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Isoprostanes (iPs) are free radical catalyzed prostaglandin isomers.
Analysis of individual isomers of PGF2a—F2-iPs—in urine has re-
flected lipid peroxidation in humans. However, up to 64 F2-iPs may
be formed, and it is unknown whether coordinate generation,
disposition, and excretion of F2-iPs occurs in humans. To address
this issue, we developed methods to measure individual members
of the four structural classes of F2-iPs, using liquid chromatogra-
phyytandem mass spectrometry (LCyMSyMS), in which sample
preparation is minimized. Authentic standards of F2-iPs of classes
III, IV, V, and VI were used to identify class-specific ions for multiple
reaction monitoring. Using iPF2a-VI as a model compound, we
demonstrated the reproducibility of the assay in human urine.
Urinary levels of all F2-iPs measured were elevated in patients with
familial hypercholesterolemia. However, only three of eight F2-iPs
were elevated in patients with congestive heart failure, compared
with controls. Paired analyses by GCyMS and LCyMSyMS of iPF2a-VI
in hypercholesterolemia and of 8,12-iso-iPF2a-VI in congestive
heart failure were highly correlated. This approach will permit high
throughput analysis of multiple iPs in human disease.

Isoeicosanoids are free radical catalyzed products of arachi-
donic acid. They are isomers of enzymatically formed prosta-

glandins, leukotrienes, and epoxyeicosatrienoic acids (1, 2).
Unlike the enzymatic products of arachidonic acid, they are
formed initially in situ in the phospholipid domain of cell
membranes, from which they are cleaved by phospholipases (3),
circulate in esterified and unesterified forms, and are excreted in
urine. Several prostaglandin isomers—isoprostanes (iPs)—
express biological activities in vitro (4–6) and may act as inci-
dental ligands at membrane receptors for prostanoids and at
peroxisome proliferator-activated receptors in the nucleus (7–9).
Various assays for individual iPs have been developed (10–15),
as these compounds have attraction as indices of lipid peroxi-
dation in vivo. Although this approach has proven useful in
selection of disease targets and rational dose finding for anti-
oxidants (16–18), it is unknown how a single iP might reflect
alterations in generation of this complex family of lipids. For
example, in the case of isomers of PGF2a (F2-iPs), up to 64
compounds in four structural classes may be formed (19–21). It
is unknown whether their relative predominance might differ as
a function of their site of formation, their affinity for phospho-
lipase cleavage, their metabolism, or their clearance from plasma
into urine. Additionally, in the specific case of F2-iPs, the
compound most frequently selected for analysis—iPF2a-III (for-
merly known as 8-iso-PGF2a)—may also be formed by the
prostaglandin GyH synthase [cyclooxygenase (COX)] isozymes
(10, 22). Because COX activation and oxidant stress may coin-
cide (23–27), analysis of other F2-iPs, not formed by COX, has
been necessary to interpret alterations in iPF2a-III generation
(28, 29).

To begin to address these issues in human biology, we have
developed methods that permit simultaneous analysis of selected

members of each of the four classes of F2-iPs, using high
performance liquid chromatographyyelectrospray ionizationy
tandem mass spectrometry (HPLCyESIyMSyMS). By using
homologous internal standards, it is possible to discriminate
many individual isomers within a single chromatographic sepa-
ration, bypassing much of the sample preparation associated
with assays based on gas chromatographyymass spectrometry
(GCyMS). Using this approach, we demonstrate that although
urinary excretion of members of all four classes of the F2-iPs are
increased in patients with hypercholesterolemia, only selected
F2-iPs were significantly increased in patients with congestive
cardiac failure. HPLCyESIyMSyMS permits a more compre-
hensive assessment of iP generation in human diseases thought
to be associated with increased lipid peroxidation in vivo.

