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Abstract

Indium labelling of blood platelets is a diagnostic technique often used in imaging
studies and kinetic studies. Conventional platelet labelling techniques have principally
used either oxine or tropolone as labelling agents but, unfortunately, they have many
reported toxicities.
In order to identify new compounds which label cells with a high efficiency but
with low toxicity, chelators from the hydroxypyridinone and hydroxypyranone families
have been system atically investigated as potential platelet labelling agents with
radioindium. The optimal labelling conditions have been investigated and compared with
those for oxine, and the effects of structural modification on labelling efficiency has been
examined. In order to assess any adverse effects these chelators may have on the
functional integrity of platelets, labelling studies have been supplemented with platelet
aggregation studies.
A fter establishing the properties which influence the effects o f chelators on
platelet aggregation, investigations have been undertaken to establish the underlying
mechanisms. Aggregation is inhibited by small, bidentate, lipophilic chelators with a high
affinity for trivalent cations and has been dem onstrated to be consistent with the
inhibition of the iron enzyme PGH synthase. Studies in human neutrophils have shown
that these chelator properties also enhance inhibition o f another iron enzyme, 5lipoxygenase, and studies perform ed with purified soybean lipoxygenase have
demonstrated for the first time that lipoxygenase inhibition by hydroxypyridinones is
associated with the removal of iron from the active site. These properties also favour the
uptake of indium -chelator complexes during cell labelling and may therefore be
beneficial for identifying compounds which are effective labelling agents but do not
cause toxicity by the inhibition of metalloenzymes. Conversely, these studies may be
beneficial for those therapeutic uses of metal chelators in which the specific inhibition of
metalloenzymes is desirable (e.g. 5-lipoxygenase inhibitors as anti-inflammatory agents,
ribonucleotide reductase inhibitors as cell cycle synchronisation agents).
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[Ca]i
CP40

intracellular calcium concentration
l-2'-(hydroxyethyl)-2-methyl-3-hydroxypyridin-4-one

CP20

1,2-dimethyl-3-hydroxypyridin-4-one

CP21

1-ethyl-2-methyl-3-hydroxypyridin-4-one

CP22

1-propyl-2-methyl-3-hydroxypyridin-4-one

CP24

1-butyl-2-methyl-3-hydroxypyridin-4-one

CP84

1-phenyl-2-methyl-3-hydroxypyridin-4-one

CP77

1-pentyl-2-methyl-3-hydroxypyridin-4-one

CP25

1-hexyl-2-methyl-3-hydroxypyridin-4-one

CP26

1-octyl-2-methyl-3-hydroxypyridin-4-one

CP 102

1-2' -(hydroxyethy l)-2-ethy 1-3-hy droxypyridin-4-one

CP02

1-ethyl-3-hydroxypyridin-2-one

CP166

6-(methoxy buty l)-3-hy droxypyridin-4-one

DFO

desferrioxamine B

DMSG

dimethylsulfoxide

DTPA

diethylenetriaminepentaacetic acid

EDTA

ethylenediaminetetraacetic acid

ESR

electron spin (paramagnetic) resonance

FLAP

5-lipoxygenase activating protein

GM-CSF

granulocyte macrophage colony stimulating factor

HEPES

4-(2-hydroxyethyl)-1-piperazineethanesulphonic acid

HPO

hydoxypyridinone

HP-4-one

3-hydroxypyridin-4-one

HP-2-one

3-hydroxy pyridin-2-one

HPLC

high performance liquid chromatography

IBE

iron (or indium) binding equivalents

5-LPO

5-lipoxygenase

LRP

leukocyte rich plasma

LTB4

leukotriene B4

NDGA

nordihydroguaiaretic acid

NSAI

non-steroidal anti-inflammatory (agent or drug)

Ome-25

l-hexyl-2-methyl-3-(methoxy)pyridin-4-one

PBS

phosphate-buffered saline

PBSG

phosphate-buffered saline containing calcium, magnesium and glucose

PGH

prostaglandin H

PLA2

phospholipase A2

PPP

platelet poor plasma
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PRP

platelet rich plasma

sbLPO

soybean 15-lipoxygenase

PGB2

prostaglandin B2

TPA

12- 0 - tetradecanoy Iphorbol-13-acetate

TxA 2

thromboxane A2

TxB2

thromboxane B2

vW f

von Willebrand factor

In this thesis chelator concentrations have been expressed as absolute molarities; where
appropriate, the corresponding iron (or indium) binding equivalents are also shown.
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CHAPTER 1

GENERAL INTRODUCTION
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1.1 IN TR O D U C TIO N
In this thesis, the use of metal chelators as cell labelling agents is investigated.
The properties of metal chelators which determine cell labelling efficiency are explored
firstly and, subsequently, the mechanisms by which chelators induce unwanted toxicity to
the labelled cells are examined.
In this chapter, a brief review of metal chelators, their uses and properties is
given. The ideal properties of chelators required to maximise cell labelling while
minimising cell damage are outlined and the potential mechanisms by which metal
chelators may induce toxicity to cells are discussed. Compounds previously used to label
cells are described as well as those chelators investigated in detail in this thesis, namely
the hydroxypyridinones and hydroxypyranones.
1.2 USE O F RADIONUCLIDES IN M ED ICIN E
R adionuclides are used in m edicine for diagnostic investigation or for
radiotherapeutic treatment. In accordance with the interests of this thesis, the following
section outlines their former use.
1.2.1 Uses of radiolabelled cells
The cells which are most valuable for clinical use are the peripheral blood cells
platelets, leukocytes and erythrocytes. The uses of radiolabelled platelets are discussed in
C h ap ter 2.
Leukocytes are usually labelled with indium- 111 and their primary use has been
in qualitative studies for the detection of abscesses [Thakur et al., 1977b] [Segal et al.,
1976] and the imaging of sites of inflammation [Peters et al., 1983]. Most clinical studies
for which the use of radiolabelled leukocytes are indicated utilise a heterogeneous
population of leukocytes rather than pure granulocytes because of its ease of preparation
by simple differential centrifugation. Apart from granulocytes, these “mixed” leukocytes
also contain mononuclear cells, some contaminating platelets and erythrocytes but this is
offset by the fact that patients who are likely to undergo such studies usually have raised
neutrophil counts. The preparation of “pure” granulocytes involves more elaborate
techniques such as hypotonic lysis of erythrocytes and the use of density gradients to
minimise contamination by mononuclear cells. Such techniques can greatly increase
granulocyte activation over those prepared by simple differential techniques. Activated
granulocytes are trapped in the lungs during their first passage and subsequently removed
into the liver [Peters and Lewis, 1991]. Consequently, studies with radiolabelled “pure”
granulocytes are only performed when it is absolutely necessary to do so, for example, for
abscess imaging in patients with low or normal white cell counts and in quantitative
studies such as the measurement of faecal granulocyte excretion in Crohn’s disease
[Saverymuttu et al., 1983].
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Radiolabelled red cells are useful for the measurement of mean red cell life-span,
measurement o f blood volume [Bently and Miller, 1986] and the measurement o f blood
loss from the gastrointestinal tract [Croft and Williams, 1991]. They are also used for
equilibrium -gated blood pool imaging of the heart (e.g. ejection fraction of the left
ventricle, the motion of the walls of the ventricles) [Tamaki et al., 1991] and heat
inactivated red cells are useful for splenic imaging [Peters and Lewis, 1991].
1.2.2 Desirable properties of radionuclides used in medicine
Certain properties are desirable for radionuclides used for diagnostic purposes.
Firstly, the radiation from a radionuclide deposited within the body must be penetrating
enough to be detected at the surface, but not so high that focusing (collimation) is
compromised. (3 emitters, in general, cannot be detected at the surface and are therefore
unsuitable for surface imaging, y emitters, however, can be easily detected at the surface
and are the nuclides of choice for cell labelling. For the imaging of fairly superficial sites
such as the thyroid a fairly low energy of about 30 keV is ideal whereas for deeper sites
an emission energy of about 150 keV is ideal (Lazarus, 1991). Secondly, the physical
half-life o f a radionuclide must be long enough for it to be produced, transported to the
site o f use, administered and the necessary studies performed, but short enough for most
of the radioactivity to have decayed shooiy after data have been gathered. In general,
imaging studies which usually take place within 24 h will require a nuclide which has a
shorter half-life than those required for cell survival studies which are often carried out
over many days. Radionuclides with very short half-lives, e.g.

(IQO min), may

have to be generated at the site of use. Thirdly, many heavy metals such as indium are
toxic and therefore it is desirable for a nuclide to have a very high specific activity so that
the total quantity of metal administered (and any decay products) can be minimised.
Lastly, before disposal, it is often necessary for used and unused radionuclides to be
stored appropriately for a few half-lives until the levels of radiation are acceptable. In
order to keep this period to a minimum, it is desirable to employ short-lived isotopes.
1.2.3 Radionuclides available for diagnostic investigation
During the past two decades many isotopes have been proposed as radionuclides
for diagnostic investigation. This thesis is primarily concerned with indium labelling of
cells and therefore this nuclide will be discussed further.

1,23.1 Indium

and^^l^In)

Indium is a Group III element and can, in principle, exist in three possible valency
states in solution: In+, In^+ and In^+. Although the lower valency states such as In+ are
known [Taylor and Sykes, 1969], the solution chemistry of indium is dominated by the
stable trivalent species In3+.
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The first radioisotope of indium to be used for diagnostic purposes was
This is a short-lived metastable isotope which decays to stable

The half life for this

transformation is about 100 minutes and therefore this radionuclide must be prepared at
the site of use by means of a generator. Although first used for lung scanning [Stem et al.,
1966], 113mjn has proved useful for scanning other organs such as the placenta [Lunell et
al., 1982] [Niehoff et al., 1970]. H3'«in has also found application in the determination of
blood volume where its short half-life makes it the isotope of choice for the labelling of
red cells, particularly during short-term investigations [Radia et al., 1981]. However, it is
unsuitable for the radiolabelling of other blood cells, particularly for survival studies
which often lasts many hours (leukocytes) or days (platelets). Therefore the use of
has almost completely been superseded by its longer-lived counterpart

ü ^ In

possesses many of the properties desired of a radionuclide to be used for cell labelling
outlined in § 1.2.2. It decays to the stable isotope cadm ium-111 by the emission of two y
photons with a half life of about 67 hours. This is long enough for it to be produced and
shipped from the site of manufacture to the site o f use in most areas. Clinically, this halflife is ideal as it can be detected upto about a week after administration while at the same
time it is short enough for excess radiation to the patient to be minimised. The photon
yield of ^^^In is particularly high (about 180 photons / 100 disintegrations) and therefore
relatively small amounts of the isotope are required for imaging. This minimises toxicity
induced by the radionuclide and its decay product cadmium. Also the emission energies
o f 311ln (171/245 keV) are not as harsh as that of

(393 keV) and thus offer sharp

imaging with a gamma camera. ^ I n is commercially available either as the chloride or
as the oxinate.
1J,.32 Other radionuclides
Apart from ^^^In, the radioisotopes of several other elements are widely used for
diagnostic purposes.
Gallium (^^Ga)
Like indium, gallium is also a Group III element and therefore exists in solution
predominantly in its higher oxidation state of +3. ^^Ga decays to ^^Zn by electron capture
and this results in the emission of three major y photons at 91, 185 and 300 keV
respectively. However, the photon yield of ^^Ga is about 90 per 100 disintegrations
which is only about 50% that of i^^In. This low quantum efficiency means that a
proportionately larger amount of ^^Ga is required to obtain data than ^^^In. Hence ^^Ga
has little advantage over ^^Un for cell labelling studies. However, ^^Ga-labelled citrate
when injected into the blood stream is preferentially taken up into highly proliferating
tissue such as tumours and it is used extensively for tumour imaging. This characteristic
was recognised more than twenty five years ago as a result o f studies in which it was
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evaluated as a putative bone-scanning agent [Edward and Hayes, 1969]. Since then it has
been w idely used in the diagnosis of a variety of neoplasm s including primary
hepatocellular carcinoma [Ackery, 1991], Ewing sarcoma [Frankel et al., 1974] and
lymphomas [Johnston et al., 1974]. The mechanism of uptake of ^VQa-citrate into
tum ours is thought to be mediated via the plasma iron binding protein transferrin (§
1.2.4.2) [Vallabhajosula et al., 1980]. After injection of ^^Ga-citrate into the blood stream
virtually all the ^^Ga is present bound to transferrin and this complex is taken up by
proliferating cells [Larson et al., 1979] thus resulting in the intracellular delivery of the
radionuclide.
Technetium
Although dozens of technetium radioisotopes are known, clinically the most
useful one is

99m'pc is analogous to

in that both are short-lived metastable

radioisotopes which decay from their metastable (m) states to the corresponding stable
states by isomeric transition but, unlike indium, technetium is a transition element. The
decay o f 99mTc to ^^Tc has a half life of about 6 hours and produces a y photon of 140
keV. This short half life means that 99mjc, like

has to be generated at the site of

use. Commercial 99m j0 generators use 9 9 ^ 0 as the parent nuclide which decays to
produce 99m j0 yy p- and y emission with a half life of 2.7 days. The 99mjc is usually
eluted from the generator as sodium pertechnetate in which Tc is in its highest oxidation
state of (+VII), but this may be reduced to lower states (e.g. +V) if required.
99mTc has been used for a long time for widespread organ imaging but these
studies involve the direct injection of ^^'"Tc-complexes such as ^^'"T c-m ethylene
[Subramanian et al., 1975]. In 198 6 99mjc was introduced by Peters et. al. [Peters et al.,
1986]

as

a cell labelling radionuclide

in com bination

w ith

the chelator

hexamethylpropyleneamineoxime (HM-PAO) and subsequently in vitro protocols have
been devised for 99m7c labelling of leukocytes with HM -PAO for clinical studies
[Danpure et al., 1988]. However, the use of 99m'pc-labelled blood cells is limited to those
studies which are compatible with its 6h half-life; in particular, this excludes cell survival
studies which often last many days.
Chromium (^^Cr)
^^Cr is one of the longest established radioisotopes in nuclear medicine. Like the
isotopes of indium and gallium described above, it is also a y emitter and has a single
em ission peak of 320 keV. However, unlike them it has a much longer half life of about
28 days. In the past, 5lCr was used for the labelling of all blood cells where it binds
strongly to intracellular components. In platelets, for example, it is reduced from the
hexavalent to the trivalent state and is found predominantly bound to adenyl nucleotides
[Peters and Lewis, 1991] which are abundant in these cells (C h a p te r 3). The high
emission energy of 5lCr is inferior for imaging to the softer emission of ^^Un. Therefore
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the latter isotope has replaced ^^Cr in the labelling of leukocytes and platelets. However,
the much longer life span of red cells in the circulation (approximately 120 days) requires
a radionuclide with a correspondingly longer half life for cell survival studies and for this
purpose ^^Cr is the recommended radionuclide [I.C.S.H., 1980]. Red cell labelling is
carried out by the addition of sodium ^^chromate to red cells to which it becomes tightly
attached with little elution in vivo.
1.2.4 A pproaches to cell labelling with radionuclides
In general, there are two ways in which a radionuclide can be incorporated into
cells.
(i) Non-selective cell labelling with chelators by isolating the desired cell type,
radiolabelling them ex vivo with a radionuclide-chelate complex and reinjecting the
labelled autologous cells.
(ii) Selective cell labelling with colloid suspensions and monoclonal antibodies
12.4.1 Non-selective cell labelling with chelators
A ch elato r or chelating agent is a molecule which binds with high affinity to
metal ions including radionuclides and consequently cell labelling with chelators is a
technique for the introduction of a radionuclide into isolated cells, usually peripheral
blood cells. W ith the possible exception of the labelling of red cells with sodium
chromate (^^Cr) [I.C.S.H., 1980], the labelling of isolated cells generally requires the
radionuclide to be complexed with a chelating agent.
Metallic radionuclides such as ^^^In and'^^^Tc carry a high positive charge and
cannot therefore cross the plasma membrane effectively. The purpose of the chelator is
therefore twofold. Firstly it neutralises the positive charge of the radionuclide, and
secondly, it forms a coordinate structure around the central atom. Together, these actions
transform the radionuclide from a hydrated polar (charged) species into a lipophilic
neutral species which can readily cross the cell membrane. Chelating agents are generally
non-selective agents and therefore can be used to label many types of cells. Labelling
isolated cells with chelate complexes has the advantage that the cells can be labelled with
a high activity. After labelling is complete, the radionuclide is trapped within the cell and,
once reinjected, it acts as a tag which can be used to monitor the passage of this cell
population through the body.
In accordance with the interests of this thesis, chelators which are currently
available for cell labelling with indium and those which show potential as future indium
labelling agents are described in § 1.5.
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1 ^ ,4 2 Selective cell labelling
One drawback of cell labelling with chelators is that the cells must be isolated
from the circulation and usually purified further before labelling. Apart from the
inconvenience, this may lead to cell activation which is undesirable for in vivo studies. In
order to circumvent these problems several methods have been proposed to label cells in
vivo without the need to isolate cells.
(i) Transferrin-mediated uptake into tumours.
The most straightforward way in which selective cell labelling has been achieved
is illustrated by the use of gallium-67 (§ 1.2.3.2). When injected into the blood stream
directly as the citrate com plex, ^^Ga is taken up im m ediately by transferrin^
[Vallabhajosula et al., 1980]. The delivery of transferrin through its surface receptor
[Huebers and Finch, 1987] into highly proliferating cells is greater than that into non
proliferating cells and therefore the transferrin- ^^Ga complex is preferentially taken up
into growing tumours, thus enabling their selective labelling.
(ii) Antibody-mediated delivery to cells.
Certain cells such as many tumour cells express surface antigens which are unique
to them and radionuclides may be delivered to such cells by coupling them to appropriate
monoclonal antibodies (MABs), a technique known as radioim m unoscintigraphy (RIS).
Current RIS techniques use antibodies coupled to four principal isotopes: ^^^1, ^^^In,
^ ' ”Tc and ^^^1. In the case of ^^^In, the antibody-^^^In complex is made by first coupling
the antibody to the metal chelator diethylenetriaminepentaacetic acid (DTPA), removing
excess DTPA by gel filtration and then adding pharmaceutical grade ^^^InClg to the
antibody-DTPA conjugate [Hnatowich et al., 1983]. The major factors which determine
the suitability of the isotope used is its half life and the rate of uptake of the antibody by
the cells. In addition the antibody must not cross react with blood cells or the cells of the
vascular endothelium. RIS has been used for the identification of a variety of tumours
including ovarian cancer [Granowska et al., 1984], colorectal cancer [Granowska et al.,
1988] and melanoma [Halpem et al., 1985].
(iii) Phagocytosis-mediated uptake into phagocytes.
Cells such as monocytes and neutrophils actively phagocytose particulate
colloidal matter which is comparable in size to microorganisms and this property may, in
principle, be utilised for the delivery of radionuclides into these cells. However, such a
system is beset with problems. Firstly, colloids injected into the blood stream are rapidly
cleared by macrophages in the reticuloendothelial system, thus lowering the effective
colloidal concentration available to label phagocytes in the circulation. Secondly, by the
^ -\lthough transferrin has the highest affinity for Fe^"^, it will also bind other trivalent cations such as
In^+ and Ap+.
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very nature of the process of phagocytosis, the cells which take up the particles become
activated and are rapidly removed from the circulation before having the opportunity to
become recruited to sites of inflammation, infection etc. Despite this, in vivo methods
have been reported for cell labelling with radiolabelled colloids such as ^^'"Tc-Sn but are
very tim e consuming [Schroth et al., 1981] and do not offer advantages over chelatormediated cell labelling.
1.3 ID E A L C H ELA TO R PR O PE R T IES FO R C ELL LA B ELLIN G W ITH
IN D IU M
The properties desired of an ideal cell labelling agent can be broadly categorised
into those that maximise labelling efficiency and those that minimise toxicity. The
discussion below will use In3+ as an example, but it applies equally to radiolabelling with
other metallic radionuclides.
13 .1

