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Abstract

Recently, it has been reported that a series of prostaglandin F,-like compounds (F,-isoprostanes) are produced
in vivo during peroxidation of arachidonic acid by a mechanism independent of the cyclooxygenase pathway. Of
these, 8-epi-PGF? is shown to be a potent vasoconstrictor. We describe an improved method for analysing
F,-isoprostanes in biological fluids. The method involves solid-phase extraction on an octadecylsilane (C,,) and an
aminopropyl (NH,) cartridge. After conversion to pentafluorobenzyl ester and trimethylsilyl ether derivatives,
F-isoprostanes are analysed by negative-ion chemical ionization mass spectrometry using tetradeuterated PGF>, as
the internal standard. The limit of detection of the assay was 10 pg/ml, with a coefficient of variation ranging from
9.4 to 15.1%. Analysis of plasma samples from healthy volunteers (n = 7) revealed no quantifiable levels of free
(unesterified) 8-epi-PGF>. However, the plasma samples contained 58 to 166 pg/ml of 8-epi-PGF when analyzed
for the total (sum of free and esterified) F,-isoprostanes. The main advantages of the method lie in the improved
recovery, gas chromatographic separation and speed compared to existing techniques.

1. Introduction diseases [1]. The process involves a bisallylic

hydrogen abstraction, conjugation of the double

Non-enzymatic peroxidation of polyunsatu- bonds and insertion of molecular oxygen. Re-

rated fatty acids (PUFAS) is thought to play an arrangement of the generated peroxy fatty acid

important role in the pathophysiology of various radical yields a variety of intermediate and end

_ products such as aldehydes, short-chain alkanes
* Corresponding author. and hydroxylated fatty acids [2]
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The most widely used assay for the assessment
of lipid peroxidation in biological material is
based on measurement of thiobarbituric acid
reactive substances (TBARS). The TBARS
assay measures malondialdehyde formed during
decomposition of PUFS/PUFS ester endoperox-
ides. Malondialdehyde is also formed as a sec-
ondary decomposition product of non-lipid bio-
molecules [3]. Thus, it is unclear to what extent
plasma lipoprotein peroxidation assessed by this
method accounts for biological changes associ-
ated with oxidative stress.

Recently, the formation of a series of novel
F,-isoprostanes by a mechanism independent of
the cyclooxygenase pathway, has been described
as an indicator of oxidative stress in vivo [4,5].
Non-enzymatic oxidation of arachidonic acid
yields four regioisomers of PGF, having a cis-
oriented side chain (F,-isoprostanes) with the
8-epi-PGF,, isomer as the major product. The
levels of these abnormal F,-isoprostanes were
found to be 10 to 500 fold higher in two animal
models of free radical injury and lipid peroxida-
tion compared to controls.

The 8-epi-PGF,, isomer has been shown to be
a potent and selective vasoconstrictor of the
renal and pulmonary artery [6,7]. The vasocon-
stricting actions in both the renal and pulmonary
vascular sites have been shown to be mediated
through interaction with a unique receptor on
vascular smooth muscle and through inhibition
of thromboxane receptors on platelets [8,9]. As
atherosclerosis has been associated with in-
creased oxidative stress, the measurement of
plasma levels of the F,-isoprostanes could be a
useful tool in assessing the role of non-enzymatic
lipid peroxidation in the pathogenesis of the
disease.

Published techniques for analysing the F,-iso-
prostanes in plasma include solid-phase extrac-
tion on a C,; and a silica cartridge followed by
thin layer chromatography (TLC), formation of
pentafluorobenzyl (PFB) ester and trimethylsilyl
(TMS) ether derivatives. Quantitative analysis is
accomplished by gas chromatography-mass spec-
trometry (GC-MS) using negative-ion chemical
ionisation (NICT) [10,11].

The present study describes the development

of a novel and rapid approach for the isolation of
F,-isoprostanes from plasma or LDL prior to
GC-MS analysis. Our enrichment procedure
involves solid-phase extraction on a C; and an
NH, cartridge. The assay is simple, reliable and
could be easily adapted for analyzing different
biological materials.