Materials and Methods
Reagents. Synthetic iPF2a-III was purchased from Cayman
Chemicals (Ann Arbor, MI) and was used without further
purification. We utilized HPLC-grade water (Milli-Q water
purification system, Millipore) in the preparation of all aqueous
solutions and mobile phases. HPLC-grade acetonitrile was pur-
chased from J. T. Baker. HPLC-grade methanol and reagent-
grade acetic acid were purchased from Fisher. HPLC-grade
ammonium hydroxide and reagent-grade potassium hydroxide
were purchased from Mallinckrodt. Reagent-grade 6 M hydro-
chloric acid was purchased from LabChem (Pittsburgh). Meth-
anol-D (99.5 atom% D) and deuterium oxide (99.9 atom% D)
were purchased from Aldrich. We obtained 190 proof ethanol
from Pharmco Products (Brookfield, CT). Disodium hydrogen
phosphate and potassium dihydrogen phosphate were purchased
from Merck. The Sorensen buffer used for solid phase extraction
consisted of 1y15 M potassium dihydrogen phosphate and 1y15
M disodium hydrogen phosphate. Standards of iPF2a-VI,
[2H4]iPF2a-VI, iPF2a-V, and iPF2a-IV were synthesized accord-
ing to previously published methods (30–32).

Isotope Exchange of Synthetic Isoprostanes. Deuterium exchange of
labile hydroxyl and carboxyl protons of the iP molecules was
performed by dissolving 1 mg of iP in 100 ml of CH3OD,
evaporating under a gentle nitrogen stream, and redissolving the
sample in 100 ml of CH3OD:D2O (50:50). The deuterium
exchanged samples were infused into the electrospray source of
the mass spectrometer described below, using CH3OD:D2O
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(50:50) as the mobile phase. Exchange of carboxylate oxygens
with 18O was performed as described (33).

Urine Sample Preparation. Internal standards for iPF2a-III and
iPF2a-VI were added to 1 ml of urine and were allowed to
equilibrate for 15 min. Then, 0.5 ml of 15% KOH was added, and
the sample was mixed and allowed to stand for 30 min. The pH
was then adjusted with 6 M HCl to '2.5. The sample was then
subjected to solid phase extraction (SPE). BondElut LMS poly-
mer 100-mg SPE cartridges were purchased from Varian. The
SPE cartridge was conditioned with 1 ml of ethanol and 1 ml of
Sorensen buffer. The sample was applied to the cartridge, which
was then sequentially washed with 1 ml each of Sorensen buffer
and 5% ethanol in water. The analyte and internal standards
were eluted from the cartridge by using 1 ml of ethanol. The
eluate was collected and dried under a gentle stream of nitrogen.
The resulting residue was then reconstituted with 100 ml of 20%
acetonitrile in water and was filtered by centrifugation. The
0.2-mm Nylon microspin filters were purchased from Alltech
Associates.

High Performance Liquid Chromatography. The HPLC included an
ABI 140B dual syringe pump (Applied Biosystems) and a
Hypersil ODS-BD 3 mm, 2.0- 3 150-mm column (Phenomenex,
Torrance, CA). The mobile phase consisted of water (solvent A)
and acetonitrile:methanol (95:5, solvent B), both with 0.005%
acetic acid adjusted to pH 5.7 with ammonium hydroxide. The
flow rate was controlled at 200 mlymin. The separation was
carried out with a linear solvent gradient program starting at
25% B and ramping to 35% B in 20 min.

Mass Spectrometry. A Micromass Quattro II mass spectrometer
(Micromass, Beverly, MA) equipped with a coaxial electrospray
source and triple quadrupole analyzer was used in these studies.
The HPLC eluate was split from 200 mlymin to 50 mlymin before
entering the electrospray source. The instrument was operated
in the negative ion mode with the capillary voltage set to 3 kV,
the sampling cone voltage to 40 V, and the source temperature
to 70°C. The argon gas pressure in the radiofrequency-only
region was set to 2 microbars (1 bar 5 100 kPa). The collision
energy was 23 eV. The analyzers were set in the multiple reaction
monitoring mode.

