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Abstract F

 

2

 

-isoprostanes (F

 

2

 

-iPs) are prostaglandin (PG)-like
products of non-enzymatic free radical-catalyzed peroxida-
tion of arachidonic acid that are now widely used as indices
of lipid peroxidation in vivo. Knowledge of the metabolic
fate of F

 

2

 

-iPs in vivo is still scant, despite its importance for
defining their overall formation and biological effects in
vivo. Type III F

 

2

 

-iPs, which are diastereoisomers of cyclo-
oxygenase-derived PGF

 

2

 

a

 

, may be metabolized through the
pathways of PG metabolism. We therefore studied the in
vitro metabolism of eight synthetic Type III F

 

2

 

-iP diastereo-
isomers in comparison with PGF

 

2

 

a

 

. We used gas chroma-
tography-mass spectrometry and high performance liquid
chromatography-electrospray-tandem mass spectrometry
for structural identification of metabolites formed after in-
cubation of the various compounds with isolated rat hepato-
cytes. PGF

 

2

 

a

 

 was metabolized to several known products,
resulting from a combination of 

 

b

 

-oxidation, reduction of

 

D

 

5

 

 and/or 

 

D

 

13

 

 double bonds, and 15-OH oxidation, plus
other novel products deriving from conjugation with tau-
rine of PGF

 

2

 

a

 

 and its metabolites. Of the eight F

 

2

 

-iP diaste-
reoisomers, some were processed similarly to PGF

 

2

 

a

 

, whereas
others showed peculiar metabolic profiles according to spe-
cific stereochemical configurations.  These data represent
the first evidence of biodegradation of selected Type III
F

 

2

 

-iP isomers other than 8-

 

epi-

 

PGF

 

2

 

a

 

, through known
and novel pathways of PGF

 

2

 

a

 

 metabolism. The analytical
characterization of these products may serve as a basis for
identifying the most significant products formed in vivo.

 

—
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F

 

2

 

-isoprostanes (F

 

2

 

-iPs), a complex family of 64 com-
pounds isomeric to cyclooxygenase-derived PGF

 

2

 

a

 

, are
products of non-enzymatic free radical-catalyzed peroxi-
dation of arachidonic acid (1–3). Because these com-
pounds are now widely used as indices of lipid peroxida-

 

tion in vivo (2–5), knowledge of their metabolic fate
may be useful, in general, to better define their overall
formation. In fact, the identification of major metabo-
lites of F

 

2

 

-iPs might help in finding new analytical targets
to monitor in addition to, or instead of, the parent com-
pounds. Moreover, given that selected F

 

2

 

-iP isomers have
potent biological effects (2–5), it is important to estab-
lish whether and how these isomers are specifically de-
graded, to relate their levels in vivo to a putative biologi-
cal effect.

Depending on the position of the free radical-initiated
hydrogen abstraction, four classes of F

 

2

 

-iP regioisomers
can theoretically be formed by peroxidation of arachi-
donic acid. These families were first called Type I, II, III,
and IV (1), but are now known as 5-, 12-, 8-, and 15-Series
(2), or Type VI, V, IV, and III (6). Using the latter nomen-
clature (6), removal of a hydrogen at C-10 gives rise to the
formation of two regioisomer families (Type IV and Type
V), whereas at C-7 or C-13, it leads to the Type VI or Type
III family, respectively. Regioisomer families of Type VI
and Type III, theoretically predicted as the most abun-
dant, did indeed predominate over Type V and IV in vivo
(1, 6, 7).

F

 

2

 

-iPs of Type III are of particular interest because
they are diastereoisomers of cyclooxygenase-derived
PGF

 

2

 

a

 

 (

 

Fig. 1

 

), and may therefore mimic some of the bi-
ological properties of PGF

 

2

 

a

 

 or other prostanoids. Al-
though the biological effects of most F

 

2

 

-iP isomers are
largely unknown, 8-

 

epi

 

-PGF

 

2

 

a

 

 and 12-

 

epi

 

-PGF

 

2

 

a

 

 do in-
deed have biological effects that appear to be mediated

 

Abbreviations: GC, gas chromatography; iP, isoprostane; MO,
methoxime; MS, mass spectrometry; MS/MS, tandem mass spectrome-
try; NICI, negative ion chemical ionization; PFB, pentafluorobenzyl
ester; PG, prostaglandin; SIR, selected ion recording; SPE, solid phase
extraction; TMS, trimethylsilyl ether.
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by prostanoid receptors (TP and/or FP) (2 –5). In view
of their structural similarity with PGF

 

2

 

a

 

, Type III F

 

2

 

-iPs
may also interact with the enzymes that degrade prosta-
glandins in vivo, but it is difficult to predict the influ-
ence of the different steric configurations on the various
metabolic pathways.

To date, the only F

 

2

 

-iP metabolites identified as prod-
ucts of selected isomers are metabolites of 8-

 

epi-

 

PGF

 

2

 

a

 

, the
best-known and most-studied isomer (2–5). 2,3-Dinor-5,6-
dihydro-8-

 

epi-

 

PGF

 

2

 

a

 

 was reported as the only noteworthy
metabolite of 8-

 

epi

 

-PGF

 

2

 

a

 

 in humans (8). We have, how-
ever, recently shown that at least two major metabolites
deriving from endogenous 8-

 

epi-

 

PGF

 

2

 

a

 

 exist in human
and rat urine (2,3-dinor-5,6-dihydro-8-

 

epi-

 

PGF

 

2

 

a

 

 and 2,3-
dinor-8-

 

epi-

 

PGF

 

2

 

a

 

) (9). We also found that these same
metabolites, in addition to 2,3,4,5-tetranor-8-

 

epi-

 

PGF

 

2

 

a

 

,
are formed when 8-

 

epi-

 

PGF

 

2

 

a

 

 is incubated with isolated
rat hepatocytes (9). In the rabbit, 13,14-dihydro-15-
keto-2,3,4,5-tetranor-8-

 

epi-

 

PGF

 

2

 

a

 

 was identified as the most

abundant urinary metabolite of exogenous 8-

 

epi-

 

PGF

 

2

 

a

 

(10).
As we showed recently (9), searching for unknown en-

dogenous metabolites of F

 

