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The cyclopentenone isoprostanes (A2/J2-IsoPs) are
formed in significant amounts in humans and rodents
esterified in tissue phospholipids. Nonetheless, they
have not been detected unesterified in the free form,
presumably because of their marked reactivity. A2/J2-
IsoPs, similar to other electrophilic lipids such as 15-
deoxy-�12,14-prostaglandin J2 and 4-hydroxynonenal,
contain a highly reactive �,�-unsaturated carbonyl,
which allows these compounds to react with thiol-con-
taining biomolecules to produce a range of biological
effects. We sought to identify and characterize in rats
the major urinary metabolite of 15-A2t-IsoP, one of the
most abundant A2-IsoPs produced in vivo, in order to
develop a specific biomarker that can be used to quan-
tify the in vivo production of these molecules. Following
intravenous administration of 15-A2t-IsoP containing
small amounts of [3H4]15-A2t-IsoP, 80% of the radioactiv-
ity excreted in the urine remained in aqueous solution
after extraction with organic solvents, indicating the
formation of a polar conjugate(s). Using high pressure
liquid chromatography/mass spectrometry, the major
urinary metabolite of 15-A2t-IsoP was determined to be
the mercapturic acid sulfoxide conjugate in which the
carbonyl at C9 was reduced to an alcohol. The structure
was confirmed by direct comparison to a synthesized
standard and via various chemical derivatizations. In
addition, this metabolite was found to be formed in sig-
nificant quantities in urine from rats exposed to an ox-
idant stress. The identification of this metabolite com-
bined with the finding that these metabolites are
produced in in vivo settings of oxidant stress makes it
possible to use this method to quantify, for the first time,
the in vivo production of cyclopentenone prostanoids.

Oxidative stress has been implicated in a number of human
diseases including atherosclerosis, cancer, neurodegenerative
disorders, and even aging (1–4). Free radical damage to tissue
biomolecules, such as the peroxidation of lipids, is a central
feature of oxidant stress. Previously, we reported that a group

of novel prostaglandin (PG)1-like products, termed the isopros-
tanes (IsoPs), are formed from the free radical-initiated peroxi-
dation of arachidonic acid in vivo in humans (5). These com-
pounds are isomeric to PGs differing only in the stereochemical
relationship of the two side chains on the five-membered pros-
tane ring. The side chains of PGs are in the trans-configuration
with respect to the prostane ring, whereas the majority of IsoPs
contain side chains that are in the thermodynamically less
stable cis-configuration. Several different classes of IsoPs have
been characterized, including those with F-type prostane rings
(F2-IsoPs) (5) and those with E-type and D-type prostane rings
(E2/D2-IsoPs) (6). Furthermore, more recently, we have re-
ported that E2/D2-IsoPs rapidly dehydrate to yield cyclopen-
tenone IsoPs (A2/J2-IsoPs) (Fig. 1), respectively (7).

Cyclopentenone IsoPs are unique as a class of IsoPs, because
they are highly reactive and thus are thought to be responsible
for some of the adverse biological effects of oxidant stress.
These molecules have been shown to impair normal cell func-
tion in a variety of cell types including neurons and macro-
phages (8). The marked reactivity of these compounds is attrib-
uted to the presence of an �-,�-unsaturated carbonyl in the
prostane ring. This functional group renders cyclopentenone
IsoPs susceptible to nucleophilic addition reactions with rele-
vant biomolecules, especially thiol-containing proteins and
peptides in vivo. The biological activities of the A2/J2-IsoPs are
most probably attributable to either the direct adduction of
proteins or the alteration of cellular redox status due to protein
adduction (9, 10).2

The cyclopentenone IsoPs are probably biologically rele-
vant in in vivo settings, because, similar to other classes of
IsoPs, they are found in vivo in large amounts and are ester-
ified in lipids in various tissues (7, 11). However, unlike
F-ring and D/E-ring IsoPs, the A2/J2-IsoPs have not been
detected in plasma or urine unesterified as the free acids,
probably due to their marked reactivity. In recent years,
research efforts in this laboratory have focused on exploring
the metabolic fate of these molecules. We have shown that
15-A2t-IsoP (Fig. 1), one of the abundant cyclopentenone
IsoPs formed in vivo (11), readily adducts to the cysteine
residue of GSH in vitro in the presence of glutathione trans-
ferases (12). In addition, when 15-A2t-IsoP is incubated with
HepG2 cells, this molecule is readily conjugated with GSH to
yield four major metabolites (13). Interestingly, after adduc-
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tion with GSH, the biological activity of 15-A2t-IsoP is ne-
gated, probably as a result of the loss of the highly reactive
�,�-unsaturated carbonyl moiety. Thus, it is likely that ad-
duction with GSH is a mechanism by which cells detoxify this
and other related reactive cyclopentenone-containing com-
pounds. Herein, we sought to explore the metabolic fate of
15-A2t-IsoP in rodents. Through these studies, we hoped to
gain a better understanding of in vivo pathways responsible
for the inactivation and excretion of these cytotoxic molecules
as well as identify a specific biomarker that could be used to
quantify, for the first time, the in vivo production of cyclo-
pentenone prostanoids.