2. Experimental
2.1. Materials

Prostaglandin F, (9,11,15-trihydroxy-5,11-
eicosadienoic acid) standards including 9a,11a-,
9a,118-, 98,11a-, 8-epi- and 3,3',4,4'-tetradeut-
erated 9a,11a-PGF, (PGF,-d,) were obtained
from Cascade Biochem (Reading, UK). [*H]-
9a,11a-PGF, was purchased from Amersham
Incorporation (Amersham, UK). Sep-Pak C,,
(500 mg) cartridges were obtained from Milli-
pore Incorporation (Milford, MA, USA).
Aminopropyl (NH,) cartridges (Supelclean LC-
NH,, 500 mg) were supplied by Supelco (Belle-
fonte, PA, USA). N,O-bis(trimethylsilyl)tri-
fluoroacetamide (BSTFA) was purchased from
Pierce Chemical Company (Rockford, IL, USA)
while  deuterated N, O-bis(trimethyl-["H,]-
silyl)trifluoroacetamide was obtained from CDN
Isotopes (Quebec, Canada). Indomethacin,
butylated hydroxytoluene (BHT), pentafiuoro-
benzyl bromide (PFB-Br) and  di-iso-
propylethylamine (DIPEA) were obtained from
Sigma (St Louis, MO, USA). 2,2'-Azobis(2-
amidinopropane) dihydrochloride (AAPH) was
obtained from Polysciences Incorporation (War-
rington, PA, USA). Xylenol orange [o-cresolsul-
fonphthalein-3’,3"-bis(methyliminodiacetic  acid
salt)] and N-butyl boronic acid were purchased
from Aldrich (Gillingham, UK). All commer-
cially available chemicals and reagents were of
analytical grade or greater purity.

2.2. Sample collection
Blood (10 ml) was collected in a sampling tube

containing 3.8% sodium citrate (blood/anticoag-
ulant ratio 9:1). Indomethacin in 5% sodium
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bicarbonate as cyclooxygenase inhibitor and
BHT as free radical scavenger were present at
final concentrations of 14 and 20 uM, respective-
ly. The sample was allowed to stand for 45 min
at 4°C to achieve complete inhibition of cyclo-
oxygenase enzymes. Platelet-poor plasma was
obtained by centrifugation at 2400 g for 15 min
at 4°C. Aliquots (1 ml) of the plasma were
transferred to Eppendorf tubes containing BHT
at a final concentration of 20 uM and were
stored at —70°C until analysis.

2.3. Low density lipoprotein (LDL) preparation

LDL (floating at a relative density of 1.063)
was isolated from the platelet-depleted plasma
by sequential ultracentrifugation in presence of
ethylenediaminetetraacetic acid (EDTA) to che-
late pro-oxidant tramsition metals [12]. The
EDTA was removed by dialysis of the LDL
against phosphate-saline buffer at 4°C.

2.4. Lipid peroxidation procedure

A water-soluble azo-initiator (AAPH) or cop-
per sulphate was used to stimulate lipid peroxi-
dation. In the case of the azo-initiator, plasma (1
ml) or LDL (300 wg/ml) was incubated with
AAPH (final concentration 54 mM) at 37°C for
24 h. For metal-catalyzed peroxidation, LDL
(300 wg/ml) was incubated with copper sulphate
at a final concentration 40 uM and was treated
as described above.

Formation of lipid peroxidation products was
routinely monitored using the FOX2 assay [13].
Briefly, plasma or LDL (100 pl) was transferred
into an Eppendorf tube, FOX2-reagent (900 ul)
was added and the sample was incubated at
room temperature for 30 min. After centrifuga-
tion at 12000 g for 5 min, absorbance of the
supernatant was monitored at 560 nm.

