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GC Gas chromatography

HETEs Hydroxyeicosatetraenoic acids

HPLC  High-performance iquid chromatography
HRP Horseradish peroxidase

LTs Leukotrienes

MS Mass spectrometry
PGI, Prostacychn

PGs Prostaglandins

PH Portal hypertension
RIA Radioimmunoassay
TXB, Thromboxane B,
Uv Ultraviolet

1 INTRODUCTION

As 18 well known, 1n many instances the combination of suitable analytical
techniques (directly or through the appropriate interfaces) enhances their in-
dividual attributes, providing an array of useful so-called hyphenated tech-
niques such as gas chromatography-mass spectrometry (GC-MS), high-per-
formance hqud chromatography (HPLC)-MS, HPLC-ultraviolet (UV)
detection, GC-Fourner transform infrared spectroscopy (FTIR), etc., which
are more powerful 1n terms of overall assay accuracy and precision than their
individual components. These techniques allow the biomedical researcher to
venture into ever more demanding fields of application, where complex biolog-
1cal sample matrices often pose seemingly insurmountable problems

The combined HPLC-radioimmunoassay (RIA) procedures, whereby the
HPLC provides highly purified fractions for off-line RIA, efficiently couple
together the best of both systems while contributing to minimizing some of the
disadvantages regarding insufficient detection sensitivity in HPLC and lack
of specificity in RIA. Thus, HPLC greatly simplifies the separation of complex
mixtures 1n biological extracts whereas RIA can detect and quantify at very
high sensitivity the HPLC-separated components The application of HPLC-
RIA procedures to different types of compounds has been briefly summarized
for the period 1975-1984 [1,2]. This review will mainly emphasize the work
carried out 1n this field within the last four years and will be concentrated on
the determimation of metabolites of archidonic acid, collectively known as e1-
cosanoids on account of their structural backbone of twenty carbon atoms The
reasons behind the selection of this family of physiologically relevant com-
pounds amenable to HPLC-RIA determinations lie in the extended experience
of the authors 1n this area and the fact that in their analytical complexity they
are representative of the type of problems one may encounter in HPLC-RIA
procedures with other families of compounds 1n biological samples such as



225

peptides, steroids and pharmaceuticals The most important factors underly-
ing the significance of eicosanoids as model compounds for the discussion of
combined HPLC-RIA strategies can be summarized in (a) their wide range of
different types of metabolites of biological interest, (b) the need for the sepa-
ration of chemically similar substances whose actions ¢an be functionally dif-
ferent and even sometimes antagomstic, (¢) the various options for quantafi-
cation depending on the sensitivity and/or mmimization of analytical artifacts
and (d) the determination in biological samples of metabolites of different
chemical characteristics with the usual associated problems of interferences,
need for purification, etc

Eicosanoids arise from the arachidonic acid (Csq 4.5) released from cell
membrane phospholipids, which 1s metabolized by the cyclo-oxygenase and
lipoxygenase enzyme systems to a very interesting and diverse array of com-
pounds These can be subdivided into the prostaglandins (PGs) and prosta-
glandin-like compounds, the hydroxyeicosatetraenoic acids (HETEs) and the
leukotrienes (L'Ts), as summarized in Fig 1

The HPLC punfication and separation of eicosanoids, on both reversed- and
normal-phase columns, especially the former, has become commonplace with
a substantial number of publications appearing regularly in the specialized
literature, and there are also reference HPLC methods available for general
separation of prostaglandins and arachidonate metabolites [3]

Generally, the increased use of HPLC procedures for the purification and
separation of eicosanoids reflects (a) their easy optimization and reproduci-
hlity, (b) their selectivity for closely related metabolites such as the HETEs,
which are difficult to resolve by GC procedures, even on high-efficiency cap-
illary columns, (¢) the advantages of being able to perform the separations at
room temperature, sparing thermally labile compounds, and (d) the possibility
of concurrently analysing compounds with a wide range of polarities and struc-
tural complexities, such as the PGs, C,, hydroxy acids and leukotrienes How-
ever, one of the problems of the HPLC determination of these compounds 1s
to quantify them at their occasionally extremely low physiological levels Al-
though HPLC systems are compatible with almost any type of on-line chro-
matographic detector, including the highly sensitive fluorescence and electro-
chemical detectors, the hmits of detection for eicosanoids are usually
unsatisfactory as these compounds 1n themselves are neither good chromo-
phores, nor fluorophores, nor sufficiently electroactive Thus, for instance, in
the assay of eicosanoids there 1s no equivalent 1n performance to the HPLC-
electrochemical detection (ED) systems so successfully used for the high-sen-
sitivity detection of biogenic amines (4] in biological samples Consequently,
most of the high-sensitivity determinations of eicosanoids in biological ex-
tracts have traditionally been carried out by GC-MS or direct RIA and occa-
sionally by HPLC after subjecting the samples to appropriate derivatization
procedures 1n order to render them amenable to spectrophotometric detection
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Fig 1 Arachidonic acid metabolic cascade as given by K C Nicolaou and N A Petasis, m PB
Curtis-Prior (Editor), Prostaglandins Biology and Chemustry of Prostaglandins and Related E1-
cosanoids, Churchill Livingstone, Edinburgh, 1988, p 79 (Reprinted by permission )

Recently, with the advent of efficient thermospray interfaces for direct cou-
phing of HPLC column effluents to mass spectrometers, we have been able to
report on a few applications 1n the field of eicosanoids [5,6] N evertheless, 1n
some mstances, the limits of detection are still inadequate even though they
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can be substantially improved by suitable derivatization of the samples [6]
On the other hand, as fraction collection of HPLC eluates 1s simple and can be
readily automated, this facilitates the alternative use of sensitive ‘off-line’ de-
tection systems such as bioassay, mass spectrometry, scintillation counting
and radiommmunoassay