P roperties which a re likely to influence labelling efficiency

13.1.1 Affinity fo r
During cell labelling with indium-chelate complexes, the chelator acts as a vehicle
for the passage of the metal ion into the cell. To achieve this, the chelator must coordinate
the indium tightly so that the chelate complex does not dissociate extracellularly.
However, cell labelling with indium-chelate complexes such as indium-oxinate (§ 1.5.1)
is thought to involve donation of the indium by the chelator to intracellular components.
For example Mathias & Welch (1979) found that during platelet labelling with the ü iln oxinate complex, 65% of the label associated w ith an intracellular 400 kDa protein,
presumed to be myosin. Similar intracellular donation has also been found in neutrophils
labelled with the i^H n-oxinate complex [Thakur et al., 1977a]. Therefore for cell
labelling by intracellular donation of the radionuclide, the chelator must have an affinity
for In3+ which is lower than those of the intracellular components. This is not difficult to
achieve when labelling is carried out in plasma-free media as there are no other ligands
which can compete with the chelator for the indium. However, if labelling is carried out
in the presence of plasma, transferrin may compete with the chelator for the indium, thus
lowering labelling efficiency.
Cell labelling in plasma is highly desirable (§ 1.3.2.4) and if a chelator is to be
used to achieve indium labelling in plasma, then it must possess an affinity for
similar to or greater than that of transferrin (In3+-transferrin log K = 30.5, [Zalutsky,
1989]) to prevent chelation by the latter. This may increase the affinity of the chelator for
indium above that of the above-mentioned intracellular com ponents, and therefore
labelling with such high-affinity chelators may not involve donation of the label to these
components but trapping of the complex within the cell as a stable entity. This would be
an acceptable form of cell labelling as long as the complex is stable and the metal ion is
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fully cooidinated by high affinity ligands so that it cannot induce toxicity by participating
in cellular reactions, for instance by the generation of free radicals (§ 1.4.2).
1 3 .1 2 Rapidity o f uptake o f indium chelate complexes
The kinetics of the uptake of a chelate complex into cells is under the influence of
twQ major factors, the overall charge of the complex and the lipophilicity of the complex.
(i) Charge
A key property for an indium chelate complex used in cell labelling is its ability to
cross cell membranes. The passage of compounds into the interior of a cell involves
diffusion across the hydrophobic region of the lipid bilayer and, in general, the passage of
uncharged compounds is much more rapid than the passage of charged ones [Florence
and Attwood, 1981]. The entry of indium chelate complexes into cells also involves
diffusion [Hwang, 1978], and consequently the passage of uncharged neutral indium
complexes across the lipid bilayer is favoured over that of charged polar complexes. For
this reason cell labelling agents must neutralise the tripositive charge o f indium and form
a complex with no overall charge.
(ii) Lipophilicity
Apart from charge, the rate at which compounds enter cells is determined by their
lipophilicity [Porter et al., 1986]. This is quantified in terms of the partition coefficient
(Kpart, § L6.2), which is the equilibrium distribution of a compound between the organic
and aqueous phases of a mixture. Cell labelling usually requires a 10^ - 10^ molar excess
of free chelator over the radioisotope [Peters and Lewis, 1991] and therefore the chelate
complex must be taken up into cells in preference to the free chelator. Studies with model
liposomal membranes have shown that the effectiveness of a chelator in facilitating the
transport of indium across the bilayer is dependent on the lipophilicity of the indiumchelate complex [Choi and Hwang, 1987] and this is confirmed by cell labelling studies
(C h a p ter 2). In general, it is desirable for the chelate-complex to have a high Kpart and
for the free chelator to have a low Kpart to ensure efficient uptake of the former, but not of
the latter.
1.3.2

P roperties which are likely to minimise toxicitj

1.3.2.1 Rapid labelling to avoid cell damage due to ex vivo handling
Although there is evidence to support the fact that there is some functional
recovery of cells such as platelets kept ex vivo after re-infusion into patients [Owens et
al., 1992], it is desirable for cells to be handled during labelling in a manner which causes
minimal damage. Rapid uptake kinetics of an indium-chelate complex will reduce the
labelling time and will minimise procedure-related damage. This is particularly important
if labelling is carried out in plasma-free media, as with one o f the established agents.
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oxine (§ W . l ). As described in § 1.3.1.2, rapid uptake is more likely with complexes
which have high Kpart values.
1 3 .2 2 No inhibition o f intracellular enzymes
Radiolabelled cells must ultimately behave in a manner which is identical to
unlabelled autologous cells and therefore the labelling procedure must not affect their
function. In particular, this calls for chelators which do not chelate from metabolically
essential intracellular target sites such as metalloenzymes.
1 3 2 .3 No generation o f free radicals
Once inside the cell, highly charged metal ions such as In3+ may generate free
radicals such as the hydroxyl (OH«) radical in a manner which is similar to that of Fe^"*" (§
1.4.2). The hydroxyl radical is highly reactive and readily undergoes addition reactions
with the unsaturated double bonds of membrane lipids giving rise to lipid peroxides. This
process, known as lipid peroxidation, is highly toxic and is likely to adversely affect the
functional integrity of the labelled cells. The generation of free radicals is likely to be
minimised when the metal ion is maintained in a fully chelated state at all times, either by
intracellular components or, in the case of a stable chelate complex, by the chelator itself.
13.2.4 Labelling in whole blood/plasma
Procedure-related perturbation of cell function is likely to be minimised by
techniques which label cells in whole blood and therefore the ideal cell labelling agent
should satisfy this criterion. No such agents are available as yet, and the currently
available chelators which resemble this ideal agent most closely have been those which
can label effectively in dilute plasma . Cell labelling in plasma is likely to be beneficial to
cells in two ways. Firstly, it eliminates the inevitable centrifugal forces which are
necessary for the isolation of the desired cell type and, secondly, it maintains the
protective effects of plasma proteins [Talstad, 1971] during cell labelling. Both these
conditions are likely to minimise cell activation and damage. However, as mentioned in §
1.3.1.1, for a chelator to be an effective cell labelling agent in plasma, it must have an
affinity for indium(III) which is similar to or greater than that of transferrin (log K =
30.5). The formation of such highly stable chelate complexes may compromise the
subsequent

donation of the indium to intracellular components and therefore high

labelling efficiencies with such chelators are feasible only if the chelate complex is
retained inside the cell. In the absence of chelators which can efficiently label in 100%
plasma, cell labelling in plasma-free media is still required. For such studies, the
minimisation of cell damage during labelling, and in particular the avoidance of chelatorinduced toxicities, is of utmost importance.
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1.3 .2J Solubility o f the chelator in isotonic saline
Solubility of the chelator in saline ensures that organic diluents such as ethanol or
detergents are not introduced into the cells thus avoiding any adverse effects which may
be associated with these chemicals [Haut and Cowan, 1974].

1.4 M EC H A N ISM S BY W H IC H M ETAL C H ELA TO RS MAY A FFEC T
C E L L FU N C TIO N
M etal chelators which become incorporated into cells during cell labelling (or
during other uses) have the potential to modulate cell function. The two principal ways in
which they may achieve these effects are by their involvement with intracellular free
radical generation and by chelation of essential metal ions from metalloenzymes. Before
the mechanisms by which metal chelators may influence cell function can be discussed, it
is necessary to describe the solution chemistry of metal ions and metal chelators.

1.4.1 C om plexation equilibria of metal-ligand chelate complexes
The chemical reactions of all metal ions of biological importance, including their
interactions with metal chelators, occur in aqueous solution and therefore their chemistry
must be studied in this context. As metal ions are positively charged in solution, they are
always found as solvated complexes. Complexes are formed by a reaction between the
metal ion and a species with at least one Lewis basic site (i.e. electron donation site)
known as a ligand; this complexation reaction usually involves a dative bond between the
Lewis base and the ionised metal. Although such Lewis bases usually carry a net negative
charge, this is not a prerequisite for the formation of the dative bond and lone pairs of
electrons present on the oxygen or nitrogen atoms of many ligands can also coordinate
the metal. However, ligands which carry a net negative charge are usually stronger bases
than those which do not and will therefore displace the latter from the complex. For
example, in the absence of other ligands water itself will form a six coordinate complex
with ferric iron, but will be displaced upon addition of CN":
[Fe(H2 0 )6]3+ +

SC N -

=

[Fe(CN)6]3-

+

6H 2O

Eqn 1.4.1.1

; The thermodynamic stability of a metal-ligand complex (ML) with respect to the
metal (M) and the ligand (L) is represented by the equilibrium constant which pertains to
its formation. These constants are known as the form ation or stability constants and can
be written either as a series of stepwise form ation constants (^ f values. T able 1.4.1.1)
or, alternatively, as a set of overall form ation constants (P values T able 1.4.1.2). The
relationship between K f values and /3 values is as follows:
P\ = ^ f i;

p2 = %

ft =

Eqn 1.4.1.2
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Table 1.4.1.1 Stepwise formation constants of multidentate chelators (mol'^ 1 )
M

+

L

ML

Kn

—

[m l i
[M][L]

ML

+

L

-

ML2

K fl

=

FML?!
[ML][L]

M L2

+

L

-

MLg

Kf3

=

M Ln -1

+

L

=

ML^

K fn

=

IM L^l
[ML2][L]

IML^I
[ML„_i][L]

Table 1.4.1.2 Overall formation constants of multidentate chelators (moL” M )
M

+

L

—

ML

Pi

[MLI
[M][L]

M

+

2L

=

ML2

Pi

=

[ML?1
[M][L]2

M

+

3L

=

MLg

P3

=

[ML^l
[M][L]3

M

+

nL

=

ML„

Pn

=

[M L ^
[M][L]^

1.4,1.1 The chelate effect
In the equilibria given in Table 1.4.1.1, L represents relatively simple inorganic
ligands such as CN" which have only one electron donating centre per molecule and are
not of significance as ligands for metals of biological importance. However many ligand
molecules, known collectively as multidentate ligands, contain more than one electron
donating centre. W hen this type of ligand form complexes with a m etal ion, a ring
com pound is produced. These ring com plexes are known as chelates and the
corresponding multidentate ligands as chelating agents or chelators. M any cell labelling
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agents are bidentate chelators, possessing two electron donating centres per molecule.
The formation of a chelate by a typical chelating agent, ethylenediamine, is illustrated in

figure 1.4.1.lA.

HoC

CH.

NH2
n+

CH

NHn

Figure 1.4.1.1

Ethylenediamine (en)

A. Structure of metal chelate complex.
B . Delocalization of

k

electrons in chelate ring system.

The formation of a ring complex always leads to a large increase in stability
relative to the corresponding non-ring system and this forms the basis of the chelate

effect. This effect has been put to good use by bacteria which absorb iron for growth
from the extracellular m edium by the secretion of m ultidentate ligands known as

siderophores, e.g. enterobactin and desferrioxam ine (DFO).

They form very stable

com plexes with Fe^+ present in the medium (e.g. log j5 \ for D FO = 31) and are
subsequently reabsorbed by the bacteria.
The increase in stability which accompanies the chelate effect can be attributed
qualitatively to at least two contributory factors: (i) delocalization of the

k

electrons of
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the chelate into the ring system and (ii) an increase in entropy during the formation of the
complex. The formation of a ring system is a prerequisite for the delocalization of the k
electrons and is illustrated in figure 1.4.1. IB for ethylenediamine. The contribution of n
electron delocalization to the stability of the complex is even greater when the chelating
agent is highly conjugated and is an important property o f chelators such as the
hydroxypyridinones (§ 1.4.1.2 and 1.6.1). The contribution of entropy can be understood
by comparing the formation of a ring compound by a multidentate ligand with the
formation of the corresponding non-ring complex and is illustrated below using nickelammonium (Eqn 1.4.1.3) and nickel-ethylenediamine [Ni en]^+ (Eqn 1.4.1.4) complexes
as examples.
Ni(H2 0 )6^+ + 2NH3 (aq) = [Ni(H2 0 )4(NH3)2]2+ 4- 2H2O

Eqn 1.4.1.3

Ni(H20)6^+ 4- en

Eqn 1.4.1.4

= [Ni(H20)4 en]2+ + 2H2O

During the formation of the Ni-ammonium complex (E qn 1.4.1.3) the total entropy
(disorder) of the system remains the same as the num ber of reactant and product
molecules is the same. However, formation of the Ni-en complex (E qn 1.4.1.4), leads to
a greater number of product molecules which, in turn, leads to an increase in entropy for
this reaction. This is thermodynamically favoured (2"d law of thermodynamics) and thus
contributes to the chelate effect. Hence the chelate effect is partly due^an entropy effect
and partly due to electron delocalization within the ring system.
1.4,12 Chelators o f trivalent cations
Five major functional groups are known which form high affinity complexes with
trivalent cations and invariably they involve oxygen as one of the coordinating ligands.
They are the hydroxamates, the catecholates [Harris and Raymond, 1979], amino
carboxylates [Fahey et al., 1961], orthosubstituted phenolates [Brittenham, 1990] [Wolfe,
1990] and the hydroxypyridinones (HPOs) [Hider and Hall, 1991a]. Other chelators
which form high affinity complexes with trivalent cations are usually closely related to
these functional groups. For example, oxine and tropolone, which have been extensively
evaluated as indium(III) chelators for cell labelling (§ 1.5 and C h a p te r 2) closely
resemble orthosubstituted phenolate and the HPO functional groups respectively.
The chemical structures and properties of these five groups of chelators are shown
in T ab le 1.4.1.3. They have been studied principally as chelators of iron(III) as
physiologically this is the

most important trivalent cation. All of them have been

incorporated into compounds undergoing development as iron chelators for therapeutic
use [Porter et al., 1989]. The hydroxamate functional group is represented by DFO, the
established iron chelator in clinical use. In addition to iron(ni), all five groups of chelator
bind other trivalent cations such as indium(III) and may therefore appear at first sight to
be effective chelators for cell labelling with indium. However, closer examination of the
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Table 1.4.1.3
Structures and chemical properties of some important chelators
of trivalent cations.

Functional group

Examples

Net charge at pH 7.4
In^^/Fe^^
complex

Free ligand

H ydroxam ate

DFO

w
C atecholate
.OH

Enterobactin
2,3-dihydroxybenzoic acid

A m in o carboxylate

DTPA

5-, 2+

EDTA

4-, 2+

\)H

O rtho-substituted phenolate
.OH

PIH
Desferrithiocin

H y d ro x y p y rid in o n e

O
.OH

‘N
k

Ri

CP20, CP25,
CP26
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chemical properties of each functional group indicates that only the HPOs are uncharged
in the metal-bound state^ (Table 1.4.1.3). As discussed in § 1.3.1.2, only uncharged,
chelate complexes can effectively cross the lipid bilayer and deliver the radionuclide to
the cell and therefore only HPOs are likely to be effective as cell labelling agents. The
properties of the HPO chelators and their potential as cell labelling agents are described
in § 1.6.

1 .4 .1 3 Coordinate structure o f HPO chelate complexes
Chelation by the HPOs is due to the coordination of the metal ion by the two
oxygen ligands (viz. the hydroxyl and the carbonyl). Trivalent cations such as In (III) and
F e (n i) have a coordination number of 6 in solution and therefore three HPO molecules
are required to coordinate one trivalent metal ion. The formation of such 3:1 bidentate
complexes leads to three equilibria which correspond to the quantitative addition of each
H PO molecule to the trivalent metal ion (M^+) in a m anner similar to that of the
generalised chelator (Tables 1.4.1.1 and 1.4.1.2).