2.5. Solid-phase extraction procedure

Free (unesterified) F,-isoprostanes

Plasma (1 ml) or LDL (300 wg/ml) was spiked
with PGF,-d, (5 ng in 50 ul of ethanol) as an
internal standard. The sample was acidified using

2 ml of water pH 3.0 and allowed to equilibrate
at 4°C for 15 min. The sample was applied on a
C,s cartridge (500 mg) preconditioned with
methanol and water (pH 3.0). The cartridge was
sequentially washed with 10 ml of water (pH 3.0)
and acetonitrile-water (15:85, v/v) [10]. Lipids
were eluted by washing the cartridge with 5 ml of
hexane-ethyl acetate—propan-2-ol (30:65:5, v/
v). This eluate was then applied to an NH,
cartridge (500 mg), preconditioned with hexane
(5 ml). The NH, cartridge was sequentially
washed with 10 ml of hexane-ethyl acetate
(30:70, v/v), acetonitrile—water (9:1, v/v) and
acetonitrile. F,-Isoprostanes were eluted from
the NH, cartridge with 5 ml of ethyl acetate—
methanol-acetic acid (10:85:5, v/v). The sample
was immediately transferred into a screw-cap vial
and the solvent was evaporated under nitrogen
at room temperature.

Total (sum of free and esterified)
F,-isoprostanes

Plasma (1 ml) or LDL (300 pg/ml) was
incubated with 1 ml of aqueous solution of
potassium hydroxide (1.0 M) at 45°C for 30 min.
Water (1 ml) was added and the pH was ad-
justed to 3 using concentrated HCl. PGF,-d, (5
ng in 50 ul of ethanol) was added as an internal
standard and the sample was centrifuged at 2400
g for 5 min. The supernatant was removed and
solid-phase extraction procedure was carried out
as described above.

2.6. Derivatisation

The PFB-ester was prepared by adding 40 ul
of PFB-Br (10% in acetonitrile) and 20 ul of
DIPEA (10% in acetonitrile) to the dried sample
following solid-phase extraction. The vial was
sealed with a PTFE-lined cap and kept at 40°C
for 45 min. The solvent was removed under a
stream of nitrogen.

BSTFA (50 ul) followed by 5 ul DIPEA
(10% in acetonitrile) were added. The vial was
sealed and stored at 4°C for 12 h. The solvent
was removed under nitrogen and the residue was
reconstituted in iso-octane (20 ul) containing
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10% BSTFA. All the samples were stored at
—20°C until GC-MS analysis.

N-Butyl boronate (NBB) derivatisation was
carried out as follows: 9a,11a-, 9a,118- 98,11a-
and 8-epi-PGF, (50 ng of each component or as
a mixture in ethanol) were transferred to screw-
cap vials and the solvent was dried under nitro-
gen. The authentic PGF, compounds were sub-
sequently converted to PFB-esters as described
above. The solvent was removed under nitrogen
and the residue was redissolved in dimethoxy-
propane (10 ul) and 2% boronic acid in di-
methoxypropane (50 ul). The vials were sealed
with PTFE-lined caps and the samples were
incubated at 60°C for 5 min. Subsequently. the
solvent was evaporated and samples were con-
verted to TMS-ether derivatives prior to GC-MS
analysis. In the case of final extracts from oxi-
dized plasma and LDL, the samples were es-
terified to PFB derivatives and subsequently
converted to NBB-TMS ether derivatives as
described above.

2.7. Hydrogenation

Rhodium on alumina powder (10 mg) was
tranferred into a screw-cap vial and was sequen-
tially washed with methanol (1 ml X 2). 9a,11a-.
9a,118-, 98,11a- and 8-epi-PGF, (50 ng of each
component or as a mixture in 1 ml of methanol)
were added. The vial was sealed with a PTFE-
lined cap. The sample was kept on ice and was
flushed with hydrogen for 30 min. The solvent
was transferred into a new vial and was removed
under a stream of nitrogen. The reduced (hydro-
genated) samples were converted to PFB-ester/
TMS-ether derivatives as described above. In the
case of oxidized plasma or LDL, the final ex-
tracts were redissolved in methanol (1 ml) and
hydrogenation was carried out as described
above. Subsequently, the reduced samples were
then converted to PFB-ester/ TMS-ether.

2.8. Gas chromatography—-mass spectrometry

GC-NICI-MS analysis was carried out on a
Hewlett-Packard 5890 GC linked to a VG70SEQ

mass spectrometer (Fisons Instruments, Man-
chester, UK) using ammonia as reagent gas.
F,-Isoprostanes were separated on an SPB-1701
column (30 mx0.25 mm 1.D.; 0.25 um film
thickness, Supelco Incorporation, Bellefonte,
PA, USA). Samples were injected in iso-octane
into a temperature programmed Gerstel injector
(Thames Chromatography, Maidenhead, UK).
The GC oven was programmed from a tempera-
ture of 175 to 270°C at a rate of 30°C/min.
Quantitative analysis was performed using selec-
ted-ion monitoring (SIM) of the carboxylate
anion [M —181]" at m/z 569 for the F,-iso-
prostanes and m/z 573 for PGF,-d, as the
internal standard.

