whereas
an increase is often related to vasoconstriction (25).

Our investigation showed plasma F,-IsoPs were not el-
evated in Parkinson’s disease compared with the age-
matched study controls. Fy-IsoPs have been previously
measure in the substantia nigra (27) in Parkinson’s disease
patients, but the levels were not elevated, although those
of isofurans were. A relation was found between urinary
F»-IsoPs and plasma free F»-IsoPs in Parkinson’s disease
in this study but not in age-matched healthy controls.
However, a strong correlation (Fig. 4) between total F,-
IsoPs and urinary F,-IsoPs in our total population of
healthy controls (25-86 years) was found, and it appears
to be attributed to the younger population, those younger
than 50 years (25-49 years; r = 0.34; p = 0.01) and not
older than 50 years (50-86 years; r = 0.18; p = 0.15). Our
results in healthy subjects are consistent with those of
Morrow et al. (31). The difference for Parkinson’s disease
is unknown, although it could be related to altered renal
function or excessive production of local free F,-IsoPs in
the kidney (21, 38, 44). Our results also indicate the need
to consider whether in disease, we should measure plasma
F,-IsoPs, urinary F»-IsoPs, or both, as done here. Another
interesting point is that both plasma total (r = 0.52) and
urinary (r = 0.41) Fp-IsoPs levels tended to increase with
age in the Parkinson’s disease group but not in normal
controls, perhaps suggesting that the longer one has
Parkinson’s disease, the more oxidative stress may tend
to increase.

It was initially surprising to find that COPs levels in stroke
patients were not elevated compared with those in the
healthy group, in particular, 24-hydroxycholesterol, which is
known to arise from brain (5). A similar report has been
made (6), and it was concluded that a limit exists in mea-
suring 24-hydroxycholesterol in plasma of stroke patients be-
cause of damaged regulation of the enzyme 24-hydroxylase
(17). Our data also reveal the potential confounding effects
of changes in cholesterol levels during stroke (perhaps af-
fected by changes in nutrient intake, disordered lipid me-
tabolism, or changes in the use of cholesterol-lowering
drugs). In intracerebral metabolism of the blood-brain bar-
rier in humans, where 27-hydroxycholesterol passes into the
brain and 24-hydroxycholesterol out of the brain, the con-
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centration gradient created modifies the metabolism in the
liver and the brain (4, 16). Thus a ratio of 27-hydoxycholes-
terol/24-hydroxycholesterol is often expressed in disease
models. It is suggested the ratio of 27-hydroxycholes-
terol/24-hydroxycholesterol is about 0.2 in brain and about
2 in circulation; this demonstrates the abnormality of cho-
lesterol homeostasis in stroke in this study, where a ratio of
0.7 was recorded in plasma. Moreover, the ratio of 27-hy-
doxycholesterol /24-hydroxycholesterol is quoted to be high
in the brain of neurologic disease patients (4, 16). We found
it to be sixfold higher in the plasma of Parkinson’s disease
patients compared with the healthy group in our study.

High 7-ketocholesterol and 27-hydroxycholesterol, and
low 24-hydroxycholesterol, even when normalized by cho-
lesterol levels in Parkinson’s disease, indicate the complex-
ity of the changes in this disease. The high level of 7B-hy-
droxycholesterol in Parkinson’s disease may indicate not
only involvement of free radical reactions on cholesterol but
also the 27-hydroxylase enzymes that produce 27-hydroxy-
cholesterol (4), which could further break down to produce
7-ketocholesterol and 7B-hydroxycholesterol (18). Further, in
the pathogenesis of neurologic disorders, it appears that
plasma 24-hydroxycholesterol decreases with age, also cor-
responding to the size of the brain and loss of hepatic func-
tion (6).

It is suggested that lipid oxidation products may have in-
flammatory potency in certain diseases, although sometimes
antiinflammatory effects have been described (2, 32, 40). The
pathology of dengue fever patients involves intense inflam-
mation and depression of platelet levels. These changes are
linked to altered cytokines, immune function, lipid metabo-
lism, and nutrition and may lead to low total cholesterol and
COPs level in dengue fever (36, 45).