+ HPO

-

[M-HPO]^+ + HPO
[M-(HP0 )2]'^ + HPO

— — ~

[M-HP0]2+ + H+

E qn. 1.4.1.5

[M-(HPO)2]* + H+

E qn. 1.4.1.6

[M-(HP0 )3] + H*

E qn. 1.4.1.7

The hydrogens which are ionised during each addition are derived from the hydroxyl
group of each HPO molecule. The structure of the 3:1 iron complex of HPOs is shown in
fig u re 1.4.1.2 using an HP-4-one as an example. Although the 3:1 complex is the major
chelate formed by HPOs with trivalent cations in solution at physiological pH, they can
also form 2:1 and 1:1 complexes with cations already partially chelated by other ligands.
These com plexes are called te r n a r y complexes and may represent an important
m echanism by which HPOs inhibit iron-containing enzymes such as lipoxygenases
(C h ap ter 4).
The 3:1 complexes formed by HPOs and other bidentate chelators contrast
with those formed by chelators such as DFO where all three ionizable hydroxyl groups
are contained within the same molecule and therefore only one chelator molecule is
required for binding each trivalent cation. This is known as h e x a d e n ta te coordination
and leads to one equilibrium where M is the metal and LH3 the chelator:
-H LH3

(M-L) + 3H^

Eqn 1.4.1.8

^ Except the 1-hydroxypyridin-2-ones which bear a net charge of 1‘ at physiological pH, § 1.6.1.
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1.4.2 Interaction of chelators with free radicals
The two major free radical species which are of biological importance are the
superoxide radical (0%') and the hydroxyl radical (OH*) and the production of both these
species is potentiated by highly charged cations such as iron(III) or indium(III). In
general, iron is the most biologically im portant and abundant trivalent cation in
mammalian cells, and generation of the above two free radicals in the presence of iron is
shown in E q n s 1.4.2.1-I.4.2.4. The high positive charge of iron which enables it to
initiate many enzymatic reactions (for example by the abstraction o f hydrogen atoms
from fatty acids, C h ap ter 4) also makes it reactive towards many other molecules such
as superoxide and hydrogen peroxide (Eqns 1.4.2.3 and 1.4.2.4).

r;

Figure 1.4.1.2

Coordinate structure of the 3:1 iron complex of hydroxypyridin-4-ones.

Fe^"^ +

O2

202-

2H+

+

=

O2" + H2O2 + Fe catalyst

=

Fe3+

+

O2-

Eqn 1.4.2.1

H 2O 2

+

O2

E qn 1.4.2.2

O2 + OH* + OH"

Eqn 1.4.2.3

Fe3+ + OH* + OH"

Eqn 1.4.2.4

(Haber-Weiss reaction)
Fe2+

+

H 2O 2

,

(Fenton reaction)
U nder normal physiological conditions, production of the highly reactive
superoxide is carried out primarily by the NAD PH oxidase of phagocytosing cells such as
neutrophils and it plays a central beneficial role in the bactericidal activity of these cells
(C h a p te r 4). However, the uncontrolled production of superoxide is toxic to cells.
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Evidence for this comes from the observation that superoxide-mediated tissue injury can
be reduced by superoxide dismutase [Hearse et al., 1986]. As described below,
superoxide dismutase protects cells against the toxic effects o f superoxide radicals by
converting the latter to hydrogen peroxide and oxygen.
The toxicity of hydroxyl radicals arises primarily from their ability to promote
lipid peroxidation by addition to unsaturated double bonds o f membrane phospholipids
[Halliwell and Gutteridge, 1985] and their potentiation of lysosomal fragility [Seymour
and Peters, 1978]. Within cells, these toxic effects are kept under control by specific
enzymes which rapidly breakdown hydrogen peroxide and superoxide to harmless
products such as water and oxygen before they react with iron (Eqn.1.4.2.5). However,
such protective mechanisms are absent in plasma and therefore the necessity to maintain
the plasma free iron concentrations to within near-zero levels is imperative. In healthy
individuals, this is achieved in vivo by specific proteins such as plasm a transferrin (§
1,4.3.1) which have high affinities and large binding capacities for ferric iron.
Eqn.1.4.2.5

Catalase

2H"^
Superoxide dismutase

^

H A

02
2GSH

Glutathione
peroxidase

GS-SG

From Eqns 1.4.2.1. - 1.4.2.4 the central role of Fe^+ in the non-enzymatic
generation of superoxide and hydroxyl radicals is clear. The iron which participates in
these reactions is thought to be of a low molecular weight nature [Nayini et al., 1985] and
the resulting free radical damage has been shown in ischaemic^ models to be abrogated
by iron chelators including HPOs [Komara et al., 1986] [Healing et al., 1990] [Green et
al., 1986] [van der Kraaij et al., 1989] [Hider et al., 1992]. Clearly, the reactions in Eqns
1.4.2.1, 1.4.2.3 and 1.4.2.4 cannot occur in the presence o f metal chelators which form

^ Ischæmia is the intemiption of blood flow to organs by the constriction o f vessels and usually occurs as a
result of cardiovascular or cerebrovascular disease. During an ischaemic period the restriction of blood flow
gives rise to a local hypoxic environment which eventually leads to irreparable damage to organs. During
the subsequent reperfusion period when the flow of oxygen-rich blood to ischaemic tissue is reestablished,
further damage may be caused to these tissues by oxygen-derived free radicals such as superoxide
(McCord, 1985) particularly in the presence of low molecular weight iron.
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chelate complexes with Fe^"^ (or other trivalent cation) and therefore the production of
these free radicals will be substantially reduced.
1.4.3 Potential interaction of chelators with metalloproteins and metalloenzymes
The presence of metals in the storage sites of various metalloproteins and in the
active sites of metalloenzymes, may mean metal chelators can potentially chelate iron
from such sites and thus modulate cell function. Although the selective inhibition of
m etalloenzym es can be beneficial for certain uses of m etal chelators (e.g. anti
proliferative and anti-inflammatory activity), it is a drawback for other uses (e.g. cell
labelling, treatment of iron overload) and an understanding o f chelator properties which
are likely to influence interaction with metal-containing intracellular targets is important.
All cells contain metalloenzymes which catalyse important reactions and most of them
utilise iron as the metal responsible for catalytic activity; the most important nonenzymatic metal-protein complexes are also those which contain iron.
1,4.3.1 Chelator interaction with plasma transferrin
As a cation which possesses a very high charge density, Fe^+ (and Fe^+) always
exists in solution as a solvated complex. In the absence of specific chelators with a high
affinity for iron, solvation is carried out by ligands with lower affinities including water
itself^. In humans the 4g or so of total body iron present in the healthy adult is always
found coordinated by various high affinity proteins such as transferrin and ferritin.
In normal individuals the toxic effects of free iron are m inim ised by its
coordination to plasma transferrin. Plasma transferrin is a single-chain, 80 kDa protein
[Aisen and Listowsky, 1980] with two high affinity iron binding domains (log ^Pe = 30.3
[Zalutsky, 1989]). Transferrin has two principal functions. Firstly because of its high
affinity for iron , it maintains the plasma iron concentrations to near-zero values in
normal individuals, thus minimising iron-mediated toxicities. Under normal conditions,
plasm a transferrin is only about 30% saturated with iron, thus having a vast excess
capacity to buffer fluctuations in plasma iron. If transferrin becomes saturated (as in
severe iron overload), further increases of plasma iron manifest as free or non-transferrin
bound iron. Secondly, transferrin is the main source of iron distribution through the body.
The two iron-binding sites of apotransferrin become saturated with ferric iron at sites of
iron absorption (gut) and this iron is delivered by a process o f receptor-m ediated
endocytosis [Huebers and Finch, 1987] to sites of storage (e.g. liver, spleen) and to sites
of high utilisation (e.g. bone marrow, proliferating tumours).
A lthough transferrin has the highest affinity for iron(III), it also binds other
trivalent cations such as gallium(III) and indium(III). Once bound to transferrin, these
^ Solvation o f iron in vitro at physiological pH in the absence of specific chelators leads to the formation of
so-called polynuclear complexes in which a central ferric ion is coordinated by multiple water molecules.

36
cations will also be delivered to those cells expressing high levels of transferrin receptors
such as proliferating tumours and this forms the basis o f gallium citrate imaging of
tumours (§ 1.2.4.2). The binding of indium(III) to transferrin is responsible for the low
labelling efficiencies observed with many chelators when indium labelling is carried out
in plasma. Competition studies with iron(III) have shown that, although small bidentate
chelators such as the HP-4-ones can remove iron from transferrin when present in excess
(lOOfiM), they cannot do so at low concentrations (20-40fiM) [Hider and Hall, 1991b].
Because of the similarity between the chemistry of indium(III) and iron(III) (Eqn 2.5.1,
C h ap ter 2) similar behaviour is predicted for competition between transferrin and HP-4ones for indium(III) and, as these low concentrations are similar to those used for indium
labelling with HP-4-ones (C hapter 2), they may explain the low labelling efficiency of
HP-4-ones in plasma.
1.4.32 Chelator interaction with cellular ferritin
Cellular iron binding proteins can be broadly classified as either functional or
storage complexes. Functional complexes utilise chemical properties of iron (e.g. ability
to undergo repeated oxidation-reduction and form ation of high affinity bonds with
oxygen) to achieve their functions. These include the reversible binding of oxygen to the
haem prosthetic groups of haemoglobin in red cells and myoglobin in muscle and the
catalytic activity of iron enzymes such as cyclooxygenase and lipoxygenase (C hapters 3
and 4).
The major cytoplasmic iron storage complex is ferritin [Theil, 1987] (and also its
lysosomal degradation product haemosiderin [.Weir et al., 1984]). Ferritin is a large
protein composed of 24 subunits each about 20 kDa arranged around a central core. Each
ferritin molecule can bind and sequester up to about 4500 iron atoms in its central core as
inorganic ferrihydrite (a hydrous iron oxide). Its two main roles are to prevent iron from
participating in intracellular chemical reactions by sequestration, and to release stored
iron when intracellular iron levels are low. The sequestration of iron in the ferritin core
suggests that access to this iron will be favoured by molecules which are small enough to
enter it and this is supported by experimental evidence. W hen present at millimolar
concentrations, small bidentate HP-4-one chelators such CP20 and CP23 readily remove
iron from ferritin whereas large hexadentate HPOs such as CP 130 is unable to do so
[Hider and Hall, 1991b]. The iron bound to ferritin is chemically inert and clearly it is
important for a chelator used-in cell labelling not to chelate from this source and liberate
free iron which can participate in the toxic reactions outlined in § 1.4.2. However, the
HPO concentrations used for cell labelling (10-100|iM) is much lower than those used in
the above studies and therefore under these conditions, the rate of ferritin iron removal is
likely to be slow.
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1.4.33 Chelator-metalloenzyme interaction
Chelators may potentially interact with iron-containing metalloenzymes through
any o f their uses including their use as cell labelling agents. A metalloenzyme whose
inhibition by metal chelators has been studied by several groups is the non-haem iron
enzyme ribonucleotide reductase (RNR) [Ganeshaguru et al., 1980] [Cory et al., 1981]
[Hoyes et al., 1992]. RNR catalyses the reduction of all four ribonucleotides to the
corresponding deoxyribonucleotides, an essential step in DNA synthesis

and is

thus thought to be the mechanism which underlies the anti-proliferative and anti-malarial
effects of chelators [Lederman et al., 1984] [Dezza et al., 1987] [Raventos-Suarez et al.,
1982] [Hershko et al., 1991].
Several other key enzymes of cells also contain iron including the lipoxygenase
fam ily o f enzymes (5-lipoxygenase, 12-lipoxygenase and 15-lipoxygenase) and PGH
synthase (also known as cyclooxygenase). PGH synthase plays a central role in the
biochemical pathways leading to platelet activation and may bvinhibited by chelators used
for cell labelling. The mechanism of interaction of metal chelators with platelet PGH
synthase is discussed in C h a p te r 3. Various chelators are also known to inactivate
lipoxygenases by chelation of the active site iron. For instance, it has been shown that
catechols are inhibitors of 5-lipoxygenase and 12-lipoxygenase [Naito et al., 1991] [Cho
et al., 1991] and hydroxamates are inhibitors of 5-lipoxygenase [Summers et al., 1987].
As 5-lipoxygenase is a key enzyme of granulocytes (C h ap ter 4), chelating agents used in
granulocyte labelling may potentially cause toxicity by inhibiting this enzyme. The
interaction of metal chelators with the iron centre of neutrophil 5-lipoxygenase is
discussed in C hapter 4.
1.5 PREV IOU SLY DESCRIBED CH ELA TO RS FO R C EL L LA B ELLIN G
W IT H INDIUM
Several chelators have been evaluated during the past two decades for cell
labelling with indium. All of these have been non-selective ligands which have been used
to label many cell types.
1.5.1 Oxine (8-hydroxyquinoIine)
Oxine was first introduced in 1976 by Thakur et.al. [Thakur et al., 1976] as a
indium labelling agent for platelets and then subsequently as a labelling agent for
leukocytes [Thakur et al., 1977b]. It is a bidentate chelator with a high affinity for
trivalent cations like In3+ and Fe^+ (log ^3 approx. 37) and its structure is shown in
fig u re 1.5.1.1, Its 3:1 complex with indium has a high lipid solubility and is therefore
readily taken up into cells giving high labelling efficiencies. However, it has several
drawbacks. Firstly, its labelling efficiency is low in the presence of plasma transferrin
which competes with it for the indium; this means that cells must be washed free of
plasma before the addition of the indium-oxinate complex. Removal of plasma requires
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centrifugation and this is usually accompanied by some cell activation or cell damage.
Secondly, it is only sparingly soluble in isotonic saline and must therefore be made up in
an organic solvent such as ethanol or in the presence of a detergent, thus introducing
solvent-induced toxicities [Haut and Cowan, 1974].
A further disadvantage of oxine is the overwhelming experimental evidence
which has shown its toxic effects. In acute toxicity studies in the mouse, the LD 50 of
oxine has been measured to be about 89 mg kg'I [Thakur, 1981b]. In vivo studies have
also shown that injection of 11 Iln-oxinate-labelled autologous lymphocytes into the rat
results in impairment of their ability to home in on lymphoid tissue [Chisholm et al.,
1979]. In vitro, m in -o x in a te has been shown to significantly inhibit the mixed
lymphocyte reaction of cytotoxic T cells [Signore et al., 1985a] [Signore et al., 1985b], to
reduce lymphocyte proliferative capacity in response to phytohaemagglutinin [Segal et
al., 1978] and induce chromosomal aberrations in lymphocytes [Berge et al., 1983].
These toxic effects on lymphocytes have been confirmed in other blood cells; studies
with neutrophils have shown that m in-oxinate reduces cell migration (chemotaxis) by as
much as 50% [Segal et al., 1978]. Toxic effects have also been observed with human cells
other than blood cells such as the tumour cell line HeLa S3 [Chisholm et al., 1979].
Experiments performed with radioactive l^^In-oxinate and “decayed” m jn -o x in ate in
Chinese hamster V79 lung fibroblasts have shown that the toxic effects associated with
this chelate complex are chemical in nature rather than radiation-induced [Kassis and
Adelstein, 1985]. Despite these drawbacks, oxine is one of the most widely used
chelators for cell labelling with indium.
1.5.2 Tropolone
The low labelling efficiency of oxine in plasm a led to the developm ent of
chelators which could label in the presence of plasma. The most successful of these
chelators has been tropolone (figure 1.5.1.1), fk st introduced in 1981 as a platelet
labelling agent [Dewanjee et al., 1981]. However, it can label only in the presence of
dilute plasma and its labelling efficiency is much greater in plasma-free media [Dewanjee
et al., 1981]. Like oxine, it forms neutral 3:1 complexes with trivalent cations such as
indium, but unlike oxine it is soluble in saline, thereby avoiding solvent-induced
toxicities. However, there have been many reports o f the potential toxic effects of
tropolone to labelled cells. Like oxine, it is acutely toxic in the mouse (LD50 is in the
range 15-200 mg kg'^ [Thahur, 1981b]). In vitro studies have shown that both the
mitogenic response [Balaban et al., 1987] and cell viability [Balaban et al., 1986] of
tropolone-treated lymphocytes are reduced and studies with tropolone-treated neutrophils
have confirmed a marked reduction in chemotaxis at concentrations used for cell labelling
[Gunter et al., 1983]. Nevertheless, it is widely used for those studies which require
labelling to be carried out in the presence of plasma.
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1.5.3 Acetylacetone
Acetylacetone [Sinn and Silvester, 1979] is a simple bidentate chelator (figure
1.5.1.1) which forms neutral 3:1 complexes with indium and other trivalent cations and
was primarily introduced as an alternative to oxine because o f its aqueous solubility
[Danpure and Osman, 1981]. However, it cannot label in the presence of plasma and as
this is a desirable property of a chelator it has failed to replace tropolone as a widely used
labelling agent. Comparative studies with oxine and acetylacetone have shown that much
larger quantities of the latter are required for labelling [Goedemans, 1981] and may
explain its reported toxic effects on neutrophil chemotaxis and phagocytosis [Burke et al.,
1982]. Therefore acetylacetone has not been adopted as a routine cell labelling agent
[Goedemans and Jong, 1987].

Oxine

Acetylacetone
.CH2

&

Merc

Tropolone

OH

Figure 1.5.1.1

n

O

OH

.

Structures of previously described indium labelling agents
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1.5.4 M erc
Apart from tropolone, mere (2-mercaptopyridine-iV-oxide, is the only other widely
available chelator which has been shown to label in the presence of plasma. It is also a
bidentate chelator (figure 1.5.I.1) and forms 3:1 neutral complexes with trivalent cations
such as In^+. It has been prepared in a kit form [Thakur et al., 1985] for labelling cells but
paired comparisons have indicated that it cannot exceed the labelling efficiency of oxine
at plasm a concentrations greater than 30% [Goedemans and Jong, 1987]. Its clinical
applications have been limited, possibly because it offers no advantages over the longerestablished tropolone.