For mass spectrometric characterisation of F,-
isoprostanes as cyclic N-butylboronate/PFB-
ester/ TMS-ether derivatives, the instrument was
programmed for single-ion monitoring at m/z
569 (15.0-25.0 min), m/z 401 (25.0-29.46 min),
m/z 491 (29.46-37.0 min) and m/z 401 (37.0-
40.0 min). The signals at m/z 491 and 401
correspond to [M —180]  and [M — 180 —90] ",
respectively.

2.9. Recovery experiments

Plasma (1 ml) was spiked with about 20 000
dpm of [’H}-9a,11a-PGF, as a tracer. The
sample was processed using the solid-phase ex-
traction procedure described above. Final re-
covery was determined by comparing the counts
in an extract obtained after passage through C
and NH, cartridges, respectively, to those of the
original sample. Efficiency of the solid-phase
extraction procedure was determined by GC-MS
of the final extract from aqueous and plasma
samples containing increasing amounts of the
authentic PGF, analogues ranging from 30 to
1000 pg/ml, including a fixed amount of the
PGF,-d, (5 ng/ml) as an internal standard.

For calibration plots, plasma samples (1 ml)
were spiked with increasing amounts of a mix-
ture of the authentic PGF, compounds (50 to
1000 pg/ml) containing PGF,-d, (5 ng/ml) as
internal standard. The PGF, compounds were
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isolated and quantified by GC-MS as described
above.

3. Results
3.1. Assay validation

F,-Isoprostanes isolated from oxidized LDL
were initially analyzed using an Rt,-1 column (15
mx0.25 mm 1.D., 0.25 pgm film thickness,
Restek Corp., PA, USA) as described earlier
[10]. We found that this GC phase provided
complete separation of authentic 98.,11a-.
9a,11B8- and 9a,l1a-PGF,. However, 98.11a-
and 8-epi-PGF, were not resolved. In the pres-
ent study, we used a more polar column (SPB-
1701) for the analysis of F,-isoprostanes since it
was found superior to the Rt,-1 column in
providing a better separation of 98.1la-,
9a,118-, 8-epi- and 9a,11a-PGF,. Fig. 1 shows a
typical selected-ion monitoring chromatogram of
a mixture of authentic PGF,-compounds after
solid-phase extraction on a C,; and an NH,
cartridge. The signal monitored at m/z 569
represents the [M — 181 ion intensity from the
authentic PGF, compounds whereas the signal at
m/z 573 corresponds to that of the PGF,-d, as
internal standard.

[nitially, the procedure described by Wendel-
born et al. [10] was employed to isolate the
F,-isoprostanes from plasma. Recovery experi-
ments with ["H]-PGF, as a tracer indicated that
both the C,; (350 mg) and the silica (350 mg)
cartridges were highly efficient for enrichment of
the [*H]-PGF,. Final extracts, following chroma-
tography on C, and silica cartridges. contained
80% of the originally added ['H|-PGF, as a
tracer. However, significant amounts of the
labelled PGF, (70-80%) were lost during the
TLC steps. The overall recovery of the [3H]-
PGF, following solid-phase extraction and TLC
was only about 20%.