Interestingly, HETEs were elevated in Parkinson’s dis-
ease, dengue fever, and stroke. HETEs are oxidized prod-
ucts of arachidonic acid viz enzymatic reaction of cy-
tochrome P450, hydroxylases, and lipoxygenases, or by
free radical reactions. Like Fy-IsoPs, numerous isomers of
HETESs exist, and individual isomers were not determined
in our study (22). Moreover, production of 20-HETE is sug-
gested to be induced in ischemia/reperfusion injury (11,
12, 13, 34) and to lead to vasoconstriction, especially in
small arteries (39). 20-HETE is also known to mediate vaso-
constriction in cerebral vascular function, and regulation
of renal vascular tone and maintenance of renal blood flow
(39, 52, 53). Thus, the elevated levels in stroke revealed in
this study are potentially deleterious. Conversely, 5-, 8-,
12-, and 15-HETEs (which are constituents of the total
HETEs measured in this study) are produced by nonen-
zymatic free-radical-mediated peroxidation of arachidonic
acid (51). High levels were recorded in human atheroscle-
rotic plaques (24), and HETEs may be associated with tu-
mor development (35). Further, increases in plasma 9-
HETE have been associated with increased risk of coronary
artery disease (41), and 15-HETE increase is related to cere-
bral vasoconstriction (11).

These data illustrate our third major conclusion in mea-
suring biomarkers of oxidized lipids in clinical samples; it is
essential to present data for oxidized lipids not only per mil-
liliter of plasma but also per unit substrate. This is reflected
in dengue fever patients, in whom plasma total F,-IsoPs were
the same between onset and recovery stage when expressed
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per milliliter plasma, but the levels at recovery stage were
lower than those at the onset stage when expressed per mi-
crogram of arachidonate. Such observations were also made
in COPs of dengue fever patients, in whom levels expressed
per milliliter plasma showed higher 73- and 7a-hydroxyc-
holesterol levels in the recovery stage of dengue fever, but
the opposite effect was found when expressed per milligram
total cholesterol.

Finally, we conclude that to assess oxidized lipid damage
products accurately in human diseases (or at least for Parkin-
son’s disease, dengue fever, and stroke), we must examine
several biomarkers, and the methods used in this study may
have value in this respect.

Acknowledgments

We thank the Biomedical Research Council (grant
03/1/21/18/213) for the support of this study.

Abbreviations

BHT, butylated hydroxytoluene; BSTFA + TMCS, N,O-
bis(trimethylsilyl)trifluoroacetamide + 1% trimethylchloro-
silane; COPs, cholesterol oxidation products; DF, dengue
fever; DFO, onset of dengue fever; DFR, recovery from
dengue fever; DIPEA, N,N-diisopropylethylamine; EETS,
epoxyeicosatrienoic acid; El, electron ionization; F»-IsoPs, Fy-
isoprostanes; GC-MS, gas chromatography—mass spectrom-
etry; HCI, hydrochloric acid; HDL, high-density lipoprotein;
HETE, hydroxyeicosatetraenoic acid; HETEs, hydroxye-
icosatetraenoic acid products; IgG, immunoglobulin G; LDL,
low-density lipoprotein; MAX, mixed anion exchange; Na-
EDTA: disodium ethylenediamine tetraacetate; NCI, nega-
tive chemical ionization; NIHSS, National Institutes of
Health Stroke Severity; PD, Parkinson’s disease; PFBBr,
pentafluorobenzylbromide; SPE, solid-phase extraction; ST,
ischemic stroke; STO, onset of ischemic stroke; STR, recov-
ery from ischemic stroke.

Disclosure Statement

No competing financial interests exist

References

1. Alam ZI, Daniel SE, Lees AJ, Marsden DC, Jenner P, and
Halliwell B. A generalised increase in protein carbonyls in
the brain in Parkinson’s but not incidental Lewy body dis-
ease. [ Neurochem 69: 1326-1329, 1997.

2. Basu S. Isoprostanes: novel bioactive products of lipid per-
oxidation. Free Radic Res 38: 105-122, 2004.

3. Basu S and Helmersson J. Factors regulating isoprostane for-
mation in vivo. Agkioxid Redax Sigugl 7: 221-235, 2005.

4. Bjorkhem I. Crossing the barrier: oxysterols as cholesterol
transporters and metabolic modulators in the brain. | Intern
Med 260: 493-508, 2006.

5. Bjorkhem I, Litjohann D, Diczfalusy U, Stahle L, Ahlborg
G, and Wahren J. Cholesterol homeostasis in human brain:
turnover of 24S-hydroxycholesterol and evidence for a cere-
bral origin of most of this oxysterol in the circulation. | Lipid
Res 39: 1594-1600, 1998.