1.6 HYDROXYPYRIDINONES AND HYDROXYPYRANONES AS
PO T EN TIA L C ELL LA BELLIN G AGENTS
In the search for novel agents which can label cells with high efficiency but with
low toxicity, the HPOs and hydroxypyranones appear as attractive candidate compounds
which have been developed for potential therapeutic use as oral iron chelators. The wide
range of HPOs which have been synthesised with different alkyl chains enables a
systematic evaluation of the effects of structural modification on cell labelling.
1.6.1 T h e hydroxypyridinone chelators
The HPOs are a family of heterocyclic bidentate chelators and can be regarded as
aromatic-like derivatives incorporating parts o( hydroxamate and catecholate moieties
(Table 1.4.1.3). HPOs fall into one of three categories depending on the relative positions
of the hydroxyl and ketone functional groups in the nitrogen-containing six membered
ring:
(i) the 3-hydroxypyridin-4-ones (HP-4-ones) [Hider et al., 1984a, 1984b],
(ii) the 3-hydroxypyridin-2-ones (HP-2-ones) [Hider et al., 1982] and,
(iii) the 1-hydroxypyridin-2-ones (l-HP-2-ones) [Hider et al., 1984c].
A lthough HPOs have systematic names (see " A b b re v ia tio n s" ), HPOs are
generally referred to by their arbitrary names which begin with the prefix “ CP” (for
“compound”) followed by a number. The general structures and the chemical properties
o f each class of HPO are shown in figure 1.6.1.1 and are further discussed in the
following sections.
1.6.1.1 Affinity fo r trivalent cations
Each class of HPO is relatively specific for trivalent cations, including Fe^"*", In^"**,
Al^+ and Ga3+ [Hider & Hall 1991a][Matsuba et al., 1988]. O f the three classes, the HP4-ones possess the highest affinity for trivalent cations such as iron (log /Ji = 37) and the
l-HP-2-ones the lowest (log f t = 27). The l-HP-2-ones have a further disadvantage as
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3-hydroxypyridin-4-one

of hydroxyl group

total formation
constant (log f t )

O
.OH

9.0^

37

8.6'

32

6.0 ^

27

3-hydroxypyridin-2-one

l-hydroxypyridin-2-one

OH

Figure 1.6.1.1

The general structures and chemical properties of the

hydroxypyridinones.
^Porter et. a.L, Bailliere's Clin. Haematol 1989 2 257-292.
^Hider et al., 1990 Biochem Pharmacol39 1005-1012.
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metal chelators in biological systems which is the relatively low
function (p ^ a = 6.0, figure 1.6.1.1). This

a of the hydroxyl

a results in ionisation of the hydroxyl group

over the physiological pH range, thus conferring a net negative charge of 1“ to the
molecule. This means that their indium complexes will also be charged and would not be
expected to cross cell membranes effectively, thus precluding their use as cell labelling
agents. For these reasons the l-HP-2-ones have not been investigated either as indium
chelators or as iron chelators and so from now on the term HPO shall refer only to the
HP-4-ones and HP-2-ones. In contrast, the HP-4-ones and the HP-2-ones possess
hydroxyl groups with much higher

a values o f 9.0 and 8.6 respectively (figure

1.6.1.1). These compounds are therefore uncharged over the physiological pH range and
cross cell membranes effectively as the free ligand, thus perm itting their use as
therapeutic iron chelators. The relatively high pA'a means that their metal complexes also
exist predominantly in the uncharged 3 :1 form over the physiological pH range as
illustrated in the spéciation plot shown for a HP-4-one in figure 1.6.1.2. This is the
central feature which permits their use as cell labelling agents.
1.6.1^ Influence o f alkyl substitutions o f HPOs on lipid solubility
A large number of HPOs have been synthesised [Dobbin et al., 1993] [Streater et
al., 1990] all of which share the same heterocyclic ring structure and the presence of the
hydroxyl and ketone functional groups in the three respective positions (figure 1.6.1.1).
As coordination of metals by these chelators is through these oxygen ligands (§ 1.4.1.3),
all members of a given HPO family have virtually identical iron binding constants for
trivalent cations such as indium(lll) and Fe(lll). However, each member differs in the
nature of the R substituents attached to the ring (figure 1.6.1.1). The R substituent
(particularly the one attached to the nitrogen) has a strong influence on the lipid solubility
of the compound which, in turn, determines the rate at which the compound enters cells
by simple diffusion [Porter et al., 1986] [Porter et al., 1988]. The lipid solubility
(lipophilicity) is quantified by measurement of the p artitio n coefficient (Kpart) which is
the ratio of equilibrium chelator concentration in the two phases of an organic/aqueous
mixture:
K p a rt

(eq.) = Concentration in organic phase
Concentration in aqueous phase

Eqn. 1.6.1.1

The Kpart values of all the HPOs are shown’in A ppendix 2 and range from < 0.002 for
C P 4 0 to750forC P 26.
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F igure 1.6.1.2 Spéciation plot of an HP-4-one with a trivalent cation.
The spéciation o f CP22 (4 x 10"^ M) is illustrated in the presence o f Fe^+
(1 X lQ-4 M). M, metal; L, ligand. From Hider & Hall 1991.
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1.6.13 Ome~25: a non~chelating HP-4-one
Coordination of

by HP-4-ones the requires the presence of the two oxygen

ligands (viz. the hydroxyl group at the 3-position and the carbonyl group at the 4position, figure 1.4.12). Therefore, in principle, the inactivation o f one o f these oxygen
ligands will render an HP-4-one unable to bind iron. Such a non-iron chelating derivative
has been synthesised by replacing the hydroxyl hydrogen of the HP-4-one CP25 with a
methyl group, thus converting it to an ether group. Unlike the hydroxyl group, the ether
group cannot coordinate iron and therefore this new compound (known as 0 -methylCP25 or Ome-25) is a non-chelating HP-4-one. The structures of CP25 and Ome-25 are
compared in figure I.6.I.3. Although this non-chelating HP-4-one cannot be used for cell
labelling, it is still of use in cell function studies where it is important to distinguish those
effects of HPOs which are dependent on chelation from those that are independent of
chelation. Ome-25 is a particularly useful control for studies investigating the mechanism
of HPOs interaction with metalloenzymes (C hapters 3 and 4).

.OH

OCH

CH

CH

Ome-25

CP25

Figure 1.6.1.3

The structures of the HP-4-one CP25 and the corresponding

non-iron-chelating derivative Ome-25.

1.6.2 The bydroxypyranone chelators
Although it is desirable for a chelator to have a very high affinity for Fe^+ in its
use as a compound for the treatment of iron overload, as a cell labelling agent, the
compound may have an affinity for ln^+ which is high enough to prevent the complex
from dissociating before entering the cell, but low enough for the isotope to be donated to
intracellular components. As the affinity of the HPOs for indium(III) is likely to be very
similar to that for iron(III) (Eqn 2.5.1, C h ap ter 2), highly stable complexes may not
readily give up the isotope once inside the cell and the mechanism of labelling by such
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complexes may be by retention of the stable chelate complexes by the cells. On the other
hand, chelators which retain many of the advantages of HPOs (e.g. formation of
uncharged, neutral complexes) but have lower affinities for trivalent cations are more
likely to donate the isotope intracellularly and may also serve as cell labelling agents.
Such chelators, known as the hydroxypyranones have been synthesised by Hider
and co-w orkers by the replacem ent of the nitrogen heteroatom o f the 3h ydroxypyridinones

w ith oxygen

[H ider and H all,

1991a].

A lthough

the

hydroxypyranones have similar specificities for trivalent cations as HP-4-ones, their
affinity for them is about nine orders of magnitude lower (e.g. log

Fe(III) = 28). The

general structure of the hydroxypyranones is shown in figure 1.6.2.1.

3-hydroxypyranone

pK ^ of hydroxyl groupé

Q

Fe^"^ overall formation
constant (log

HO
8.73

28.5

F ig ure 1.6.2.1
The general structure and chemical properties of the
hydroxypyranones. ^Hider et. al., 1990. ^Dobbin & Hider 1990.

Hydroxypyranones possess many of the beneficial properties o f the HPOs. In particular,
they possess p ^ a values which are sufficiently high for them to be uncharged at
physiological pH and therefore enter cells readily both as the free ligand and as the metal
complex. Using this approach, the hydroxypyranones maltol and ethylmaltol have been
used to deliver zinc with high efficiency to haemoglobin in human red cells as a potential
anti-sickling agent [Hider et al., 1990]. Maltol has also been used as an oral preparation to
deliver iron to iron-deficient subjects with results comparable to those obtained with the
established iron supplement ferrous sulphate [Kelsey .et al., 1991].

1.6.3 Potential advantages of hydroxypyridinone and bydroxypyranone
chelators as cell labelling agents
The HPO and bydroxypyranone chelators possess several properties which are
beneficial for cell labelling. Firstly, the use o f a chelator as a cell labelling agent requires
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it to have a significantly greater affinity for trivalent cations over divalent ones so that
essential metals such as Ca^+ and Mg^+ present in the labelled cells are not chelated.
Table 1.6.2.1 compares the affinities of HP-4-ones for divalent cations with those of
three other classes of chelators of trivalent cations, nam ely amino carboxylate,
hydroxamate and catecholate. It can be seen that the best differential between affinity for
trivalent cations such as iron(III) (or In(III)) and affinity for divalent cations is afforded
by the HP-4-ones.

Table 1.6.2.1
Affinities of amino carboxylates, hydroxamates, HP-4-ones and catechols for divalent
cations. The Fe(III) formation constant is given as a reference.
From Dobbin and Hider, 1990.
Overall formation constant floel
HP-4-one^

Catechol^

31

37

40

18

14

17

25

Zn(II)

16

11

12.5

17

Mg(II)

9

4

7

6

Ca(II)

11

2.5

4.5

Amino carboxylate

Hydroxamate

(EDTA)

(DFO)

Fe(ni)

25

Cu(II)

Metal ion

^For bidentate ligands the formation constant with divalent cations is the log p2 value and
with iron(ni) it is the f t value.
Secondly, the lower affinity of hydroxypyranones such as ethylmaltol for trivalent cations
like indium may increase intracellular release of the isotope thereby increasing labelling
efficiency. In this respect they may have an advantage over the higher affinity HPOs.
Thirdly, ethylmaltol also has a very low degree of toxicity in animals. In most species its
LD50 by the oral route requires near-gram quantities; e.g. 1150mg kg'^ (rat); 780mg kg"^
(m o u s^ 1270mg kg"l(chici^, [Gralla et al., 1969]. In contrast, the LD50 values^ for the
established chelators tropolone (15-200mg kg'^) and oxine (89mg kg'^) are significantly
less [Thakur, 1981b] indicating their greater toxicity. Furthermore, because of its strong
flavour, ethylmaltol has been used for more than two decades as a licensed food additive
[Stephens and Allingham, 1968]. Several HP-4-ones have also undergone extensive
formal toxicology studies in animals [Gyparaki et al., 1987] [Porter et al., 1990b, 1991a,
Data available only for mice via the i.p. route.
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1991b] and, in the case of CP94 used for platelet labelling in C h a p te r2., formal clinical
trials in iron overloaded human volunteers [Porter et al., 1991b, 1994].
This thesis therefore presents studies investigating the use o f HPOs and
hydroxypyranones in radiolabelling of cells. Their use in indium labelling of human
platelets is described in C h a p te r 2; the mechanisms of their effects on the cellular
function of platelets and neutrophils are examined in C h ap ters 3 and 4 respectively.
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CHAPTER 2
HYDROXYPYRIDINONE- AND
HYDROXYPYRANONE- INDIUM
COMPLEXES AS PLATELET LABELLING
AGENTS
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2.1 IN TRO D UCTIO N.
In C h ap ter 1 the general properties of chelators necessary for labelling cells with
indium without inducing toxicity were discussed. In this chapter, the specific uses of
chelators for radiolabelling human platelets with indium are first described before
examining how effectively the hydroxypyridinone (HPO) and bydroxypyranone chelators
label human platelets in vitro. Finally the effect o f a series HPOs and hydroxypyranones
on platelet aggregation is investigated with a view to identifying compounds with
minimal toxicity to cells.

2.2 PLA TELET LA BELLIN G W ITH INDIUM : USES AND M ETH O D S
2.2.1 Uses of radiolabelled platelets
The labelling of blood platelets with a radionuclide is a widely used diagnostic
technique which allows the passage of platelets through the circulation to be monitored.
The technique requires platelets from a small quantity of blood (about 40ml) to be
labelled with a y-emitting radionuclide ex vivo, the excess radioactivity washed and the
labelled autologous platelets reinjected into the patient. The fate of the labelled platelets
can then be monitored either by means of a gamma camera (distribution studies) or by
radioactivity counting of regular blood samples (survival studies).
In recent years there has been an increased interest in ^^^Tc based labelling
methods making this the most widely used radionuclide in nuclear medicine [Lazarus,
1991]. However, the much longer half-life of ^^^In (C h ap ter 1) makes it more suitable
for platelet survival studies and therefore ^^^In has remained the radionuclide of choice
for platelet labelling [Peters and Lewis, 1991]. The clinical applications of radiolabelled
platelets fall into two general categories: (i) imaging techniques, (ii) kinetic studies, and
are described below.
22.1.1 Imaging techniques
Imaging studies (scintigraphy) are used for the investigation of the distribution
and sites of excess deposition of circulating platelets and are performed by means o f a
gamma imaging camera. These studies are useful for the diagnosis of many disease states
which involve abnormal distribution and/or deposition of platelets. Thus, IHjn-labelled
platelets have been used for the detection of deep venous thrombosis [Grimley et al.,
1981] [Clarke-Pearson et al., 1985] and the diagnosis of chronic arterial disease [Davis et
al., 1980] [Fenech et al., 1981]. In addition to these idiopathic states, abnormal platelet
distribution may also occur as a result of thrombotic complications arising after surgical
intervention and ^^^In-labelled platelets have proved useful in their diagnosis too. Thus,
the rejection of renal transplants [Smith et al., 1979] [Chandler et al., 1982] and
thrombogenicity of prosthetic materials such as arterial grafts [Ritchie et al., 1981]
[Stratton et al., 1982] [Robicsek et al., 1987][Christenson et al., 1987] have both been

50
investigated using

^In-labelled platelets. Finally, ^ In - la b e lle d platelets have proved

useful for various forms of coronary imaging including the identification of intracardiac
thrombi [Ezekowitz et al., 1982] [Kessler et al., 1987] [Stratton et al., 1980] and the
imaging of experimental infective endocarditis [Riba et al., 1979].
2 J . U Kinetic studies
The total platelet population which participates in circulation is about 50% greater
than the product of the peripheral platelet count and the total blood volume, the remainder
being sequestered in organs, principally the spleen [Peters and Lewis, 1991]. Kinetic
studies with

^In-labelled platelets follow the distribution and survival of platelets in

vivo and are used to measure the mean platelet life-span (MPLS) or identify sites of
platelet destruction such as the spleen [Heyns et al., 1980] [Peters et al., 1980]. These
studies are important in the elucidation o f the m echanism s of throm bocytopenia
associated with many conditions, some of which are listed in T ab le 2.2.I.2. Recently,
radiolabelling of stored platelet concentrates with ^^Un has been employed to monitor
their responsiveness after transfusion [Owens et al., 1992] [Holme et al., 1993].
2.2.2 C helating agents in cu rren t use for platelet labelling w ith indium
Conventional indium platelet labelling techniques have mostly utilised one of four
chelators, oxine (8-hydroxyquinoline), tropolone, acetylacetone and mere. The properties
and chemical structures of these compounds are discussed in C h ap ter 1.

Table 2.2.1.2 Some conditions for which ^^Hn-labelled platelet survival studies may be
indicated. (Adapted from Peters 1991).
Haematological

Idiopathic thrombocytopenia purpura (ITP)
Thrombotic thrombocytopenia purpura (TTP)
Leukaemia, lymphoma

Cardiovascular

Arteriosclerosis
Prosthetics (e.g. artificial valves. Dacron grafts)
Deep venous thrombosis

Pulmonary

Emphysema
Adult respiratory distress syndrome
Primary pulmonary hypertension

Rheumatological

Systemic lupus erythematosus
Rheumatoid arthritis

Others

Cirrhosis, diabetes mellitus
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RESULTS
2.3 FACTORS AFFECTING INDIUM LABELLING OF PLATELETS
WITH ETHYLMALTOL AND HPOs
This section describes experiments which were undertaken to determine the
factors which influence the uptake of indium-ethylmaltol and indium-HPO complexes
into platelets. In principle, several factors can influence the uptake of indium-chelate
complexes into cells. These are:
(i) the concentration and chemical properties of the chelator (e.g. affinity for indium, lipid
solubility),
(ii) the pH and composition of the labelling medium,
(iii) the length of the incubation period,
(iv) the platelet concentration and
(v) the composition of the labelling medium (chiefly, the absence or presence of plasma).
A ll o f these factors were investigated in turn except for the labelling medium. It is known
that ethylmaltol and HPOs do not label granulocytes with high efficiency in the presence
o f plasma^ and therefore all labelling experiments were carried out using phosphate
buffered saline (PBS) as this has been shown to be an effective plasma-free labelling
medium [Thakur et al., 1981a].
Experimental design
The chelators chosen

for the labelling

studies

w ere ethylm altol (a

hydroxypyranone), CP02 (a HP-2-one) and CP25 and CP94 (two HP-4-ones). The
selection of compounds from different families (i.e. hydroxypyranones, HP-2-one, and
H P-4-ones) and from the same family (i.e. the HP-4-ones CP25 and CP94) allows the
investigation of the effect of the affinity constant and lipophilicity respectively on
labelling efficiency. The structures of these chelators are shown in A ppendix 2; their
affinities for trivalent cations and their Kpart values in the free and indium-bound states
are shown in T able 2.3.1.1. It can be seen that of these chelators, ethylmaltol has the
low est and the HP-4-ones the highest metal binding affinity. The above factors affecting
indium labelling of platelets with ethylmaltol and HPOs was investigated. The labelling
efficiencies of these chelators were compared with that obtained with oxine, the
established chelator for platelet labelling in plasma-free media. The experimental details
o f labelling are described in § A7 and the appropriate legends.