2

 

-iPs is very complex, because of
the simultaneous presence in vivo of a myriad of isomeric
compounds. In fact, to obtain stereo- and enantio-specific
identification of selected products, special analytical ap-
proaches have to be devised ad hoc (9). To obtain a gen-
eral indication, as a first step, about which metabolites can
be expected in vivo, we studied in vitro the metabolic fates
of PGF

 

2

 

a

 

 and Type III F

 

2

 

-iPs. Among the 16 diastereoiso-
mers of this family, we studied the eight with 

 

cis

 

 ring sub-
stituents, which are believed to be the most abundant (6)
(Fig. 1). The different diastereoisomers were incubated
with isolated rat hepatocytes, and their metabolites identi-
fied by gas chromatography-negative ion chemical ioniza-
tion mass spectrometry (GC-NICIMS) and high-performance
liquid chromatography-electrospray ionization-tandem mass
spectrometry (HPLC-MS/MS).

Fig. 1. Structures of PGF2a and 8,12-cis-9,11-cis
Type III F2-iPs.
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MATERIALS AND METHODS

 

Materials 

 

8-

 

Epi-

 

PGF

 

2

 

a

 

, 3,3

 

9

 

,4,4

 

9

 

-[

 

2

 

H

 

4

 

]-8-

 

epi-

 

PGF

 

2

 

a

 

, and 2,3-dinor-5,6-
dihydro-8-

 

epi

 

-PGF

 

2

 

a

 

 were purchased from Cayman Chemical Co.
(Ann Arbor, MI). PGF

 

2

 

a

 

 and 13,14-dihydro-15-keto-PGF

 

2

 

a

 

 were
from Upjohn Co. (Kalamazoo, MI). 15

 

R

 

-8-

 

epi

 

-PGF

 

2

 

a

 

, 

 

ent

 

-8-

 

epi

 

-PGF

 

2

 

a

 

(15

 

R

 

 and 15

 

S

 

), 12-

 

epi

 

-PGF

 

2

 

a

 

 (15

 

S

 

 and 15

 

R

 

), 

 

ent

 

-12-

 

epi-PGF2a (15R
and 15S), 2,3-dinor-8-epi-PGF2a, 2,3-dinor-ent-8-epi-PGF2a, 2,3-dinor-
5,6-dihydro-ent-8-epi-PGF2a, and 13,14-dihydro-15-keto-2, 3-dinor-
5,6-dihydro-ent-8-epi-PGF2a were synthesized in our laboratories
(11–13).

Isolated rat hepatocytes
Hepatocytes were isolated as described previously (9) from fed

male Crl:CD (SD) BR rats.3 Briefly, hepatocytes obtained after per-
fusing the liver with a collagenase solution were washed and sus-
pended in Leibovitz L-15 medium (Gibco, Scotland) supplemented
with HEPES 18 mM, insulin (1 mg/ml), gentamicin (50 mg/ml),
and 5% FCS (Gibco) at a density of 1 3 106 cells/ml. After 3 h ad-
hesion the medium was replaced, but without FCS and gentamicin.

Incubation of PGF2a and related F2-iPs
Plates were prepared with 3 3 106 cells. The incubation me-

dium was enriched with 670 ng/ml of PGF2a, 8-epi-PGF2a, or the
other F2-iPs under test. In a preliminary experiment to test the
experimental conditions, cells were incubated for 10, 20, and 40
min with or without PGF2a and 8-epi-PGF2a. In the other experi-
ments, PGF2a and the various F2-iPs were incubated separately
for 20 min. At the end of the incubation, the medium was col-
lected and spun at 48C to eliminate non-adhering hepatocytes.
Cell-free medium ad plates were stored at 2208C until analyzed.

Extraction
Metabolites were extracted from the incubation medium (2.5

ml) after addition of [2H4]-8-epi-PGF2a and [2H4]-PGF2a (50 ng
each) as internal standards. The medium was diluted to 10 ml
with 1 mM HCl, acidified to pH 3, and extracted on C18 solid
phase extraction columns (SPE; Bakerbond) preconditioned
with methanol and 1 mM HCl. After two washing steps (water
and petroleum ether, 10 ml each), the columns were eluted with
2 ml methyl formate (eluate A) and then 2 ml methanol (eluate
B). After drying, eluates were assayed separately as follows. Elu-
ate A (containing the unmetabolized parent compounds and
unconjugated metabolites), was derivatized (see below) and ana-
lyzed by GC-NICIMS, or reconstituted in the HPLC initial mo-
bile phase (see below) and directly analyzed by HPLC-MS/MS.
Eluate B (containing conjugated metabolites), was analyzed by
HPLC-MS/MS. Metabolites were also extracted from plate-
adhering hepatocytes by 1) adding ethanol and internal stan-
dards to plates (48C overnight), 2) suspending the cell lysate, 3)
vigorously vortexing, centrifuging and drying the ethanol sus-
pension, and 4) resuspending the residue in 1 mM HCl and ex-
tracting as above. In experiments to measure the unmetabolized
parent compounds, 0.025 ml medium and 5 ng internal stan-
dards were used.

3 Procedures involving animals and their care were conducted in
conformity with the institutional guidelines that are in compliance
with national (D.L. n. 116, G.U., suppl. 40, 18 Febbraio 1992, Circolare
No. 8, G.U., 14 Luglio 1994) and international laws and policies (EEC
Council Directives 86/609, OJ L 358, 1, Dec. 12, 1987; Guide for the
Care and Use for Laboratory Animals, U.S. National Research Council,
1996).

Derivatization
Samples were converted to pentafluorobenzyl ester (PFB),

methoxime (MO), and trimethylsilyl ethers (TMS), or PFB-TMS
as follows: 1) add 30 ml pentaflourobenzyl bromide-acetonitrile
(1:5, v/v) and 5 ml diisopropylethylamine to the dry residue
(408C for 5 min); 2) repeat previous step; 3) add 50 ml meth-
oxyamine HCl in pyridine (Pierce, Rockford, IL), (608C for 1 h);
4) dry; and 5) add 50 ml N,O-bis-(trimethylsilyl)trifluoroaceta-
mide (Fluka, Buchs, Switzerland) (608C for 1 h).