6. Bretillon L, Sidén A, Wahlund LO, Liitjohann D, Minthon
L, Crisby M, Hillert ], Groth CG, Diczfalusy U, and Bjorkhem

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

LEE ET AL

L. Plasma levels of 24S-hydroxycholesterol in patients with
neurological diseases. Neurosci Lett 293: 87-90, 2000.

. Brown AJ and Jessup W. Oxysterols and atherosclerosis.

Atherosclerosis 142: 1-28, 1999.

. Burkard I, von Eckardstein A, Waeber G, Vollenweider P,

and Rentsch KM Lipoprotein distribution and biological
variation of 24S- and 27-hydroxycholesterol in healthy vol-

unteers. Atherosclerosis 194: 71-78, 2007.

. Elbekai RH and El-Kadi AOS. Cytochrome P450 enzymes:

central players in cardiovascular health and disease. Phar-
macol Ther 112: 564-587, 2006.
Feillet-Coudray C, Tourtauchaux R, Niculescu M, Rock E,
Tauveron I, Alexandre-Gouabau MC, Rayssiguier Y, Jalen-
ques I, and Mazur A. Plasma levels of 8-epiPGF2alpha, an
in vivo marker of oxidative stress, are not affected by ag-
ing or Alzheimer’s disease. Ezge.Radic Bigl Med 27: 463-469,
1999.
Gebremedhin D, Lange AR, Lowry, TF, Taheri MR, Birks
EK, Hudetz AG, Narayanan ], Falck JR, Okamoto H, Roman
RJ, Nithipatikom K, Campbell WB, and Harder DR. Pro-
duction of 20-HETE and its role in autoregulation of cere-
bral blood flow. Circ Res 87: 60-65, 2000.
Granv111e DJ and Gottlieb RA. Having a heart attack? Avoid
he i 291 H485-H487,
2006
Granville DJ, Tashakkor B, Takeuchi C, Gustafsson AB,
Huang C, Sayen MR, Wentworth P, Yeaher M Jr, and Got-
tlieb RA. Reduction of ischemia and reperfusion-induced
myocardial damage by cytochrome P450 inhibitors. Proc Natl
Acad Sci 1S A 101: 1321-1326, 2004.
Halliwell B and Gutteridge JMC. Free radicals in biology and
medicine. Fourth ed. Oxford, United Kingdom: Oxford Uni-
versity Press, 2007.
Halliwell B and Whiteman M. Measuring reactive species
and oxidative damage in vivo and cell culture: how should
you do it and what do the results mean? Br [ Pharingcol 142:
231-255, 2004.
Heverin M, Meaney S, Liitjohann D, Diczfalusy U, Wahren
J, and Bjorkhem I. Crossing the barrier: net flux of 27-hy-
droxycholesterol into the human brain. [ Lipid Res 46:
1047-1052, 2005.
Holdenrieder S, Lutjohann D, Geiger S, von Bergmann K,
Stieber P, and Hamann GF. Does brain specific 24S-hydrox-
ycholesterol in plasma indicate the disruption of the blood-
brain barrier in patients with ischemic stroke? Neurosci Lett
368: 201-204, 2004.
Jessup W and Brown A]. Novel routes for metabolism of 7-
ketocholesterol. Rejupengtion Res 8: 9-12, 2005.
Keaney JF Jr, Larson MG, Vasan RS, Wilson PW, Lipinska
I, Corey D, Massaro JM, Sutherland P, Vita JA, and Ben-
jamin EJ, for the Framingham Study. Obesity and systemic
oxidative stress: clinical correlates of oxidative stress in
the Framingham study. destiiasei et daomiial 23
434-439, 2003.
Kelly PJ, Morrow JD, Ning M, Koroshetz W, Lo EH, Terry
E, Milne GL, Hubbard J, Lee H, Stevenson E, Lederer M, and
Furie KL. Oxidative stress and matrix metalloproteinase-9
in acute ischemic stroke: the Biomarker Evaluation for Anti-
oxidant Therapies in Stroke (BEAT-Stroke) study. Stroke 39:
100-104, 2008.
Klein T, Neuhaus K, Reutter F, and Niising RM. Generation
of 8-epi-prostaglandin F(2alpha) in isolated rat kidney
glomeruli by a radical-independent mechanism. Br | Phar-
macol 133: 643-650, 2001.



OXIDIZED LIPID PRODUCTS IN HUMAN DISEASE

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Lee CYJ, Huang SH, Jenner AM, and Halliwell B. Measure-
ment of Fp-isoprostanes, hydroxyeicosatetraenoic products,
and oxysterols from a single plasma sample. Eree Radic Biol
Med 44: 1314-1322, 2008.

