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Abstract

Endogenous prostacyclin production is best assessed by the measurement of its excreted metabolites, of which a
major one is 2,3-dinor-6-ketoprostaglandin F,, (2,3-dinor-6-keto-PGF ). Gas chromatographic-mass spectromet-
ric (GC-MS) assays have been developed for this compound but are cumbersome and time-consuming. We now
report a modified assay for the measurement of 2,3-dinor-6-keto-PGF,, employing GC-MS in which sample
preparation time is markedly shortened by replacing a number of extraction steps with reversed-phase column
extraction and by modifying derivatization procedures. Precision of the assay is + 5% and the accuracy is 98%. The
lower limit of detection in urine is approximately 15 pg/mg creatinine. Normal urinary levels of this metabolite
were found to be 141 +54 pg/mg creatinine (mean *S.D.). Urinary excretion of 2,3-dinor-6-keto-PGF,, is
markedly altered in situations associated with abnormalities of prostacyclin generation when quantified using this
assay. Thus, this assay provides a sensitive and accurate method to assess endogenous prostacyclin production and

to further explore the role of this compound in human health and disease.

1. Introduction

Prostacyclin (PGI,) is a major cyclooxygenase
product of the vascular endothelium [1,2]. It is
produced in increased amounts in disorders
associated with endothelial damage such as
atherosclerosis and myocardial infarction and it
is believed that PGI, may be an important
regulator of vascular tone [3,4]. Prostacyclin is
an unstable compound which quickly undergoes
degradation to its biologically inactive hydrolysis
product, 6-keto-prostaglandin (PG)F,, [5]. Al-
though quantification of 6-keto-PGF,, in urine
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has been used to assess endogenous prostacyclin
production, it is recognized that a significant
proportion of this compound may derive from
local production in the kidney, and thus mea-
surement of urinary 6-keto-PGF, levels may not
be a useful indicator of systemic prostacyclin
production [6]. On the other hand, the urinary
excretion of a major metabolite of PGI,, 2,3-
dinor-6-keto-PGF,,, has been shown to accu-
rately reflect systemic prostacyclin production
[7.8].

Several assays have been developed to mea-
sure 2,3-dinor-6-keto-PGF,, [9-11]. They rely
on either immunoassay techniques or gas chro-
matography (GC)-mass spectrometry (MS). Im-
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munoassays of eicosanoids are generally facile
and applicable to large sample numbers but
suffer from a lack of specificity [12]. MS assays,
on the other hand, while often cumbersome, are
more specific for the measurement of prosta-
glandins [12]. One of the more commonly used
GC-MS assays for the quantification of 2,3-di-
nor-6-keto-PGF,, was originally described by
Falardeau et al. [9]. It employs a series of
differential extractions of biological fluids based
on the fact that the molecule reversibly lacton-
izes under acidic conditions, followed by de-
rivatization, purification by thin-layer chroma-
tography (TLC) and analysis by MS. While this
method often gives accurate results, it is ex-
tremely cumbersome and time consuming, gen-
erally requiring 2 full working days to quantify
8-10 urine samples. In an effort to overcome this
problem, we report modifications of the assay in
which many of the differential extraction steps
are replaced by reversed-phase column extrac-
tion. In addition, derivatization procedures are
modified. These changes make the analysis of
2,3-dinor-6-keto-PGF,, far simpler and less time
consuming.

2. Experimental
2.1. Clinical studies and sample collection

To determine normal urinary levels of 2,3-
dinor-6-keto-PGF,, 24-h urine collections were
obtained from healthy volunteers (n = 10) taking
no medications. They were processed immedi-
ately. Two studies were performed to evaluate
the ability of the assay described below to detect
variations in endogenous prostacyclin production
after pharmacological intervention in vivo. In the
first study, 3 volunteers were administered
bradykinin intravenously at dosages ranging
from 0.5 to 25 pg/kg/min until symptoms con-
sisting of vasodilation or hypotension occurred.
Bradykinin is known to induce the endogenous
release of large quantities of PGI, in association
with these symptoms [13]. Twenty four hour
pre-infusion and 1-h post infusion urine collec-
tions were obtained from each volunteer and

analyzed for 2,3-dinor-6-keto-PGF,,. In a sec-
ond study, the same 3 volunteers were adminis-
tered indomethacin 50 mg orally three times a
day for 4 days and a 24-h urine collection
beginning on the fourth day was obtained and
processed for 2,3-dinor-6-keto-PGF . Informed
consent was obtained prior to all clinical studies.