^ J. B. Porter, personal communication.
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2.3.1 Effect of different chelators on H ^^In uptake into platelets
The effect of chelator concentration on uptake of indium into platelets was
investigated. Results obtained with ethylmaltol are shown in figure 2.3.1.1 and those
obtained with the HPOs CP25, CP94 and CP02 are shown in figure 2.3.I.2. In the case of
ethylmaltol, maximal labelling efficiency was obtained at a chelator concentration of
about 100p,M (figure 2.3.1.1); under similar conditions the optimal concentration for
oxine was about 60jiM. This is close to the concentration o f 5p,g ml'^ recommended for
oxine [I.C.S.H,, 1988]. Experim ents with the HPOs established that, at the three
concentrations tested (10, 33 and lOOpM), the highest labelling was obtained at 10|iM
(fig u re 2.3.1.2). The increase in labelling efficiency with decreasing chelator
concentration was most evident for CP94 (figure 2.3.1.2).

Table 2J.1.1. Partition coefficients (Kpart ^ -octanol: MOPS buffer, pH 7.4) of chelators
and their indium complexes used for platelet labelling. Maltol is shown as a reference for
ethylmaltol to illustrate the effect of lipophilic side-chains.
Compound

Oxine

lo g %

K p a rt

(M3+)^

Free

In3+

baseb

complex^

s.d.

n

K p a rt

s.d.

n

37

74

± 3.64

5

1180

±204

3

N.D.d

0.73

± 0.04

4

87

±6

3

Maltol

28

1.13

± 0.00

7

0.81

± 0.01

3

Ethylmaltol

28

4.29

±0.08

7

21.4

± 2 .3

3

CP94

37

0.85

±0.07

6

N.D.d

CP 25

37

79

±5.17

6

1570

± 150

3

CP 02

32

1.6

± 0.01

5

5.8

± 0.2

3

Tropolone

^T he affinity constants listed are based on iron(lII), but they are expected to be virtually
identical for other trivalent cations such as indium(III) (§ 2.5).
Data supplied by ^ Prof. R C Hider, Kings College London and ^ Dr. B L Ellis,
Manchester Royal Infirmary.
^ Data not available.
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Figure 2.3.1.1 Effect of chelator concentration on uptake of ^l^wj^-oxine and ^^^Inethylmaltol complexes into platelets.
Purified platelets were incubated in PBS for 10 minutes with oxine- and ethylmaltolindium complexes at 37°C at the chelator concentrations shown. Cells were washed
twice by centrifugation and the proportion of radioactivity present in the cell fraction
and supernatants was measured using a y-counter as described in § A7. The data are
the mean ± s.d. of two experiments.
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Figure 2.3.1.2 Effect of chelator concentration on uptake o f
hydroxypyridinone complexes into platelets.
Purified platelets were incubated for 10 minutes in PBS with the ^^^"^In-complexes of
CP94, CP25 or CP02 at 37°C as described in § A7.4. Cells were washed twice by
centrifugation and the proportion of radioactivity present in the cell fraction and
supernatants was measured using a y-counter. The data are the mean ± s.d. of two
experiments. Parallel experiments were also performed with optimal concentrations of
ethylmaltol (lOOpM) and oxine (60|iM) and gave labelling efficiencies of 36.0 ± 6.7
% and 37.9 ± 4.4 % respectively.
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2 3 ,2 Influence of pH on platelet labelling efficiency w ith
In3+ forms three types of complex with bidentate ligands (L) such as HPOs,
hydroxypyrones and oxine: (InL)^+, (InL2)‘’‘ and (InLg) (E qns

1.4.1.5 - 1.4.1.7). Of

these, only the uncharged 1:3 complex will be able to penetrate the cell membrane by
simple diffusion (C h ap ter 1). It is known from spéciation plots (a measurement of the
proportion of each type of complex as a function of pH) conducted with Fe^+ and HP-4ones and hydroxypyranones that the neutral 3:1 complexes predominate at pH values of
> 7 3 but as the pH falls, 2:1 and 1:1 complexes predominate (figure 1.6.12). Similar
behaviour is predicted for In^+ and was experimentally tested using the bidentate
chelators ethylmaltol and oxine.
The uptake of the indium-ethylmaltol and indium-oxine complexes into platelets
in PBS in the pH range 5-10 is shown in figure 2.3.2.I. The results show that the optimal
pH for labelling with these compounds is about 8 and therefore all subsequent labelling
experiments were performed at this pH. The spéciation of bidentate chelators leading to
me formation of charged complexes (figure 1.6.1.2) may explain the lower labelling
effic iency obtained with ethylmaltol and oxine for pH values below 7 and similar results
are expected for other bidentate chelators such as the HPOs.
2.3.3 K inetics of uptake of ^^^^In-chelate complexes by platelets
Having established the optimal pH and the optimal concentrations for labelling,
the kinetics of indium uptake by platelets was investigated using the ^^^^In-ethylmaltol
complex as an example. Parallel uptake studies were also performed with oxine. The rate
of indium uptake with oxine and ethylmaltol over 1 hour is compared in figure 2.3.3.I.
Uptake with oxine was initially more rapid but by 10 minutes the labelling efficiency
with ethylm altol approached that of oxine. 12 minutes was therefore chosen as the
standard labelling period in order to keep the duration of platelets in plasma-free medium
to a minimum. Ethylmaltol-indium complexes have intermediate lipid solubility (Table
2 .3 .1 ,1 ) and although time courses were not conducted with all the other chelatorcomplexes, consideration of their lipid solubilities (T able 2.3.1.1) suggests that those
with similar lipophilicity to oxine (viz. CP25) will have faster uptake kinetics than
ethylmaltol.
2.3.4 Influence of platelet concentration on uptake of

-chelate

complexes
During the uptake of indium chelator complexes into platelets, a finite number of
cells compete for the complexes. Therefore, it might be expected that increasing the
platelet concentration will lead to an increase in the proportion of the label taken up. This
hypothesis was investigated by incubating different numbers of washed platelets with the
same quantity of indium-ethylmaltol; parallel studies were also performed with indium-
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F igure 2.3.2.1 Dependency of platelet labelling efficiency on the pH o f the labelling
medium.
W ashed platelets were resuspended in PBS, the pH of which had been pre-adjusted to
the values shown with either HCl or NaOH. The cells were incubated with ll^m jn
com plexes o f ethylm altol (lOOjiM) or oxine (60)iM) as described in § A7.4.
Unincorporated radioactivity was removed by centrifugation and uptake measured (§
A7.4). The results are the mean ± s.d. of three experiments.
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F ig u re 2.3.3.1 The effect of incubation time on the uptake of I13/«in into platelets
with optimal concentrations of ethylmaltol and oxine.
Platelets from a CPDA-1 donor pack were washed free o f plasma as described in §
A7.2.1 and incubated at 37°C with radioindium complexes o f 100|iM ethylmaltol and
60|iM oxine for the times shown. Excess radioactivity was removed by centrifugation
and the proportion of radioactivity incorporated into cells was measured using a ycounter (§ A7.4). The results are the mean ± s.d. of two experiments.

58
oxine. Due to the large concentrations of platelets (upto 200 x 10^/250|il) used in these
experiments, a unit (approx. 450ml) of blood was taken from a volunteer patient with
secondary polycythaemia but with normal platelet function during routine venepuncture
for the preparation of the platelets (§ A7).
The effect of cell concentration on the uptake of indium-oxine and indiumethylmaltol complexes into platelets is shown in curves A and B of figure 2.3.4.1. With
ethylmaltol, the uptake increases rapidly initially and then more slowly, but does not
appear to reach saturation even at 100 x 10% 50pl, the maximum platelet concentration
tested for ethylmaltol (curve B). The corresponding curve with oxine appears to reach
saturation at a concentration of about 40 x 10^/250pl (curve A). The preparation of
platelet suspensions containing large numbers of cells such as these requires large
volumes of blood, particularly for developmental studies where a number of variables are
investigated simultaneously. Therefore, platelets were suspended at concentrations less
than 80 x 10^ mk^ (typically 50-80 x 10^ ml'^) in all future studies. This concentration of
washed platelets can easily be prepared from 40ml of blood from a healthy volunteer. For
clinical studies which require only one batch of cells to be labelled, labelling may be
carried out at higher platelet concentrations to increase uptake further.
2^ .5 Uptake of 113"*In-hydroxypyridinone and H^^In-hydroxypyranone
complexes under optimal conditions
After establishing the optimal conditions necessary for platelet labelling (viz.
chelator concentration, pH of the labelling medium, incubation time and cell number),
further uptake studies were performed with all four compounds using these conditions.
Parallel uptake m easurem ents were also perform ed with oxine at its optimal
concentration (60p,M). The labelling efficiencies of the compounds and oxine at their
respective optimal concentrations are shown in T able 2.3.5.I. The results show that all
the compounds tested have labelling efficiencies > 80% of that obtained with oxine with
CP94 having the lowest (34.4 ± 0.7) and ethylmaltol the highest (41.1 ± 5.5). The
labelling efficiency of ethylmaltol, in particular, is almost identical to that of oxine (41.7
± 2. 1).

2.4 EFFEC TS OF CH ELA TO RS ON PL A TELET A G G R EG A TIO N
2.4.1 Potential mechanisms of cell dam age by labelling process
One of the properties desired of a potential cell labelling agent is the lack of
toxicity towards and lack of activation o f the labelled cells (C h a p te r 1). This is
particularly important for the platelet, a cell the primary role of which is to respond by
becoming activated to a wide range of stimuli. The role and mechanisms of platelet
activation are discussed in detail in C h ap ter 3 and will not be pursued here.
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F igure 2.3.4.1 Effect of cell number on the uptake of ^^^mj^-ethylmaltol complex by
platelets.
Platelets from a donor pack were washed by centrifugation and resuspended in PBS at
the concentrations shown. Aliquots were incubated at 37°C w ith the ll3"*lnethylmaltol complex (lOOjiM). After 12 minutes the cells were washed twice by
centrifugation and the proportion o f radioactivity incorporated m easured using a J counter. The uptake with 60|iM oxine is also shown. The data are the mean ± s.d. of
three replicates. (Experimental details are given in § A7).
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T able 2.3.5.1 Uptake of H3min complexes of CP94, CP25 and CP02 into platelets at
the optimal concentration.
W ashed platelets were resuspended in PBS, pH 8 and incubated at 37°C for 12
minutes with the indium chelator complexes at the concentrations shown. The cells
were washed by centrifugation and the proportion of radioactivity incorporated into
cells was measured using a y-counter. The uptake obtained with 100}iM ethylmaltol
(optimal concentration for ethylmaltol) and 60p.M oxine (optimal concentration for
oxine) are also shown. The results are the mean ± s.d. of three experiments.

Chelator

Concentration / )iM

% Uptake of
113min

CP94

10

34.4 ± 0 .7

CP25

10

39.1 ± 1.2

CP02

10

40.8 ± 0.1

Ethylmaltol

100

41.1 ± 5 .5

Oxine

60

41.7 ±2.1

Any adverse effects of labelling on platelet function may arise from three
principle sources. Firstly, radiation damage from the indium -113m; secondly, the
labelling procedure itself; and thirdly, from the chelators themselves. Radiation damage
from ll3m jji can be excluded as a significant factor which may contribute to loss of
platelet function on the basis of work carried out by Bernard et. al. [Bernard et al., 1983].
These authors investigated the effect of ^^^In activity in the range 2.2-22 MBq/10^ cells
on platelet function and ultrastructure and reported that adverse effects did not manifest
until activities > 7 .4 MBq/10^ cells. The activities used in all the labelling studies
presented in this chapter are about 10|iCi /lO^ cells (0.37 MBq/10^ cells)) and are
therefore much lower. They are also well below the 4MBq maximum recommended for
platelet survival studies in patients [I.C.S.H., 1988].
Apart from physiological stimuli, platelets also become activated when subjected
to physical stimuli such as artificial surfaces and centrifugal forces the use of which is
inevitable during platelet purification. Hence ideally, the labelling procedure should not
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require any cell manipulation but ought to be viable in whole blood (C h a p ter 1).
However, all indium labelling procedures available to date, including those described in
this Cht^ter, involve some manipulation of the cells partly to obtain the desired cell type
in high purity in the absence of transferrin and partly to eliminate excess radioactivity
after labelling. Therefore, given that some cell manipulation is unavoidable during
labelling, the most significant variable which is likely to affect the function o f the
labelled platelets is the chelator used for labelling. The effects of the chelators used for
platelet labelling on platelet function

assessed by m easuring the aggregatory

response of chelator-treated platelets.
2.4.2 Effects of chelators on platelet aggregation
Indium-labelled autologous platelets need to be viable for many days in the
circulation, specially for survival studies. Therefore studies which investigate the effects
o f chelators on platelet function need to employ incubation periods long enough to
resemble conditions in vivo. However, platelets are in contact with the relatively high
chelator concentrations employed for labelling only during the labelling period; after
labelling the excess chelator is washed off and only lower concentrations of chelator
remain associated with the platelets. Therefore in vitro experiments investigating the
effects of chelators on platelet function must be designed with this in mind.
Experimental design
Two types of experiments were designed to measure the aggregatory response of
chelator-treated platelets to physiological agonists such as collagen and ADP.
(i) Initially, short term incubations (10 minutes), of comparable duration to the labelling
period, were carried out utilising relatively high concentrations (300|iM ) of each chelator
used for labelling.
(ii) On the basis of the above results, chelators which did not have adverse effects were
chosen for evaluation in long term incubations (upto 3 days) utilising lower chelator
concentrations (lOOpM).
The principle of platelet aggregometry is described in § A7 and the mechanism of
platelet activation by collagen and ADP is described in C h a p te r 3. The short-term
incubations were carried out in CPDA 1 plasma kept in Eppendorf tubes. However, for
the successful long-term maintenance of platelets, it is essential that four conditions are
satisfied.
(i) The PRP/chelator mixture must be kept sterile .
(ii) The pH of the PRP/chelator mixture must be maintained at around 7 by incubating in
purpose-built, gas-permeable platelet storage packs [Murphy, 1985].
(iii) The PRP/chelator mixture must be kept under constant, gentle, horizontal agitation
[Murphy, 1985].
(iv) The platelets must be stored at a relatively high concentration [McClelland, 1989].
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All long-term studies were carried out with these criteria in mind (§ A7).
2.4.2.1 Short term studies on effects o f chelators on platelet aggregation to
collagen
The effects of incubating platelets with SOOjiM ethylmaltol, oxine, tropolone,
CP02, CP25 or CP94 for 10 minutes on the aggregatory response to collagen are shown
in figure 2.4.2.1. It can be seen that several metal chelators inhibit platelet aggregation to
collagen. The impairment of this response reached statistical significance with oxine,
CP02 and CP25. Ethylmaltol and CP94 had little or no inhibitory effect on platelet
aggregation to collagen. There was a general inverse relationship between the impairment
of the aggregatory response to collagen and the lipophilicity of the chelators both in the
indium-free and complexed forms (Table 2.3.1.1). However, the HP-2-one CP02 did not
conform to this general pattern, having a large anti-aggregatory effect despite having a
relatively small partition coefficient in both forms. Potential mechanisms of this
inhibition was investigated and are reported in the experiments described in C h ap ter 3.
In order to determine whether the dramatic reduction o f collagen-induced
aggregation caused by the oxine solution was due to the oxine itself, or due to the 1%
alcohol used to dissolve the oxine, a control experiment comparing the effect of 1%
ethanol with 300|iM oxine in 1% ethanol was performed. The results showed that both
ethanol (14.7 ± 6.7 % of control) and oxine (14.2 ± 4.4 % of control) had a similar
inhibition of collagen-induced aggregation which suggests that the alcohol rather than the
oxine is responsible for the inhibition of aggregation.
The labelling and functional studies performed with ethylmaltol showed that it
labels platelets with an efficiency similar to that of oxine but without significant toxicity.
Therefore, in principle, other hydroxypyranone analogues with indium binding affinities
similar to ethylmaltol but which are even more lipophilic in the indium-bound state may
possess even greater labelling efficiencies. Two such lipophilic analogues of ethylmaltol,
CP 165 and CP 166, have been synthesised very recently [Ellis, 1993] and their structures
and partition coefficients are shown in figure 2.4.2.2, together with those of ethylmaltol.
It can be seen that, like ethylmaltol, CP 165 and CP 166 have relatively low Kpart values in
the free state. As discussed in C h ap ter 1, this is a desirable property for cell labelling as
it minimises the entry of the chelator in the free state. However, unlike indiumethylmaltol, the indium complexes of both C P I65 and C P I66 have much higher Kpart
values and therefore the chelate complex is likely to penetrate the lipid bilayer even
faster. Once inside the cell, these complexes are just as likely to donate the isotope
intracellularly as indium-ethylmaltol because they have virtually identical indium-binding
affinities to ethylmaltol. Therefore CP 165 and CP 166 are expected to have platelet
labelling efficiencies greater than that of ethylmaltol. The high labelling efficiencies of
C PI65 and C P I66 have been confirmed in whole blood, neutrophils, lymphocytes and
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Figure 2.4.2.1 Short term effects of chelators on the collagen-induced aggregation
response of platelets.
Platelets (250 x 10^ 1-1) in citrated PR ? (450}il) were incubated with chelators
(300p.M) for 10 min at 37°C and aggregation performed with a sub-optimal dose of
collagen as described in § A7.7. At least four paired controls were performed for each
chelator and analysed statistically using the Students' T-test. The maximal
aggregation ± s.d. at 4 minutes is shown.
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“m ixed” leukocytes (Ellis, 1993); in all cases, both these hydroxypyranone derivatives
produced labelling efficiencies of > 75%.
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CP 165 and C P I66 and their relationship to ethylmaltol.
* Data from Ellis, 1993.