Lee CY]J, Jenner AM, and Halliwell B. Rapid preparation of
human urine and plasma samples for analysis of Fy-iso-
prostanes by gas chromatography-mass spectrometry.
ekl iteiidiiiiiaad, 370: 696702, 2004.

Mallat Z, Nakamura T, Ohan ], Leseche G, Tedgui A,
Maclouf J, and Murphy RC. The relationship of hydroxye-
icosatetraenoic acids and Fy-isoprostanes to plaque instabil-
ity in human carotid atherosclerosis. [_Clin Invest 103:
421-427, 1999.

Milne GL, Musiek ES, and Morrow JD. F,-isoprostanes as
markers of oxidative stress in vivo: an overview. Biomarkers
10(Suppl 1): S10-523, 2005.

Milne GL, Yin H and Morrow JD. Human biochemistry
of the isoprostane pathway. [ Biol Chem 283: 1553315537,
2008.

Montine KS, Quinn JF, Zhang J, Fessel JP, Roberts IT L], Mor-
row JD, and Montine TJ. Isoprostanes and related products
of lipid peroxidation in neurodegenerative diseases. Chem
Phys Lipids 128: 117-124, 2004.

Montuschi P, Barnes PJ, and Roberts L] II. Isoprostanes:
markers and mediators of oxidative stress. FASEB | 18:
1791-1800, 2004.

Montuschi P, Corradi M, Ciabattoni G, Nightingale J,
Kharitonov SA, and Barnes PJ. Increased 8-isoprostane, a
marker of oxidative stress, in exhaled condensate of asthma
patients. iRt dded 160: 216-220, 1999.
Mori TA, Croft KD, Puddey IB, and Beilin L]. An improved
method for the measurement of urinary and plasma F,-iso-
prostanes using gas chromatography-mass spectrometry.
Anal Biochem 268: 117-125, 1999.

Morrow ]D, Frei B, Longmire AW, Gaziano JM, Lynch SM,
Shyr Y, Strauss WE, Oates JA, and Roberts L]J. Increase in
circulating products of lipid peroxidation (Fp-isoprostanes)
in smokers: smoking as a cause of oxidative damage. N Engl
[ Med 332: 1198-1203, 1995.

Musiek ES, Brooks JD, Joo M, Brunoldi E, Porta A, Zanoni
G, Vidari G, Blackwell TS, Montine TJ, Milne GL, McLaugh-
lin B, and Morrow ]D. Electrophilic cyclopentenone neuro-
prostanes are anti-inflammatory mediators formed from the
peroxidation of the w-3 polyunsaturated fatty acid doco-
hexaenoic acid. [ Biol Chem 183: 19927-19935, 2008.
Mytilineou C, Han SK, and Cohen G. Toxic and protective
effects of L-dopa on mesencephalic cell cultures. [ Neurochem
61: 1470-1478, 1993.

Nithipatikom K, DiCamelli, RF, Kohler S, Gumina RJ, Falck
JR, Campbell WB, and Gross GJ]. Determination of cy-
tochrome P450 metabolites of arachidonic acid in coronary
venous plasma during ischemia and reperfusion in dogs.
Anal Biochem 292: 115-124, 2001.

Pidgeon GP, Lysaght J, Krishnamoorthy S, Reynolds JV,
O’Byrne K, Nie D, and Honn KV. Lipoxygenase metabolism:
roles in tumor progression and survival. Cgucer Melgstgsis
Rev 26: 503-524, 2007.

Reiss AB, Awadallah NW, Malhotra S, Montesinos MC,
Chan ES, Javitt NB, and Cronstein BN. Immune complexes
and IFN-gamma decrease cholesterol 27-hydroxylase in hu-
man arterial endothelium and macrophages. | Lipid Res 42:
1913-1922, 2001.