GC-NICIMS
Analyses were as described (9), using a Finnigan 4000 mass

spectrometer. Briefly, GC operating conditions were: NB-54 (5%
phenyl, 95% dimethylpolysiloxane) fused silica capillary column
(25 m length, 0.32 mm ID, 0.12 mm film thickness); solvent-split
injection (508C to 3008C); oven temperature, isothermal at
1608C for 1 min, then programmed to 3008C at 108/min; helium
as carrier gas. Negative ion chemical ionization (NICI) operat-
ing conditions were: selected ion recording (SIR) of carboxylate
anions (M-181, loss of PFB); methane as reagent gas; electron
energy, 100 eV.

HPLC-MS/MS
Analyses were done on an API 3000 triple quadrupole instru-

ment (PE Sciex, Thornhill, Ontario, Canada), inter faced with
two Series 200 micro liquid chromatography (LC) pumps (Perkin -
Elmer, Norwalk, CT). HPLC conditions were as follows: column,
Superspher C18e, 3.5 mm, 2 3 125 mm (Merck, Darmstadt, Ger-
many); flow, 0.2 ml/min; eluent A, 0.1% formic acid; eluent B,
acetonitrile; gradient, from 10% to 52% B in 28 min; loop, 20 ml.
The HPLC effluent was directed to the MS instrument through a
splitting T-connection, reducing the flow into the ion source to
about 40 ml/min. MS conditions were as follows: source, Turbo-
IonSpray in negative ion mode; heater gas, 2808C; ion spray
voltage, 24,000 V; orifice voltage, 256 V; ring voltage, 2250 V;
collision cell gas, nitrogen at a pressure of 2.6 3 1025 torr; col-
lision energy, 26 to 56 eV (see Results). To optimize ionization
and Q2 decomposition, authentic standards were directly in-
fused into the ion source, or MS/MS loop experiments with dif-
ferent collision energies were run on the HPLC-eluted biological
material.

Metabolite quantitation
To compare the metabolic profiles of unconjugated metabo-

lites of the various diastereoisomers, we assayed the hepatocyte
medium by GC-NICIMS in the SIR mode. In these experiments,
2H4-8-epi-PGF2a (5 ng) was added to 0.25 ml of incubation me-
dium before C18 solid phase extraction (SPE). Quantitation was
done by comparing peak area ratios of the carboxylate anion of
each metabolite to that of the internal standard, using for refer-
ence the calibration curve of 8-epi-PGF2a/2H4-8-epi-PGF2a (9).
This was done assuming that all metabolites gave an approxi-
mately similar molar response on the NICIMS recording of their
respective carboxylate anions (9). For compounds bearing the
15-keto group, giving syn/anti isomers of the methoxime deriva-
tive, the total peak area was used for calculation.

RESULTS

Identification strategy for PGF2a and F2-iPs
The hepatocyte incubation medium was first screened

for the presence of major metabolites of PGF2a and 8-epi-
PGF2a by GC-NICIMS. We based ourselves on earlier de-
scriptions of PGF2a metabolism in various species (14–19)



498 Journal of Lipid Research Volume 43, 2002

and our previous characterization of b-oxidation products
of PGF2a and 8-epi-PGF2a (9), and used full scan and SIR
to screen for the carboxylate anion clusters of the PFB es-
ters of metabolites possibly formed from the nine diastereo-
isomers. Figure 2 shows a representative SIR tracing of the
unconjugated metabolites of 8-epi-PGF2a.

The unconjugated products tentatively identified by
this screening method were then structurally identified
after HPLC separation by examining the mass spectra of
the product ions formed after collision-activated decompo-

sition (CAD) of the carboxylate anions produced by electro-
spray ionization (HPLC-MS/MS) (Table 1). Figure 3 shows
a representative HPLC-MS/MS tracing of the unconju-
gated metabolites of 8-epi-PGF2a.

Chromatographic and mass spectral features of parent
compounds, their metabolites, and authentic standards
are summarized in Table 2 (GC-NICIMS) and Table 3
(HPLC-MS/MS). PGF2a and its two epimers at C-8 (8-epi-
PGF2a) and C-12 (12-epi-PGF2a) gave excellent separation
by both GC and HPLC, and their corresponding epimeric

Fig. 2. Gas chromatography-negative ion chemical
ionization mass spectrometry (GC-NICIMS) selected
ion recording tracing of carboxylate anions (M-
PFB)2 of 8-epi-PGF2a and its unconjugated metabo-
lites formed by isolated rat hepatocytes. The com-
pounds were extracted from the incubation medium
and derivatized to pentafluorobenzyl ester/meth-
oxime/trimethylsilyl ether (PFB/MO/TMS).
13,14DH-15K, 13,14-dihydro-15-keto; 2,3-dinorDH,
2,3-dinor-5,6-dihydro. The peak labeled with an
asterisk is from the isotopic cluster of 2,3-dinor
metabolite.

TABLE 1. Metabolites of PGF2a and F2-iPs identifieda in isolated rat hepatocyte incubation media

Modifications of PGF2 Structure PGF2a 8-epi ent-8-epi 15R-8-epi 15S-ent-8-epi 12-epi ent-12-epi 15R-12-epi 15S-ent-12-epi

C20
1-Tauro 1 1 1 1 1 1 1 1 1
13,14DH-15K 1 1 1
1-Tauro-13,14DH-15K 1 1 1

C18
2,3-Dinor 1 1 1 1 1 1
1-Tauro-2,3-dinor 1 1 1 1
13,14DH-15K-2,3-dinor 1
1-Tauro-13,14DH-15K-2,3-dinor 1

C18
2,3-dinorDH 1 1 1 1 1
1-Tauro-2,3-dinorDH 1 1 1
13,14DH-15K-2,3-dinorDH 1 1
1-Tauro-13,14DH-15K-2,3dinorDH 1

C16
2,3,4,5-Tetranor 1 1 1 1 1 1 1 1 1
13,14DH-15K-2,3,4,5-tetranor 1 1 1 1 1 1

1-Tauro, taurine conjugate at C-1; 13,14DH-15K, 13,14-dihydro-15-keto; 2,3-dinorDH, 2,3-dinor-5,6-dihydro.
a Unconjugated metabolites were identified by both GC-NICIMS and HPLC-MS/MS, and taurine conjugates by HPLC-MS/MS.
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Fig. 3. High-performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS) tracing of total ion current (TIC) of prod-
uct ions generated by collision-activated decomposition of carboxylate anions (M-H)2 of 8-epi-PGF2a and its unconjugated metabolites
formed by isolated rat hepatocytes. The compounds were extracted from the incubation medium. 13,14DH-15K, 13,14-dihydro-15-keto; 2,3-
dinorDH, 2,3-dinor-5,6-dihydro.