Method Evaluation. The linearity of the assay was demonstrated by
spiking different concentrations (1.0, 2.0, 3.0, 4.0, 5.0, and 10.0
ngyml) of synthetic iPF2a-VI to aliquots of normal urine. The
average of three samples at each concentration was used.
Within-day (n 5 5 or 6) and between-day (n 5 6) reproducibility
studies were performed at three different concentrations (1.0,
3.0, and 5.0 ngyml) of synthetic iPF2a-VI standard. The recovery
of the SPE procedure was evaluated at concentrations of 1.0, 5.0,
and 10.0 ngyml by adding [2H4]iPF2a-VI after extraction.

Clinical Studies. Urinary iPs were characterized in 12 subjects
(aged 4–43; six males and six females) with homozygous familial
hypercholesterolemia (HFH). This condition was defined by the
presence of childhood cutaneous or tendonous xanthomata,
fasting total cholesterol levels of .500 mgydl and normal
triglyceride levels (,200 mgydl). No subjects were cigarette
smokers. None were diabetic or hypertensive and most were
Caucasian (two African-American and one Asian). All subjects
had a history and physical examination performed and were
admitted to the General Clinical Research Center for a 48-hour
period. Overnight 12-hour urine samples were collected before
any blood draws or invasive testing was performed. Subse-
quently, fasting blood samples were taken for the assessment of
lipoproteins and coronary angiography was performed to assess
the presence of coronary disease. An age- and gender-matched

sample of subjects (aged 5–43; six males and six females) was
used as a control group (n 5 12). They underwent similar
overnight 12-hour urine sample collection and fasting lipopro-
tein assessment. We have previously described increased urinary
iPF2a-III and iPF2a-VI in patients with HFH (27), using GCyMS
assays. We wished to confirm and extend these studies by
applying the HPLCyESIyMSyMS technique to this population.
New patients with hypercholesterolemia and age and gender
matched controls were recruited to the General Clinical Re-
search Center of the Hospital of the University of Pennsylvania
and the Childrens’ Hospital of Philadelphia. Patients with car-
diac failure were enrolled at the time of their initial inpatient
assessment at the General Clinical Research Center of the
Hospital of the University of Pennsylvania. Overnight 12-hour
urine samples were collected before patients’ undergoing echo-
cardiography, exercise testing, and cardiac catherization. Urine
samples were collected in polyethylene bottles containing buty-
lated hydroxyanisole. Samples were kept refrigerated during the
collection period, after which they were immediately aliquoted
and stored at 270°C until analysis. Under these conditions, urine
can be stored without any significant change in F2-iP levels (13,
34).

Twenty-nine patients with congestive heart failure (CHF)
were enrolled (age 52.5 6 12.2 mean 6 SD, six women, three
blacks, eight with hypertension, six with diabetes, and seven
cigarette smokers) in the second study. The etiology of their
disease was ischemic in 15 (52%) and nonischemic in 14 (48); 11
(38%) had dilated cardiomyopathy and 3 (10%) had congenital
heart disease. Seven (24%) had class II symptoms, twelve (41%)
had class III symptoms, ten (35%) had class IV symptoms, and
the mean ejection fraction was 20.3 6 5% (mean 6 SD). Total
serum cholesterol levels (181 6 58 vs. to 187 6 69 mgydl, P not
significant) were similar in patients with ischemic cardiomyop-
athy (one woman, six hypertensives, three diabetic, and three
cigarette smokers) compared with patients with nonischemic
cardiomyopathy (five women, two hypertensives, three diabetics,
and four cigarette smokers). Overnight 12-hour urine samples
were collected from asymptomatic, age- and sex-matched con-
trol subjects (n 5 29, age 48.7 6 22.5, six women, three blacks,
eight hypertensives, three cigarette smokers). All studies were
approved by the respective institutional review boards and the
General Clinical Research Center advisory committees.

Primary response variables of interest for this investigation
were the individual iP isomers. For each response variable, a
Student’s t test for independent samples was applied. Statistical
tests for homogeneity of variance was performed to confirm
model assumptions, and the data were considered to be incon-
sistent with the assumed model when test probability was less
than the type I error rate of 20%. If so, then the nonparametric
analogue to Student’s t test, the Mann–Whitney Wilcoxon rank
sum test, was performed. All tests of hypothesis for CHF and
HFH classification are two-sided, with statistical significance
associated with a type I error rate of 5% or less.