Table 2.4.2.1 Effect of CP 165 and CP 166 on platelet aggregation.
Citrated PRP (250 x 10^ platelets ml'^) was incubated with chelators (300p.M) for
10 min at 37°C. Aggregation was induced with collagen (Ijig ml'^). The mean
maximal aggregation ± s.e. of nine replicates at 4 minutes is shown.
Compound

Aggregation
(% of control)

Ethylmaltol

111.9±7.7

CP165

121.1 ± 8.2

CP166

116.9 ± 13 .0

65

Although it is not known whether CP 165 and CP 166 label platelets efficiently,
their effects on collagen-induced platelet aggregation were investigated and compared
with ethylmaltol using short term studies as outlined above. These results (Table 2.4.2.1)
show that CP 165 and CP 166, like ethylmaltol, do not have adverse effects on platelet
aggregation. This is in contrast to the HP-4-ones where increasing the lipid solubility of
the chelator significantly increases toxicity to platelets (cf. CP94 and CP25, figure
2.4.2.1). This property makes these novel hydroxypyranones ideal candidate compounds
for evaluation as future platelet labelling agents.
2.4JIJ Long term studies on effects o f chelators on platelet aggregation to
collagen
The ability of ethylmaltol to label cells with high efficiency, and its lack of short
term toxicity lead to the evaluation of its longer term effects on platelet function and its
comparison with the established compounds oxine and tropolone. Platelet rich plasma
was incubated with either ethylmaltol, oxine or tropolone (100|iM ) or their respective
diluents under sterile conditions suitable for long term platelet storage described above.
The aggregatory response to sub-optimal doses of collagen was measured at two
discriminatory time points (18h and 42h). The concentrations of collagen used were 15
ligml-1 at 18h and 100 p.gml-1 at 42h, as low er concentrations gave insufficient
aggregation in control cells at these time points. The results of these experiments are
shown in figure 2.4.2.3. It can be seen that tropolone inhibits collagen aggregation
significantly under these conditions at both 18h and at 42h whereas ethylmaltol has no
inhibitory activity at either time point. Oxine-treated cells appear to show considerable
improvement towards collagen aggregation at 18h and 42h compared to their behaviour
in the short term studies (figure 2.4.2.1); however, this may be due to the inhibitory
effects of oxine being overcome by the very high concentrations of agonist utilised in the
long term studies compared with short term studies.
On the basis of these results, further experiments were performed to compare the
response of tropolone and ethylmaltol-treated cells towards collagen over longer periods
(upto 3 days). Simultaneously, the aggregatory response towards another agonist, ADP,
was also performed in order to ascertain whether the inhibition of the aggregatory
response produced by tropolone was specific to collagen. These results (Table 2.4.2.2)
show that the inhibitory effects of tropolone are also observed with ADP-induced
aggregation and, further, the inhibition of both collagen and ADP aggregation are
progressive with time, with virtually no platelet aggregation at 72h. This is in contrast to
ethylmaltol-treated cells which continue to show respectable aggregation towards both
collagen and ADP even at 72h (Table 2.4.2.2).
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Figure 2.4.2.3 Investigation of the impairment of the collagen-induced aggregatory
response of platelets at two discriminatory time points.
PRP was prepared from a donor pack and incubated with the chelators shown
(100|iM, filter sterilised), or their respective diluents, under conditions suitable for
long-term storage (§ A7.5). At the times shown, aliquots were withdrawn aseptically
from each pack and aggregated with a sub-optimal dose of collagen (15|ig ml‘l at 18h
and 100|ig ml-l at 42h). Paired controls were performed in at least four replicates and
statistical analysis was perform ed using the Students' T-test. The maximal
aggregation ± s.d. at 4 minutes is shown.
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T able 2.4.2.2 Long term effects of ethylmaltol and tropolone on platelet aggregation
towards collagen and ADP.
Sterile PRP from a donor pack was incubated with chelator (lOOjiM) under long
term storage conditions (§ A7.5). At the times shown, aggregation was performed
with either collagen (A) or ADP (B). The response at 4 minutes is shown as a single
observation for collagen aggregation; for ADP aggregation, the mean ± s.d. of 2-4
aggregations is shown where indicated.

Time/h

Dose of

% Aggregation

collagen (]ig m pl)

Tropolone

Ethylmaltol

2

1
2
3
4

1
31
44
58

3
50
60
62

24

2
10

4
56

4
102

48

10
20
40

3
6
30

3
22
47

72

40
60
80

3
3
3

100

3

6
18
28

.

41

B
% Aggregation
Time/h

Dose of ADP/|iM

Tropolone

Ethylmaltol

2

10

65.8 ± 5.3

72.8 ± 4.57

24

100

69.5 ± 10.8

92.0 ± 7.8

48

100
200

4.5 ±2.1
8 ± 2.0

17.5 ± 9.2
33 ± 4.2

72

200
400

3
1

32 ± 1.41
36.5 ± 4.9
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2 ^ DISCUSSION
While there has been increased interest in the use of technetium-based methods
for cell labelling in recent years, indium labelling retains several advantages, particularly
for cell survival studies, due to the longer half-life of ^ I n (67h) than that of ^^'"Tc (6h).
For this reason, there is a demand for agents which can efficiently label platelets without
toxicity. The indium labelling properties of HPOs and hydroxypyranones were predicted
from the similarity of the solution chemistry of indium(III) to that of iron(III). Even
though indium is a Group III element and not a transition element, the solution chemistry
of its trivalent cation is very similar to that of ferric iron and for many ligands there is a
linear relationship between the equilibrium constant with ferric iron and that with
indium(OI) (Eqn 2.5.1). Therefore these iron chelators were predicted to act as carriers of
indium into platelets.
Kin = - 05854 -H 1.0108 i^pe
where

Eqn 2.5.1

and ^Pe are the respective stability constants, [Welch and Welch, 1975].
The results show that HPOs CP94, CP25, CP02 and the hydroxypyranone

ethylmaltol are capable of labelling platelets in vitro provided that the platelets are
washed free of plasma transferrin before the chelator-indium complex is added. These
chelators label at very low concentrations and, in fact, the most effective concentration
for CP94, CP25 and CP02 (range 10-100|iM) was 10|iM, the lowest concentration tested
(fig u re 2.3.1.2). This observation that carrying out labelling at higher chelator
concentrations does not necessarily lead to higher labelling efficiencies has also been
observed with other chelators such as tropolone [Dewanjee et al., 1981] and acetylacetone
[Danpuie znd Osman, 1981]. The increase in labelling efficiency with decreasing chelator
concentration was most evident for CP94.
In contrast to the HP-4-ones and the HP-2-one, the hydroxypyranone ethylmaltol
requires a greater concentration for optimal labelling (lOOjiM). This is likely to be due to
its almost certain lower affinity for indium than that of the HPOs. The linear relationship
between the equilibria of indium and iron complexes (Eqn 2.5.1) indicates that the
indium stability constants of a chelator will be very close to those for iron (T a b le
2.3.1.1). Gdl labelling by indium-chelate complexes is thought to involve donation of
free indium from the complex with subsequent binding to intracellular components such
as proteins [Mathias and Welch, 1979] [Thakur et al., 1977a]. Therefore chelators with
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high affinity for indium would be less likely to donate the indium intracellularly than
those with lower affinity, particularly when there is a marked excess of free chelator^.
The cell function studies indicate that platelets treated with ethylmaltol in short
term incubations (figure 2.4.2.1) and in long term culture (figure 2.4.2.3 and T able
2,4.2.2) maintain their functional integrity well, even at 300}iM concentrations in the case
of the short term studies. This is in contrast to both oxine and tropolone. In the long term
(18h and 42h) study, performed with chelator concentrations similar to those used in
labelling, tropolone significantly reduced collagen-induced aggregation but oxine did not.
The converse was true for the short term study which utilised chelator concentrations 3 to
5 times greater than those used for labelling, with oxine significantly reducing the
collagen response. The lack of inhibition of the aggregatory response by oxioe in the long
term experiments may be due to its inhibitory effects being overcome by the higher doses
of collagen (15p.g m l'f at 18h and lOOjig ml*l at 42h) required to induce aggregation at
these time points. In the case of tropolone, in long term studies, the inhibition of
aggregation was also observed with ADP as agonist (T able 2.4.2.2). This suggests that
the inhibitory action of tropolone, and possibly of the HPOs, on collagen aggregation is
not due to a collagen-specific interaction such as interaction with the collagen receptor
(C hapter 3) or with collagen itself but, rather, due to interaction with a component of a
pathway common to both agonists. Potential targets for the inhibitory actions of the
chelators are investigated in C h a p te r 3 and from these data it seems likely that the
inhibition of intracellular iron enzymes is one m echanism which is involved. The
inhibition of iron enzymes may explain why ethylmaltol, with the lowest affinity for
iron(in) (Table 2.3.1.1) has less effect on platelet aggregation than the HP-2-one, CP02,
the HP-4-one CP25, oxine or tropolone^. Clearly this does not explain the difference in
aggregation inhibition between the lipophilic HP-4-one CP25 and the less lipophilic HP4-one CP94. Evidence presented in C h ap ter 4, however, suggests that such differences
may relate to enhanced interaction between the iron enzyme and lipophilic chelators.
Platelet aggregation studies performed with the novel hydroxypyranones CP 165
and CPI 66 show that, unlike with the HP-4-ones CP94 and CP25, the increase in
lipophilicity of CP 165 and CP 166 over ethylmaltol has not been accompanied by a
corresponding increase in the aggregation inhibitory activity. This is likely to be due
partly to their lower Kp^rt values in the free state and partly to their lower affinity for iron
than the HP-4-ones. The former limits the passage o f the free ligand into cells and, as
described above, the latter is likely to reduce their inhibition of intracellular iron

^ In general, cell labelling with indium requires a vast molar excess of free chelator. This is usually
between 10^ and 10^ times the concentration o f the indium (Peters and Lewis, 1991),
^ The iron affinity constant of tropolone cannot be measured reliably as the iron complex is very insoluble
and precipitates from solution. However, based on affinity constants with copper and zinc the tropoloneiron affinity constant has been estimated to be at least 10^^ M‘^ and probably closer to ICP^ M'^ (R.C.
Rider, personal communication).
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enzymes. Indium labelling of platelets has not yet been performed with CP 165 and
CP 166 and therefore it is not known whether they can label platelets efficiently in the
presence of plasma. However, preliminary work investigating the influence of plasma on
the uptake of the ^^Hn-CPl 65 and ^^Hn-CP166 complexes into red cells [Ellis, 1993]
have shown that these chelators possess > 60% labelling efficiency even when labelling is
carried out with plasma concentrations as high as 50%. In vitro indium labelling studies
are required to evaluate these two chelators further as platelet labelling agents.
Summary
The work described in this chapter shows that ethylmaltol has advantages over
existing agents used for indium labelling of platelets. The HP-4-ones and the HP-2-one
are also worthy of further evaluation because the concentrations at which maximal
labelling efficiency is achieved (10|iM) is ten fold less than the concentration at which
inhibitory effects on platelet function are seen, unlike with oxine and tropolone.
Ethylmaltol is as effective as oxine or tropolone at labelling platelets with indium but
lacks the inhibitory effects on platelet aggregation at the concentrations used for cell
labelling. This offers a potential advantage in that less cell damage is caused by
ethylmaltol and that data obtained with in vivo studies, for example on platelet survival,
may be more representative of true values than with tropolone or oxine. Clinical studies
comparing survival and distribution following the different labelling methods will be
necessary to verify this.
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CHAPTER 3

INVESTIGATION OF MECHANISMS BY WHICH
METAL CHELATORS AFFECT PLATELET
FUNCTION
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3.1 INTRODUCTION
Platelet aggregation studies presented in the previous chapter showed that metal
chelators such as the lipophilic HP-4-one CP25, the HP-2-one CP02 and the routine cell
labelling agent oxine drastically inhibit the collagen-induced aggregatory response.
However, these studies also showed that this anti-aggregatory effect is not a property
common to chelators in general as illustrated by the hydroxypyranone ethylmaltol and the
hydrophilic HP-4-one CP94 which, despite having high affinity and high specificity for
metals such as iron, did not inhibit platelet aggregation.
The work presented in this chapter investigates the mechanisms by which metal
chelators may exert their effects on platelet function. Before the properties of chelators
which contribute to their anti-aggregatory effects are examined and potential intracellular
inhibitory targets for chelators are investigated, the structure and function of platelets are
outlined.
3.2

STRUCTURE AND FUNCTION O F PLA TELETS

3.2.1

Structure of platelets
Normal, inactivated platelets are discoid cells with a diameter of about 2.5p.m and

a mean volume of about 6|im^. They are terminally-differentiated anucleate cells derived
from megakaryocytes in the bone marrow and have a lifespan of about 10 days in the
circulation. The lack of a nucleus renders platelets unable to synthesise new protein coded
for by nuclear DNA but they do contain mitochondrial DNA. The platelet is the most
important blood cell involved in haemostasis. It is also a cell whose essential biological
function is to respond to a variety of stimuli under physiological conditions [White and
Clawson, 1980]. To carry out this function it is equipped with a variety of stimulusresponse coupling and amplification mechanisms some of which may be involved in
mediation of the effects of metal chelators on platelet function.
The platelet has several distinct membrane systems. The plasm a membrane is
highly invaginated to form a system of microtubules known as the surface-connected or
« p e n canalicular system (OCS). The extracellular portion of this membrane shows the
presence of membrane glycoproteins which have large carbohydrate tails protruding from
the surface. In the interior of the cell two other membrane types are found: the dense
tu b u la r system (DTS) and the microtubuli. The DTS corresponds to the smooth
endoplasmic reticulum of other cells and is involved in the sequestration of intracellular
calcium, a potential inhibitory target for metal chelators (§ 3.2.6.1 ). These lipid-rich
membranes may also be important in the partitioning of chelators, particularly lipophilic
ones, within the interior of the cell.
The major platelet organelles are the mitochondria and the secretory granules.
Platelet mitochondria are simple structures constituting only about 1% of the platelet
volume, yet oxidative metabolism in mitochondria is responsible for as much as half of
the energy generated in platelets [Akkerman, 1978]. Platelet secretory granules fall into
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four main categories and are listed in T able 3 .2 .I.I. The a-g ran u les contain plateletspecific coagulation/adhesive proteins, growth factors and protease inhibitors; the dense
granules store and release a pool of adenine and guanine nucleotides distinct from and
not interchangeable with those participating in general cellular metabolism; the primary
lysosomes contain hydrolytic enzymes and the p e ro x is o m e s are involved in the
degradation o f hydrogen peroxide. Activated platelets secrete the contents o f these
granules many of which not only mediate the aggregation and binding of platelets to the
endothelium, but also enhance the interaction of platelets with other platelets, leukocytes
and plasma proteins.

Table 3.2.1.1 The classification and contents of platelet granules.
a-g ranules

Dense granules

P rim ary lysosomes

Peroxisom es

PF4

Serotonin

jS-galactosidase

Catalase

Fibrinogen

Calcium

IgG

ATP

p-N-acetyl- glucosaminidase

vWf

ADP

/3-A^-acetyl-galactosaminidase

TSP

GTP

Cathepsin

PDGF

GDP

Heparitinase

TGFp

Pi

glucuronidase

a 2-macroglobulin
ai-antiplasm in
P-selectin

PF4, platelet factOT 4; IgG, immunoglobulin G; vWf, von Willebrand factor; TSP, thrombospondin; PDGF,
platelet-derived growth factor; TGF^, tumour growth factor P; Pi, inorganic phosphate.

3.2.2 Role of platelet activation in haemostasis
Circulating platelets respond to vascular injuries by becoming activated. Platelet
activation in vivo is a sequential set of events which involves a fine balance between proand anti-activating agents derived from the platelet itself and those derived from other
blood cells and the endothelium. Following initial activation, platelets undergo adhesion,
shape change, aggregation and secretion of the granules; these processes culminate in the
concentration of large numbers of platelets at the site of injury acting as a plug.
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32J1.1 Adhesion and shape change
Platelets readily adhere to rough surfaces. In vivo, the affinity of platelets to the
injured vessel wall is significantly increased by their exposure to collagen fibrils on the
subendothelial matrix (figure 3.2.2.1). Four structurally similar adhesive proteins, listed
in T able 3.2.1.1, are thought to mediate the binding of the platelet to the subendothelium;
these are the von Willebrand factor (vWf), fibronectin, fibrinogen, and thrombospondin
[Packham and Mustard, 1984]. They are not expressed on the surface of, nor do they
interact directly with, unstimulated platelets, but their surface expression is rapidly
upregulated upon stimulation.
Attachment of the platelet to the subendothelium is followed by the spreading of
the cell, thus establishing additional contacts along the site o f injury. This results in a
change in shape from a flat disc to a sphere^. An important cell surface event that occurs
during shape change is the expression of a previously unexposed receptor complex for the
binding of fibrinogen. This receptor complex is made up of two membrane glycoproteins
known as lib and Ilia (G pIIb/IIIa, figure 3.2.2.1). The binding of fibrinogen to
GpIIb/IIIais calcium-dependent and it is a prerequisite for platelet aggregation [Bennet
and Vilaire, 1979]. In vitro shape change can be reversible with low doses of agonists
such as ADP (the so-called primary response), but with higher doses or in the presence of
a strong agonist such as thrombin irreversible shape change followed immediately by
aggregation occurs (the secondary response)^ .
32 .2 .2 Aggregation
During aggregation, adjacent platelets are drawn together by contractile forces
brought about by the binding of fibrinogen to its hitherto unexposed receptors (GpIIb/IIIa,
[Nachman and Leung, 1982]) on adjacent platelets (figure 3.2.2.1). This is an energydependent process which utilises both oxygen [Akkerman, 1979] and glucose [KinloughRathbone et al., 1970]^. In addition to fibrinogen, other adhesive proteins such as
thrombospondin, fibronectin and vW f have also been found to be associated with the
GpHb/nia complex of activated platelets [Jaffe et al., 1982] [Leung and Nachman, 1982]
and studies have confirmed that binding of vW f to another platelet surface receptor
(Gplb) [Kroll et al., 1991] initiates signals for platelet activation. Thus, disruption of the
interaction between these ligands and their respective platelet receptors by agents such as
metal chelators may result in the inhibition of aggregation.