Fig. 4. Tandem mass spectrometry (MS/MS) spectra obtained from collision-activated decomposition of the carboxylate anions (m/z 353;
38 eV) of parent PGF2a and 8-epi-PGF2a, plus authentic 13,14-dihydro-15-keto-PGF2a and hepatocyte-derived 13,14-dihydro-15-keto-8-epi-
PGF2a. HPLC retention time is indicated for each metabolite.
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metabolites behaved similarly (Tables 2 and 3). For all
compounds, the steric configuration of the hydroxyl at
C-15 had little or no influence on the retention time in
both techniques in the conditions used (Tables 2 and 3).
The enantiomeric pairs (e.g., 8-epi-PGF2a and ent-8-epi-PGF2a)
showed the expected identical behavior, since they obviously
need a chiral separation step to be resolved (Tables 2 and
3). All diastereoisomers gave identical MS/MS spectra, as
shown for example for PGF2a and 8-epi-PGF2a (Fig. 4), as
reported by Waugh et al. (7).

Most unconjugated compounds were identified by di-
rect comparison with the corresponding standard synthe-
sized ad hoc in our laboratories (Tables 2, 3, and Table 4).
Metabolites lacking the corresponding reference com-
pounds were identified by comparison with an authentic di-
astereoisomeric analog (Tables 2 and 3). Additional identi-
fication criteria are described below in the specific sections.
MS/MS spectra of selected diastereoisomeric unconjugated
metabolites are shown in Fig. 4, Figs. 5 and 6.

For simplicity, the various diastereoisomeric metabo-
lites identified for PGF2a and F2-iPs are described by refer-
ring to their common chemical structure. Identification
criteria for conjugated metabolites are reported below.

Metabolites of PGF2a and Type III F2-iPs
Metabolism of PGF2a by isolated rat hepatocytes was

studied as a reference for the eight 8,12-cis-9,11-cis Type
III F2-iP diastereoisomers (Fig. 1). Some of the com-
pounds identified here as PGF2a metabolites are products
of known metabolic pathways, i.e., one or two steps of
b-oxidation, reduction of D5 and/or D13 double bonds,
and 15-OH dehydrogenation (Fig. 7). We also identified
novel taurine conjugates of PGF2a and its metabolites.
Some, but not all, of these compounds were also formed
from F2-iPs, which were in fact metabolized according to
stereoselective patterns (Table 1).

The overall view of the metabolites identified for the
nine PGF2 diastereoisomers (Table 1) shows that: 1) all
metabolites of PGF2a were also present as products of
some, although not all, F2-iPs; 2) some metabolites were
exclusive products of F2-iPs (i.e., all 2,3-dinor metabolites
with intact D5 double bond); 3) among F2-iPs, 8-epi-PGF2a

had the largest number of products in common with
PGF2a; 4) the only products common to all nine diastereo-
isomers were the 2,3,4,5-tetranor metabolites and the tau-
rine conjugates of the parent compounds; 5) within the
8-epi series, those with the 15R configuration were not
transformed into any of the seven possible metabolites
bearing the 13,14-dihydro-15-keto modification; and 6)
within the 12-epi series, each enantiomeric pair showed a
characteristic profile.

Unconjugated metabolites. To help interpret the MS/MS
spectra of the metabolites, the product ions formed from
the precursor carboxylate anions of the metabolites are
listed in Table 4 in comparison with those of parent PGF2a

or F2-iPs, plus 3,39,4,49-2H4-8-epi-PGF2a, and 1,19-18O2-2,3-
dinor-5,6-dihydro-8-epi- PGF2a. All mass spectral data refer
to authentic standards and corresponding metabolites, ex-
cept for hepatocyte-derived 13,14-dihydro-15-keto-2,3-

dinor metabolite and the two tetranor compounds. The
structural interpretation given in Table 4 is mainly based
on work by Murphy’s group (7, 20–21), or deducted from
the comparison of the various metabolites and stable iso-
tope-labeled analogs. Product ions of the carboxylate
anion of 8-epi-PGF2a or PGF2a, that reportedly comprise
the a-chain, had the expected counterparts in the a-chain
shortened metabolites, with shifts of 28 amu less (2,3-
dinor), 26 amu less (2,3-dinor-5,6-dihydro), and 54 amu
less (2,3,4,5-tetranor) (Table 4). This and other specific
features described below allowed identification of the
three compounds for which no authentic standard was
available.

2,3-dinor metabolite. No compound with a 2,3-dinor
modification and intact D5 double bond was found for
PGF2a, confirming previous observations in the rat in vitro
and/or in vivo by ourselves (9) and others (16–18). The
2,3-dinor metabolite was, however, identified as a promi-
nent product of several F2-iP diastereoisomers, namely 8-
epi-PGF2a, 15R-8-epi-PGF2a, ent-8-epi-PGF2a, 15S-ent-8-epi-
PGF2a, 12-epi-PGF2a, and ent-12-epi-PGF2a (Tables 1, 2, 3).
2,3-Dinor-8-epi-PGF2a, which we had characterized previ-
ously as a prominent endogenous metabolite in human
and rat urine, as well as a major product of 8-epi-PGF2a me-
tabolism by rat hepatocytes, was now compared with au-
thentic 2,3-dinor-8-epi-PGF2a recently synthesized in our
laboratories (Fig. 5). While the carboxylate anions of par-
ent compounds and other metabolites produced several
fragment ions mainly due to single and combined losses
of H2O, CO2, and C2H4O from the ring, and various parts
of the alkyl chains (7, 20–21), the carboxylate anion of the
2,3-dinor metabolite (m/z 325) gave a peculiar fragmenta-
tion (Table 4 and Fig. 5). Even at a low collision energy
(22 eV), its MS/MS spectrum was dominated by a main
fragment ion at m/z 237, probably due to the loss of
C2H4O plus CO2 from the carboxyl. Other minor ions
were observed at m/z 263 (loss of H2O and C2H4O), m/z
219 (loss of H2O, C2H4O and CO2), m/z 163 (loss of H2O,
CO2 and hexanal), and m/z 137. Similar MS/MS spectra
(not shown) were recorded for the corresponding metabo-
lites derived from the other F2-iPs.