Results
Selection of Class Specific Product Ions. Isoprostane molecules
readily generate abundant molecular ions (myz 353) under ESI
conditions in the negative-ion mode. The negatively charged
molecular ions of the four classes of iPs (Fig. 1) undergo
extensive collision-induced fragmentation (CID) at a collision
energy of 23 eV. The product ion spectra of one selected
synthetic standard from each of the four classes are illustrated
(Fig. 2). The four isoprostanes generate very similar CID
fragmentation patterns above myz 200. However, they showed
drastic differences below myz 200. An ion at myz 115 dominated
the product ion spectrum of iPF2a-VI. Similarly and to a slightly
lesser degree, the ion at myz 193 is the most abundant ion in the
iPF2a-III product ion spectrum. These two ions are also very
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class specific. The fragment ion at myz 127 has the highest
intensity for iPF2a-IV and is also very unique for this class of
isomers. The choice for iPF2a-V was made based on the speci-
ficity of the product ion at myz 151 (75% of the base peak
intensity), even though it is not the base peak in the spectrum.

The product ion structures and fragmentation pathways were
studied by acquiring additional product ion spectra on the
hydrogen–deuterium exchanged molecular species and those
available deuterium labeled or 18O2 labeled molecular species
(data not shown). For iPF2a-VI, the product ion spectrum of the
hydrogen–deuterium-exchanged molecules still shows a very
strong peak at myz 115. So does 17,17,18,18-d4-iPF2a-VI. This
suggests that the ion at myz 115 is the charge-remote vinylic
fragment of the molecular ion (35–38). Its formation includes a
process of proton transfer from the hydroxyl group at C5 (Fig.
2). The ion at myz 127 corresponds to an ion at myz 128 in the
deuterium-exchanged iPF2a-IV molecules. This suggests that
this ion is formed through charge-remote allylic fragmentation

(37, 38). The proton of the hydroxyl group at C8 is transferred
to C5 (Fig. 2). The spectrum of the deuterium-exchanged
molecular ions of iPF2a-V shows equal intensity peaks at myz
151, 152, and 153. This leads to a conclusion of multiple
competing pathways of ion formation and possibly involves
different mechanisms of ring fragmentation. Similarly, iPF2a-III
also generates three peaks of equal intensity at myz 193, 194, and
195 after deuterium exchange. Multiple, competing pathways
involving the 5-membered ring also appear to be relevant to this
iP class. The fragment ion at myz 193 also contains the lower
numbered carbons because the 18O2-labeled molecular species
give a fragment ion at myz 197.

The specificity of the precursor to product ions of the four
classes of iPs was verified by subjecting a mixture of one synthetic
iP standard from each of the four classes to multiple reaction
monitoring with suitable HPLC conditions. Good mass spectro-
metric resolution was achieved, illustrating the high specificity of
each of the product ions (Fig. 3). Classes IV, V, and VI
experience no interference from other classes. The detection of
class III isoprostanes is complicated by class VI isomers. The
class VI isomers give close to 10% of the ion signal of an
equimolar amount of class III molecules. However, although
class VI interferes with class III, interference does not occur in
the other direction. Thus, efficient HPLC separation may be
used to solve any ambiguities.

When urine samples from healthy volunteers are subjected to
these HPLCyMSyMS conditions, there are eight identifiable
peaks of class VI isomers, corresponding nicely to the eight pairs
of enantiomers predicted theoretically (Fig. 4; refs. 19–21).
There are also a few relatively large peaks corresponding to class
III and V isomers whereas only trace amounts of class IV isomers
can be detected. The class identities of some of the larger peaks
have been verified by their product ion spectra. The structure of
several of the peaks have also been identified by subsequent
studies comparing their HPLC andyor GCyMS characteristics to
synthetic standards (Fig. 4; ref. 12).