RIA, hke MS, can be very sensitive and, further, it 1s readily available in
most laboratories so that 1t has become the most widely used method for the
routine quantification of eicosanoids However, the commercial availability
and relative technical simplhicity of the assay procedure make 1t especially prone
to use by scientists unaware of possible sources of error and experimental pit-
falls [7] As a result, the literature has been cluttered with widely varying
values, which, in many instances, are not even physiologically realistic It 1s
nowadays well known that many of the erroneous reports on PG determina-
tions were due to excessive and unwarranted confidence n the specificity of
RIA, disregarding the many factors, not only immunological but also non-im-
munological in nature, which can interfere with the binding of the antigen by
the antibody These factors have been discussed in some detail by Granstrom

and Kindhal [8]
2 CONTRIBUTIONS OF HPLC TO RIA

Whereas RIA as a means of detection can lend HPLC 1ts very high sensitiv-
ity for the quantification of eluates that would not otherwise be detected, HPLC
can provide a wider coverage to RIA procedures 1n (a) the mitial phases of
development of immunoassay methods by purification to homogeneity of the
antigenic compounds needed for preparing hapten—protein conjugates, (b) the
validation of direct RIAs and (c¢) the 1solation of punified antigens and/or
tracers for RIA determinations

When raising antibodies against specific antigens, the purer the latter the
higher 1s the specificity of the assay Thus, when necessary, HPLC may con-
tribute to ensure the homogeneity of a given antigen for 1ts coupling to a suit-
able carrier protein or polypeptide. The resulting conjugate 1s then 1mjected
nto an experimental animal in order to raise the proper antibody The same
could be said for the 1solation and punfication of tracer compounds for RIA,
as shown 1n the literature [9,10] Also, as with any other analytical method,
HPLC can be used to validate results obtained by direct RIA of an analyte in
a biological sample [11], provided that the analyte levels are high enough for
detection and quantification by standard on-line HPLC detectors

Nevertheless, validation of RIA results 1s commonly performed by combined
1sotope dilution GC-MS techniques on account of their higher specificity and
sensitivity Finally, eluent collection at the outlet of the HPL.C ¢column to 1s0-
late selected analytes for their subsequent determination by off-line RIA 1s the
most common approach to increase the assay specificity and will be considered
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here 1n some detail In this regard, the HPLC-RIA procedures are commonly
based on three well defined and independent steps First, the samples need to
be enriched 1n the class of substances that are to be analysed (1n this instance
ercosanoids) by removing salts, proteins, lipids, etc (sample clean-up) Next,
the fraction enriched in the components of interest must be further purified so
that 1deally each of them 1s 1solated from the remainder in a pure form (HPLC
purification) Finally, the presumably pure collected HPLC fractions, after
removal of the HPLC eluent, are quantified by standard immunological means
(RIA procedures)

3 SAMPLE CLEAN-UP

Sample clean-up by the application of hquid- or solid-phase extraction pro-
cedures for the enrichment of eicosanoids 1n biological samples has been ex-
tensively applied prior to subjecting the samples to RIA. Reasons in favour and
possible drawbacks have been discussed by Granstrom and Kindhal [8], who
concluded that extraction may not always be necessary and that it even may
mtroduce more problems than 1t solves

Obviously, amongst the reasons for extraction one could mention the con-
centration of analyte and removal of those interfering compounds capable of
influencing the results of an RIA determination, and the drawbacks can be
exemplified by the lower capacity of the method, possible procedural losses,
introduction of interfering factors derived from the columns and/or the sol-
vents used and emulsion formation 1n hqud-hiquid extraction In general, the
sample clean-up procedures most favoured at present for mmmizing some of
these problems involve the use of reversed-phase cartridges or mini-columns

Basically, as described by Powell [12], fatty acids, PGs and polar PG and
fatty acid or arachidonate metabolites can be extracted from aqueous media
using adsorption by reversed-phase ODS silica followed by elution of selected
fractions with normal-phase eluents Relatively clean extracts with suffi-
ciently high recoveries are thus obtained and emulsion formation 1s avoided
In this system, the samples, properly acidified (pH 3-3 5) to suppress the 10n-
1zation of the eicosanoid acidic groups 1in order to enhance retention on the
reversed-phase materials, are loaded on to the mini-columns 1n a suitable sol-
vent Elution with dilute aqueous ethanol followed by light petroleum-chlo-
roform mixtures recovers polar lipids and fatty acids (HETEs) Prostanoids
can then be eluted with ethyl acetate, methanol or methyl formate Finally,
moderately polar hydrophilic substances can be recovered 1n 80% ethanol. The
method has become very popular and 1n fact many of the references from the
past four years on HPLC-RIA procedures for ercosanoids describe the use of
Powell’s method (or modifications of 1t} on Sep-Pak C,4 cartridges prior to the
HPLC 1solation of selected fractions for their quantification by RIA In gen-
eral, solid-phase extraction of biological fluids and tissue homogenates before
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HPLC or RIA achieves the necessary removal of protemns and salts, which are
washed away prior to sample elution

While extraction on solid-phase cartridges 1s still used to obtain enriched
fractions for direct RIA [13], 1t is usually acknowledged that this 1s not suffi-
cient 1n many instances as non-specific interferences may still yield spurious
results [9] In some instances, the overall specificity of the Sep-Pak procedure
can be improved by using a more specific elution sequence to wash away the
interferents, as shown by Heavey et al [14] In this example, non-specific
immunoreactivity in the HPLC-RIA for LTE, after Sep-Pak extraction can
be reduced below the RIA limit of detection by washing the cartridge with
acetic acid, light petroleum and chloroform before eluting the peak of LTE,-
like immunoreactivity with methanol

In some instances, eicosanoids are extracted on normal-phase silicic acid
columns These are eluted, for instance, with mixtures of toluene-ethyl acetate
[15] for PG recovery or with a sequence of solvents of increasing polarity as
described by Mayer et al [16] They first extracted the incubation medium
used for endothelial cells into ethyl acetate and applied the dry extract dis-
solved in diethyl ether-light petroleum to a column of acidic silica, which was
eluted 1n sequence with diethyl ether-hight petroleum (25 75 for free acids and
neutral hipids and 75 25 for monohydroxy fatty acids ) and ethyl acetate-meth-
anol (90 10 for PGs and 50 50 for L'T's and phospholipids) In a sense, thisis
simular to the elution sequence of Powell [12], where a series of increasingly
polar organic solvents are used on reversed-phase column