2,3-dinor-5,6-dihydro metabolite. This was a promi-
nent product of PGF2a, 12-epi-PGF2a, and ent-12-epi-PGF2a,
and a minor product of 8-epi-PGF2a and ent-8-epi-PGF2a (Ta-
bles 1–3). These compounds were identified by direct
comparison with commercial 2,3-dinor-5,6-dihydro-8-epi-
PGF2a and synthetic 2,3-dinor-5,6-dihydro-ent-8-epi-PGF2a.
Figure 6 shows the MS/MS spectra of authentic 2,3-dinor-
5,6-dihydro-8-epi-PGF2a and hepatocyte-derived 2,3-dinor-
5,6-dihydro-PGF2a, as an example. The precursor ion (m/z
327) was fragmented according to the typical pattern of
the PGF2 compounds (Table 4). The MS/MS spectrum of
2,3-dinor-5,6-dihydro-8-epi-PGF2a labeled with 18O2 en-
abled us to confirm the proposed fragmentation by ob-
serving the expected shift of 4 amu in all fragment ions
conserving the carboxyl (Table 4). However, the ion at m/z
167 did not shift to m/z 171, as expected, when the carboxyl
was labeled with 18O2. The putatively corresponding ion of
8-epi-PGF2a at m/z 193 shifts in fact to m/z 197 upon label-
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Fig. 5. MS/MS spectra obtained from collision-activated decomposition of the carboxylate anions of authentic 2,3-dinor-8-epi-PGF2a and
hepatocyte-derived 2,3-dinor-8-epi-PGF2a (m/z 325; 22 eV), and hepatocyte-derived 2,3,4,5-tetranor-8-epi-PGF2a and 13,14-dihydro-15-keto-
2,3,4,5-tetranor-8-epi-PGF2a (m/z 299; 30 eV). HPLC retention time is indicated for each metabolite.

Fig. 6. MS/MS spectra obtained from collision-activated decomposition of the carboxylate anions (m/z 327; 40 eV) of authentic 2,3-dinor-
5,6-dihydro-8-epi-PGF2a, hepatocyte-derived 2,3-dinor-5,6-dihydro-PGF2a, authentic 13,14-dihydro-15-keto-2,3-dinor-5,6-dihydro-ent-8-epi-
PGF2a, and hepatocyte-derived 13,14-dihydro-15-keto-2,3-dinor-5,6-dihydro-PGF2a. HPLC retention time is indicated for each metabolite.
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ing with 18O2, indicating retention of the carboxyl (22).
Our data indicate that for 2,3-dinor-5,6-dihydro-8-epi-PGF2a,
this fragment is instead due to the loss of CO2, and not
C2H4O, in addition to part of the v-chain.

2,3,4,5-tetranor metabolite. A metabolite with a
2,3,4,5-tetranor structure, resulting from two b-oxidation
steps, was common to PGF2a and all F2-iPs (Table 1), indi-
cating that this pathway [in addition to conjugation with
taurine (see below)] is the least affected by the stere-
ochemical structure of the parent compound. This was a
prominent product for all diastereoisomers, except 15S-
ent-8-epi-PGF2a, which had a much more abundant 13,14-
dihydro-15-keto-2,3,4,5-tetranor metabolite (see below).
Our previous characterization of the 2,3,4,5-tetranor me-
tabolites of PGF2a and 8-epi-PGF2a (9) helped prove the
identity of the other diastereoisomeric metabolites. The
chromatographic and mass spectral characteristics of the
nine diastereoisomeric 2,3,4,5-tetranor metabolites (Tables
2 and 3) clearly support their identity. The MS/MS spectra
of the carboxylate anion (m/z 299) showed a fragmenta-
tion consistent with the proposed structure (Table 4 and
Fig. 5). All ions conserving the a-chain were found, as ex-
pected, at a m/z value 54 amu less than the corresponding
ions of the parent compound.

13,14-dihydro-15-keto metabolite. A metabolite with
this structure was found for PGF2a and for two of the F2-
iPs, namely 8-epi-PGF2a and 15S-ent-8-epi-PGF2a (Table 1).

The product deriving from PGF2a had GC-NICIMS and
HPLC-MS/MS behavior identical to authentic 13,14-dihy-
dro-15-keto-PGF2a (Tables 2 and 3, and Fig. 4). On GC,
the two syn/anti isomers due to derivatization of the keto
group to methoxime eluted shortly after the parent com-
pounds, as a single broad peak for 13,14-dihydro-15-keto-
PGF2a but as separate peaks for the metabolites from 8-epi-
PGF2a and 15S-ent-8-epi-PGF2a (Table 2 and Fig. 2). On
HPLC, the 13,14-dihydro-15-keto diastereoisomeric metab-
olites eluted about 3 min later than their parent com-
pounds (Table 3 and Fig. 3). The MS/MS spectra of hepato-
cyte-derived and authentic 13,14-dihydro-15-keto-PGF2a

are shown in Fig. 4. On account of their identical molecu-
lar weight, the 13,14-dihydro-15-keto metabolite and the
parent compound have the same mass-to-charge ratio for
the carboxylate anion and several product ions (Table 4).
The MS/MS spectrum of the 13,14-dihydro-15-keto metab-
olite can, however, be clearly distinguished by the promi-
nent ions at m/z 113, 183, and 195, and the very low abun-
dance of m/z 193 (base peak in the parent compound).
The corresponding metabolites from 8-epi-PGF2a and 15S-
ent-8-epi-PGF2a had identical MS/MS spectra (not shown).