Reiss AB, Siller KA, Rahman MA, Chan ESL, Ghiso J, and
de Leon MJ. Cholesterol in neurologic disorders of the el-

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

419

derly: stroke and Alzheimer’s disease. Neurobiol Aging. 25:
977-989, 2004.
Roberts L] 2nd and Morrow JD. The generation and actions
of isoprostanes. Bigckim Bigphyus Actg 1345: 121-135, 1997.
Roman RJ, Renic M, Dunn KM, Takeuchi K, and Hacein-Bey
L. Evidence that 20-HETE contributes to the development of
acute and delayed cerebral vasospasm. Neurol Res 28:
738-749, 2006.
Schwab JM, Chiang N, Arita M, and Serhan CN. Resolvin
El and protectin D1 activate inflammation-resolution pro-
grammes. Nature 447: 869-874, 2007.
Shishehbor MH, Zhang R, Medina H, Brennan ML, Brennan
DM, Ellis SG, Topol EJ, and Hazen SL. Systemic elevations
of free radical oxidation products of arachidonic acid are as-
sociated with angiographic evidence of coronary artery dis-
ease. Frge Radic Biol Med 41: 1678-1683, 2006.
Slivka A and Cohen G. Hydroxyl radical attack on dopa-
mine. [ Biol Chem 260: 15466-15472, 1985.
Spencer JP, Jenner A, Aruoma OI, Evans PJ, Kaur H, Dexter
DT, Jenner P, Lees AJ, Marsden DC, and Halliwell B. Intense
oxidative DNA damage promoted by L-dopa and its
metabolites: implications for neurodegenerative disease.
EEBS Lett 353: 246-250, 1994.
Tsikas D, Schewedhelm E, Suchy MT, Niemann J, Gutzki
FM, Erpenbeck V], Hohfeld JM, Surdacki A, and Frolich
JC. Divergence in urinary 8-iso-PGFj, (iPFz,-1II, 15-Fy-
isoP) levels from gas-chromatography-tandem mass spec-
trometry quantification after thin-layer chromatography
and immunoaffinity column chromatography reveals het-
erogeneity of 8-iso PGF,,: possible methodological, mech-
anistic and clinical implications. [Chromatocrguhy B 794:
237-255, 2003.
Van Gorp EC, Suharti C, Mairuhu AT, Dolmans WM, van
Der Ven ], Demacker PN, and van Der Meer JW. Changes
in the plasma lipid profile as a potential predictor of clini-
cal outcome in dengue hemorrhagic fever. Clip Infect Dis 34:
1150-1153, 2002.
Van Kooten F, Ciabattoni G, Patrono C, Dippel DW, and
Koudstaal PJ. Platelet activation and lipid peroxidation in
patients with acute ischemic stroke. Stroke 28: 1557-1563,
1997.
Vassalle C, Botto N, Andreassi MG, Berti S, and Biagini A.
Evidence for enhanced 8-isoprostane plasma levels, as index
of oxidative stress in vivo, in patients with coronary artery
disease. Coron Artery Dis 14: 213-218, 2003.
Wang MH, Guan H, Nguyen X, Zand BA, Nasjletti A, and
Laniado-Schwartzman M. Contribution of cytochrome P-450
4A1 and 4A2 to vascular 20-hydroxyeicosatetraenoic acid
synthesis in rat kidneys. Am | Physiol 2: F246-F253, 1999.
Wang Z, Ciabattoni G, Créminon C, Lawson ], Fitzgerald
GA, Patrono C, and Maclouf J. Immunological characteriza-
tion of urinary 8-epi-prostaglandin F, alpha excretion in
an. LRhgrugcol Exp Ther 275: 94-100, 1995.
Wilson R, Lyall K, Smyth L, Fernie CE, and Riemersma RA.
Dietary hydroxy fatty acids are absorbed in humans: impli-
cations for the measurement of “‘oxidative stress’ in vivo. Free
Radic Biol Med 32: 162-168, 2002.
Wiswedel I, Hirsch D, Nouroz-Zadeh ], Flechsig A, Luck-
Lambrecht A, and Augustin W. Analysis of monohydrox-
yeicosatetraenoic acids and F,-isoprostanes as markers of
lipid peroxidation in rat brain mitochondria. Eree Radic Res
36: 1-11, 2002.
Zhang Y, Oltman CL, Lu T, Lee HC, Dellsperger KC, and
Van Rollins M. EET homologs potently dilate coronary mi-



420 LEE ET AL

crovessels and activate BK(Ca) channels. Am | Physiol Heart Address reprint requests to:

Circ Physiol 6: H2430-H2440, 2001. Prof. Barry Halliwell
53. Zou AP, Imig JD, Kaldunski M, Ortiz de Montellano PR, Sui National University of Singapore

Z, and Roman RJ. Inhibition of renal vascular 20-HETE pro- Department of Biochemistry

duction impairs autoregulation of renal blood flow. Am | 8 Medical Drive

Physiol 266: F275-F282, 1994. Singapore 117597
54. Zou AP, Muirhead EE, Cowley AW, Mattson DL, Falck JR,

Jiang J, and Roman RJ. Role of changes in renal hemody- E-mail: bchbh@nus.edu.sg

namics and P-450 metabolites of arachidonic acid in the re-
versal of one-kidney, one clip hypertension. [ Hypertens 13:
557-566, 1995.

