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Abstract—Separation and quantitation of all the major cyclo-oxygenase products in perfused guinea-
pig lungs challenged with antigen or leukotrienes C; and D4 were achieved using a novel combined
capitlary column gas chromatography/negative ion chemical ionization mass spectrometric (GC/NICIMS)
method. In descending order of magnitude, unchallenged lungs released thromboxane B, (TXB;) plus
its pulmonary metabolite (TXDK) > 6-keto-PGF,, plus its 13,14-dihydro-15-keto metabolite
(K;HiF.) > PGE; plus PGF;, > PGDy; after ovalbumin anaphylaxis there were increases of X26 in
TXB; plus TXDK, x28 in PGD; and histamine {measured fluorometrically) but of only X3 in 6-
keto-PGF, plus K;HoFy, and PGE; plus PGF,.. FPL55712 treatment greatly reduced the release of
TXB,; and 6-keto-PGF;, and their metabolites (showing this to be a secondary effect mediated by
leukotriene action) but did not affect PGD, output. LTC; and LTD, themselves induced the release
of TXB; and TXDK, as did bradykinin, but neither substance caused appreciable PGD; release. Aside
from illustrating the great value of the GC/NICIMS method for simultaneously determining all cyclo-
oxygenase products, the main conclusions are: (i) PGD; may be an in vitro marker for activation of
lung inflammatory cells; (ii) prostacyclin and thromboxanes are actively metabolized in situ in the lung;
and (iii) ‘pathological subversion’ of pulmonary function by anaphylaxis, leukotrienes or bradykinin
principally causes thromboxane release from unknown target cells, with a smaller release of prostacyclin
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which may be compensatory in nature.

Interaction of specific antigen in the lung with cell-
bound reaginic antibody leads to the release of pre-
formed histamine from mast cells and the generation
of an array of potent newly synthesized lipid media-
tors (for review, see ref. [1]). The large majority
of the studies on the release of arachidonic acid
metabolites from the lung has been performed
using bioassay methods. Although of unquestionable
value in detecting novel biological activity [2], such
techniques have low analytical resolution and
cannot detect inactive metabolites of active com-
pounds. More recently, packed column gas
chromatography/electron impact mass spectrometry
(GC/EIMS) confirmed the presence of prostanoid
mediators in shocked guinea-pig lung effiuents [3],
but this method did not employ internal standards
for quantitative analysis and was insufficiently sen-
sitive to detect arachidonate metabolites except in
pooled perfusate from several hundred animals. Fur-
thermore, in the latter study [3] there was no attempt
to measure the release of prostaglandin D, which
may be of great importance in type I hypersensitivity
reactions [1}.

As a knowledge of the detailed relationships
between the synthesis and metabolism of released
mediators is fundamental to an understanding of the
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expression of their biological activity, we now pro-
vide the first complete and truly quantitative profile
of anaphylactically generated cyclo-oxygenase prod-
ucts using a novel combined capillary column gas
chromatography/negative ion chemical ionization
mass spectrometric { GC/NICIMS) technique {4, 5].

Our aim was to quantify the principal cyclo-oxy-
genase products released in ovalbumin-induced
IgG-dependent guinea-pig pulmonary anaphylaxis:
thromboxane A; {TXA;) and its hydrolysis product
TXB; or pulmonary metabolite 13,14-dihydro-15-
keto-TXB; (TXDK [6]); prostacyclin as its hydrolysis
product 6-keto-PGF;, or metabolite 13,14-dihydro-
6,15-diketo-PGF.(K:H:F;.); prostaglandins E, and
F2. and their 15-keto or 13,14-dihydro-15-keto pul-
monary metabolites and prostaglandin D,. We also
tested the effects of bradykinin and exogenous leu-
kotrienes LTC, and LTD, as triggers for pulmonary
cyclo-oxygenase metabolism. Finally, we used the
histamine H, receptor antagonist mepyramine and
leukotriene antagonist FPL 55712 [7] as modifying
agents to investigate the role of endogenous hista-
mine and leukotrienes in anaphylactic prostanoid
release. In some experiments histamine was also
measured.

A preliminary account of this work has appeared
elsewhere [8].