13,14-dihydro-15-keto-2,3-dinor metabolite. A com-
pound with this structure was found only as a minor product
of 8-epi-PGF2a (Table 1). This metabolite was identified by
observing its GC-NICIMS and HPLC-MS/MS characteris-
tics, which are consistent with its putative structure. In

Fig. 7. Structures of unconjugated metabolites identified in this study. Formation of taurine conjugates at C1 (taurine-conj) is also indi-
cated (structures shown in Fig. 8).
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particular, GC-NICIMS analysis showed the peak doublet
of the syn/anti isomers (RT 5 10.7 and 10.8 min) at m/z
498 when derivatized to methoxime, but a single peak
(RT 5 10.9 min) at m/z 469 (29 amu less, corresponding
to the different groups at C-15, i.e., C5NOCH3 vs. C5O),
when the keto group was not derivatized (not shown).
The MS/MS spectrum, although poorly informative, was
very similar to that of the corresponding metabolite with-
out the 13,14-dihydro-15-keto modification (Table 4), ex-
cept for a difference in the most abundant ion (base peak
at m/z 263).

13,14-dihydro-15-keto-2,3-dinor-5,6-dihydro metabo-
lite. A compound with this structure was found only as a
minor product of PGF2a and 8-epi-PGF2a (Table 1). This me-
tabolite was identified by direct comparison with authentic
13,14-dihydro-15-keto-2,3-dinor-5,6-dihydro-ent-8-epi-PGF2a

using both GC-NICIMS and HPLC-MS/MS (Tables 2 and
3). The MS/MS spectra of the standard and the metabolite
from PGF2a are shown in Fig. 6. The mass spectrum was
similar for the corresponding metabolite derived from 8-
epi-PGF2a (not shown). As observed for the C20 analogs,
although the MS/MS spectra of the 13,14-dihydro-15-
keto-2,3-dinor-5,6-dihydro metabolite and its 2,3-dinor-5,6-
dihydro analog have the same mass-to-charge ratio for the
precursor (m/z 327) and some product ions, the former can
be clearly distinguished by the prominent ion at m/z 113,
typical of all metabolites bearing the 13,14-dihydro-15-keto
modification, and the absence of an ion at m/z 111 (Fig. 6).

13,14-dihydro-15-keto-2,3,4,5-tetranor metabolite. A
prominent product with this structure was found for
PGF2a, and among F2-iPs, for 8-epi-PGF2a, 15S-ent-8-epi-
PGF2a, 12-epi-PGF2a, and ent-12-epi-PGF2a (Table 1). For
15S-ent-8-epi-PGF2a, this was by far the most abundant me-
tabolite. These compounds were identified by comparing
their MS/MS spectra (Fig. 5) with two authentic C20 and
C18 homologs, 13,14-dihydro-15-keto-PGF2a and 13,14-
dihydro-15-keto-2,3-dinor-5,6-dihydro-ent-8-epi-PGF2a (Figs.
4 and 6). As expected, the 13,14-dihydro-15-keto-2,3,4,
5-tetranor metabolite had the carboxylate anion (m/z 299)
and most of the product ions at the same m/z value as the
2,3,4,5-tetranor metabolite, except for the expected major
ion at m/z 113 (Fig. 5). HPLC and GC behavior, as well as
the NICIMS features of all isomers, were consistent with
this putative structure (Tables 2 and 3). The presence of
the keto group was also confirmed, e.g., for 13,14-dihydro-
15-keto-2,3,4,5-tetranor-8-epi-PGF2a, by observing that the
two peaks (syn/anti isomers) eluting after 9.5 and 9.6 min
at m/z 472 disappeared when the keto group was not de-
rivatized to methoxime, whereas a peak appeared at m/z
443 after 9.7 min, as expected (not shown).

Taurine conjugates. Taurine conjugates of parent
PGF2a, F2-iPs, and their prominent C20 and C18 metabo-
lites were identified on the basis of their HPLC behavior
(Table 5 and Fig. 8) and MS/MS spectra (Table 6, Fig. 8,
and Fig. 9). Some of these spectra showed striking similar-
ities with those described by Hankin et al. (20) for the cor-

Fig. 8. HPLC-MS/MS tracing of TIC and MS/MS spectra obtained from collision-activated decomposition of the molecular anions (m/z 460;
56 eV) of hepatocyte-derived 1-tauro-PGF2a, and 1-tauro-13,14-dihydro-15-keto-PGF2a. HPLC retention time is indicated for each metabolite.
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responding taurine conjugates of PGE2 and its metabo-
lites. Because no reference compounds were available, we
were not able to quantify these metabolites. However, tak-
ing the intensity of the total ion current generated by
each of these compounds on HPLC-MS/MS as an approx-
imate indicator of its relative abundance, for each diaste-
reoisomer the total amount of taurine conjugates and un-
conjugated products was of about the same order of
magnitude. This is in accordance with Hankin’s study
(20), showing comparable overall amounts of radioactivity
associated with taurine-conjugated or unconjugated me-
tabolites of 3H-PGE2 formed by isolated rat hepatocytes.

Excluding the taurine conjugates of 2,3-dinor and
13,14-dihydro-15-keto-2,3-dinor metabolites which gave a
peculiar fragmentation, like their unconjugated counter-
parts, the MS/MS spectra of taurine conjugates showed:
1) prominent ions derived from detachment of the entire
or fragmented taurine group (m/z 124, H2N-CH2-CH2-

; m/z 107, CH2 5 CH- ; m/z 80, ), or 2) ions
derived from retention of the charge on the PGF back-
bone with loss of H2O and/or C2H4O (Table 6). Other
prominent ions correspond to fragments of the a-chain
conjugated with taurine (for the parent compounds, m/z
151, 178, and 233, corresponding to taurine attached to
C1, C1–C3, and C1–C7). Of these, the smallest fragment
at m/z 151 (CONH(CH2)2 ) was common to all C18

SO3
2 SO3

2 SO3
2

SO3
2

and C20 conjugates. As shown by Hankin et al. (20) for
taurine conjugates of PGE2 and its metabolites, these
products tend to be scarcely fragmented under standard
MS/MS conditions, except for the taurine-dinor metabo-
lite, which shows easy detachment of the taurine group,
but no other significant fragment except at m/z 124. High
collision energy (56 eV) was therefore used to obtain
structurally informative MS/MS spectra of the taurine
conjugates, except for 1-tauro-2,3-dinor and 1-tauro-13,14-
dihydro-15-keto-2,3-dinor metabolites (42 eV).