2.2. Chemicals and reagents

Methoxyamine hydrochloride, pentafluoro-
benzyl bromide, and N,N-diisopropylethylamine
were obtained from Sigma Chemical Co. (St.
Louis, MO, USA). Dimethylformamide and
undecane were obtained from Aldrich Chemical
Co. (Milwaukee, WI, USA). N,O-bis-
(trimethylsityl)trifluoroacetamide (BSTFA) was
purchased from Supelco (Bellefonte, PA, USA).
Octadecyl (C,;) Sep-Pak cartidges were pur-
chased from Waters Associates (Milford, MA,
USA). TLC plates (silica gel 60ALK6D) were
obtained from Whatman International (Maid-
stone, UK). All organic solvents were purchased
from Baxter Healthcare (Burdick and Jackson
Brand, McGaw Park, IL, USA). 6-Keto-PGF |,
was purchased from Cayman Chemical Co. (Ann
Arbor, MI, USA). 2,3-Dinor-6-keto-PGF,, and
[’H,]2,3-dinor-6-keto-PGF,, were synthesized
and kindly provided by Dr. Alan Brash, Van-
derbilt University.

2.3. General extraction and purification
procedure

The method outlined in Fig. 1 for the quantifi-
cation of 2,3-dinor-6-keto-PGF,, differs signifi-
cantly from that originally described by Falar-
deau et al. [9]. The differences between the two
assays are discussed in the Results and discussion
section.

To 3 ml of urine is added 1 ng [°H,]2,3-dinor-
6-keto-PGF,, and the sample is vortex-mixed
well. It is then acidified to pH 3 with 1 mol/l
HCI and allowed to stand at room temperature
for 5 min. Under these conditions, 2,3-dinor-6-
keto-PGF,, exists essentially entirely as a lac-
tone. The sample is then applied to a C,; Sep-
Pak preconditioned with 5 ml methanol followed
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Urine (3 mi)
+
[*H,] 2,3-dinor-6-keto-PGF,, standard (1 ng)
+
Acidify to pH 3 for 5 min to form lactone
4
C18 Sep Pak cartridge extraction

4

Wash eiuate with sodium borate buffer (50 mM, pH 8.1)
4

Conversion to methyloxime, pentafluorobenzy! derivative
¢

Silica TLC
{moftiile phase of ethy! acetate-methanol (98:2))

13
Derivitization to trimethysilyl ether
)

Analysis by GC/NICI MS

Fig. 1. Summary of method employed for the quantification
of 2,3-dinor-6-keto-PGF .

by 5 ml H,O (pH 3). The sample is rinsed with
10 ml H,O (pH 3) followed by 10 ml heptane.
The sample is then eluted with 10 ml ethyl
acetate—heptane (50:50, v/v) into a scintillation
vial. The eluate is dried over 10 g of anhydrous
sodium sulfate, transferred to a reactivial, and
evaporated under nitrogen. The residue is recon-
stituted in 1 m! of dichloromethane and washed
twice with 2 ml of a 50 mmol/l sodium borate
buffer (pH 8.1), discarding the aqueous layer
after each wash. At this step, 2,3-dinor-6-keto-
PGF,, still remains in the lactone form and does
not extract into the aqueous phase. Non-lacton-
ized fatty acids that are present as carboxylate
anions, however, are readily extracted into the
buffer layer.

Subsequently, the organic phase is dried under
nitrogen and reconstituted in 50 ul of acetoni-
trile. To this is added 200 u1 of a 3% solution of
methoxyamine hydrochloride into water and the
mixture is incubated for 45 min at room tem-
perature. This step results in opening of the

lactone ring of the molecule and simultaneous
derivatization of the keto group. Simultaneous
opening and derivatization by methoxyamine
hydrochloride has been shown to occur for other
lactone rings such as the major urinary metabo-
lite of PGD, [14]. The sample is then extracted
with 1 ml of dichloromethane and dried under
nitrogen. The residue is derivatized to the penta-
fluorobenzy! (PFB) ester by the addition of 40 ul
PFB bromide (10% by volume in acetonitrile)
and 20 ul N,N-diisopropylethylamine (10% by
volume in acetonitrile) and incubating for 20 min
at 37°C. The sample is then dried under nitrogen
and reconstituted in 50 wl of methanol. It is
applied to a silica TLC plate and developed to
the top in a solvent system of ethyl acetate—
methanol (98:2, v/v). The methyloxime, PFB
ester derivative of 6-keto-PGF,, (5 ng) is chro-
matographed on a separate lane and visualized
with 10% phosphomolybdic acid after heating.
The 6-keto-PGF,, derivative is used as a TLC
standard rather than derivatized 2,3-dinor-6-
keto-PGF,, to avoid any contamination of the
biological samples. Using this solvent system, the
2 methyloxime isomers of derivatized 6-keto-
PGF,, are visualized with an R =0.25 for the
upper band and R =0.21 for the lower band.
Derivatized 2,3-dinor-6-keto-PGF,, migrates in
a nearly identical manner with an Ry = 0.25 for
the upper band and R =0.22 for the lower
band. The compounds in the sample migrating 1
cm on either side of the point midway between
the two methyloxime isomers of derivatized 6-
keto-PGF,, are scraped from the silica and
eluted with 1 ml of ethyl acetate. The sample is
then dried under nitrogen and converted to a
trimethylsilyl (TMS) ether derivative by addition
of 20 ul BSTFA and 10 ul dimethylformamide.
The samples are incubated at 37°C for 10 min
and dried under nitrogen. The residue is re-
dissolved for GC-MS analysis in 10 ul of unde-
cane which has been stored over a bed of
calcium hydride.