As with any sample extraction and purification process, solid-phase extrac-
tion 18 not exempt from quantitative losses, which occasionally can be sub-
stantial, depending on the type of packing, type of compound adsorbed, volume
of eluting solvent and solvent system used, as shown recently 1n the literature
for the 1solation of LTs from plasma samples [17] or when combined with
further purification by HPL.C For instance, in one example recoveries of PGs
and thromboxanes after Sep-Pak extraction ranged from 73 to 90%, but de-
creased to 31-52% after an additional HPLC step [18] However, despite some
discrepancies 1n the literature regarding recoveries, many reports to date show
almost quantitative recoveries (80-100%) by solid phase extraction on Cyg
reversed-phase or Amberhite XAD-type resins, although if not properly opti-
mized the recoveries can be as low as 10% [17] In this regard, and as 1illus-
trated in Table 1 showing composite data from different assays recently carried
out 1n our laboratory, the sample matrix on which the eicosanoids are incor-
porated may also have a definite effect on extraction recoveries Whereas all
of the values 1n Table 1 fall within an acceptable range, those from pancreas
are 6-10% lower on average than recoveries from urine and nasal secretions
Also, 1n our hands, a comparative appraisal of several commercial brands of
octadecyl reversed-phase extraction cartridges yielded excellent recoveries
(90%) for both HETEs and LT's, with minor variations which can be corre-
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TABLE 1

RECOVERIES OF PROSTAGLANDINS AND THROMBOXANE IN DIFFERENT TYPES
OF BIOLOGICAL SAMPLES

Recoveries were obtained by loading Sep-Pak C; cartridges with a known volume of sample (1
ml of pancreas homogenate, 5 ml of urine and 2 5 ml of nasal lavage) supplemented with a known
amount (ca 50 00 dpm per sample ) of *H-labelled standards Prostanoids were eluted with methyl
formate as i ref 12 These fractions were then taken to dryness under vacuum and reconstituted
m HPLC buffer (ca 200 ul) A 50% ahquot was counted on a f-counter to calculate the recoveries
of each individual compound The remainder was injected into the HPLC column (see Table 2)
n=Number of assays

Compound Recovery (%)
Pancreas Urine Nasal lavage
(n=8) (n=6) (n=8)
6-Keto-PGF,, 835122 930420 920+34
TXB, 810+25 957+41 896+45
PGE, 875+39 937+32 90127

lated to the carbon loading on the silica support and weight of material in the
cartridge These observations will be published 1n detail elsewhere Other com-
parative studies on the use of solid-phase extraction columns for lipoxygenase
metabholites are also available [17, 19], together with examples on how the
whole sample clean-up procedure can be efficiently automated using a precol-
umn method [20] In this way, the sample 1s first injected into the precolumn
(acting as the solid-phase extractor ) and, after an adequate washing procedure
to elute all unretained interferents out of the system thought the waste hne,
the solvent flow 1s diverted to the analytical column and the retained com-
pounds of interest are eluted from the precolumn into the analytical column,
where they can be separated and collected in the normal fashion

4 HIGH-PERFORMANCE LIQUID COLUMN CHROMATOGRAPHIC PROCEDURES

There are many reported HPLC methods for the separation of eicosanoids
1n biological fluids and tissues In general, acidic ercosanoids are well separated
at low pH, where the 10nization of the carboxyl groups 1s suppressed so that
migration 1s based on lipophilic characteristics This 1s one of the strong points
of HPLC as 1t 18 capable of resolving closely related structures with minor or
subtle differences 1n hydrophobicity such as the isomeric PGE, and PGD, or
the 1someric HETEs

Invariably, with very few exceptions [21], all of the work carried out 1n this
field makes use of the power of reversed-phase columns and all those applica-
tions 1nvolving the use of HPLC as a separation system to purify compounds
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for subsequent quantification by RIA are no exception The advantage of re-
versed-phase over normal-phase HPLC systems 1s that whereas the latter are
capable of resolving most PGs and hydroxy fatty acids of interest, some of the
L'Ts do not elute from these columns Also, the reversed-phase systems, as with
the extraction cartridges, accept direct injection of aqueous samples and this
makes them fully compatible with the aqueous nature of biological sample
matrices.

The only restriction that RIA imposes on the HPLC system 1s that the eluents
must be compatible with the immunoassay procedure In other words, they
must be volatile so that the collected fractions can be readily evaporated to
dryness and redissolved in the appropriate RIA buffers. Also, on drying there
must not be any residue left (e.g., involatile buffer or 10n-pair reagents) that
could interfere with the characteristics of the antigen—antibody binding In
this regard, the most typieal eluent system for the HPLC separation of eicos-
anoids in RIA determinations 1s methanol-water—acetic acid with the pH ad-
justed within the range 5-6 and 1n proportions around 70 30 01 (see Table
3) In some applications acetonitrile 1s used in place of methanol and, 1n gen-
eral, runs are 1s0cratic except when a wide range of polarities must be covered.

However, with these solvent systems compounds such as thromboxane B,
(TXRB,) elute as very broad and tailing peaks [22, 23] so that they cannot be
collected 1n a single narrow fraction for RIA This effect can be prevented using
an eluent of water with 0 04 M formic acid adjusted to pH 3 15 with triethyl-
amine-acetonmtrile (65 35) [24], as shown in Fig 2b Nevertheless, depending