As observed for unconjugated metabolites, the 13,14-
dihydro-15-keto modification does not alter the molecular
weight, so that MS/MS spectra have the molecular anions
and many fragment ions at the same m/z values. However,
a common feature of the MS/MS spectra of all tauro-
conjugates with the 13,14-dihydro-15-keto modification
was the absence of prominent ions in the central part of
the mass spectrum (Table 6, and Figs. 8 and 9).

Taurine conjugates of c20 compounds. A taurine con-
jugate of the parent compound was observed for PGF2a

and all F2-iP diastereoisomers (Table 1). This was by far the
most abundant of all conjugates for all diastereoisomers,
except for 15S-ent-8-epi-PGF2a, which, instead, had a more
prominent 1-tauro-13,14-dihydro-15-keto metabolite, in ac-
cordance with 15-OH dehydrogenation being a preferen-
tial pathway for this diastereoisomer. The least abundant

Fig. 9. MS/MS spectra obtained from collision-activated decomposition of the molecular anions of hepatocyte-derived 1-tauro-2,3-dinor-8-
epi-PGF2a and 1-tauro-13,14-dihydro-15-keto-2,3-dinor-8-epi-PGF2a (m/z 432; 42 eV) plus 1-tauro-2,3-dinor-5,6-dihydro-PGF2a and 1-tauro-
13,14-dihydro-15-keto-2,3-dinor-5,6-dihydro-PGF2a (m/z 434; 56 eV). HPLC retention time is indicated for each metabolite.
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epi-PGF2a > ent-8-epi-PGF2a > 15S-ent-8-epi- PGF2a @ 15S-ent-
12-epi- PGF2a).

DISCUSSION

F2-isoprostanes, a family of 64 compounds isomeric to
PGF2a, are products of free radical-mediated non-enzymatic
peroxidation of arachidonic acid (1–3). These com-
pounds can be used to evaluate local or systemic lipid per-
oxidation in vivo, since they are detected esterified to tis-
sue and plasma lipids and in the free form in body fluids
(2–5). Increased F2-iP levels were found in several experi-
mental and clinical conditions associated with free radical-
mediated oxidant damage (2–5). Given that F2-iPs are be-
coming increasingly popular as oxidative stress markers, it
is important to expand our knowledge about their forma-
tion and fate in vivo. Identification of the major metabo-
lites of the various F2-iP isomers, with the development
of specific assays, may help evaluate the in vivo formation of
selected compounds. This is of particular interest for the
Type III regioisomer family, since the only compounds
with proven biological activity so far are these diastereo-
isomers of PGF2a.

Isolated hepatocytes represent a well-characterized, rather
simple system to screen for potential pathways of hepatic
metabolism of endogenous and exogenous compounds
(23). This in vitro system has the advantage of employing
freshly isolated cells, with their intact enzymatic machinery,
that reproducibly yield enough material for mass spectrom-
etry identification of metabolites after rather simple puri-
fication procedures. This technique has been successfully
used in the field of eicosanoids and isoprostanes (9, 17, 20).

We compared the metabolic fate of PGF2a versus Type
III F2-iPs. Among the 16 possible diastereoisomers of the
Type III family, we considered only the eight cis ring-
substituted diastereoisomers that are believed to be the
most abundant (6). We identified several products result-
ing from a combination of b-oxidation, reduction of D5

and/or D13 double bonds, or 15-OH oxidation, plus tau-
rine conjugates of parent compounds and their promi-
nent C20 and C18 metabolites.

This study showed slight-to-marked stereo- and enantio-
selectivity in the different enzymatic steps involved in the
metabolic transformations of PGF2a and Type III F2-iPs.
Some compounds were extensively metabolized to a vari-
ety of products, while others were poorly metabolized,
with specific stereochemical configurations favoring or
impeding selected reactions. For example, the steric con-
figuration of the hydroxyl at C-15 must be S, as in the cy-
clooxygenase-derived PG, for 15-OH dehydrogenation to
occur easily. In fact, no metabolites with the 15-keto modi-
fication (unconjugated or conjugated) were formed from
diastereoisomers with the 15R configuration, except for
the 13,14-dihydro-15-keto-2,3,4,5-tetranor metabolites of
ent-8-epi-PGF2a (minor product) and ent-12-epi-PGF2a. The
D13 double bond of prostaglandin (PG) cannot be re-
duced without prior 15-OH dehydrogenation (17). This
appears to be true for F2-iPs too, as all metabolites with the

conjugate was found for 15S-ent-12-epi-PGF2a, in agree-
ment with its scarce overall metabolism. In addition to
the prominent 1-tauro-13,14-dihydro-15-keto metabolite
of 15S-ent-8-epi-PGF2a, other 1-tauro-13,14-dihydro-15-keto-
metabolites were found as minor products of the isomers
forming the corresponding unconjugated metabolite, i.e.,
PGF2a and 8-epi-PGF2a, (Table 1). This was taken in addi-
tion to the chromatographic and mass spectral behavior
(Tables 5 and 6, and Fig. 8), as further proof of their iden-
tity in the absence of reference material.

Taurine conjugates of c18 metabolites. Taurine con-
jugates were identified for all major diastereoisomeric C18
metabolites (Table 1). In particular, we identified: 1) 1-
tauro-2,3-dinor metabolites of 8-epi-PGF2a, 15R-8-epi-PGF2a,
12-epi-PGF2a, and ent-12-epi-PGF2a; 2) 1-tauro-2,3-dinor-5,6-
dihydro metabolites of PGF2a, 12-epi-PGF2a and ent-12-epi-
PGF2a; 3) 1-tauro-13,14-dihydro-15-keto-2,3-dinor metabo-
lites of 8-epi-PGF2a (minor metabolite); and 4) 1-tauro-
13,14-dihydro-15-keto-2,3-dinor-5,6-dihydro metabolites of
PGF2a. HPLC-MS/MS features of these metabolites are
shown in Table 5, and representative MS/MS spectra are
shown in Fig. 9 and interpreted in Table 6.