MATERIALS AND METHODS

Lung perfusion. Isolated, ventilated lungs from
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male Dunkin-Hartley guinea-pigs (400-550 g} were
perfused at 10 ml/min via the pulmonary artery with
warmed, well-oxygenated Krebs’ solution [6]. After
a 20 min equilibration period the perfusate was col-
lected for 9 min periods as described in Table 1.
Some animals were sensitized 14-28 days beforehand
with ovalbumin [6] or sham-sensitized with 0.9%
saline alone. Lungs were challenged with intra-
arterial bolus injections with the four agents as
indicated in Table 1.

Extraction and analysis of prostanoids. After the
addition of internal deuterated standards of PGE,,
PGF,, and 6-keto-PGF), [4, 5], 4 ml aliquots of per-
fusate were adjusted to pH 3.0 and extracted into
7 ml ethyl acetate using Cig-reverse phase Sep-Pak
cartridges that had been pre-conditioned with meth-
anol (5 ml) and water (5 ml). The ethyl acetate frac-
tions were then further chromatographed on silica
straight-phase Sep-Pak cartridges [4,5]. Samples
were then derivatized: keto functions converted to
methoximes, carboxyl groups to pentafluorobenzyl
(PFB) esters and hydroxyl functions to trimethylsilyl
ethers [4-6]. Analyses were performed on a Finnigan
4000 GC/MS system using a Chrompak Sil-5 fused
silica capillary GC column and operated in the NICI
mode with methane as reagent gas.

GC column temperature was programmed from
198° to 240° at 20%min, then 240°-320° at 3°/min.
Helium (1 ml/min) was used as GC carrier gas. lon
source pressure was 27 Pa. Ionizer temperature was
250° and electron energy was 100 eV. The analytical
method used has been described in detail elsewhere
[4, 5]

Quantitative determination of each prostanoid was
carried out in the selected ion monitoring mode by
comparison of the peak areas (peak height for
6,15-diketo-13,14-dihydro-PGF,,) of the appropri-
ate [M ~ C;H;Fs]™ ion for each prostanoid with that
of the corresponding deuterated analogue.
[’HJPGE, was used as the internal standard for
PGD; and [*H.]-6-keto-PGFy, for TXB; and TXDK
as deuterated standards for these compounds were
not available [4, 5]. Assay sensitivity for the pros-
tanoids was 1-8 pg on column with a signal to noise
ratio of >2:1. Recovery through extraction and
derivatization was generally greater than 70%,
except for TXDK (58%).

Histamine assay. Histamine was analysed spectro-
photofluorimetrically using the method of Shore et
al. [9] on a Technicon autoanalyser.

Materials. Sources of the compounds used were
ovalbumin (BDH, Poole, Dorset, U.K.), bradykinin
triacetate and mepyramine maleate (Sigma London
Lid., Poole, Dorset, U.X.), FPL 55712 (Fisons PLC,
Loughborough, U.K.), LTC,/LTD, (Merck-Frosst
Laboratories, Pointe Claire, Canada) and prosta-
glandins (Upjohn Co., Kalamazoo, MI). Sep-Paks
were purchased from Waters Associates (Northwich,
Cheshire, U.K.).

Statistics. Data are presented as mean values =
§.E.M., and the significance of differences evaluated
by Student’s unpaired r-test.

* This compound has never been detected in biological
samples.
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RESULTS

The complete results and protocols for the nine
series of experiments are set out in Table 1. In all
cases the data show the total amount of substance
released per challenge (i.e. in 90 ml perfusate) and
have been corrected for percentage recovery through
extraction and derivatization.

Under resting conditions there was a continuous
efflux of small amounts of all the prostanoids (lines
A in Table 1) with thromboxane- and prostacyclin-
derived products dominant. In 47 lungs the total
thromboxane (TXB; plus TXDK) release in 9 min
was 81.8 = 4.3 ng per lung, of which 72.5 = 2.4%
was the TXDK metabolite. The corresponding
figures for prostacyclin release were 77.7 + 6.8 ng,
measured as the sum of 6-keto-PGF, and K,H;F),
(35.9 £ 2.4% as metabolite), confirming that the
isolated lung generates large amounts of prostacyclin
[10]. Rather smaller amounts of primary prostaglan-
dins were also released: 6.3 = 0.6 ng PGEy/PGF,
(cf. refs. [2,11]) and 2.5 = 0.2 ng PGD,. We found
no appreciable differences between basal prostanoid
release in lungs taken from sham-sensitized or
ovalbumin-sensitized animals {cf. line 2A with 1A),
contrary to a previous report based on radicimmuno-
assay of the quantitatively minor E- and F-type PGs
[11].