MATERIALS AND METHODS

Chemical Reagents and Supplies—Chemicals and enzymes were pur-
chased from Sigma unless otherwise stated. [3H7]15-E2t-IsoP (specific
activity 250 �Ci/mmol) was custom-synthesized by Amersham Bio-
sciences.3 15-E2t-IsoP was purchased from Cayman Chemicals (Ann
Arbor, MI). All of the solvents were of HPLC quality and purchased
from EM Science (Gibbstown, NJ). C18 Sep-Paks were purchased from
Waters Corporation (Milford, MA).

Preparation of [3H7]15-A2tIsoP—[3H7]15-A2t-IsoP was prepared by
incubating �10 �Ci of [3H7]15-E2t-IsoP and a small amount of unla-
beled 15-E2t-IsoP (�50 �g) in ethanolic solution (100 �l) in the presence
of 0.1 M HCl (200 �l) for 5 h at 37 °C. Subsequently, the product was
extracted in ethyl acetate. The solvent was removed by evaporation
under a stream of dry nitrogen. The concentrate was suspended in 50%
hexanes, 50% isopropyl alcohol and purified by normal phase HPLC
using a Supelco Si analytical column (4.6 � 250 mm, Supelco, Belle-
fonte, PA) with a mobile phase of hexanes/isopropyl alcohol/acetic acid
(97/3/0.1, v/v/v) at a flow rate of 1 ml/min. Cyclopentenone IsoPs were
detected by UV spectroscopy (� � 216 nm). [3H7]15-A2t-IsoP and unla-
beled 15-A2t-IsoP were eluted together at 20 min. The yield was 5–10%.

Synthesis of 15-A2t-IsoP—The single enantiomer 15-A2t-IsoP was
synthesized (14, 15).4 The purity of the compound was confirmed using
HPLC as described above. A single peak representing 15-A2t-IsoP was
eluted at 20 min.

Infusion of 15-A2t-IsoP and [3H7]15-A2t-IsoP into a Rat—1 ml of
15-A2t-IsoP combined with �1 �Ci of [3H7]15-A2t-IsoP was taken up in
75 �l of ethanol and then suspended in 1 ml of normal sterile saline. The
suspension was then infused into the superficial femoral vein of a 300-g
Sprague-Dawley male rat, which had been anesthetized by inhalation
of isoflurane, over 5 min. After the infusion, the animal was placed in a
metabolic cage, and urine was collected in aliquots for 24 h. The radio-
labeled material was used to follow the time course of excretion of
metabolites into the urine. 75% total radioactivity excreted in the urine
was excreted between 0 and 6 h post-infusion. These aliquots were
combined together for analysis and acidified to pH 4 for storage. Small
aliquots (25–50 �l) of urine were taken for extraction with organic
solvents (methylene chloride and ethyl acetate) to gain an understand-
ing of the chemical characteristics of the metabolites.

Feces were also collected separately over 24 h. After the final urine
aliquot was collected, the animal was anesthetized with pentobarbital
(60 mg/kg) and sacrificed and the major organs were harvested. The
organs were frozen immediately in liquid nitrogen and then stored at
�80 °C. All of the procedures were performed in accordance with
Vanderbilt University Animal Care Committee guidelines.

Preparation of Organs and Feces for Scintillation Counting (16)—
After weighing the total tissue, a small portion of each was cut off,
placed in a scintillation vial, and weighed. Soluene®-350 (2 ml) (Pack-
ard Biosciences B. V.), a tissue solubilizer consisting of 0.5 M ammo-
nium hydroxide in toluene and methanol, was added to each vial, and
the samples were incubated at 50 °C for 18 h. After 18 h, the tissue
samples were completely dissolved. 30% Hydrogen peroxide (400 �l
over 1 h) was slowly added to each sample to remove the color from the
solution. After samples were cooled to room temperature, 10 ml of
scintillation fluid (Bio-Safe II®, Research Products International Corp.,
Mount Prospect, IL) was mixed with each sample. Samples were
counted after adapting to light for 1 h. This procedure was repeated
three times for each tissue.