ol .
AN

5 12 8 6 3 0 6 4 2 0

Fig 2 (a) HPLC profile of prostancids separated on a 300 mm X3 9 mm I D column packed with
10-pm Spherisorb ODS-2 with water with acetic acad to pH 3 4-acetomitrile (65 30,v/v) aseluent
(b) Same as (a), except for the eluent, which was 0 04 M formic acid with triethylamine at pH
3 15-acetomitrile (68 32, v/v) (c) Same as (b) except for the use of a ngh-speed 100 mm x4 6
mm ID column packed with 5-um particles UV detection at 198 nm Peaks 1=6-keto-PGF,,,
2=TXB,, 3=PGF,,, 4=PGE,, 5=PGD,
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on minor deviations in pH adjustment and/or varnations in the physical con-
dition of the stationary phase due, for instance, to irreversibly adsorbed com-
pounds from previous runs, the elution profile of TXB; 1s not always satisfac-
tory, even under these conditions [25] A similar problem was also observed
with the PGIL, metabolite, 2,3-dinor-6-keto-PGF,, which elutes as a very wide
and deformed peak [26] In both instances, the problem lies 1n the coexistence
of different equilibrium forms of the compounds depending on the pH of the
medium Thus, by careful adjustment of eluent pH to 5 8 with TEA-acetic acid,
1t was possible to obtain an HPLC separation suitable for quantitative RIA
work [27] In general, losses of sample components due to irreversible adsorp-
tion or changes 1n molecular conformation within the HPLC column are a
defimite possibility for prostaglandins, so that even though extraction recov-
eries prior to HPLC may be over 80% (Table I} they may drop to less than
half 1n the combined extraction (Sep-Pak)-HPLC procedure, as indicated
above [18] Table 2 gives the recovernies obtained after subjecting the extracts
referred to 1n Table 1 to a further HPLC purnfication which, according to these
data, results in an additional 10% loss on average Also, 1n our experience, a
step in the process where eicosanod losses are often overlooked 1s that of evap-
oration of the mobile phase in the HPLC fraction in order to reconstitute the
sample 1n the proper RIA buffer Although spontaneous evaporation at room
temperature has been recommended [8], this 1s not practical when a large
number of samples 1n agueous media have to be processed Thus, reduced-
pressure evaporation is the preferred procedure 1n these instances In this re-
gard we have recently established that under standard lyophilization condi-
tions the absolute recoveries of 6-keto-PGF,,, TXB, and PGE, were 87 0+ 2 6,
873*24 and 89 0+ 3 3%, respectively (mean+S D, n=>5) Nevertheless, 1n
most mstances, all of these losses are more than compensated for by the 1n-
creased selectivity of the RIA when this 1s performed on purified HPLC frac-
tions, as will be discussed helow

A further experimental observation that should be taken into account when

TABLE 2

COMBINED SOLID-PHASE EXTRACTION AND HPLC RECOVERIES OF PROSTA-
GLANDINS AND THROMBOXANE IN DIFFERENT TYPES OF BIOLOGICAL SAMPLES

Recoveries were calculated directly from the counts in each of the HPLC fractions corresponding
to the retention times of the three prostanoids Sep-Pak C 5 extraction of the samples preceded
the HPLC purification as indicated 1n Table 1 n=Number of assays

Compound Recovery (%)
Pancreas Urine Nasal lavage
(n=8) (n=8) (n=8)
6-Keto-PGF,,, 706138 822138 889142
TXB, 694152 842143 767190

PGE, 781453 852%52 848135
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collecting fractions from an HPLC run for subsequent RIA and which can
affect recoveries 1s that the retention times of labelled and endogenous com-
pounds may differ by as much as 5% [9] with the labelled material eluting
shightly ahead Thus, the setting of the collection window for the component
of interest must allow for such differences A good common practice 1s to es-
tablish retention time windows for the analytes of interest with radioactively
labelled standards of high specific activity which can be readily detected with
flow-through HPLC radioactive monitors In this way one avoids injecting the
large amounts required for the UV detection of cold analytes, which may in-
terfere with the RIA blanks For example, in the RIA determination of 2,3-
dinor-6-keto-PGF;, 1n urine [27], where there was no labelled standard avail-
able, the optimal retention window for eluate collection had to be established
by injection of a large amount (900 ng) of unlabelled material, as shown in Fig

3a In contrast, only low picogram (30-40 pg) amounts of labelled PGs need
to be injected to establish their corresponding retention time windows, as shown

in Fig 3b With real samples, the precise retention time window for 2,3-dinor-
6-keto-PGF,, 1s established relative to the retention time of a small amount
of labelled PGD, which 1s injected, for instance, every tenth run to control
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Fig 3 (a) HPLC separation of 900 ng of *H-labelled 2,3-dinor-6-keto-PGF,,, mjected under the
same conditions as n Fig 2b (b) HPLC separation of 30-40 pg amounts of “H-labelled 6-keto-
PGF,,, TXB,, PGF,, PGE, and PGD, Same conditions as m Fig 2b Radiometric detection

©
3]
!

»
-l
T

_’_-a;
T P 2%
e ——
__,.,__Pa'? ss




234

small shifts 1in the elution profile Also, as shown 1n Fug 2¢, the defimition of
proper collection windows becomes really critical when using high-speed HPLC
columns because the peak widths are much narrower relative to those charac-
teristic of conventional HPLC columns On the other hand, the resulting lower
fraction volumes can be evaporated much faster For practical purposes, only
5-um particle HPLC packings are used for faster elution, as real high-speed
separations on 3-um materials would be critical to control as regards eluate
collection efficiency Also, injection volumes must be kept small, the smaller
18 the particle size, and this may affect the overall sensitivity of the assay

5 RIA OF SELECTED HPLC ELUATE FRACTIONS

Briefly, RIA procedures involve the prior moculation of suitable animals
with the desired antigen in order to raise the necessary antibodies for the assay
In the usual practice, the sample extracts together with the radioactively la-
belled antigen tracer synthesized for this purpose are incubated overnight with
the diluted antiserum obtained from the immunized amimals The antigen 1n
the extract binds the antibody, displacing the tracer as the assay 1s based on
the competition between tracer and antigen for the binding sites 1n the anti-
body raised against the antigen The tracer 1s displaced in proportion to the
amounts of antigen present in the sample extract, thus increasing the radio-
activity of the unbound fraction The bound and unbound fractions are sepa-
rated by the polyethylene glycol, charcoal or double-antibody methods and the
amount of antigen 1s obtained by comparison with cahibration graphs 8,28 ]

There 1s abundant information 1n the hiterature on RIA performance and
procedures, as the method dates from 1959 and has been used extensively 1n
different biomedical fields A recent appraisal of practices and pitfalls in RIA
was published by Yalow [28], who concluded that RIA 1s being used 1n thou-
sands of laboratones for all kinds of peptidic and non-peptidic compounds
Undoubtedly, the introduction of many commercial assays has played a major
role in the populanty of the method, even though they are generally expensive
However, the alternative to commercial RIA kits requires access to the nec-
essary animal facilities plus synthesis expertise to obtain the labelled ligands