Therefore, the possibility of replacing the
silica cartridge and the TLC step(s) with an NH,
cartridge was investigated. The NH, cartridge
was found to be highly efficient in retaining the
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Fig. 1. GC-NICI-MS chromatograms of authentic PGF,
compounds as PFB-ester/ TMS-ether derivatives. The signal
monitored at m/z 569 represents the carboxylate anion [M —
181] . The signal at m/z 573 corresponds to PGF,-d, as the
internal standard. Separation was carried out on an SPB-1701
column as described in the Experimental section.

labelled PGF, when applied in hexane-ethyl
acetate—propan-2-ol (30:65:5, v/v). The [*H]-
PGF, was quantitatively eluted by washing the
cartridge with 5 ml of ethyl acetate-methanol-
acetic acid (10:85:5, v/v). Recovery of the [*H]-
PGF, from the NH, cartridge was approximately
70% =2.2% (n=4). In separate recovery ex-
periments, plasma (1 ml) was spiked with [*H]-
PGF, as a tracer and the solid-phase extraction
procedure was carried out as illustrated in Fig. 2.
Scintillation counting indicated that the final
eluate obtained after the combined C,; and NH,
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Fig. 2. Solid-phase extraction procedure for the isolation of
F,-isoprostanes from biological fluids.

solid-phase extraction steps contained 65% * 4%
(n =4) of the added ['H]-PGF,.

Suitability of the solid-phase extraction for
isolation and final determination of F,-isopros-
tanes by GC-NICI-MS was assessed by analyz-
ing plasma samples containing mixtures of
9B.11a-, 9a,118-. 8-epi- and 9a.1la-PGF, at
final concentrations ranging from 50 to 1000 pg/
ml, respectively. Accuracy of the assay was
determined by analysing four samples (1-ml
aliquots of plasma from the same donor) con-
taining 100 pg/ml of each the authentic PGF,
compounds. The least squares linear regressions
for 98.11a-, 9a,118-, 8-epi- and Ya,11a-PGF, in
plasma were y = 0.002 + 0.178x, rt= 0.996; y =
0.003+0.161x, »~=0.996; y=0.006+ 0.103x,

*=0.995 and y=0.009+0.178x. r’=0.997.

respectively. Inter-assay coefficients of variation
for 98,11a-, 9a,118-, 8-epi- and 9«,11a-PGF,
were 15.1%, 9.4%, 11.4% and 14.2%, respec-
tively. Intra-assay coefficients of variation for the
above mentioned PGF, compounds were 4.3%,
11.1%, 5.0% and 8.0%, respectively. The limit
of detection for the authentic PGF, compounds
extracted from plasma samples was 10 pg/ml.
Thus, the combined C,; and NH, solid-phase
extraction procedure was shown to be an effi-
cient technique for the isolation of F,-isopros-
tanes from plasma.

3.2. Model lipid peroxidation systems

Plasma was incubated with AAPH at 37°C to
stimulate lipid peroxidation. After 24-h incuba-
tion with AAPH, the plasma samples (n=2)
accumulated on average 115 uM of hydro-
peroxides as revealed by the FOX2-assay. The
corresponding hydroperoxide levels for the con-
trol samples (rn = 2), incubated at 37°C for 24 h,
were 15 uM.

GC-NICI-MS analysis of the signal at m/z 569
revealed no measurable levels of free (unes-
terified) F,-isoprostanes in the control plasma
samples (Fig. 3A). However, substantial
amounts of free F,-isoprostanes were present in
the AAPH-oxidized plasma samples (Fig. 3B).
Levels of the major components assigned as II,
III and V (retention times around 18.45, 18.60
and 19.59 min, respectively) in the AAPH-oxi-
dized plasma samples ranged from 6.7 to 9.0
ng/ml. When the oxidised plasma samples were
analysed for total (sum of free and esterified)
F,-isoprostanes, the levels were on average 3.7-
fold higher compared to that of the free levels. It
is worth noting that the chromatographic pat-
terns for the total (sum of free and esterified)
F,-isoprostanes in the oxidized plasma samples
were very similar to those of the free F,-iso-
prostanes (data not shown).

To demonstrate that the generation of F,-
isoprostanes in the oxidized plasma was associ-
ated with peroxidation of lipoproteins, LDL was
incubated with AAPH at 37°C for 24 h. The
FOX2-assay revealed hydroperoxide levels of
1145 nmol/mg protein (n =2) in the oxidized
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Fig. 3. GC-NICI-MS analvsis of F.-isoprostanes isolated
from oxidized plasma. Chromatograms represent: (A) plasma
incubated at 37°C for 24 h: and (B) plasma incubated with
AAPH (54 mM) at 37°C for 24 h.

LDL samples. The corresponding hydroperoxide
levels in the control samples (n =2) were 152
nmol/mg protein.