However, Soluene-350 was not effective at digesting the feces. In-
stead, a small portion of the feces was placed in a scintillation vial and
0.5 ml of bleach (sodium hypochlorite solution) was added. The sample
was incubated at 50 °C for 1 h with occasional swirling. After cooling,
excess chlorine gas was removed by running a stream of nitrogen over
the sample for 5 min. Scintillation fluid (10 ml) was then mixed with the
sample, and the radioactivity was counted after the sample adapted to
light for 1 h.

Extraction and HPLC/MS Analysis of 15-A2t-IsoP Metabolites—Be-
fore extraction using a C18 Sep-Pak, aliquots of urine (0.5–2 ml) were
diluted to a total volume of 10 ml with distilled deionized water and
then acidified to pH 3 with 1 N HCl. The samples were loaded onto a C18

Sep-Pak that had been preconditioned by rinsing with acetonitrile and
50 mM aqueous ammonium acetate, pH 3.4. The C18 Sep-Pak was rinsed
with 10 ml each of ammonium acetate and heptane, and the sample was
eluted with 95% ethanol. The ethanol was removed by evaporation
under a stream of dry nitrogen, and samples were stored in 100 �l of
95% ethanol at �80 °C until LC/MS analysis.

On-line LC was carried out using the ThermoFinnigan Surveyor MS
Pump 2.0 equipped with a Discovery C18 column (2.1 mm � 50 cm, 5-�m
particle size) utilizing a linear gradient (mobile phase A: water/mobile
phase B/acetic acid (95/5/0.1, v/v/v); mobile phase B: acetonitrile/meth-
anol/acetic acid (95/5/0.1, v/v/v)) with a flow rate of 300 �l/min. A
gradient of 0–75% mobile phase B over 19 min was used for the analysis
of all of the samples, and samples were dissolved in mobile phase
A/mobile phase B (3/1) for analysis. A ThermoFinnigan TSQ Quantum
1.0 SR 1 mass spectrometer was used for sample analysis. The electro-
spray ionization source was fitted with a deactivated fused silica cap-
illary (100 �m inner diameter). Nitrogen was used as both the sheath
gas and the auxiliary gas at 49 and 7 p.s.i., respectively. The mass
spectrometer was operated with a capillary temperature of 280 °C, a
spray voltage of 5.0 kV, and a tube lens voltage of 107 V. Metabolites
were analyzed in both positive-ion and negative-ion modes. For tandem
MS experiments, compounds were collisionally activated between the
energies of �15 and �25 eV under 1.5 millitorrs of argon. Data acqui-
sition and analysis were performed using Xcaliber software, version 1.3.

Synthesis of the Major Urinary Metabolite of 15-A2t-IsoP—The N-
acetyl cysteine conjugate of 15-A2t-IsoP was prepared first by incu-
bating 15-A2t-IsoP (500 �g) with 1 mg of N-acetyl cysteine and 1 mg
of GSH transferase (rat liver) in 1 ml of potassium phosphate buffer,
pH 6.5, at 37 °C for 2 h (17). The reaction mixture was subsequently
diluted with deionized water to a total volume of 10 ml and acidified
to pH 3 with 1 N HCl. The conjugate was purified by extraction using
the C18 Sep-Pak method described above. In the second step of the
reaction, the carbonyl at the C9 position on the eicosanoid portion of
the conjugate was reduced to the alcohol. For this reaction, 50 �g of
the N-acetyl cysteine conjugate was suspended in 500 �l of dry
methanol. 400 �l of an aqueous sodium borohydride solution (12% by
weight) was added to this solution at 0 °C, and the reaction was
allowed to proceed for 30 min. To stop the reaction and purify the
product, the reaction was diluted with 10 ml of water, acidified to pH
3, and again extracted with a C18 Sep-Pak. In the final step of the
reaction, the sulfur on the N-acetyl cysteine portion of the molecule
was oxidized to the sulfoxide. To form the sulfoxide, the reduced
N-acetyl cysteine conjugate was taken up in 500 �l of methanol. 100
�l of 30% hydrogen peroxide was added to the solution at room
temperature, and the reaction was allowed to proceed for 30 min.
After that time, 2 ml of acetonitrile was added to the solution to act
as an azeotrope for the water and the solvent was removed under a

3 [3H7]15-E2t-IsoP was synthesized by isomerization of [3H7]PGE2.
4 A. Porta, G. Zanoni, G. Vidari, G. L. Milne, and J. D. Morrow,

manuscript in preparation.