Characteristics of the Assay. Sample preparation utilized a single
solid phase extraction (SPE) using Varian BondElut LMS poly-
mer 100 mg RP-SPE cartridges. The average recoveries obtained
using the LMS polymer phase cartridges were 97, 112, and 88%

Fig. 1. Structures of the four classes of F2-isoprostanes formed from free
radical (FR) reactions of arachidonic acid. Stereospecific structures of iPF2a-III
and iPF2a-VI are shown, along with generic structures for class IV and class V.

Fig. 2. Product ion spectra of the four classes of isoprostanes. (A) iPF2a-VI. (B)
iPF2a-V. (C) iPF2a-IV. (D) iPF2a-III.

Fig. 3. HPLCyMSyMS of a mixture of four synthetic isoprostanes. Represen-
tatives of each of the four F2-iP classes were mixed and analyzed during a
single multiple reaction-monitoring LCyMSyMS run. Four product ions were
monitored (see Fig. 2), demonstrating the high degree of specificity of the
selected ions.
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for iPF2a-VI concentrations of 1.0, 5.0, and 10.0 ngyml, respec-
tively.

We selected iPF2a-VI as a model compound. The limit of
detection was 5 pg injected on column requiring a signal-to-noise
ratio of $3. The assay is linear over the range of 10 pg to 50 ng
injected on column. A 2.0-mm HPLC column requires a rela-
tively high flow rate of 200 mlymin to achieve optimal separation
of the isomers in urine samples. A 4:1 postcolumn split was then
introduced to reduce the flow rate of the HPLC effluent to 50
mlymin, which is the appropriate flow to the source.

A potential limitation of ESIyMSyMS is an adverse effect of
the sample matrix on the signal intensity of analyte ions (39). To
account for such potential effects, the linearity of the assay was
also verified by adding iPF2a-VI synthetic standards to authentic
urine samples. Three sets of samples were prepared with six
different concentrations of added iP ranging between 0 and 10
ngyml. Plotting the measured iPF2a-VI concentrations vs.
amount of standard added provides a linear relationship de-
scribed by the equation y 5 1.06x 1 2.15. The correlation
coefficient (r) for the two variables is 0.99. The results of the
within- and between-day precision estimates of the assay are
presented in Table 1.

Clinical Studies. Urinary levels of all classes of F2-iPs were
increased in HFH patients compared with controls (Fig. 5A).
There was a marked heterogeneity in the excretion of individual
isomers ranging from 1.11 6 0.45 pgymg creatinine for iPF2a-III
to 8.33 6 3.17 pgymg creatinine for 5-epi-8,12-iso-iPF2a-VI.

However, the ratio of increased excretion of individual isomers
in HFH patients compared with control subjects remained
remarkably constant. These findings correspond closely to our
recent report of significant increases in urinary iPF2a-III (mean
1.5-fold) and iPF2a-VI (mean 1.6-fold) in a larger group of HFH
patients compared with matched control subjects (27) using
previously described GCyMS assays (10, 11).

Paired analysis revealed that all individual isomers measured
were significantly elevated in the HFH group (Fig. 5A). The
increase in mean levels varied from 1.36-fold for iPF2a-VI (P ,
0.05) to 2.06-fold for iPF2a-V peaks B and C combined (P ,
0.01). The most abundant isomer characterized in the present
studies was 5-epi-8,12-iso-iPF2a-VI, which was 1.75-fold higher
(P , 0.05) in the patients with HFH than in controls. The
increments in iPF2a-III and iPF2a-VI were 1.37-fold (P , 0.05)
and 1.36-fold (P , 0.05) in the present study, corresponding well
with the increments previously measured by GCyMS.

Paired analysis of iPF2a-VI in HFH patients and controls by
LCyMSyMS and GCyMS gave similar results (1.49 6 0.56 ngymg
creatinine vs. 1.54 6 0.60 ngymg creatinine, respectively), which
were highly correlated (r 5 0.93; P , 0.0001; n 5 24). We have
recently established a GCyMS assay for 8,12-iso iPF2a-VI (12).
The paired analysis of this iP in CHF patients or controls by
GCyMS and LCyMSyMS assay also showed a high degree of
correlation (r 5 0.92; P , 0.0001; n 5 58).