GC-MS analysis showed that substantial
amounts of free F,-isoprostanes were produced
during AAPH peroxidation of the LDL samples
(Fig. 4A). Levels of free (unesterified) F,-iso-
prostanes (represented by peaks 11, 111, V) in the
AAPH-oxidized LDL samples were about 8.9
ng/mg protein. In the control LDL samples, free
F,-isoprostanes were between 0.06 and 0.10 ng/
mg protein. The chromatographic profiles of the
free as well as the total (sum of free and
esterified) F,-isoprostanes in the AAPH-oxid-
ized LDL samples were very similar to thosc
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Fig. 4. GC-NICI-MS analysis of F,-isoprostanes isolated
from oxidized LDL. Chromatograms represent: (A) LDL
(300 pg/ml) incubated with AAPH (54 mM) at 37°C for 24
h:and (B) LDL (300 wg/ml) incubated with copper sulphate
(40 uM) at 37°C for 24 h.

obtained from the AAPH-treated plasma sam-
ples (data not shown). Free F,-isoprostanes (10.6
ng/mg protein; n = 2; represented by peaks I-V)
were also generated during copper-mediated
oxidation of LDL (Fig. 4B).

3.3. Structural determination

The following criteria were used to demon-
strate that the components in the final extracts
from oxidised plasma and LDL samples, follow-
ing solid-phase extraction and GC-NICI-MS at
mi/z 569 as PBF-ester/TMS-ether derivatives,
were F,-isoprostanes. First, no peaks were ob-
scerved at m/z 568. indicating that the peaks were
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not natural isotope peaks of compounds with
m/z lower than 569 (data not shown). Second,
analysis of the final extracts as PBF-ester/
[°H,]TMS-cther derivatives revealed that the
signal monitored at m/z 569 shifted to m/z 596
indicative of the presence of three hydroxyl
moieties in the molecules (Fig. 5A,B). The
differences in the gas chromatographic profile
monitored at m/z 596 compared to that at m/z
569 are probably due to changes in the gas
chromatographic characteristics of the F,-iso-
prostanes analyzed as deuterated-TMS ether

A m/z569

100 Vv
]

o

50
9
E G 1 T 1 T 1
7 16 17 18 19 20 21
w
-
-
w B mzs9e
e
9 100
i
[+
50
0 1 T 1] T 1l
16 17 18 19 20 21

TIME (min)
Fig. 5. Mass spectrometric characterisation of F,-isoprostanes
in oxidized LDL. Chromatograms represent: (A) F -isopros-
tanes as PFB-ester/TMS-ether derivatives: (B) F,-isopros-
tanes as PFB-ester/[’H,]TMS-ether derivatives.

derivatives. Third, analysis of the hydrogenated
final extract gave no peaks at m/z 571 and 575,
which would have been indicative of either one
or three double bonds in the molecule, respec-
tively. However, this coincided with the appear-
ance of a series of new peaks at m/z 573
confirming the presence of two double bonds in
the molecules (data not shown). Fourth, forma-
tion of cyclic boronate derivatives resulted in the
disappearance of the signal monitored at m/z
569 (Fig. 6A). This coincided with the appear-
ance of new peaks at m/z 491 and 401 corre-
sponding to [M-PFB]" and [M-PFB-

A m/z569
1001
50+
&
a G L T T T 1
E 15 20 25 30 35 40
-
Z
w m/z 401 m/z 491 m/z 401
= B A\ ya
!5- [ | I
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Fig. 6. Mass spectrometric characterisation of F,-isoprostanes
as cyclic N-butylboronate/PFB-ester/ TMS-ether derivatives
from oxidized LDL. Chromatograms represent signals moni-
tored at: (A) m/z 569; (B) m/z 491 and 401, respectively.
The signals at m/z 491 and 401 correspond to [M — 180] ™ and
[M — 180 - 90] ", respectively. Peaks III and V correspond to
authentic 8-epi-PGF, and 9a,11a-PGF,. The peak labelled
as * corresponds to an unidentified F,-isoprostane.
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TMS] ", respectively (Fig. 6B). PGF,-like com-
pounds will only form a cyclic boronate deriva-
tive when hydroxy groups on the cyclopentane
ring are cis-oriented. Of the F,-isoprostanes in
Figs. 3 and 4, the peak assigned as III was
identified as the 8-epi-PGF,, by comparing re-
tention time and mass spectrometric characteris-
tics to that of authentic 8-epi-PGF,,. Peak V
(Figs. 3 and 4) which co-eluted with the peak
corresponding to that of authentic 9«,11a-PGF,,
also formed a boronate derivative (Fig. 6B).