FIG. 1. E2/D2-IsoPs dehydrate to yield A2/J2-IsoPs. In this figure,
the dehydration of 15-E2t-IsoP and 15-D2t-IsoP to 15-A2t-IsoP and 15-
J2t-IsoP, respectively, is shown.
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stream of dry nitrogen. The purity of the products was confirmed by
MS after each reaction, and the yield of each reaction was almost
quantitative. The N-acetyl cysteine sulfoxides of 15-A2t-IsoP and
[2H4]PGA2, in which the carbonyl groups at C9 were not reduced,
were also synthesized using this method, leaving out the sodium
borohydride reduction.

Quantification of Cyclopentenone Isoprostane Metabolites in Urine
from Rats Treated with Carbon Tetrachloride (CCl4)—CCl4 (�2 mg/kg
in 2 ml of corn oil) was administered via intragastric injection to a
Sprague-Dawley rat. The animal was then placed in a metabolic cage, and
urine was collected at 8 and 24 h. After collection, urine was immediately
acidified to pH 4 for storage at �80 °C. For analysis, aliquots of urine (2
ml) were diluted to a total volume of 10 ml with deionized water acidified
to pH 3 and extracted using a C18 Sep-Pak as described above. An internal
standard, the N-acetyl cysteine sulfoxide conjugate of d4-PGA2 (5 ng/2 ml
urine), was added to the diluted acidified urine before Sep-Pak extraction.
As a control, urine was also collected from a Sprague-Dawley rat that had
not been treated with CCl4 and was handled as described herein. The
HPLC/MS method used to identify the metabolite of 15-A2t-IsoP was
employed to analyze these samples.

RESULTS

Infusion of 15-A2t-IsoP—15-A2t-IsoP containing a small
amount of [3H7]15-A2t-IsoP was infused into a rat, which had
been anesthetized with isoflurane, over the course of 5 min. The
rat was then placed in a metabolic cage and allowed to recover.
Urine was collected in aliquots up to 24 h post-infusion. 18% total
radioactivity infused was recovered in the urine during that time
period, and 75% radioactivity was excreted in the first 5.5 h. To
account for the remainder of the radioactivity infused into the
animal, the feces excreted during the 24 h after infusion were
collected and the major organs were harvested after the animal
was sacrificed. The tissue samples and feces were solubilized as
described above, and the radioactivity was measured. The distri-
bution of [3H7]15-A2t-IsoP in the rat is shown in Fig. 2. Approx-
imately 75% of the [3H7]15-A2t-IsoP infused into the rat re-
mained in the tissues, mostly likely bound to proteins, after 24 h.
Importantly, the majority of the radioactivity excreted was found
in the urine (18%), rather than in the feces (7%).

In addition, to confirm that the percentage of radioactivity
excreted in the urine was not altered by the large bolus (1 mg)
of 15-A2t-IsoP, which was infused into the animal, a second rat
was infused with [3H7]15-A2t-IsoP and a small amount (10 �g)
of unlabeled 15-A2t-IsoP. Urine was collected for 24 h, and
excretion of the [3H7]15-A2t-IsoP was very similar to the first
infusion. Approximately 13% radioactivity infused into the an-
imal was excreted in the urine during this second infusion.

Extraction of 15-A2t-IsoP Metabolites—To understand better
the chemical characteristics of the 15-A2t-IsoP urinary metab-
olites, small aliquots of urine were acidified to pH 3 and ex-
tracted with organic solvents. After extraction with either
methylene chloride or ethyl acetate, �70% radioactivity re-
mained in aqueous solution, suggesting the formation of a polar
conjugate(s). Therefore, for purification of the conjugate(s) before
LC/MS analysis, the urine was extracted using a C18 Sep-Pak as
previously described (13). 90% of the radioactivity applied to the
Sep-Pak cartridge was eluted in 95% ethanol after washing with
50 mM ammonium acetate, pH 3.4, and heptane.