Anaphylaxis caused very large changes in the
release of thromboxanes (26-fold increase, compar-
ing 2B with 2A, P < 0.001, cf. refs. [2,3]), PGD;
(28-fold increase, P << 0.01) and histamine (10-fold
increase from 110 = 62 to 1080 = 369 ng/90 ml, P <
0.05, cf. refs. {2, 12]), with lesser increases in pros-
tacyclin metabolites (up by 3.4-fold, P < 0.001, cf.
ref. [3]) and PGE; plus PGF,, (2- to 8-fold, P <
0.001). Of the thromboxanes, 76.5 + 2.6% was pres-
ent as the metabolite TXDK, whereas K;HoFy, rep-
resented 46.8 £ 8.9% of the total prostacyclin-
derived material. As found earlier {2], repeated
ovalbumin challenges continued to cause prostanoid
release, although we found that the first has the
greatest effect (experiment 3). Ovalbumin challenge
of lungs from sham-sensitized animals had no effect
(experiment 1).

We also obtained evidence for the release of small
amounts of other compounds in addition to those
described. For example, when samples were scanned
over the 100-800 mass range, ions were observed at
m/z values of ~524, —481 and —526 with retention
times corresponding to authentic 15-keto-PGFj,
(9.93 min) and the 13,14-dihydro-15-keto metab-
olites of PGE, (two isomers with retention times of
10.12 and 10.30 min} and PGF;, (10.C5 min) respec-
tively, but in view of the very small amounts routine
quantitation was not attempted. In addition. there
was a weak ion at m/z — 569 (retention time
11.52 min) which in theory could be the 15-keto
metabolite of TXB,*, and also an ion at m/z —479
which had an identical retention time to leukotriene
B..

PGD; is now recognized as the major cyclo-oxy-
genase metabolite released upon challenge of rat
serosal and human lung mast cells {13, 14]. but no
pharmacological studies have been performed on its
release from intact lungs. Thus we used FPL 55712
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and mepyramine to investigate whether endogenous
leukotrienes or histamine contribute to PGD;
release. Co-perfusion of FPL 55712 at 10 M (experi-
ment 4) did not greatly alter basal output of pros-
tanoids (4A) but significantly reduced anaphylactic
thromboxane (P < 0.002, cf. 4B with 2B), prosta-
cyclin (P <0.01) and PGE.; plus F;, release (P <
0.05)., whereas PGD: was not changed. A lower
concentration of FPL 55712 (0.5 uM, experiment 5)
also blunted the usual anaphvlactic release of
thromboxane- (P <0.05) and prostacyclin-derived
(P < 0.05) products. PGD; was again essentially
unaffected by this manipulation.

Mepyramine at 10 uM (experiment 6) did not sig-
nificantly reduce the release of any of the mediators
studied; rather there were non-significant increases
(cf, 6B with 2B, but P < 0.001 for PGE, plus PGF,,
although basal levels were higher than usual in these
lungs, 6A). This suggests that mast cell-derived his-
tamine does not activate significantly the metabolism
of arachidonic acid during pulmonary anaphylaxis.
Moreover, in combination {experiment 7) mepyra-
mine did not modify the inhibitory effect of FPL
55712 (7B vs 4B).

In experiment 9 we tested the effects of low doses
of synthetic LTDy and LTC; administered sequen-
tially. In all lungs tested there was an increased
output of  thromboxane- (P<0.05) and
prostacyclin-derived products (P < 0.02 in 9B)
although these effects were smaller than after ana-
phylactic challenge (cf. 9B, 9C with 2B).