2.4. Gas chromatography—mass spectrometry

GC-negative-ion chemical ionization (NICI)
MS is carried out using a Nermag R10-10C GC-
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MS instrument interfaced with a DEC-PDP 11/
23 plus computer system. GC is performed using
a 15 m x0.25 mm I.D., 0.25 um film thickness,
DB 1701 fused-silica capillary column (J and W
Scientific, Folsom, CA, USA). The column tem-
perature program runs from 190 to 300°C at
20°/min. Sample retention time is 6-7 min.
Methane is used as the carrier gas at a flow-rate
of 1 ul/min. Ion-source temperature is 250°C,
electron energy 70 €V and filament current 0.25
mA. The major ion generated in the NICI mass
spectra of the methyloxime, PFB ester, TMS
ether derivative of 2,3-dinor-6-keto-PGF,, is
m/z 586 which represents the M —181 (M-
CH,C,F;) carboxylate anion. For the deuterated
standard, the corresponding ion is m/z 590.
Quantification of endogenous 2,3-dinor-6-keto-
PGF,, in a urine sample is accomplished by
selected-ion monitoring analysis of the ratio of
intensities of m/z 586 to m/z 590.

3. Results and discussion
3.1. Assay modifications

The assay described herein differs in several
important ways from that originally reported by
Falardeau et al. [9]. These differences result in a
marked shortening of the time required to pro-
cess samples through the assay.

The first change concerns the equilibration
time required for the initial cyclization of 2.3-
dinor-6-keto-PGF,, to the lactone. The previous
method employed alkalinization of urine for 15
min to open any pre-existing lactone rings fol-
lowed by acidification for up to 30 min to reform
the lactone. We have found, however, that the
recovery of a known amount of 2,3-dinor-6-keto-
PGF,, through the assay is the same whether or
not urine is initially alkalinized. Further, the
degree of cyclization of the molecule after 5 min
is the same as after 15, 30 or 60 min (100% at all
time points, n =4). Thus, we believe that 5 min
is adequate to ensure lactone ring formation of
2,3-dinor-6-keto-PGF,, and that the initial al-
kalinization of the sample is unnecessary.

One of the more time-consuming aspects of
the assay for urinary 2,3-dinor-6-keto-PGF,, as

described by Falardeau et al. is the need to
perform an initial column extraction followed by
no less than four separate extraction and back
extraction steps coupled with a TLC procedure.
We report, however, that all of these extraction
steps are easily replaced by a C,; Sep-Pak
column extraction followed by an aqueous wash
of the organic eluate and subsequent TLC.

Thirdly, the assay has also been shortened by
the observation that derivatization of 2,3-dinor-
6-keto-PGF,, with methoxyamine hydrochloride
simultaneously opens the ring making prior
opening as reported by Falardeau et al. unneces-
sary.

Finally, as originally described, 2,3-dinor-6-
keto-PGF,, was converted to the methyloxime
derivative by the overnight incubation of samples
in a solution of 3% methoxyamine hydrochloride
in pyridine. We have found, however, that essen-
tially complete formation (100*6%) of the
methyloxime derivative occurs after incubation
of urine samples for 45 min in a solution of 3%
methoxyamine in water. For this determination,
complete cyclization was the amount of endogen-
ous 2,3-dinor-6-keto-PGF,, quantified by GC-
MS in the same urine samples incubated in 3%
methoxyamine in pyridine overnight. The impor-
tance of this modification is that a 2-day assay
procedure is shortened to less than 1 day. It
should be noted, however, that this shortened
derivatization time is not novel since it has been
noted that 2,3-dinor-6-keto-PGF,, and other
ketoprostaglandins can be methoximated in a
period of time shorter than the 12-14 h original-
ly reported by Falardeau [14-19].