^ When aggregation of platelet suspensions is performed in vitro, this change in shape manifests itself as a
decrease in optical density, which can be quantified with the use of an aggregometer. This forms the basis
of platelet aggregometry (Appendix 1).
^ It must be noted that the terms primary and secondary aggregation refer to in vitro observations where
citrated PRP is often aggregated under low calcium conditions. Under physiological calcium
concentrations, all concentrations o f ADP will only cause primary aggregation (Mustard et al., 1975).
^ This is the fundamental difference between platelet aggregation and platelet agglutination: the former
requires metabolically active cells whereas the latter does not.
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Figure 3.2.2.1 Cellular changes which occur during platelet activation.
The glycoprotein

complex is not expressed in resting platelets but

become competent to bind fibrinogen and collagen upon activation by an
agonist such as ADP or thrombin. The glycoproteins \ J l \ and ly/IX are
constitutive receptors for collagen and endothelium-derived vWf.
vWF, von Willibrand Factor; TSP, thrombospondin; FG, fibrinogen.
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32.2.3 Secretion o f granule contents
Follow ing aggregation, platelets secrete the contents of their granules in an
energy-dependent process [Holme et al., 1973, ][Holmsen et ai., 1974]. Platelet granule
contents play an important part in haemostasis. Dense granule com ponents such as ADP
and 5-hydroxytryptamine (serotonin. T ab le 3.2.1.1>, In particular, can mediate further
platelet aggregation but, as they are relatively weak agonists by themselves, they are
thought to act in synergy with each other in v i v o . The calcium contained within the dense
granules may form an important source of ionised calcium in the vicinity of degranulation
necessary for the binding of fibrinogen to its receptor [Bennet and Vilaire, 1979]. The a granule proteins have also been implicated in haemostasis, a-granule fibrinogen is taken
up from the plasma by platelets and represents a substantial proportion of platelet protein

( - 8%).
3.2.3

Platelet agonists an d antagonists
T able 3.2.3.1 lists some important agents known to activate or inhibit platelet

function. The four most commonly used agonists in in v i t r o

platelet aggregation are

thrombin, collagen, ADP and arachidonic acid.
T able 3.2.3.1 Platelet activating and inhibitory agents.
A ctivating agents

In h ib ito ry agents

Physiological

Physiological

Thrombin

P G b (prostacyclin)

Collagen

EDRF (nitric oxide)

ADP
Arachidonic acid
Thromboxane A?
Endoperoxides
Adrenaline
Platelet activating factor
5-hydroxytryptamine
Vasopressin
Anti-platelet antibodies
U nphysiological

U nphysiological

Ristocetin

Low pH (< 6.5)

Calcium ionophore
Glass
Latex particles
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Thrombin
Active a-throm bin is a protease enzyme formed by the enzymatic cleavage of
inactive prothrombin by factor Xa of the coagulation cascade^, a-throm bin is generated at
sites of vascular injury and it has two major functions in haemostasis. Firstly, it is the
most potent activator of platelets in vitro (and presumably in vivo), inducing aggregation
and the release reaction even when platelet thromboxane production is blocked by
cyclooxygenase inhibitors (§ 3.2.10). Secondly, it is the enzyme responsible for the
initiation of fibrin (clot) formation in the final step o f the coagulation cascade by the
enzymatic cleavage of fibrinogen. I-125-labelled thrombin has been shown to bind to
specific, saturable sites on platelets [Tollefsen et al., 1974]. Platelet glycoproteins I
[Ganguly and Gould, 1979] and V [Bemdt and Phillips, 1981] form at least two potential
receptors on the platelet membrane for thrombin. More recently, however, a novel
thrombin receptor has been identified and cloned [Vu et al., 1991]. This is a single
polypeptide which contains seven transmembrane domains similar in structure to the
receptors of growth factors such as interleukin-8.
Collagen
Collagen is a glycoprotein and a strong activator of platelet aggregation; however,
as it is insoluble, the binding of collagen to the platelet must occur before activation can
begin. In vivo, the binding of collagen to platelets occur at sites of damage to the
endothelium (figure 3.2.2.1). O f the four types of collagen known to be present in the
subendothelial wall, only types I and III are thought to be involved in platelet activation
while types IV and V do not promote platelet aggregation to a significant extent [Mackie
and Neal, 1988]. Unlike the thrombin receptor, no conclusive evidence has appeared for a
specific collagen receptor. However, the platelets of patients lacking membrane Gpla do
not respond to collagen [Nieuwenhuis et al., 1985] and therefore the membrane Gpla/Ha
receptor complex is likely to be a constitutive receptor for collagen [George and Shattil,
1991].
ADP
The physiological levels of ADP present in the plasma under normal conditions of
blood flow are too low to cause activation of platelets. However, damaged red cells in the
vicinity of an injured vessel release significant amounts o f ADP which can cause
aggregation of platelets and secretion of granule contents. The degranulation of the dense

The coagulation cascade is the series o f sequential reactions which is triggered after injury to a blood
vessel. Most o f the reactions of the cascade involves the generation of proteolytic enzymes such as athrombin from inactive precursors. One part o f the cascade is initiated by collagen and involves
components normally present in the circulation (the so-called “intrinsic pathway”); the other part involves
tissue factors as well as various blood components (the “extrinsic pathway”). The two pathways converge
towards the end of the cascade and culminate in the formation of a fibrin clot at the site of vessel injury.
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granules (§ 3.2.1) will, in turn, release endogenous platelet ADP into the extracellular
m edium causing further activation. ADP has two distinct functions within platelets:
firstly, it causes aggregation and secondly it reduces intracellular cyclic adenosine
m onophosphate (cAMP) levels by inhibition of adenylate cyclase. As neither o f these
actions is the cause of the other, it is believed that at least two types of receptor exist on
platelets for ADP [Hourani and Hall, 1994], though their identities are uncertain.
Arachidonic acid
Arachidonic acid is a reactive unsaturated fatty acid and arachidonate liberated
from membrane phospholipid is either immediately metabolised by the PGH synthase (§
3.2.10) and lipoxygenase (§ 3.2.9) pathways or re-esterified and incorporated into the
phospholipid pool. Exogenous arachidonic acid added to PRP how ever is a potent
activator o f platelets. It enters the cell passively by diffusion and hence its action is
independent of surface receptors. It can therefore be used to distinguish inhibition
m ediated at the receptor level from inhibition mediated by events downstream of the
receptor (§ 3.3.4 ).
3.2.4

Stim ulus-response coupling in platelets: G proteins

G proteins (GTP-binding proteins) are m em brane-associated, heterotrim eric
proteins composed of three subunits (designated a , p and y) [Neer, 1995] and are the link
between cell surface events (e.g. receptor-ligand interaction) and intracellular events
(generation of second messengers). Many cell surface receptors are coupled to G proteins
which, in turn, are coupled to intracellular enzymes involved in the generation of second
m essengers such as inositol (l,4,5 )trisp h o sp h ate (IP3) and cyclic adenosine
m onophosphate (cAMP). This linkage forms the central feature in stimulus-response
coupling between the ligand and the cell.
Platelets have at least three, possibly four, functionally distinct G proteins (Table
3.2.4.1). The steps involved in the action of G proteins is illustrated in figure 3.2.4.1
using the activating G protein Gp as an example.
3.2.5

Signal transduction in platelets: intracellular second m essengers
Platelet stimuli may arise from disparate sources such as the plasm a (e.g.

thrombin, adrenaline, vWf), the endothelium (e.g. collagen, prostacyclin, endothelium
derived relaxing factor), other blood cells (e.g. red cell-derived ADP and leukocytederived platelet activating factor) and platelets themselves (e.g. thromboxane A2, platelet
vWf, ADP, prostaglandin endoperoxides). In contrast, the response of the platelet to this
multitude of stimuli, and its modulation by agents such as metal chelators, fall into only
two categories: (i) activation and (ii) inhibition. Therefore it is clear that the interactions
which occur between platelet receptors and each of the above ligands must involve
common second messengers and signal transduction pathways. In fact, the activation
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Figure 3.2.4.1 Stimulus-response coupling by G proteins.
The production of the second messengers inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) by the activating G protein
Gp is illustrated. L = ligand; PLC = phospholipase C.
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pathway primarily involves second messengers derived from the hydrolysis of inositol
phospholipids (§ 3.2.6) and the inhibitory pathway prim arily involves cAMP as the
second messenger (§ 3.2.7).

T able 3.2.4.1 Platelet G proteins
G protein

Function

Associated ligands

Gp

Pertussis toxin sensitive G protein which

thrombin, collagen,

couples activating ligands to the stimulation

PAF, prostaglandin

of phosphoinositide-specific phospholipase C

endoperoxides,
vasopressin

Gs

Adenylate cyclase-stimulatory G protein

PGI2, PGD2

which increases intracellular cAMP
Gi

Adenylate cyclase-inhibitory G protein

thrombin, adrenaline

which reduces intracellular cAMP

Gq

3.2.6

Pertussis toxin insensitive G protein

thrombin.

Platelet activation pathw ays and phosphoinositide m etabolism
Intracellular signalling by second messengers derived from inositol phospholipids

is well documented [Divecha and Irvine, 1995]. The events which occur in the platelet
upon binding of an activating ligand to its surface receptor are shown in figure 3.2.6.1.
The essential reaction which occurs during this process is the production of the second
m essengers inositol 1,4,5-trisphosphate (IP3) and diacyl glycerol (DAG) from
phosphatidylinositol (4,5)bisphosphate (PtdIns(4,5)P2) by phospholipase C (PLC). These
second messengers have two functions: the IP3 raises the intracellular level of calcium by
release from IP3~sensitive stores such as the dense tubular system (§ 3.2.1) and the DAG
activates protein kinase C (PKC). The calcium released by IP3 binds to the calcium
binding protein calmodulin and activates further protein kinases (calcium/calmodulin
dependent protein kinases [Majerus, et al., 1986]. The action of IP3 on calcium stores and
DAG on PKC independently activates platelets; in vivo their actions synergistically
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amplify the activation process by inducing the platelet release reaction and the liberation
of arachidonic acid (§ 3.2.8).

Ligand
Receptor

Lipid
bilayer

PtdCho
Phospholipase C

Phospholipase D

DAG kinase
DAG

Liberation of Ca"^
from intracellular

PtdOH

Activation of
protein kinase C

stores

Figure 3.2.6.1

The generation of the second messengers inositol 1,4,5-triphosphate

(IP 3) and diacyl glycerol (DAG) from membrane phospholipids.
PtdIns(4 ,5 )P 2, phosphatidyl inositol 4,5-bisphosphate; ptdCho, phosphatidyl choline;
PtdOH, DhosDhatidic acid.
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32.6.1 Intracellular calcium
At least two pools of intracellular calcium have been reported in human platelets
[Brass, 1984a, 1984b][Briine and Ullrich, 1991]: a short-lived Na^+/Ca^+ antiport-driven
cytosolic pool with a half life of about 17 minutes and a longer-lived store localised
within the dense tubular system (smooth endoplasmic reticulum of platelets) with a half
life of about 300 minutes. It is the latter store which is thought to be the IP3 responsive
one. Under resting conditions, the Na^+/Ca^+ antiport system and sequestration within the
dense tubular system maintains intracellular calcium ([Ca^+Ji) at concentrations of about
lOOnM, but upon stimulation with thrombin, release from the IP3-sensitive stores elevates
[Ca^+]i to about 3|iM [Rink et al., 1982].
At least three effector pathways are known for the activation of platelets by Ca^+
(or the Ca^+Zcalmodulin complex). Firstly, Ca^+ is an activator of PKC (discussed below)
and the myosin light chain kinase, a 20 kDa protein the Ca^ +/calmodulin-dependent
phosphorylation of which is central to platelet shape change, contraction and secretion
[Fox, 1986]. Secondly, Ca^+ activates PLC which, in turn, liberates more IP3 and DAG
and thirdly it also activates another phospholipase, phospholipase A% (PLA, § 3.2.8)..
PKC, a 77 kDa protein [N ishizuka, 1984], requires DA G , Ca^+ and
phosphatidylserine for its activation. In the resting platelet, PKC resides in the cytosol but
during activation, and following the generation of DAG by PLC, it becomes translocated
to the cell membrane. DAG increases the affinity of PKC for Ca^+ and as the levels of
both DAG and PKC become elevated during platelet activation it is thought that they act
synergistically [Nishizuka, 1986]. The mechanistic details of PKC-induced platelet
responses (aggregation and secretion) are not known. However, it has been proposed
[Halenda and Rehm, 1987] that it may potentiate PLA2 activation synergistically with
Ca^""" by the phosphorylation-induced inhibition of a family of Ca^+ and phospholipidbinding proteins (the lipocortins, [Touqui et al., 1986]).
The action of IP3 on calcium stores and DAG on PKC independently activates
platelets; in vivo their actions synergistically amplify the activation process by inducing
the platelet release reaction and the liberation of arachidonic acid.
3.2.7

Platelet inhibitory pathw ays, and cAMP
Most inhibitors of platelet function (e.g. PGI2, T able 3.2.3.1) exert their effects

via elevation of the intracellular concentration of cAMP. cAMP is produced from ATP by
the enzyme adenylate cyclase. The primary regulator of cANIP levels is adenylate cyclase
itself and as its activity is coupled to the inhibitory G protein Gg (§ 3.2.4) it follows that
ligands which bind to Gg-associated receptors can regulate intracellular concentrations of
cAMP indirectly. The responses elicited by cAMP are generally antagonistic to those
elicited by IP3 and DAG (§ 3.2.6.2) and include the inhibition of the binding of thrombin
to its receptor [Lerea et al., 1987] possibly by the reported phosphorylation of the |3-
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subunit of Gplb, part of the thrombin receptor [Fox et al., 1987]. cAMP also abrogates the
stimulatory effects of PKC by direct interaction [Kroll et al., 1988] and suppresses many
o f the stimulatory effects of intracellular calcium.
3.2.8

Platelet arachidonic acid m etabolism by Phospholipase A2
Platelet PLA% has two important functions. Firstly, it is the intracellular lipase

which is primarily responsible for the liberation o f free arachidonic acid; and secondly, it
also liberates lysophospholipids, the precursors of the potent platelet agonist platelet
activating factor (PAF, T ab le 3.2.3.1). The liberation of arachidonic acid by PLA2 is
illu strated in fig u re 3.2.8.1. The order o f substrate specificity o f PL A 2 is :
p h o sp h a tid y lc h o lin e

>

p h o sp h atid y leth a n o la m in e ,

p h o sp h atid y lse rin e

>

phosphatidylinositol.
The arachidonic acid liberated by PLA2 during platelet activation is metabolised
to various eicosanoids^ by two principal pathways: the lipoxygenase pathway and the
p ro stag lan d in H synthase (PG H synthase) pathway, both of which involve irondependent enzymes as key regulators.
3.2.9

Platelet arachidonic acid m etabolism by lipoxygenase pathw ay
Lipoxygenases are a family of non-haem iron containing enzymes which are

involved in the stereospecific oxygenation of arachidonic acid and are described in more
detail in C hapter 4. The principal lipoxygenase of platelets is 12-lipoxygenase (12-LPO)
w hich

ox y g en ates

the

12-p o sitio n

of

ara ch id o n ic

acid

p ro d u cin g

12-

hydroperoxyeicosatetraenoic acid (12-HPETE) and 12-hydroxyeicosatetraenoic acid (12HETE) (figure 3.2.9.1). These products have been reported to be inhibitors of platelet
aggregation (Croset and Lagarde, 1983] [Aharony et al., 1982].
3.2.10 Platelet arachidonic acid m etabolism by PG H synthase (cyclooxygenase)
pathw ay
Platelet PGH synthase catalyses the rate-lim iting step in the biosynthesis of
prostaglandins and thromboxanes from arachidonic acid (figure 3.2.10.1). In contrast to
the products of 12-LPO, many of these products (e.g. PGG2, PGH2 and thromboxane A 2)
are potent activators of platelet function and their inhibition may explain the anti
aggregatory effects of iron chelators observed in C h ap ter 2.
PGH synthase has a subunit molecular weight of 72 000 and is thought to function
as a homodimer resident in the membrane of the smooth endoplasmic reticulum (dense
tubular system of platelets) [Smith et al., 1992]. Recently, two isoforms of PGH synthase
have been reported [Smith et al., 1994]. PGH synthase 1 (PGHS 1, also known as
The icrm eicosanoid refers to ail fatty acid metabolites of arachidonic acid derived via the lipoxygenase or
PGH synthase (cyclooxygenase) pathways and includes the leukotrienes, hydroxy- and hydroperoxy- fatty
acids, thromboxanes, prostaglandins and lipoxins.
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Figure 3.2.8.1 Arachidonate metabolism by major phospholipases.
(A) Arachidonic acid liberation by PLA2. Arachidonic acid is normally found esterified to the sn-2 position of phospholipid.
Cleavage by PLA2 liberates the free acid.
(B) Sites of cleavage by PLC and PLD are also shown.
Ri and R2 are fatty acid substituents at the sn-l and 2 positions respectively; X is the polar group of various phospholipids
e.g. inositol, choline, ethanolamine, serine.
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COOH
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Dioxygenation
COOH

tetraenoic acid
(12-HPETE)
OOH

12-LPO

Dehydrase
COOH

tetraenoic acid
(12-HETE)
OH

F igure 3.2.9.1

Arachidonic acid metabolism via platelet 12-lipoxygense

cyclooxygenase I or COX I) is a constitutively expressed enzyme which corresponds to
the classical platelet-type “cyclooxygenase”; PGH synthase 2 (PGHS 2, also known as
cyclooxygenase II or COX II ) is an isoform similar in structure and function to PGHS 1
but it is only expressed during inflammatory trauma or mitogenic challenge in vitro
After cleavage of its signal peptide between residues 26 and 27, PGHS 1 has 576 amino
acids [Smith, 1992]. Unlike the iron in 12-LPO the iron in PGH synthase is in the form of
haem w hich is essential for its two catalytic actions. The first of these is a
cyclooxygenase activity which dioxygenates arachidonic acid to the prostaglandin
endoperoxide PGG2; the second step is a peroxidase reaction in which PGG2 is converted
to the corresponding hydroxide PGH2. The two combined enzyme activities are known as
PGH synthase (PGHS)^.