Although widely employed as a specific leuko-
triene antagonist, FPL 55712 may possess other phar-
macological properties. At high concentrations in
broken cell preparations it inhibits thromboxane syn-
thetase [15], although this was not the case in the
experiments described here because at the highest
concentration used (10 gM) challenge of anaphyl-
actically shocked lungs with bradykinin (4C) still led
to a considerable generation of TXB; plus TXDK
(P < 0.05 compared to 4A, 4B) and 6-keto-PGF.
(P < 0.01) as well as PGDa.. The latter release may
be due to spill-over from the ovalbumin challenge
(4B) since bradykinin does not release PGD: (8B)
despite being an effective stimulus for the release of
thromboxanes [16].

Two groups [15, 17] have shown that FPL 55712
also inhibits mast cell histamine release in vitro in
certain systems. Our experiments extend this finding
to the intact guinea-pig lung, as in the presence of
0.5 or 10 «M FPL 55712 the histamine release in
experiments 4B and 5B was almost totally sup-
pressed: 57 = 17 and 60 = 17 ng/90 ml, respectively,
¢f. 1080 = 369 ng/90 ml in 2B, P < 0.001. The mech-
anism of this effect which leaves the formation of
PGD: unaltered is not known however.

DISCUSSION

The release of arachidonic acid metabolites from
guinea-pig lung has been widely studied. However,
until now it has not been possible to quantify sim-
ultaneously all the important cyclo-oxygenase prod-
ucts released from lungs by various stimuli. We have
employed GC/NICIMS to measure prostanoids
released from single lungs during pulmonary ana-
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phylaxis or following challenge with leukotrienes and
bradykinin. The sensitivity and specificity of this
newly developed technique are sufficiently great to
allow the measurement of prostanoid release under
basal conditions before the challenges, most notably
allowing us to show that there is a continuous efflux
of PGD,, TXDK and K,H,F,.. none of which has
previously been detected in control lung perfusates,

As expected, there were large increases in the
output of cyclo-oxygenase products and histamine
during anaphylaxis, but a striking feature was the
28-fold increase in the synthesis and release of PGDs.
Although this prostagiandin is the single most abun-
dant cvclo-oxygenase product released from iso-
lated activated mast cells [13, 14], it is not known
whether these cells are its sole source in intact lung.
Our experiments with mepyramine and FPL 55712
demonstrate that the observed release of PGD: in
anaphylaxis is unlikely to be secondary to
receptor-mediated actions of histamine and leuko-
trienes, respectively. Thus these data support our
earlier suggestion [8] that PGD: release may be
indicative of mast cell activation in intact lung and
that PGD: could be used as a marker. However, the
possibility that some as yet unidentified mast cell-
derived factor—possibly analogous to
prostaglandin-generating factor of anaphylaxis
[18}—contributes to the release of PGD; cannot be
formally excluded. It is also possible that some PGD-
may derive from alveolar macrophages activated
through IgE or IgG complexes [19]. However, when
considered with the observed propensity of purified,
isolated tissue mast cells to generate PGD: it would
seem more likely that the majority of PGD: seen in
our experiments was mast cell-derived.

Assuming the selectivity of FPL 55712 as a leu-
kotriene antagonist, our results in experiment 4 are
consistent with the concept that leukotrienes gen-
erated in guinea-pig IgG-dependent pulmonary
anaphylaxis trigger the release of further metabolites
of arachidonic acid (prostacyclin, thromboxanes, but
not PGD, as described above), by activating phos-
pholipase(s) in secondary cells. The generation of
thromboxane A; by SRS-A or leukotrienes is well
recognized and has been shown by superfusion cas-
cade bioassays [2, 20]; the present experiments con-
firm and quantify this by measurement of TXB: and
the 13,14-dihydro-15-keto-metabolite (TXDK). In
fact, the metabolite accounted for 869 of the total
{(data not shown). suggesting that previously used
bioassay methods must considerably underestimate
the extent of thromboxane generation: even if the
conversion to metabolites occurs in the manner
TXA;— TXB;— TXDK rather than TXA>—
TXA; metabolite — TXB, metabolite, this process
must take place in the lung and not in the effluent.
therefore leaving bioassay tissues to respond only to
remaining TXA; before its hydrolysis to TXB,.

This reservation applies to all other studies which
have measured thromboxane-synthesizing capacity
solely in terms of thromboxanes A. or B.. Thus,
claims of major species differences in the ability to
synthesize thromboxanes [21-23] must be viewed as
provisional.