The foremost advantage of RIA methods lies 1n their high sample capacities
and remarkably high sensitivities, together with good serological specificity,
even though 1n many instances the latter 1s clearly questionable This 1s where
HPLC may contribute significantly to the reliability of a given assay by prior
purification of the selected antigen to almost or full homogeneity

A recent literature survey showed that a number of laboratories use antisera
supplied by collaborating institutions whereas others raise antisera specifically
tailored to their problems Further, many of the latter even synthesize the
labelled antigens or obtain them biosynthetically through an appropriate en-
zymatic reaction (see, for instance, refs 9-11, 14, 27 and 29) To obtain anti-
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sera against eicosanoids, these arachidonic acid metabolites, by virtue of their
small s1ze limiting their antigenic characteristics, must be rendered antigenic
through coupling to suitable carrier proteins or polypeptides, the so-called hap-
ten—protein conjugates. In general, this 1s carried out by using the free carboxyl
group of the eicosanoids and the amino groups on the protein as coupling sites.
A thorough evaluation of the practice of developing an antibody for RIA 1s
available 1n the hiterature [8] In any case, the selection of couphing sites 1s of
foremost importance for the sensitivity and serological specificity of the re-
sulting antibodies Accordingly, if the carboxyl group on the eicosanoid 1s used
for coupling, the antibodies raised against the conjugate will recognize the ring
and/or w-end of the molecule However, with metabolites with a dioic acid
moiety, conjugation may take place at either carboxyl group so that the result-
ing antibody will be non-specific for either of the two possible structures, un-
less one of the carboxyls 1s blocked 1n order to obtain a more homogeneous
conjugate

A classical example reported by Granstrom and Kindahl [8] 1s illustrated
in Fig 4 The development of an RIA method for the main urinary metabolite
of PGF,,, 5a,7¢-dihydroxy-11-ketotetranorprosta-1,16-dioic acid, 1s facili-
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tated by the ready lactonization between the C-1 carboxyl and the 5-OH groups
in acidic media so that coupling would take place at the w-end, as deduced
from the curves in Fig 4 The group of curves to the left indicate that the
antibody cross-reacts to a high degree with other tetranor compounds and that
the structure at the w-end 1s irrelevant regarding its contribution to the extent
of binding affinities for these compounds The central curves show that dinor
metabolites are also recognized, although to a smaller extent, and finally the
cross-reactivities with the parent C,, prostaglandins are minimal.

On the other hand, as shown by the curves in Fig 4, lack of absolute speci-
ficity mught be an advantage for group-type assays of 1solated HPLC fractions
with a single antibody, as we have also recently reported [27] for the deter-
mination in human urine samples of 2,3-dinor-6-keto-PGF,,, a metabolite of
prostacyclin (PGIL,) for which there was no antisera available In thisinstance,
one of the antisera prepared against another PGI, metabolite, 6-keto-PGF,,,
showed sufficient cross-reactivity to allow 1ts use 1n the assay of HPLC frac-
tions collected at the retention time of the dinor metabolite This approach
greatly simplified the determination of 2,3-dinor-6-keto-PGF,, 1n the urine of
cirrhotics with portal hypertension (PH) and ascites [30], as illustrated in
Fig 5 An updated account of the physiological implications of the higher levels
of this metabolite in these patients as opposed to controls has been presented
recently [31] Briefly, the increased systemic production of PG, 1n cirrhotics
with PH was associated with haemodynamic changes but the suppression of
PH does not modify the systemic production of PGI,, as indicated by the levels
of the dinor metabolite This approach has also been used by other workers,
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Fig 5 Levels of 2,3-dinor-6-keto-PGF,,, in cirrhotics and 1n controls as determined by RIA of
HPLC-purified fractions with an antiserum raised against 6-keto-PGF,, [27]
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for instance for measuring PGE; with a PGE, antibody cross-reacting to 50%
[22]

Commonly, RIA procedures involve the use of tracers labelled with a long-
half-life S-emitter such as tritium, even though the specific activity or a *H-
labelled compound and consequently the assay sensitivity are much lower than
those which can be attained with a '%I-labelled tracer However, with '**1 1t 1s
difficult to ensure the stability of labelled products and 1ts short half-life se-
verely limits 1ts shelf-life so that, for practical purposes, virtually all reports
describing the use of RIA for eicosanoid determinations employ *H-labelled
tracers, with some exceptions such as the work by Maclouf et al [32] or, more
recently, that of Cox et al [11] on the determination (15R)-15-methyl-PGE,
in which they 10dinated the histamide derivative of the higand

As indicated above, whenever the labelled higand or tracer 1s not commer-
cially available or when 1ts cost may be prohibitive, a reasonable alternative 1s
to obtain 1t through biosynthesis starting from the labelled parent This has
been described, for instance, for the synthesis of [*H]-9¢,115-PGF,,, [9] from
[*H]1PGD, using purified PGF synthetase from bovine lung If this 1s not fea-
sible, a possible solution would be to use a heterologous tracer with high cross-
reactivity

6 SOURCES OF EXPERIMENTAL ERRORS

Critical considerations regarding the performance of an RIA method have
been discussed 1n some detail in the hiterature {8, 28] and therefore we shall
only consider here those performance factors related to eicosanoid determi-
nation 1 bwological samples

Lack of serological specificity or excessive cross-reactivity of an antibody
can occasionally be an advantage for the determination of the total production
of a given compound using a single antibody capable of recogmzing all closely
related metabolites or, as indicated above, when the antibody specific against
that compound 1s not available but the compound can nevertheless be deter-
mined with a cross-reacting antibody after 1ts chromatographic 1solation De-
spite these specific applications, excessive cross-reactivity most often becomes
one of the main drawbacks of immunological methods and has to be circum-
vented by appropriate sample extraction and purification steps

The percentage of cross-reactivity of a given antibody towards other related
compounds 1s usually stated 1n the publications involving RIA determinations
and, although 1n a few 1instances the data are comprehensive, more often only
the cross-reactivities of the more closely related compounds are given together
with a statement indicating that cross-reactivities of all other compounds were,
for example, <1% However, in many 1nstances the data are not only limited
but also not truly meaningful, as they refer only to readily available off-the-
shelf compounds and do not take into account all of those metabolites possibly