3.2. Assay parameters and validation

A representative chromatographic tracing of
2,3-dinor-6-keto-PGF,,, obtained from the analy-
sis of urine from a normal individual utilizing the
assay outline herein is depicted in Fig. 2. As is
evident, two methyloxime isomers are present
for both the deuterated standard and endogen-
ous compound. For quantification, the second
methyloxime isomer in each chromatogram is
compared. As is also apparent, the chromato-
graphic peaks are entirely free of interfering
impurities.
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Fig. 2. Analysis of urine from a normal human volunteer for
2,3-dinor-6-keto-PGF, . Endogenous 2,3-dinor-6-keto-PGF, ,
is represented by the 2 peaks in the m/z 586 chromatogram
and the deuterated standard by the 2 peaks in the m/z 590
chromatogram. The urinary level in this patient was 160
pg/mg creatinine.

Employing this assay, the lower limits of
detection (signal-to-noise ratio of approximately
4:1) of 2,3-dinor-6-keto-PGF, in urine is in the
range of 15 pg/mg creatinine using a deuteriated
standard with a blank of 2-3 parts per thousand.

Several procedures were then performed to
establish the accuracy and precision of this assay.
Initially a standard curve was constructed by
adding varying amounts of unlabelled 2,3-dinor-
6-keto-PGF,, to a fixed quantity of 1 ng of
[*H,]2,3-dinor-6-keto-PGF,, and the measured
ratio of m/z 586 to m/z 590 to the expected ratio
was compared. The assay was found to be linear
over a 100-fold concentration range with the
corresponding regression equation being (ratio
m/z 586 to m/z 590)=0.96 X (ratio amount
unlabelled 2,3-dinor-6-keto-PGF,, to deuterated
2,3-dinor-6-keto-PGF, ) — 0.01. The coefficient
of variation was determined to be 0.999.

Precision was measured by analyzing six 3-ml
aliquots of urine obtained from a normal vol-
unteer. The mean of 3 replicate measurements of
the ratio of m/z 586 to m/z 590 was determined
for each sample. The precision was found to
be = 5%. Accuracy was assessed using the same
urine. For this 310 pg of unlabeled 2,3-dinor-6-
keto-PGF,, were added to another four 3-ml
aliquots of urine and reassayed. The amount of
endogenous 2,3-dinor-6-keto-PGF,, measured in
the precision experiment was subtracted from

the total and the accuracy of the assay to
measure the added 2,3-dinor-6-keto-PGF,,
calculated. The accuracy was found to be 98%.

Recovery of 2,3-dinor-6-keto-PGF,, employ-
ing this assay was in the range of 30-40%.

3.3. Urinary 2,3-dinor-6-keto-PGF,, levels in
normal humans

To establish the normal range of the urinary
excretion of 2,3-dinor-6-keto-PGF,, using this
assay, aliquots of urine from 24-h collections
were obtained and analyzed from 10 healthy
individuals. Normal levels were 141 + 54 pg/mg
creatinine (mean = S.D.). These values are simi-
lar to levels reported by others [3,20].

3.4. 2,3-Dinor-6-keto-PGF,, levels in clinical
situations associated with alterations in
prostacyclin production

We next examined the ability of this assay to
assess alterations in endogenous prostacyclin
production in humans. Others have reported that
the intravenous administration of bradykinin to
individuals induces marked flushing, hypotension
and breathing difficulties associated with in-
creases in endogenous prostacyclin production
[13]. Thus, we examined whether infusions of
bradykinin into healthy volunteers were associ-
ated with increases in the urinary excretion of
2,3-dinor-6-keto-PGF,, as quantified by the
assay described herein. In these studies, three
individuals were administered bradykinin in-
travenously at increasing doses ranging from 0.5
up to 25 pg/kg/min. Infusions were stopped
when volunteers experienced clinical symptoms.
Urine was assayed for 2,3-dinor-6-keto-PGF,,
before infusion and after the onset of clinical
symptoms. The results are shown in Table 1. As
is evident, in all three individuals, infusions of
bradykinin markedly increased urinary excretion
of 2,3-dinor-6-keto-PGF,,, above baseline levels,
with increases ranging from 3-fold to 5.4-fold.