Taurine conjugates of c16 metabolites. Although
MS/MS spectra of sufficient intensity could not be re-
corded for taurine conjugates of C16 metabolites, prelimi-
nary evidence obtained by multiple reaction monitoring
of the precursor-to-product ion transition from m/z 406 to
m/z 124 suggests that very small amounts of these conju-
gates were present in the hepatocyte medium. The most
prominent unconjugated C16 metabolites with and with-
out the 13,14-dihydro-15-keto modification had their cor-
responding taurine conjugate as a small product (data not
shown). Hankin et al. (20) also found that the taurine
conjugate of tetranor-PGE2 was a minor component of the
metabolic profile.

Metabolic profiles of PGF2a and F2-iPs
In a first experiment to establish the best experimental

conditions for the identification study, PGF2a and 8-epi-
PGF2a were incubated separately for 10, 20, and 40 min.
Quantitation by GC-NICIMS of unconjugated metabolites
in the incubation medium and cell lysate indicated that:
1) all unconjugated metabolites accumulated with time in
the medium (sum of metabolites formed per plate: ,5–
10 ng/min), while their abundance remained constant in
time in the cell lysate; and 2) the amount of the parent
compounds decreased with time in the medium, reaching
,150 ng/ml at 40 min, but was low at any time in the
hepatocyte lysate (,20 ng).

Other GC-NICIMS measurements showed that, after 20
min of incubation, the unmetabolized compound in the
medium was reduced to 50–60% of the initial amount for
PGF2a, 8-epi-PGF2a, and 12-epi-PGF2a, ,70% for 15R-8-epi-
PGF2a, ent-12-epi-PGF2a, and 15R-12-epi-PGF2a, ,80% for
ent-8-epi-PGF2a and 15S-ent-8-epi-PGF2a, and 95% for 15S-ent-
12-epi-PGF2a. This is in agreement with the abundance pro-
file of total metabolites (unconjugated plus conjugated)
from the various diastereoisomers (PGF2a > 8-epi-PGF2a >
12-epi-PGF2a .15R-8-epi-PGF2a > ent-12-epi-PGF2a > 15R-12-
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13,14-dihydro modification had the concomitant pres-
ence of the 15-keto group.

Another reaction that was markedly influenced by the
steric structure was the reduction of D5 double bond,
which proceeded easily for PGF2a, but was more or less im-
peded for the various enantiomeric pairs of F2-iPs. The
pathways that were the least affected by the stereochemi-
cal configuration were b-oxidation and taurine conjuga-
tion, which gave rise to at least one product each, even for
the scantly metabolized 15S-ent-12-epi-PGF2a.

The finding of significant amounts of taurine conju-
gates of PGF2a, F2-iPs, and their prominent C20 and C18
metabolites drew our attention to the fact that, apart from
the 13,14-dihydro-15-keto metabolites, all the other prod-
ucts identified here are formed through activation of the
carboxyl group to a CoA-thioester. It is generally accepted
that both b-oxidation and taurine conjugation of carboxylic
acids occur after the formation of a reactive CoA thioester
intermediate (24). For PGF2a and F2-iPs, this common
precursor appears to be easily formed for C20 and C18
products, because there is subsequent formation of 1) un-
conjugated C18 and C16 products through b-oxidation,
and 2) taurine conjugates of C20 and C18 products
through taurine-N-acyltranferase activity. The fact that
b-oxidation does not proceed further to C14 products and
that the C16 metabolites, although abundant, are poorly
conjugated with taurine, suggests, among other possibili-
ties, a scant formation of the precursor CoA-thioester of
the C16 metabolites. Due to the presence of this common
activation step for most of the prominent metabolites of
PGF2a and F2-iPs, xenobiotic carboxylic acids that are me-
tabolized through the corresponding CoA-thioesters might
cause inhibition and/or diversion of PGF2a and F2-iPs me-
tabolism in vivo. An example of such drugs are the widely
used 2-arylpropionic non-steroidal anti-inflammatory drugs
(24). This should be taken into consideration when mea-
surements of F2-iPs or their selected metabolites in body
fluids are used for assessing their formation in vivo.

Although a detailed quantitative description of PGF2a

and F2-iP metabolism by isolated rat hepatocytes was be-
yond the scope of this study, for each diastereoisomer the
total amounts of conjugated and unconjugated products
were in general of the same order of magnitude. Al-
though this cannot be taken as proof that these products
are of comparable abundance in vivo, it certainly shows
that these cells have an efficient enzymatic machinery for
both pathways, and that these metabolites may therefore
be formed in vivo, at least in the rat.

Many in vivo studies in different mammalian species
found that exogenous PGF2a is metabolized through com-
mon enzymatic pathways, including those discussed above
(14–16, 18, 19). Nevertheless, not only are the prominent
circulating and urinary metabolites different in the vari-
ous species, but even in the same species the mode of ad-
ministration may alter the metabolic profile of PGF2a (16,
18, 19). Searching for the major metabolites of the endog-
enously formed, rather than exogenously administered,
compounds in each species would hence be the best ap-
proach, but this can be extremely difficult in the absence

of any preliminary analytical characterization of poten-
tial in vivo metabolites. A simplified approach such as
that described here, despite suffering from the obvious
intrinsic limitations of an in vitro study, allows, in prin-
ciple, the obtaining of useful information for subse-
quent in vivo studies aimed at identifying the main en-
dogenous products.

If their presence is proved in vivo, some of the metabo-
lites identified here might become useful targets of new
assays for determining overall F2-iP formation, or for eval-
uating the in vivo formation and fate of a specific bio-
active diastereoisomer. Selected metabolites might also be
chosen for their particular steric configurations or their
greater abundance in vivo, for developing immunoassays
with minimal cross-reactivity against endogenous cyclooxy-
genase-derived metabolites.

In conclusion, we showed how the different Type III
F2-iP diastereoisomers are degraded through pathways of
PGF2a metabolism, with metabolic profiles depending on
their steric configuration. These data, together with our
structural and analytical characterization of the metabo-
lites, may be useful as a basis for further investigating F2-iP
disposition in vivo.
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