The pattern in CHF was much less striking (Fig. 5B). The
mean ratios of patients vs. controls were close to unity (0.94, 1.07,
and 1.03) for the three class VI isomers measured here, iPF2a-VI,
5-epi-8,12-iso-iPF2a-VI and 8,12-iso-iPF2a-VI respectively. The
highest ratio was 1.55 for iPF2a-V peak A. The most abundant
isomer characterized in this study was 5-epi-8,12-iso-iPF2a-VI,

Fig. 4. HPLCyMSyMS of urinary F2-isoprostanes. Selected peaks were identi-
fied by comparison with synthetic standards. Other quantified peaks are
labeled alphabetically in the chromatograms. Among these unidentified com-
pounds, iPF2a-V peaks B and C were quantified together as one peak because
of insufficient chromatographic resolution.

Fig. 5. F2-iP levels in HFH and CHF. (A) HFH patients (n 5 12) vs. controls (n 5
12). (B) CHF patients (n 5 , 29) vs. controls (n 5 , 29). For identification of the
peaks, see Fig. 4. *, P , 0.05; **, P , 0.01.

Table 1. Assay reproducibility for iPF2a-VI in human urine (n 5 6)

Sample Conc.,
ng/ml

Within-day precision Between-day precision

Mean† SD %CV* Mean† SD %CV*

1 0.320‡ 0.008 0.026 0.323 0.017 0.054
3 0.538 0.013 0.025 0.532 0.021 0.039
5 0.741 0.041 0.056 0.749 0.017 0.023

*Coefficient of variation
†Peak area ratios of d0yd4 iPF2a-VI.
‡n 5 5.
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which was 6.58 6 3.77 ngymg creatinine in the patients and
6.18 6 3.23 in the controls (P not significant). Paired analysis by
Student’s t test identified significant differences (P , 0.005)
between the groups for peak B 1 C, peak A, and iPF2a-III. There
was no difference in the urinary levels of any isomer between
patients with ischemic (n 5 15) vs. nonischemic (n 5 14)
cardiomyopathy. For example, the corresponding values for
iPF2a-VI were 6.25 6 3.7 ngymg creatine vs. 6.94 6 3.9 ngymg
creatine and for iPF2a 0.56 6 0.08 ngymg creatinine vs. 0.56 6
0.07 ngymg creatine.

Discussion
Isoprostanes are a complex mixture of isomeric prostaglandin
species formed in a free radical-dependent manner from ara-
chidonic acid. Because of their chemical stability and their
potential detection at their site of formation (34, 40), as well as
in plasma and in urine (22, 27, 28, 41), they have particular
attraction as indices of oxidant stress in vivo. Such measurements
might usefully provide a biochemical rationale for the selection
of diseases and dosage requirements when designing clinical
trials of antioxidants. Most attention on isoeicosanoid analysis
has focused on the F2-iPs, although interest has broadened
recently to encompass other species (42, 43). Although a GCyMS
assay for iPs using [2H4]PGF2a as an internal standard has been
reported (41), a limitation has been the lack of homologous
standards corresponding to the unidentified components of the
heterogeneous peak selected for measurement (2). We have
developed a series of assays for individual iPs, using GCyMS and
homologous internal standards. This approach has yielded much
information in support of the usefulness of iP analysis as an index
of oxidant stress in vivo. For example, suppression of elevated
iPF2a-VI generation with vitamin E retards the development of
experimental atherosclerosis in mice, despite continued hyper-
cholesterolemia (18), providing support for the functional im-
portance of lipid peroxidation in this condition (44). We have
also demonstrated that hypercholesterolemic patients, like the
mice, have increased urinary concentrations of this iP (27),
suggesting that a similar interventional strategy might be appli-
cable to clinical trials.