Our experiments also provide direct evidence
{lines 9B and 9C) that low concentrations of 6-sul-
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phidopeptide leukotrienes also cause the generation
of prostacyclin, although this might be inferred from
studies on the inhibition of the vasodepressor effects
of leukotrienes by cyclo-oxygenase inhibitors in the
intact guinea-pig [24, 25]. This interaction is impor-
tant in relation to the cardiovascular actions of leu-
kotrienes and their potential functions as inflam-
matory mediators, and it should be tested further in
the isolated guinea-pig lung using a range of doses,
as well as in other intact vascular preparations and
isolated endothelial cells.

It was perhaps surprising that mepyramine treat-
ment did not affect the anaphylactically triggered
release of arachidonate metabolites because we and
others [2, 16, 26] have shown previously that hista-
mine causes the generation of thromboxane A;-like
material (rabbit aorta-contracting substance) and
TXB,. However, these studies showed that doses of
1-10 ug histamine were needed, whereas in the pres-
ent experiments 1.08 = 0.37 ug were released over
the 9 min collection period. Thus the amounts of
anaphylactically released histamine may be insuffi-
cient to cause phospholipase activation.

Itis also interesting that the three chemical triggers
which we have used to stimulate arachidonate metab-
olism exert by far their largest effects on the for-
mation of thromboxanes. If the values shown in
Table 1 are summated, then thromboxanes (i.e.
TXB; plus TXDK) account for 86% of the
anaphylactic cyclo-oxygenase products, or 84% if
the results with inhibitors (lines 4B, 5B, 6B and 7B)
are taken into account. Prostacyclin-derived prod-
ucts account for 13% and PGD; 1.1% or 2.1%.
Similarly, in the case of bradykinin and leukotriene
challenge, thromboxanes account for 68 and 61%,
respectively, of the total cyclo-oxygenase yield. We
can thus suggest, as others have done previously,
that in general terms ‘pathological subversion’ of
pulmonary function by treatment with exogenous
pharmacologically active substances (in this case
activators of phospholipase A;) results in the pref-
erential generation of thromboxanes which in the
intact animal would exacerbate any vasoconstriction
and bronchoconstriction produced by the trigger sub-
stances themselves. It may also be true that the
release of prostacyclin and its metabolites, perhaps
from cells distinct from those which synthesize
thromboxanes. could represent a partial homeostatic
response in that their actions oppose those of
thromboxanes.

A final feature of our results is that substantial
proportions of the stable hydrolysis products of
thromboxane A; and prostacyclin were recovered in
the form of their 13,14-dihydro-15-keto metabolites
(TXDK and K;H,F,,, respectively). Metabolism of
the thromboxanes was greater, and ranged from 72.5
to 86.0%. We have previously demonstrated that
the isolated guinea-pig lung converts ca 30% exogen-
ously administered TXB: to the TXDK metabolite
[6.27], but we cannot say whether conversion is by
the same route during anaphylaxis or whether TXA,
itself is enzymatically transformed. However, the
clear implication from these and the previous experi-
ments [6. 27] is that endogenous thromboxanes can
be enzymatically converted to inactive products, pre-
sumably so as to restrict their actions to sites close
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to their release. This contrasts with the alternative
view, namely that the actions of thromboxane A,
are limited principally by non-enzymatic decompo-
sition. On the face of it, this seems unlikely because
on a biological time scale the half-life of ca. 30 sec
is long, and certainly sufficient to allow systemic
transfer to distant sites. Interestingly, the metabolite
TXDK has recently been detected in human lung
[28].

In conclusion, this GC/NICIMS assay provides
complete data on the total spectrum of cyclo-oxy-
genase products released from challenged guinea-pig
lung. The method promises to clarify our under-
standing of multicellular systems like the lung where
prostanoid biosynthesis follows complex divergent
cell-dependent pathways. They lead to multiple
products and metabolites which cannot satisfactorily
be resolved and quantified by previously used meth-
ods of bioassay and radio-immunoassay but are
amenable to analysis by GC/NICIMS. The method
also offers much scope for the investigation of the
pharmacological effects of anti-allergic drugs on the
pulmonary prostaglandin system.
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