Subsequently, each of the volunteers in the
above study was administered the cyclooxygen-
ase inhibitor indomethacin at a dose of 50 mg
orally three times a day for 4 days. Non-steroidal
anti-inflammatory agents have been shown to
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Table 1
Effect of bradykinin infusion or indomethacin® on the excre-
tion of 2,3-dinor-6-keto-PGF, in 3 volunteers

Volunteer  2,3-Dinor-6-keto-PGF, | excretion (pg/mg
creatinine)
Baseline  + Bradykinin + Indomethacin
1 61 326 24
2 100 330 26
3 183 557 28

“ Details are given in the text under Clinical Studies and
Sample Collection.

markedly decrease prostacyclin production in
vivo [7,13]. The effects of this agent on urinary
excretion of 2,3-dinor-6-keto-PGF,, are also
shown in Table 1. As is evident, indomethacin
markedly decreased the urinary excretion of this
prostacyclin metabolite compared to baseline
values, with decreases ranging between 60 and
85%.

4. Conclusions

In summary, we report a modified GC-MS
assay for the measurement of 2,3-dinor-6-keto-
PGF,, based upon techniques originally re-
ported by Falardeau et al. [9]. These modifica-
tions significantly shorten the time required to
process and analyze samples. For example, no
more than 8 to 10 samples can be processed and
analyzed in a 2-day period using the method
originally reported. However, employing the
modified assay, approximately 15 samples can be
processed and analyzed using this assay in a 6-7
h period. In addition, this assay is both sensitive
and accurate and is able to detect alterations in
prostacyclin production in vivo. Thus, this assay
for 2,3-dinor-6-keto-PGF,, should be a valuable
tool to further study the role of prostacyclin in
human health and disease.

S. Acknowledgements

This work was supported by NIH Grants
GM15431 and GM42056. J.D.M. is a Howard

Hughes Medical Institute Physician Research
Fellow and the recipient of an award from the
International Life Sciences Institute. The advice
of Drs. L.J. Roberts and Alan R. Brash was
appreciated.

6. References

[1] S. Bunting, R. Gryglewski, S. Moncada and J.R. Vane,
Prostaglandins, 12 (1976) 897.

{2} S. Moncada and J.R. Vane, Br. Med. Bull., 34 (1978)
129.

[3] G.A. FitzGerald, B. Smith, A.K. Pedersen and A.R.
Brash, New Engl. J. Med., 310 (1984) 1065.

[4] D.J. Fitzgerald, L. Roy, F. Catella and G.A. Fitz-
Gerald, New Engl. J. Med., 315 (1986) 983.

[5] A.G. Gilman, TW. Rall, A.S. Nies and P. Taylor
(Editors), Goodman and Gilman’s The Pharmacological
Basis of Therapeutics, Pergamon, New York, 1990, Ch.
24, p. 600.

(6] F. Catella, J. Nowak and G.A. FitzGerald, Am. J.
Med., 81 (1986) 23.

[7] G.A. FitzGerald, J.A. Oates, J. Hawiger, R.L. Maas,
L.J. Roberts 11, J.A. Lawson and A.R. Brash, J. Clin.
Invest., 71 (1983) 676.

{8] G.A. FitzGerald, F. Catella and J.A. Oates, Human
Pathol., 18 (1987) 248.

{9] P. Falardeau, J.A. Oates and A.R. Brash, Anal. Bio-
chem., 115 (1981) 359.

[10) O. Vestergvist and K. Green, Prostaglandins, 28 (1984)
139.

{11} F. Lellouche, A. Fradin, G.A. FitzGerald and J. Mac-
louf, Prostaglandins, 40 (1990) 297.

[12] F. Catella and G.A. FitzGerald, Methods Enzymol., 187
(1990) 42.

[13) R.J. Clarke, G.P. Mayo, P. Price and G.A. FitzGerald,
New Engl. J. Med., 325 (1991) 1137.

{14} J.D. Morrow, C. Prakash, J.A. Awad, T.A. Duck-
worth, W.E. Zackert, I.A. Blair, J.A. Oates and L.J.
Roberts, Anal. Biochem., 193 (1991) 142,

[15] A.C. Bazan and D.R. Knapp, J. Chromatogr., 236
(1982) 201.

[16] H. Gleispach, R. Moser, B. Mayer, H. Esterbauer, V.
Skriletz, L. Zierman and H.J. Leis, J. Chromatogr., 344
(1985) 11.

[17] C. Chiabrando, V. Pinciroli, A. Campoleoni, A.
Benigni, A. Piccinelli and R. Fanelli, J. Chromatogr.,
495 (1989) 1.

[18] W.M. Uedelhoven, C.O. Meese and P.C. Weber, J.
Chromatogr., 497 (1989) 1.

[19] C. Webber, M. Holler, I. Beetens, F. de Clerck and F.
Tegtmeier, J. Chromatogr., 562 (1991) 599.

[20) A. Wennmalm, J. Nowak and T. Bjurd, Circulation, 82
(1990) 1737.