55.

Date of first submission to ARS Central, July 7, 2008; date of
final revised submission, September 11, 2008; date of accep-
tance, September 11, 2008.



Thisarticle has been cited by:

1. Gurdeep Marwarha, Turk Rhen, Trevor Schommer, Othman Ghribi. 2011. The oxysterol 27-hydroxycholesterol regulates #-
synuclein and tyrosine hydroxylase expression levelsin human neuroblastoma cells through modulation of liver X receptors
and estrogen receptors-relevance to Parkinson’ s disease. Journal of Neurochemistry no-no. [ CrossRef]

2. Ginger L. Milne, Huiyong Yin, Klarissa D. Hardy, Sean S. Davies, L. Jackson Roberts. 2011. |soprostane Generation and
Function. Chemical Reviews 110906103750063. [ CrossRef]

3. Guanghou Shui, Wei Fun Cheong, Ignasius A. Jappar, AinaHoi, Yangkui Xue, Aaron Z. Fernandis, Benny Kwong-Huat Tan,
Markus R. Wenk. 2011. Derivatization-independent cholesterol analysis in crude lipid extracts by liquid chromatography/
mass spectrometry: Applications to a rabbit model for atherosclerosis. Journal of Chromatography A 1218:28, 4357-4365.
[CrossRef]

4. Natalie Ward, Kevin Croft, David Blacker, Graeme Hankey, Anne Barden, Trevor Mori, lan Puddey, Christopher Beer. 2011.
CY P450 metabolites of arachidonic acid are elevated in stroke patients. Clinical Science . [CrossRef]

5. Piotr Zimniak. 2011. Relationship of electrophilic stress to aging. Free Radical Biology and Medicine . [ CrossRef]

6. Raymond C.S. Seet, Chung-Yung J. Lee, Wai Mun Loke, Shan Hong Huang, Huiwen Huang, Woan Foon Looi, Eng Soh
Chew, Amy M.L. Quek, Erle C.H. Lim, Barry Halliwell. 2011. Biomarkers of oxidative damage in cigarette smokers: Which
biomarkers might reflect acute versus chronic oxidative stress?. Free Radical Biology and Medicine 50:12, 1787-1793.
[CrossRef]

7.Barry Halliwell , Chung Yung J. Lee. 2010. Using | soprostanes as Biomarkers of Oxidative Stress: Some Rarely Considered
Issues. Antioxidants & Redox Sgnaling 13:2, 145-156. [Abstract] [Full Text] [PDF] [PDF Plus]

8.Vaery N. Bochkov , Olga V. Oskolkova , Konstantin G. Birukov , Anna-Liisa Levonen , Christoph J. Binder , Johannes
Stockl . 2010. Generation and Biological Activities of Oxidized Phospholipids. Antioxidants & Redox Sgnaling 12:8,
1009-1059. [Abstract] [Full Text] [PDF] [PDF Plus]

9. Clementina Mesaros, Seon Hwa Lege, lan A. Blair. 2009. Targeted quantitative analysis of eicosanoid lipids in biological
samples using liquid chromatography—tandem mass spectrometry#. Journal of Chromatography B 877:26, 2736-2745.
[CrossRef]


http://dx.doi.org/10.1111/j.1471-4159.2011.07497.x
http://dx.doi.org/10.1021/cr200160h
http://dx.doi.org/10.1016/j.chroma.2011.05.011
http://dx.doi.org/10.1042/CS20110215
http://dx.doi.org/10.1016/j.freeradbiomed.2011.05.039
http://dx.doi.org/10.1016/j.freeradbiomed.2011.03.019
http://dx.doi.org/10.1089/ars.2009.2934
http://www.liebertonline.com/doi/full/10.1089/ars.2009.2934
http://www.liebertonline.com/doi/pdf/10.1089/ars.2009.2934
http://www.liebertonline.com/doi/pdfplus/10.1089/ars.2009.2934
http://dx.doi.org/10.1089/ars.2009.2597
http://www.liebertonline.com/doi/full/10.1089/ars.2009.2597
http://www.liebertonline.com/doi/pdf/10.1089/ars.2009.2597
http://www.liebertonline.com/doi/pdfplus/10.1089/ars.2009.2597
http://dx.doi.org/10.1016/j.jchromb.2009.03.011