238

present in a biological sample with antigenic determinants that may also be
recognmzed by the antibody. Even with known compounds of relatively low
cross-reactivity the situation could be critical, depending on their relative
amounts 1n the sample For instance, 1n an RIA for LTB, in platelets which
also form large amounts of 12-HETE, the accuracy of the results may be af-
fected by the latter even though 1ts cross-reactivity in the assay 1s only 2%
[33] Hence 1t 18 always convenient to keep cross-reactions at a level <0 1%
This may be especially difficult 1n the field of eicosanoids because many of
these compounds are structurally very similar, such as PGs of the first and
second series, which differ only 1in a double bond On the other hand, this sit-
uation should not be a limiting factor provided that the components to be
quantified have been separated by HPLC prior to their RIA evaluation Never-
theless, despite the high selectivity of HPLC, this 1s no absolute guarantee of
success, as illustrated by a recent report by Fogh et al. [34] In this instance
LTB, from psoniatic skin lesions was separated by extraction on Sep-Pak C;
cartridges and further purified by reversed-phase HPLC It was shown that the
peak of LTB, coeluted with that of 5(5,125)-di-HETE so that the value of
LTB, 1n the samples was best expressed as LTB, equivalents measured by a
chemokinesis assay, even though the cross-reactivity of the antibody against
LTB, was only of 0 14% for 5(5,125)-di-HETE Interferences of HETE com-
pounds were also noted by Bazan et al [35] in the RIA of LTC, separated by
HPIC

A further consideration of importance in the RIA of HPLC eluates 1s the
carryover of standards used to determine retention time windows for fraction
collection As mentioned above, this 1s why 1t 18 best to inject very small amounts
of labelled standards to delineate the appropriate time zones for collection of
analytes In any event, the injection systems and columns need to be properly
washed before injection of the real sample, which should always be preceded
by a procedural blank in which the elution zone of interest 1s checked for re-
sidual immunoactivity

In some 1nstances erroneous values are not due to interferences from other
compounds but to artefactually raised levels consequent on preanalytical fac-
tors associated to the sampling process 1tself, as discussed 1n some detail in the
recent literature [36] For example, with regard to measurements of TXB, as
an index of thromboxane production 1n vivo and even though normal plasma
basal levels are in the 2-3 pg/ml range, there are many discrepant reports
placing this value around 50-100 pg/ml The problem can be circumvented by
monitoring a circulating metabolite that cannot be artefactually generated [10].
For this purpose, 11-dehydro-TXB, was selected as a more reliable parameter
of thromboxane production. This work also raises an interesting point 1n that,
as a function of pH, the dehydrogenated metabolite can occur 1n two forms
with different physico-chemical properties (ring d-lactone and acyche forms),
sothat antibodies against 11-dehydro-TXB, may recognize any of the two forms
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differently For this reason and as the immunological methods are usually car-
ried out at physiological pH, all standards and samples must be incubated for
sufficient time to ensure complete hydrolysis of the lactone to the open form,
which 1s the stable configuration at this pH [10]

Still, 1n other instances interferences may arse from non-immunological
sources generating a number of factors that are capable of disturbing the ligand
antibody binding These factors are usually related to pH variations, protein
content or 1onic strength Along these lines, data have been presented on the
mmhibition of antigen-antibody binding 1n the RIA of a PGF,, metabolite due
to release of interfering material (probably free fatty acids) from the plasma
albumin 1n the course of protein precipitation with acetone As a result, basal
levels of the metabolite increased to a level about three to four times those
considered normal [37] The same effect may be observed when samples are
solid phase-extracted because of impurities eluted from the columns [7, 8]
Also, the same group has recently discussed how certain batches of heparin
give rise to increased levels of monitored PGs 1if used 1n relatively large amounts
either 1n vivo or 1n vitro to prevent blood clotting [7]

Finally, we have also experienced some problems related to non-specific
binding and mterferences in RIA determinations of prostaglandins (PGE,,
TXB, and 6-keto-PGF, ) 1n rat urine Briefly, when the appropnate labelled
antigen or tracer was added to rat urine samples (5 ml) at a dilution of 1 7
without antibody, the binding of the antigen was as high as 96% of the maxi-
mum binding obtained with antibody This could bhe explained by different
mechanisms For instance, the urine samples could contain compounds capa-
ble of binding the antigen, although perhaps the most likely explanation would
be that as the free and bound fractions were separated by precipitation with
dextran-coated charcoal, the charcoal could become saturated with interfering
compounds present in the urine so that free tracer would remain 1n the super-
natant and 1t could be counted together with the bound antigen This would be
an effect oppostte to the adsorption of both tracer and antigen—antibody com-
plexes when there 1s insufficient carrier protein to saturate charcoal binding
sites for the complexes These observations are of interest for the negative
consequences these phenomena may have on the accuracy of the values re-
ported for a given RIA Thus, at a dilution of 1 7 the values obtained for these
prostanoids were much lower than those 1n the hiterature, whereas at 1 24
dilution these values became normal The effect was not encountered, however,
when the same procedure was applied to human urine samples In this instance
1t must be taken into account that 5 ml of rat or human urine correspond to 1/
4 or 1/500 of the total 24-h urine volume, respectively, so that the concentra-
tion 1n rat urine would be higher and 1n fact 1t has been experimentally verified
that rat urine 1s less clean than human urine
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7 VALIDATION OF RIA RESULTS

Considering all of the above facts, immunoassays would need to be properly
validated to ensure the reliability of results For this purpose there are several
options open that range from the very simple tests of inhibition with aspirin
or other anti-inflammatory drugs to the use of sophisticated equipment, such
as combined GC-MS techniques In terms of specificity and sensitivity, the
latter 1s indeed the best method to check for the specificity of a given RIA
Depending on the type of sample and the compound(s) monitored, the corre-
lation between RIA and GC-MS values may be 0 9, with good agreement with
actual values, as recently shown for LTB, 1n human neutrophil samples [38]
or for 6-keto-PGF,, and TXB, 1n breast tumours [15] However, although
these comparisons may uncover a good correlation, the actual values may be
higher than those obtained by GC-MS, as reported for instance for 5-HETE
1n a sohid phase (Sep-Pak)-extracted sample of a lung extract, where the RIA
values were 70% higher [39] This proves the contribution of interfering com-
ponents 1n the sample, as further demonstrated by the fact that these high
values attained levels closer to those obtained by GC-MS after an additional
purification by HPLC