HPLC/MS Analysis of 15-A2t-IsoP Metabolites—The eluate
from the Sep-Pak was analyzed by reversed-phase HPLC/elec-
trospray ionization-MS using the conditions described under
“Materials and Methods.” Initially, the mass spectrometer was
operated in the full scan mode monitoring m/z 300–1100. Anal-
yses were performed in both the positive mode and the negative
mode. For these experiments, a flow-splitter was employed
post-column and approximately 25% of the sample was directed
to a fraction collector. Fractions were collected each minute
during the course of the run in order to follow the elution of
radioactivity. The vast majority of the radioactivity was eluted
in one peak in fractions 9 and 10. The most abundant m/z found
in the full-scan spectrum of those fractions was m/z 514 in the
negative mode (Fig. 3A) and, correspondingly, m/z 516 in the
positive mode (Fig. 3B).

To determine the structure of this metabolite, tandem MS
experiments were conducted in both the negative and the pos-
itive modes. Fig. 4A shows the collision-induced dissociation
(CID) spectrum obtained from the analysis of precursor ion m/z
514 in the negative mode. The prominent ions of importance in
the spectrum were m/z 385 (see the structure in Fig. 4D), m/z
335 (structure in Fig. 4C plus two additional protons suggests
the reduction of either the carbonyl or one of the double bonds
indicated by the arrows), m/z 178 (N-acetyl cysteine sulfoxide),
and m/z 116 (N-acetyl cysteine sulfoxide after decarboxylation

FIG. 3. Full scan mass spectra analyzing the HPLC fractions,
which contained the highest amount of radioactivity (was
eluted between 9 and 10 min). A, spectrum generated while scanning
in the negative mode from m/z 300 to 1100. B, spectrum generated while
scanning in the positive mode from m/z 300 to 1100.

FIG. 2. Distribution of [3H7]15-A2t-
IsoP in major organs after infusion
into a rat. The mean � S.E. represent
radioactivity measurement of three dif-
ferent slices of each tissue.
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and loss of water). Fig. 4B shows the CID spectrum obtained
from the analysis of precursor ion m/z 516 in the positive mode.
The major ions of importance in the spectrum were m/z 498
[M � H � H2O]�, m/z 480 [M � H � 2H2O]�, m/z 462 [M �
H � 3H2O]�, m/z 369 (see the structure in Fig. 4D), m/z 351
(m/z 369 with loss of water), m/z 337 (the eicosanoid portion of
the molecule in which one double bond is reduced), m/z 319 (m/z
337 with loss of water), m/z 301 (m/z 337 with loss of two
molecules of water), m/z 283 (m/z 337 with loss of three mole-
cules of water), and m/z 275 (decarboxylation of m/z 319). On
the basis of these mass spectra, the metabolite was determined
to be the N-acetyl cysteine conjugate of 15-A2t-IsoP in which

the sulfur on the cysteine is oxidized to the sulfoxide and a
double bond, either the carbonyl on the prostane ring or one of
the olefins on the sides chains, on the eicosanoid portion of the
molecule is reduced (Fig. 4D).

To confirm that the structure was identified correctly, we
sought to synthesize a standard of the metabolite (Scheme 1).
N-Acetyl cysteine was first conjugated with 15-A2t-IsoP that
had been previously synthesized by Zanoni and co-workers (14,
15),4 using rat liver glutathione transferase as a catalyst. The
carbonyl at the C9 position of the eicosanoid was subsequently
reduced to the alcohol with sodium borohydride. Finally, the
cysteinyl sulfur was oxidized to the sulfoxide by treatment with

SCHEME 1

FIG. 4. A, the CID spectrum analyzing m/z 514 in the negative mode. B, the CID spectrum analyzing m/z 516 in the positive mode. C, the
structure of 15-A2t-IsoP. The arrows indicate double bonds that could be reduced during metabolism. D, the structure of the major urinary
metabolite of 15-A2t-IsoP. The C–S bond, which fragments during CID analysis, is indicated in this figure.
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hydrogen peroxide. As can be seen in Fig. 5, this synthetic
standard (Fig. 5B) co-chromatographs with the urinary metab-
olite of 15-A2t-IsoP (Fig. 5A). Additionally, the CID spectra in
both the positive and negative modes are identical to those
observed for the urinary metabolite (data not shown).