3.4. Plasma levels of 8-epi-PGF,,

Plasma from volunteers (n = 7), was analyzed
for the content of free as well as total (sum of
free and esterified) 8-epi-PGF,,. GC-MS analy-
sis revealed no quantifiable levels of free 8-epi-
PGF,, in the plasma. The plasma samples,
however, contained 58 to 166 pg/ml of the 8-epi-
PGF,, when analyzed for the total (sum of free
and esterified) F,-isoprostanes. Our findings
indicate that 8-epi-PGF,, in human plasma is
mainly present esterified to functionally impor-
tant phospholipids in vivo. Moreover, it also
implies that the measurement of total (sum of
free and esterified) levels of 8-epi-PGF,, pro-
vides a sensitive index of non-enzymatic lipid
peroxidation compared to measurement of free
(unesterified) levels.

4. Discussion

We have developed and implemented a rapid
and specific assay for monitoring non-enzymatic
derived F,-isoprostanes in biological materials.
Our sample clean-up procedure is based on the
use of a C,; followed by an NH, cartridge.
Quantitative analysis of the F,-isoprostanes as
PEB-ester/TMS-ether derivatives was accom-
plished by GC-NICI-MS.

Morrow and co-workers [4,5] were the first to
describe the formation of F,-isoprostanes in vivo
by a non-cyclooxygenase derived mechanism.
They showed that F,-isoprostanes were mainly
associated with autoxidation of plasma phos-
pholipids in vitro and in vivo. The proposed

mechanism for the autoxidation of arachidonic
acid leads to the formation of four regio-isomers
of PGF,, each of which is theoretically com-
posed of a mixture of eight racemic diastereo-
mers. Non-enzymatic oxidation of arachidonic
acid yields F,-isoprostanes with side chains pre-
dominantly cis-oriented whereas the hydroxyl
groups on the cyclopentane ring are exclusively
cis-oriented [14].

Established procedures for the isolation of F,-
isoprostanes in biological fluids include solid-
phase extraction on a C,; and a silica cartridge
followed by one or two steps of TLC [10,11}.
Using ['H]-PGF,, we found that the recovery
throughout the isolation procedure was very low,
approximately 20%, with about 70% of the total
radioactivity being lost during the TLC steps.
Recovery data was not reported by Wendelborn
et al. [10].

We have replaced the solid-phase extraction
on the silica cartridge and the TLC by an
extraction step on a single NH, cartridge. The
NH, sorbent functions by an ion-exchange mech-
anism, selectively binding organic compounds
containing a carboxylate anion. The binding of
the F,-isoprostanes was found to be sufficiently
specific to give interference-free single-ion moni-
toring chromatograms without further purifica-
tion (Figs. 3 and 4). Recovery of the authentic
PGF, compounds (using [’H]-PGF, as a tracer)
tfollowing the combined C,; and NH, chromatog-
raphy steps averaged 65 * 4%, with about 30%
of the total radioactivity lost during the NH,
chromatography step. The within-day coefficient
of variation of the GC-MS assay was 4.3-11.1%
whereas that for day to day was 9.4-15.1%.

Suitability of the improved methodology for
assessment of the F,-isoprostanes was demon-
strated by analyzing oxidized plasma and
lipoproteins, respectively. Oxidation of plasma
or LDL, using the azo-initiator (AAPH) or
copper ions as pro-oxidants, produced a substan-
tial amount of F,-isoprostanes (Figs. 3 and 4).
Two partially resolved peaks (II and III) with
retention times between 18.40 and 18.45 min
were present in abundance in the AAPH-treated
samples. Attempts to optimise the GC chro-
matographic conditions to improve the separa-
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tion of these peaks were unsuccessful. Peak 111
eluting at around 18.45 min was identified as the
8-epi-PGF,, by comparison of relative retention
time and mass spectrometric characteristics, fol-
lowing catalytic hydrogenation, formation of a
cyclic boronate derivative and deuterated TMS-
ether derivatization, to that of the authentic 8-
epi-PGF,, .