Further or alternative validation of the accuracy of an RIA procedure can
be obtained from simple tests such as the parallelism test, whereby samples
subjected to various dilutions must give RIA plots parallel to that of the stan-
dard For consistency of results, samples should be always assayed at at least
two dilutions

Also, the response from samples treated with enzymatic inhibitors should
drop to values close to zero 1if there 18 no contribution from non-specific bind-
ing This 18 1llustrated in the example in Fig 6, where the basal levels of TXB,
and PGE, generated by cultured monocytes were reduced to values close to
zero in the presence of indomethacin On the other hand, the concentration of
both compounds increased, as would be expected, after stimulation of the cells
with zymosan [40] In another example, the amounts of eicosanoids formed
by 1solated rat glomeruli were reduced by 90% with BW755C, a dual cyclo-
oxygenase and lipoxygenase enzyme mhibitor However, the concentration of
LTB, in particular was reduced by only 44%, confirming that not more than
26% of the initial immunoreactive material was LTB, The remainder was not
recovered at the HPLC elution window of LTB, [41] Alternatively, the RIA
method should also respond to the addition of known amounts of the moni-
tored compound to specimens pretreated or not with enzymatic inhibitors or
with a controlled diet suppressing this compound [22]

On the other hand, as stated above, HPLC may also serve as a complemen-
tary method to validate the accuracy of an RIA determination In these in-
stances, samples may be quantified by measuring the integrated absorbance
with a UV detector at the column outlet, and these values can then be com-
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shown, for example, 1n a study [44] on the role of PGE; in attenuating pul-
monary cedema provoked by hydrogen peroxide In this instance, both RIA
and HPLC analysis detected increased amounts of 5-HETE 1n the perfusion
medium of hydrogen peroxide-injured lungs (RIA, 48 0+14 7 ng; HPLC,
54 8+13 5ng) relative to controls (RIA,6 6+ 1 6 ng, HPLC,6 8+19ng) The
increase was reduced with PGE, (RIA, 29 2+8 3 ng, HPLC, 29.8 +7.6 ng)
These data show that the excellent correlation between HPLC and indepen-
dent RIA values proves that the latter are free from the effect of interferences.

Also, taking into consideration that, as already discussed, HPLC purifica-
tion of extracts, while providing fractions containing mostly pure 1solated com-
pounds, does not ensure that this i1s always the case, the accuracy of results
could be greatly improved by collecting the fractions mm two different HPLC
systems In practice this 1s not usually done, but by running the extract under
two different eluent and/or column systems and monitoring the fractions with
the same RIA one could rely on the absence of interferences from coeluting
antigemcally active compounds 1f the RIA values were to agree in the two sets
of fractions

On the other hand, for all practical purposes and unless one 1s specifically
interested 1n accurate absolute values, the results of RIA studies showing poor
accuracy (e g, higher values) but good correlations with those obtained with
a validating techmque can still be useful 1n a biomedical setting. This 1s be-
cause 1n many instances the answers sought from immunoassays are relative
changes occurring 1n quantitative values after certain manipulations or phar-
macological treatment of the specimens

8 LIMITS OF DETECTION

Low lLimits of detection (the smallest amount of substance assayed that can
be measured) are one of the principal assets of RIA which, if properly per-
formed, can be extremely sensitive for certain substances 1n biological samples
In fact, the sensitivity of immunological methods 1s only matched by negative-
10n selected-ion momitoring GC-MS methods Usually, detection limits are
reported in the low picogram range, although they can even be much lower,
especially when using '**I-labelled tracers of very high specific activity. For
instance, the sensitivity of RIA determinations of 6-keto-PGF,,, TXB, and
PGE; 1n plasma of diabetics carried out with a commercial **°1 RIA kit was
reported to be 0 2,0 7 and 0 02 pg/ml, respectively [45] The sensitivity of the
assay was defined 1n this instance as twice the standard deviation at zero bind-
ing A useful and at the same time informative way of defining the practical
limit of detection for quantification purposes is as given by Cox et al [11], the
amount of analyte that gives a response n times greater than the intra-subject
standard deviation of the sample background

In ultimate terms 1t could also be said that considerations regarding detec-
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tion limits are what dictates, in addition to interfering factors already dis-
cussed, the requirement for preconcentration of the compounds to be quanti-
fied Thus, whenever the concentration of a component to be measured 1in a
sample 1s below the detection limit of the available RIA kit, the sample needs
to be extracted and the component concentrated [36] by any possible means,
including HPLC purification

9 SELECTED APPLICATIONS OF HPLC-RIA PROCEDURES

The data 1n Table 3 give a general overview of the most recent applications
of RIA applied to solid phase-extracted and HPLC-purified fractions Unfor-
tunately, the literature search on which this review 1s based also uncovered a
few interesting applications which do not provide sufficient information on
the experimental approach to allow their inclusion As shown, applications are
entered by sample type and compounds 1dentified by RIA with a brief summary
of the methods used for solid-phase extraction and subsequent HPLC purifi-
cation of the solid-phase extracts This table can be considered to be repre-
sentative of the work reported in the most recent. literature within the last four
to five years As can be seen, with the exception of a single case [35], all of
these applications involve a solid-phase extraction on Sep-Pak-type cartridges
with recoveries that in many nstances are >90% (see Section 3) Powell’s
elution method [12] for eicosanoids or modifications are usually encountered,
methanol-ethyl acetate or methyl formate being the most commonly used sol-
vents to recover the eicosanoids retained by these cartridges Further purifi-
cation by HPLC 1s carried out on octadecylsilane reversed-phase columns with
mobile phases which are RIA-compatible after evaporation The most com-
monly used mixture in this regard 1s composed of methanol or acetonitrile,
water and acetic acid 1n an 1socratic mode, although a few applications resort
to gradient runs [21, 33, 46]