Although the double bond of the carbonyl group on the pros-
tane ring was reduced when synthesizing the standard of the
15-A2t-IsoP metabolite, the eicosanoid double bond, which was
reduced in vivo, had not yet been determined. The double bond
of the carbonyl was chosen to be reduced for purposes of the
synthesis for two reasons. 1) The chemical reduction was easy
to perform and specific to that double bond. 2) We previously
observed that this carbonyl is reduced when cyclopentenone
IsoPs or PGs are metabolized by cells in culture (13, 18). How-
ever, there are two other double bonds on 15-A2t-IsoP, one at
the C5 position and one at the C13 position, that could be
reduced during in vivo metabolism. To determine which moiety
is reduced in vivo, a small portion of the HPLC-purified urinary
conjugate was reacted with methoxyamine HCl. It would be
predicted that, if the carbonyl group on the prostane ring had
been reduced, it would not be capable of forming a methyloxime
derivative. On the other hand, if reduction of one of the carbon-
carbon double bonds had occurred, the reaction of the conjugate
with methoxyamine HCl would yield a methyloxime derivative.
Conversion of a carbonyl moiety to a methyloxime derivative
shifts the molecular mass 29 Da due to the loss of the carbonyl
oxygen and the addition of NOCH3 (Fig. 6B). Fig. 6, Ci and Cii,
shows that the results of treatment of this conjugate with
methoxyamine HCl. As is evident, the m/z 514 peak did not
shift to m/z 543. As a control for these experiments, a synthe-
sized N-acetyl cysteine sulfoxide conjugate of 15-A2t-IsoP in
which the carbonyl was not reduced (Fig. 6A) was treated with
methoxyamine HCl and its molecular weight shifted from m/z
512 upwards 29 Da to m/z 541 (Fig. 6, Di and Dii) as would be

predicted. Additionally, the synthesized standard of the uri-
nary metabolite of 15-A2t-IsoP was incubated with methoxy-
amine HCl. As can be seen in Fig. 6, Ei and Eii, like the urinary
conjugate, there is no shift in the m/z, thus indicating that a
methoxyamine derivative could not form. Taken together,
these observations support the contention that the major uri-
nary metabolite of 15-A2t-IsoP in rats is the N-acetyl cysteine
sulfoxide conjugate in which the carbonyl at the C9 position of
the eicosanoid is reduced.

Quantification of Cyclopentenone Isoprostane Metabolites
Formed in Vivo during Settings of Oxidant Stress—Previously,
we showed that cyclopentenone IsoPs are formed in vivo in rats
by treatment with CCl4, an inducer of oxidant stress. A2-/J2-
IsoPs are esterified in liver lipids at levels as high as 5.1 ng/g
tissue after treatment with CCl4. Metabolites of the A2-/J2-
IsoPs should also be generated under these conditions. Also,
because of the general structure of these compounds, the many
different A2-/J2-IsoP stereoisomers should be metabolized in
the same way as 15-A2t-IsoP. To analyze for these metabolites,
urine from both a control rat and a rat treated with CCl4 was
collected for 24 h, extracted via Sep-Pak as described above,
and analyzed by LC/MS. The mass spectrometer was operated
in the selected reaction monitoring (SRM) mode in the negative
mode monitoring the transition of the metabolite precursor ion
m/z 514 to the specific product ion m/z 385. As can be seen from
the chromatograms in Fig. 7, very little cyclopentenone IsoP
metabolites were observed in the control urine (Fig. 7A),
whereas the metabolites were readily detectable in the urine
from the CCl4-treated animals (Fig. 7B). As would be expected,
a range of peaks representing the metabolites of the many A2-
and J2-IsoP stereoisomers was detected in the mass spectrom-
eter. The 15-A2t-IsoP metabolite is represented by the peak at
9.30 min. The N-acetyl cysteine sulfoxide of d4-PGA2 was
added prior to extraction of the urine to serve as an internal
standard so that metabolite formation could be quantified (Fig.
7C). To quantify all of the A2-/J2-IsoP metabolites, the area under
all of the peaks eluting between 9.5 and 12.5 min was calculated.
These compounds were found to be present in the urine after
treatment with CCl4 at levels of �6 ng/ml. Metabolite formation
in the control urine was below the limit of detection.