Morrow and Roberts analysed plasma from
different individuals and reported 8-epi-PGF,,
levels of 19 = 7 pg/ml [15]. Quantitative determi-
nation by GC-NICI-MS was quoted as being
extremely sensitive, with a lower limit of detec-
tion ranging from 1 to 5 pg/ml. However, the
lower detection limit for the 8-epi-PGF,, in
biological fluids was not reported. We did not
find quantifiable levels of free (unesterified) of
8-epi-PGF,, at the lower detection limit of our
assay (10 pg/ml). However, total (sum of free
and esterified) 8-epi-PGF,, levels in the plasma
samples were found to be 112+ 54 pg/ml (n =
7). Thus, measurements of total 8-epi-PGF,,
could be more valuable than those of free 8-epi-
PGF,_, when assessing the extent of lipid peroxi-
dation. Measurement of total levels of 8-epi-
PGF,,, reflect changes occurring in situ on func-
tional phospholipids which are one of the pri-
mary targets of free radical attack [16].

In conclusion, an improved method has been
developed for measuring F,-isoprostanes in plas-
ma using GC-NICI-MS. High recoveries have
been achieved using a specific solid-phase ex-
traction procedure (97% and 67% for C,; and
NH,, respectively). The method is simple and
could be easily adapted to a wide range of
biological material.

Acknowledgement
We are grateful for financial support from the

British Heart Foundation and the ONO Pharma-
ceutical Company.

References

[1] B. Halliwell and J.M.C. Gutteridge, Methods Enzymol.,
186 (1990) 1.

[2] H. Esterbauer, J. Gebicki, H. Puel and G. Jurgens,
Free Radical Biol. Med., 13 (1992) 341.

[3] D.R. Janero, Free Radical Biol. Med., 9 (1990) 515.

[4] J.D. Morrow, K.E. Hill, R.F. Burk, T.M. Mammour,
K.F. Badr and L.J. Roberts II, Proc. Natl. Acad. Sci.
USA, 87 (1990) 9383.

[5] J.D. Morrow, J.A. Awad, T. Kato, K. Takahashi, K.F.
Badr and L.J. Roberts Il, J. Clin. Invest., 90 (1992)
2502.

[6] K. Takahashi, T.M. Nammour, M. Fukunaga, J. Ebert,
J.D. Morrow, L.J. Roberts II, R.L. Hoover and K.F.
Badr, J. Clin. Invest., 90 (1992) 136.

[7} M. Banerjee, K.H. Kang, J.D. Morrow, L.J. Robberts
II and J.H. Newman, Am. Physiol. Soc., H (1992) 660.

[8] J.D. Morrow, T.A. Minton and L.J. Roberts I1, Prosta-
glandins, 44 (1992) 155.

[9] M. Fukunaga, N. Makita, L.J. Roberts II, J.D. Mor-
row, K. Takahshi and K.F. Badr, Am. J. Physiol., 264
(1993) C1619.

[10] D.F. Wendelborn, J.D. Morrow and L.J. Roberts 1I,
Methods Enzymol., 187 (1989) 51.

[11] 1.D. Morrow, T.M. Harris and L.J. Roberts II, Anal.
Biochem., 184 (1990) 1.

[12] R.J. Havel, H.A. Eder and J.H. Bragdon, J. Clin.
Invest., 34 (1955) 1345.

[13] Z.Y. Jaing, A.C.S. Woollard and S.P. Wolff, Lipids, 26
(1991) 853.

[14] D.E. O’Connor, E.D. Mihelich and M.C. Coleman, J.
Am. Chem. Soc., 106 (1984) 3578.

[15] J.D. Morrow and L.J. Roberts II, Methods Enzymol.,
233 (1994) 163.

[16] J.D. Morrow, J.A. Awad, H.J. Boss, I.A. Blair and
L.J. Roberts I, Proc. Nat. Acad. Sci. USA, 89 (1992)
10721.