10 ENZYME IMMUNOASSAYS AS ALTERNATIVE NON-RADIOACTIVE METHODS

The HPLC-purified antigens can also be determined by alternative non-
radioactive immunological methods based on the monitoring of the products
arising from enzymatic reactions The enzyme immunoassays (EIAs) not only
avoid all of the problems related to the use of radioactive material, such as
mstability of labelled products and cost of their 1solation and disposal, but also
should allow the determination of radioactive higands, for instance in meta-
bolic tracer studies, which would not be possible by RIA Several EIA methods
have been described for various PGs and also for thromboxane and LTs, all of
them providing data of quality comparable to those obtained by RIA EIA 1s
dependent on the competition between enzyme-labelled and unlabelled anti-
gens for the binding sites of a suitable antibody followed by the assay of enzyme
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activity When the enzyme-labelled antibody 1s immobilized on a solid-phase
support, to simplify the separation of antibody free from antibody-bound an-
tigen, the assays are known as enzyme-linked immunosorbent assays (ELI-
SAs), as opposed to precipitation methods for EIAs Basically, the experimen-
tal procedures of an EIA developed, for instance, for TXB, involve the following
steps (a) preparation of the antibody as for RIA (conjugation of TXB; to a
suttable protein and immunization of amimals with subsequent collection and
storage of serum), (b) coupling of TXB, to the enzyme S-galactosidase, (c)
binding of the antibody to a polystyrene tube by incubating for 1 h at 37°C;
{r:l\ gdd1f1nn nf' snrnn]n cn]nf"\n and enzvme- ]aho"or] 'T‘V]Zz {a) 1mpeiiha

SRUILESEY ULIUIL adid Tyl SLAMT L L LMLIDy \L ) Lllbuuubxuxl

and washing of the tube, and (f) addition of a suitable enzyme substrate such
as 4-methylumbelliferyl- 8-D-galactoside and measurement of the fluorescence
of the resulting product, 4-methylumbelliferone [57] More recently, the same
basic procedure has been described by the same authors for 13,14-dihydro-15-
keto-PGF,, 1n human blood [58]

In both instances the antigens to be monitored had been previously purified
by HPLC and 1n terms of detectability both RIA and EIA were comparable
and 1n the low femtomole range Likewise, satisfactory correlations were ob-
tained between EIA and RIA (r=09) and between EIA and GC-MS As hap-
pens 1 RIA with the specific activity of radioactively labelled tracers and af-
finity of the antibody, the ultimate sensitivities of the EIA methods depend on
the use of enzymes of high specific activity, such as acetylcholine esterase,
which has been reported to provide EIA sensitaivities equivalent to, or better
than, RIA [59]

Good correlation of RIA and solid-phase EIA was also reported in a study
on the basal levels of PGD, 1n rat brain [60] Sample preparation for EIA and
RIA included solid-phase extraction on ODS cartridges and reversed-phase
HPLC Inthisinstance PGD, was labelled with horseradish peroxidase (HRP)
The ant1-PGD, antibody was coated on polystyrene, twelve-well, flat-bot-
tomed microstrips PGD,-HRP and free PGD, 1in the samples competed in
solution for a fixed number of antibody sites on the wells The proportion of
PGD,-HRP bound to the antibody was reduced as the concentration of free
PGD, increased, with the result that after appropriate washing procedures to
separate antibody-bound from free PGD, tracer the measured enzyme activity
on the wells decreased In this instance, 3-(p-hydroxyphenyl)propionic acid
and hydrogen peroxide were used as substrates to monitor the activity of the
enzyme

As the antibody cross-reacted to a sigmificant extent with PGD, and PGD,,
these interferences were effectively suppressed by the HPLC separation Thus,
as indicated by the authors, with the aid of the HPLC purification the EIA for
PGD, can detect amounts as low as 3 pg per assay

The development of EIAs can also make use of the double- or triple-antibody
methods, as described 1n the preparation of an ELISA for LTs {61] In this
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instance, rabbit ant1-L'TC, antiserum was coated with goat anti-rabbit globu-
lin hinked to fluorescein 1sothiocyanate (FITC) and then a third antibody,
rabbit ant1-FITC globulin linked to alkaline phosphatase was added The sub-
strate was a solution of p-mitrophenyl phosphate and, as the activity of ad-
sorbed alkaline phosphatase was much higher than that of the other antibod-
1es, the overall sensitivity was much improved

11 PERSPECTIVES IN BIOMEDICAL APPLICATIONS

From the data available in the Iiterature, 1t seems that RIA methods have
contributed greatly to furthering our knowledge 1n the field of eicosanoid me-
tabolism and function in a wide diversity of biomedical applications Also, it 1s
evident that the potential of the technique has been definitely strengthened by
the application of highly efficient HPLC purification technmiques and solid-
phase extraction procedures All of these techniques are capable of compen-
sating for the lack of specificity of many RIA procedures, especially when ap-
plied to a family of closely related compounds With these considerations in
mind, 1t becomes evident that liquid chromatographic purification prior to RIA
will not only continue to be used but also that 1t will become a routine proce-
dure 1n many applications Nevertheless, on account of all of the shortcomings
associated with the use of radioactively labelled material, in many instances
the RIA methods will be replaced by EIAs although these still need to be prop-
erly standardized for practical purposes Likewise, one of the main challenges
of immunoassay methods in general lies in the full automation of the chro-
matographic purification In this regard robotics and laboratory information
management systems will undoubtedly play a major role in the near future and
will contribute to reducing the overall costs of these assays In this regard,
nowadays 1t 1s well proved that solid-phase extraction, imjection into HPLC
columns and collection of eluate fractions are steps readily amenable to fully
automatic performance Further, the technology for automatic operation of
various of the immunoassay steps, such as pipetting, diluting, dispensing, scin-
tillation counting and reporting, 1s also commercially available so that a fully
integrated automatic system should not be too far off in the future

12 SUMMARY

An evaluation of the most recent literature on the determination of eicosa-
noids by immunoassay methods confirms that owing to the inherent lack of
specificity of many of the antibodies used for this purpose, immunological as-
says (radioommunoassay or enzyme immunoassay ) are often preceded by solid-
phase extraction followed by further purification of the antigens of interest by
routine reversed-phase high-performance hiquid chromatographic methods In
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this way the analytical potential of radioimmunoassay 1s remarkably enhanced
and accuracy and precision of the assay are ensured
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