Despite these observations, there are potential limitations to
an approach based on analysis of a single iP. For example, the
dominant iP formed in the tissue of origin might not be the most
abundant iP in urine. The most commonly used GCyMS assays
for iPs utilize the highly sensitive, negative ion chemical ioniza-
tion mode. Although LCyMSyMS retains the specificity of
negative ion chemical ionization GCyMS, it is generally a less
sensitive technique. However, much of the sample preparation
and attendant loss of recovery associated with GCyMS is
omitted before LCyMSyMS analysis. For example, negative ion
chemical ionization analysis of iPF2a-III and iPF2a-VI by
GCyMS requires at least one SPE step, at least one TLC step,
two derivatization steps, and extracting andyor drying the sample
between each of these steps. By contrast, one SPE, one drying
step, and a centrifugal filtration are all that are required before
analysis by LCyMSyMS. As we report, the assay is highly
sensitive and is reproducible when performed in human urine.
Indeed, in the present study, the values of 8,12-iso-iPF2a-VI, an
abundant F2-iP in human urine (12), analyzed by negative ion
chemical ionization GCyMS and by LCyMSyMS in the urine of
patients with CHF and their controls were highly correlated. The
additional information afforded by the latter technique and its
ready adaptability to high throughput analyses would favor its
application in many studies of iP generation.

Although a focus on a single, less-abundant iP might fail to
detect alterations in its generation because of insufficient assay
sensitivity, the assumption that quantitative changes in iP gen-
eration under conditions of oxidant stress would be reflected
similarly by all detectable isomers of a given eicosanoid also
remains to be tested. Such information would be pertinent to the
selection of target analytes for immunoassay development, as
well as to the interpretation of information based on analysis of
single iPs. Immunoassays for iPF2a-III are available commer-
cially, but this is a relatively minor F2-iP in urine (12). Such assays
have not been checked for cross reactivity with most other F2-iPs
or any of their potential metabolites. An issue that seems
particular to this iP is its capacity for formation by either COX-1
or COX-2 (10, 22). Although these enzymatic pathways do not
seem to contribute detectably to urinary iPF2a-III in studies to
date (26), this remains a caveat to the interpretation of inves-
tigations based on analysis of this iP alone.

We have included the specific detection of selected members
of three of the four structural classes of the F2-iPs in the present
assay and intend to characterize the identity of the compounds
corresponding to the remaining peaks that are abundant in
human urine. Murphy and coworkers have used LCyMSyMS to
analyze iPs in the livers of choloroform-treated rats (45). Al-
though multiple internal standards were not available, the most
abundant F2-isomers that they observed in the livers of chloro-
form-treated rats were of class VI (45), which is in good
accordance with the predominance of 5-epi-8,12-iso-iPF2a-VI
and 8,12-iso-iPF2a-VI in human urine. Using this approach, we
find that a range of urinary F2-iPs are elevated to a roughly
comparable degree in patients with HFH. This extends our
previous observations with GCyMS analysis of two discrete iPs,
iPF2a-III and iPF2a-VI. Again, in the case of these iPs, analysis
by LCyMSyMS appears consistent with the fold increase in
HFH. By contrast, we find no evidence of a similar broad
increase in urinary iPs in the patients with severe congestive
heart failure. However, pairwise comparisons suggest increases
in some of the individual iPs. Although there have been sug-
gestions of elevated oxidant stress in such patients (46–48), this
has been based on potentially fallible indices of lipid peroxida-
tion (49). Previously, Mallat and colleagues reported that im-
munoreactive iPF2a-III was elevated in the pericardial f luid of
such patients (50). Future studies should determine whether the
disparate results among urinary iPs in the present study reflect
the play of chance or differences in the generation, metabolism,
or clearance of individual iPs in CHF.

In summary, we report the development of an LCyMSyMS
assay for distinct members of the structural classes of the F2-iPs
in human urine. It is highly reproducible, sensitive, and specific
and is readily adaptable to high throughput analyses in complex
biological matrices. Application of this assay to clinical investi-
gation demonstrates that a broad range of F2-iPs are increased
in the urine of patients with HFH, suggesting coordinate gen-
eration of these compounds in a syndrome of oxidant stress. By
contrast, evidence for increased generation of only some of the
measured F2-iPs was observed in congestive heart failure. This
approach should be useful in addressing fundamental questions
relating to iP formation, disposition, and excretion in humans.
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