DISCUSSION

The cyclopentenone (A2/J2) IsoPs are highly reactive prod-
ucts of the free radical-initiated peroxidation of arachidonic
acid. These compounds are formed via the dehydration of D2/
E2-IsoPs (7) and have been shown to be formed in significant
quantities in vivo esterified in tissue lipids (7, 11). The forma-
tion of cyclopentenone IsoPs is biologically relevant, because it
is hypothesized that they are responsible for some of the ad-
verse effects of oxidant stress due to their ability to react with
relevant biomolecules such as GSH and protein thiols in vivo
and thus alter cellular redox status (7, 9, 10). Furthermore,
15-A2-IsoPs have been shown to impair normal cell function in
a variety of cell types including neurons and macrophages (8).2

In addition, there has been considerable interest in cyclopen-
tenone eicosanoids as a class because of the high reactivity of
the cyclopentenone PGs. PGA2, PGJ2, and their derivatives are
the cyclooxygenase-derived stereoisomers of the A2-/J2-IsoPs,
which differ only in the stereochemical orientation of the side
chains in relation to the prostane ring. The side chains of PGs
are primarily in the trans-configuration with respect to the
prostane ring, whereas the IsoPs contain side chains are in the
thermodynamically less stable cis-configuration. Similar to
the cyclopentenone IsoPs, the cyclopentenone PGs contain a
highly reactive �,�-unsaturated carbonyl on the prostane ring
and have been shown to possess potent biological activities.
The J-series PG, 15-deoxy-�12,14-PGJ2, has been postulated to

FIG. 5. A, SIM analysis of the major urinary metabolite of 15-A2t-IsoP
(m/z 514 in the negative mode). B, SIM analysis of the N-acetyl cysteine
sulfoxide of 15-A2t-IsoP in which the carbonyl at C9 has been reduced to
the alcohol. This compound was synthesized in vitro as shown in
Scheme 1.
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be an endogenous ligand for the peroxisome proliferator-acti-
vated receptor � and an agent that modulates cell proliferation
and maturation (19). In addition, it inhibits NF-�B-dependent
gene transcription via covalent modification of critical cysteine-
binding residues in I�B kinase and the DNA-binding domains
of NF-�B subunits (20).

In this study, we identified, for the first time, the major
urinary metabolite of a cyclopentenone eicosanoid, 15-A2t-IsoP,
in the rat. The metabolite was identified as the N-acetyl cys-
teine (or mercapturic acid) sulfoxide conjugate of 15-A2t-IsoP in
which the carbonyl on the prostane ring of the IsoP was re-
duced to the alcohol (Fig. 4C). N-Acetyl cysteine conjugates are
common metabolites of molecules that contain �,�-unsaturated
carbonyl moieties, including the aldehydic product of lipid per-
oxidation 4-hydroxynonenal (21, 22). These conjugates origi-
nate from the corresponding GSH conjugate. The conversion to
the N-acetyl cysteine conjugate results from a series of enzy-
matic reactions involving sequentially �-glutamyltranspepti-
dases, cysteinyl-glycine dipeptidase, and N-acetyltransferases
(23). The sulfur on the N-acetyl cysteine is oxidized to the
sulfoxide through enzymatic reactions as well. Such sulfoxida-
tion reactions have been shown to be catalyzed by both cyto-

chrome P450s and flavin monooxygenases in rat liver micro-
somes (24–26). These reactions have also been shown to occur
in human liver microsomes, albeit at a slower rate (27). Reduc-
tion of the carbonyl group on the prostane ring most probably
occurs after conjugation with GSH. If reduced first, the reactive
�,�-unsaturated carbonyl moiety would be destroyed and the
molecule would be less likely to conjugate GSH (28). Previ-
ously, Atsmon et al. (28) showed that the corresponding car-
bonyl group of cyclopentenone PGs is reduced in Chinese ham-
ster ovary and hepatoma cells and we showed that the carbonyl
in the prostane ring of 15-A2t-IsoP is reduced in the presence of
HepG2 cells (13). Most probably, this reduction is catalyzed by
various intracellular ketoreductases (29–31).

The adduction of 15-A2t-IsoP with GSH and subsequent me-
tabolism probably relates to the biological activity of these
molecules. Conjugation of cyclopentenone eicosanoids with
GSH has been shown to negate their bioactivity, probably as a
result of the loss of the highly reactive unsaturated carbonyl
moiety (32). Thus, it is likely that adduction of 15-A2t-IsoP with
GSH is a mechanism by which cells detoxify this and other
related reactive cyclopentenone-containing compounds. In-
deed, in this regard, we have shown that 15-A2t-IsoP impairs

FIG. 6. A, structure of the N-acetyl cysteine sulfoxide of 15-A2t-IsoP. B, structure showing the produced formed when the N-acetyl cysteine
sulfoxide of 15-A2t-IsoP is treated with methoxyamine HCl. C, SIM analysis of the HPLC fraction containing the major urinary metabolite of
15-A2t-IsoP after treatment with methoxyamine HCl. i, m/z 514 chromatogram showing a peak representing unchanged material after treatment
with methoxyamine HCl. ii, m/z 543 chromatogram showing no evidence of a shift in the mass of material in the m/z 514 chromatogram after
treatment with methoxyamine HCl. D, SIM analysis of the N-acetyl cysteine sulfoxide of 15-A2t-IsoP, which was synthesized using chemo-
enzymatic methods, after treatment with methoxyamine HCl. i, m/z 512 chromatogram showing that very little material remained following
treatment. ii, m/z 541 chromatogram showing a 29-Da mass shift to form the derivatized product shown in B. E, SIM analysis of the synthetic
N-acetyl cysteine sulfoxide of 15-A2t-IsoP with the C9 carbonyl reduced to the alcohol after treatment with methoxyamine HCl. i, m/z 514
chromatogram showing a peak representing unchanged material after treatment with methoxyamine HCl. ii, m/z 543 chromatogram showing no
evidence of a shift in the mass of material in the m/z 514 chromatogram after treatment with methoxyamine HCl.
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the normal function of macrophages but that the GSH conju-
gate of the compound has no effect on the cells (8).

The identification of the major urinary metabolite of 15-A2t-
IsoP has important implications regarding the total amount of
cyclopentenone IsoPs in vivo. As noted, A2/J2-IsoPs are readily
detected esterified in tissues of animals exposed to an oxidant
stress, yet they are undetectable in the free form in the circu-
lation and urine. Herein, we showed that significant quantities
of cyclopentenone IsoP metabolites, which are analogous to the
major urinary metabolite of 15-A2t-IsoP, are detectable in the
urine after a rat is exposed to oxidant stress. This finding also
has implications regarding the formation of cyclopentenone
PGs in vivo. The extent to which these compounds are gener-
ated in humans has been the subject of continuing controversy
for at least three decades (33–37), in part because previous
reports have attempted to detect unconjugated cyclopentenone
PGs in animal and human body fluids. Our results suggest
that, analogous to A2/J2-IsoPs, cyclopentenone PGs are proba-
bly metabolized readily to GSH derivatives such as N-acetyl
cysteine conjugates in vivo.

In summary, we report that the cyclopentenone IsoP 15-A2t-
IsoP, which is produced in large amounts in vivo, is rapidly
metabolized in rats to the N-acetyl cysteine sulfoxide conjugate
in which the carbonyl at the C9 position on the eicosanoid is
reduced to the alcohol. These findings provide, for the first
time, direct evidence of the in vivo pathways by which these
highly reactive molecules are detoxified. In addition, identifi-
cation of the major urinary metabolite of 15-A2t-IsoP provides a

biomarker that could be used to assay the in vivo production of
cyclopentenone IsoPs. We demonstrated the usefulness of this
assay by quantifying the formation of cyclopentenone IsoP me-
tabolites excreted from a rat exposed to an oxidant stress.
Because the metabolism of eicosanoids can differ between dif-
ferent animal species, efforts are currently underway in our
laboratory to further develop this methodology by determining
the major urinary metabolite of 15-A2t-IsoP in primates.
Through those studies, we hope to identify a metabolite that
could be used as a biomarker for the formation of cyclopen-
tenone eicosanoids in human disease.
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FIG. 7. HPLC/MS analysis of N-acetyl cysteine sulfoxide con-
jugates of cyclopentenone IsoPs in which carbonyls in the pros-
tane rings were reduced to the alcohols. The mass spectrometer
was operated in the SRM mode monitoring the precursor-to-product
transition of m/z 514–385 in the negative mode for chromatograms A
and B. A, the SRM chromatogram obtained from analysis of urine from
an untreated control rat. B, the SRM chromatogram obtained from
analysis of urine from a rat treated with CCl4. C, the SRM chromato-
gram obtained from the analysis of the N-acetyl cysteine sulfoxide of
d4-PGA2, which was used as the internal standard. The mass spectrom-
eter was operated in the SRM mode monitoring the precursor-to-prod-
uct transition of m/z 516–387 in the negative mode.
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