^ As platelets predominantly contain isoform 1, the general term PGH synthase will be used in this thesis to
describe the COX I isoform of platelets.
^ Although the term cyclooxygenase Is often used synonymously with PGH synthase, strictly speaking, it
refers to the first of the two enzymatic activities, i.e. dioxygenation of arachidonic acid to yield PGG2.
PGH synthase refers to both the cyclooxygenase reaction and the subsequent peroxidase reaction which
converts PGG2 to PGH2. Where confusion may arise, the term PGH synthase will be used to refer to the
total enzymatic activity.
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Figure 3.2.10.1 The central role of the PGH synthase pathway in platelet activation.
R=receptor, PLC = phospholipase C, PC = phosphatidylcholine, AC = adenylate cyclase. Updated from Yardumian et. al. 1986.
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The importance of the metabolism of platelet arachidonic acid via the PGH synthase
pathway lies in the fact that the stimulatory activity of many weak agonists such as ADP
and adrenaline are mediated via its products. Unlike strong agonists such as thrombin and
high doses of collagen, weak agonists cannot cause platelet activation directly but first
require the biosynthesis of stimulatory prostanoids such as throm boxane À2 by PGH
synthase to do so. Evidence for this comes from platelet aggregation by weak agonists in
the presence of PGH synthase inhibitors. Non-steroidal anti-inflammatory agents (NSAIs)
such as acetyl salicylic acid (ASA, aspirin) inactivate PGH synthase by irreversible
acétylation [Roth and Siok, 1978] and therefore weak agonists cannot elicit activation of
aspirin-treated platelets. For this reason, in the search for the mechanisms of chelator
effects on platelet function, their effects on PGH synthase is of central importance.
Experiments performed with covalent enzyme modifiers such as indomethacin
[Mizuno et al., 1982] and aspirin [van der Ouderaa et al., 1980] and competitive substrate
inhibitors such as fatty acid analogues [Marshall and Kulmacz, 1988] have demonstrated
that the two enzymatic activities of PGH synthase occur independently. These agents
inhibit the cyclooxygenase activity but not the peroxidase activity. The corollary has also
been confirmed in the form of a PGH synthase mutant which has no peroxidase activity
but expresses cyclooxygenase activity [Shimokawa and Smith, 1991]. These results have
led Smith et. al. to propose a two-site model for the enzymatic activities of PGH synthase
[Smith, 1992] (figure 3.2.10.2) in which the cyclooxygenase and peroxidase active sites
exist within close proximity to each other. The model has three essential features.
(i) P eroxidase active site. The haem prosthetic group of PGH synthase is thought to
function as part of the peroxidase active site as it consists of a hydroperoxide binding site
incorporating the haem. The peroxide is reduced to the corresponding alcohol in a step
which is coupled to the oxidation of Fe^+ to Fe^"*". The Fe^+ is later reduced back to Fe^+
by a hitherto unidentified electron donor [Smith, 1992]. Of the six bonds coordinating the
iron in the haem, four are from the porphyrin ring and two are from histidine imidazole
groups of PGH synthase (H is^^, His^^^, and His^®^ may be involved, fig u re 3.2.10.2).
(ii) The cyclooxygenase active site consists of a binding site for arachidonic acid within
close proximity to the OH group of

s e r in e ^ ^ 0

is

this serine which is acetylated by

aspirin [Roth and Siok, 1978] leading to inhibition of cyclooxygenase but not peroxidase
activity. Mutation of serine^^® to alanine (which doesn’t have a acetylatable side group)
has shown that the former is not essential for cyclooxygenase activity [DeW itt et al.,
1990]; however, its aspirin-acetylated side chain mediates the inhibitory action of this
drug by sterically hindering the binding of substrate.
(iii) Tyrosyl radical. In the same way the haem iron initiates the peroxidase reaction, the
cyclooxygenase reaction is thought to be initiated by a tyrosyl radical. However,
formation of the radical in the first place is thought to be initiated by the haem iron,
possibly involving the higher ferryl oxidation state of Fe(IV) [Dietz et al., 1988]. This is
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Figure 3.2.10.2 Central role of iron in the active site of PGH synthase (cyclooxygenase).
The active sites corresponding to the cyclooxygenase and peroxidase activities are
distinct but close to each other. The former incorporates the binding site for arachi
donic acid and the latter the binding site for the peroxide (PGG2). The non-haem
bonds to the iron are provided by histidines from the protein. The aspirin acétylation
site (serine530) and the putative tyrosine involved in the formation o f the tyrosyl
radical are also shown. Model based on ovine PGHS 1 isoform according to Smith et. al.
(Shimokawa & Smith 1991).
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consistent with the requirement of haem for both reactions and the occurrence of the two
active sites at neighbouring locations. The most likely candidate tyrosine is residue 385
which lies close to the cyclooxygenase active site (figure 3.2.10.2); this is essential for
the cyclooxygenase reaction but not for the peroxidase reaction [Shimokawa et al., 1990].
Although details of the mechanism are not known, it is thought that the radical initiates
the cyclooxygenase reaction by the cleavage of the C-13 hydrogen o f arachidonic acid.
The initiation of the cyclooxygenase reaction by the tyrosyl radical is analogous to the
initiation of the lipoxygenase reaction by ferric iron (figure 4.2.3.3, C h a p te r 4) in that
both occur by the activation of the arachidonic acid substrate.

RESULTS
33,

IN V ESTIG A TIO N O F M ECH ANISM S O F PL A T E L E T A G G R EG A TIO N

IN H IB IT IO N BY M ETAL CHELATORS
The results in C h ap ter 2 showed that the HP-4-one CP25, the HP-2-one CP02
and oxine inhibit the collagen-induced aggregatory response at relatively short time
intervals (figure 2.4.2.1) and tropolone inhibits the collagen and ADP-induced
aggregation at long time intervals (Table 2.4.2.2). In contrast, other HP-4-ones such as
CP94 and hydroxypyranones such as ethylmaltol, C P I65 and CP 166 did not significantly
inhibit aggregation. Comparison of the chemical properties of the chelators (Appendix 2)
suggests that platelet function is inhibited most by those chelators which possess high
hpid solubilities and high affinities for trivalent cations, including iron^. In order to
further investigate the effect of lipid solubility on platelet aggregation, the inhibitory
activity of the lipophilic CP25 was therefore compared with that of another HP-4-one
CP20, which has an iron binding affinity virtually identical to that o f CP25 but a low
Kpart in the free state making it hydrophilic (A ppendix 2). The results were compared
with those using the established iron chelator DFO. DFO has a lower affinity for iron
(A ppendix 2), enabling the effect of affinity for iron on aggregation inhibition to be
examined.
Experimental design
In all aggregation experiments citrated PRP was obtained from healthy volunteers
who had not taken NSAI drugs for the past ten days. For studies using collagen, ADP and
arachidonic acid as the agonist, PRP was prepared as described in § A7.2.1; for studies
^ The HP-2-one CP02 was an exception as its inhibitory activity was far greater than that predicted by its
iron binding constant and lipophiiicity. This will be discussed later (§ 3.6.2 ).
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using thrombin, plasm a was removed by gel filtration (§ A 7.2.2) and the platelets
resuspended in calcium-free Tyrodes buffer, then supplemented with CaCl2 just before
aggregation. Platelets were incubated under the same conditions as in the short term
studies described in C h ap ter 2 (i.e. at 37°C for 10 minutes) with chelator or diluent.
Aggregation was induced with a sub-optimal dose of the agonist as described in § A7.7.
The aggregatory response was measured either as the m aximal response (% light
transmission) at 4 minutes or as the maximal rate o f aggregation (slope of aggregation
curve).
3 3 .1

Effect of CP25, CP20 an d DFO on aggregatory response to collagen
The effects of low concentrations (33-500 pM ) o f CP25, CP20 and DFO on

collagen-induced aggregation was first examined (figure 3.3.1.1). CP25 inhibited both
the absolute amount of aggregation (% light transmission w.r.t. platelet poor plasma,
figure 3.3.1.1 A) and the rate at which aggregation occurs (slope of the aggregation curve,
figure 3.3.1.1B) but no significant inhibition was observed with CP20 or DFO at these
concentrations. The results with DFO demonstrate that at these concentrations the
inhibition of collagen-induced aggregation is not common to iron chelators in general
whereas the results with CP20, the more hydrophilic chelator, indicate the importance of
lipid solubility for inhibition.
Further experiments were performed to investigate whether this lack of inhibition
by CP20 and DFO could be overcome by using higher chelator concentrations (up to
8mM) while maintaining all other conditions the same. These results show that at
millimolar concentrations, both CP20 and DFO ' inhibited the collagen response (figure
3.3.1.2) which is consistent with previous reports [Barradas et al., 1989].
In order to confirm w hether inhibition of the collagen response by low
concentrations of CP25 is shared with other lipophilic HP-4-ones, similar experiments
were performed with CP84 which is an N-phenyl HP-4-one with a Kpart o f 10.2
(A ppendix 2) and is therefore lipophilic. The aggregatory responses obtained after
incubating platelets for 10 minutes with 33, 100 and 300|iM CP84 were 77.5 ± 2 .1 , 52.6
± 13.6 and 15.6 ± 3.8 respectively (mean ± s.d., n = 3). These results indicate that, as with
CP25, incubation of platelets with low concentrations of other lipophilic chelators also
significantly inhibits the collagen response.
3 3 .2

Effect of CP25, CP20 and DFO on aggregatory response to ADP
To investigate whether chelators also inhibit platelet aggregation induced by

ADP, short-term experiments similar to the ones described above were carried out in
which chelator-treated platelets were aggregated with ADP. The results are shown in
figure 3.3.2.1 and two conclusions can be drawn from them. Firstly, it can be seen that
the chelators CP20, CP25 and DFO also inhibited the ADP-induced aggregatory response
of platelets. This suggests that inhibition of aggregation by chelators cannot be due only
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Figure 3.3.1.1 Effect of HP-4-ones CP20 and CP25 and DFO on collagen-induced
platelet aggregation.
PRP (450iil, platelet count 200-300 x 10^ 1'^) was incubated with 50|il of chelators
for 10 min at 37°C. Aggregation was induced with suboptimal collagen (2|ig m l'l)
and quantified by measuring either the maximal aggregation at 4 min (A) or the rate
of aggregation (slope of curve, B). Data for the 3 lower concentrations are the mean
± s.d. of 5 experiments; data for the highest concentration are the mean ± s.d. o f 2
experiments.
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F igure 3.3.1.2 Inhibition of collagen-induced aggregation by CP20, CP25 and DFO.
PRP was incubated with chelators at the concentrations shown for 10 minutes at
37°C. Aggregation was induced by a sub-optimal dose o f collagen (Ijig m l'l). The
mean maximal aggregation at 4 minutes ± s.d. of three experiments is shown.
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Figure 3.3.2.1 Effect of CP20, CP25 and DFO on the ADP-induced aggregatory
response.
Citrated PRP (340|il, platelet count 250 x 10^ 1-1) was pre-incubated with the above
concentrations of chelators for 10 min at 37°C. Aggregation was performed with 5|iM
ADP. The maximal aggregation at 4 minutes ± s.d. of three experiments is shown as a
percentage of the appropriate diluent control.
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to a collagen-specific mechanism such as a direct interaction with collagen or with its
receptor (§ 3.2.3). Secondly, as with collagen, the greatest inhibition of the ADP response
was obtained with the lipophilic HP-4-one CP25 but, in contrast to collagen-induced
aggregation, inhibition of the ADP response by the hydrophilic chelators CP20 and DFO
was extremely weak even at concentrations as high as 8mM (figure 3.3.2.1).
3.3.3

Effect o f CP25, CP20 and DFO on aggregatory response to thrombin
The effect of CP25, CP20 and DFO on platelet aggregation was also evaluated

using thrombin as an agonist. Unlike aggregation using other agonists, thrombin-induced
aggregation cannot be performed in PRP as thrombin is rapidly inactivated by plasma.
Therefore in these experiments aggregation was performed using gel filtered platelets
resuspended in buffer. Three concentrations (500p,M, 4mM and 8mM) o f CP25, CP20
and DFO were examined. The results show that, as with collagen and ADP, the most
inhibitory compound was CP25 (figure 3.3.3.1); however at the lowest concentration
tested (5OO|0,M) it is less inhibitory of the thrombin response than of the collagen and
ADP responses (cf. figures 3.3.1.1 and 3.3.2.1 respectively). This was also true for the
hydrophilic CP20, which, at 4mM, inhibited the thrombin response less than the collagen
and ADP responses. At 8mM, both CP25 and CP20 inhibited the throm bin response
significantly to values < 10% of diluent control, but DFO had little effect even at this
concentration with aggregation values about 90% of diluent control (figure 3.3.3.1).
The relatively small effect of the above chelators (in particular the hydrophilic
CP20 and DFO) on the thrombin response provides a clue as to the mechanism (s) by
which metal chelators may inhibit platelet aggregation. Unlike weak agonists such as
collagen and ADP which cause platelet aggregation via the arachidonate cascade,
throm bin is a strong agonist which can aggregate platelets by direct elevation of
intracellular calcium independent of the arachidonate cascade (§ 3.2.3). The relatively
small inhibitory effect of the chelators on thrombin-induced aggregation may therefore
result from inhibition of arachidonate metabolism. This will reduce the levels o f the
proaggregatory prostanoids TxA 2, PGG2 and PGH2 resulting in the inhibition of
aggregation (figure 3.2.10.1). Direct evidence for such a mechanism will be presented in
§ 3.6. In addition, these results suggest that metal chelators are unlikely to inhibit platelet
aggregation by inhibiting intracellular calcium m obilisation because inhibition o f
thrombin aggregation is not observed except at high chelator concentrations. Further
evidence for this will be presented in § 3.5.
3.3.4

Effect of CP25 on aggregatory response to arachidonic acid
Unlike all the above agonists, the entry of arachidonic acid into platelets is not

mediated via surface receptors and it is therefore a useful agent to investigate whether the
inhibitory action of chelators occurs at the receptor level or downstream of the receptor
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Figure 3.3.3.1 Effect of CP20, CP25 and DFO on the thrombin-induced aggregatory
response.
Gel filtered platelets were resuspended in calcium-free Tyrodes buffer (250 x 10^ I 'l)
and incubated with the chelators at the concentrations shown for 10 min. The cells
were supplemented with ImM CaCl2 and aggregation was induced with 0.1 U ml’l
thrombin. Data are the mean maximal aggregation at 4 minutes ± s.d. from three
experiments.

96

(§ 3.2.3)- Consequently, experiments were performed in which PRP incubated with
CP25 (the HPO with the greatest inhibitory activity of aggregation induced by the other
agonists) was aggregated with arachidonic acid. Treatment o f platelets for 30 minutes
with Im M CP25 completely inhibited arachidonic acid-induced aggregation (results not
shown). This suggests that the inhibitory action of CP25 (and presumably other HPOs) is
downstream of cell surface receptors.
3.4

R EV ER SIB ILIT Y O F IN H IB ITIO N O F PL A T E L E T A G G REG A TIO N
Platelets do not contain nuclear DNA and are therefore unable to synthesise new

protein including enzymes. All the protein necessary for the functioning of the platelet
during its life span is synthesised during the megakaryocytic stage and therefore agents
which irreversibly inactivate platelet enzymes will inhibit platelet function permanently.
This is the mechanism of action of anti-platelet drugs such as aspirin which irreversibly
inactivates platelet cyclooxygenase by covalent modification (§ 3.2.10). The inhibitory
mechanisms of chelators such as CP25 can also, in principle, be mediated via platelet
cyclooxygenase. However, in this case, the mechanism is likely to involve the chelation
o f its active site iron rather than covalent modification. To investigate whether the
inhibition of platelet aggregation by HPOs is transient or permanent, and the part played
by iron chelation on the anti-aggregatory effect of CP25, three types of experiment were
carried out. Firstly, experiments were performed in which exogenous iron was added
back to CP25-treated platelets. Secondly, platelets were treated with Ome-25 (a non-ironchelating analogue of CP25, § 1.6.1.3) to investigate the role of iron chelation on
inhibition of aggregation; and thirdly extracellular chelator was removed by gel filtering
CP25-treated platelets prior to aggregation.
3.4.1

EiTect of iron addition on inhibition of platelet aggregation

Experimental design
In experiments investigating the possible reversal o f aggregation inhibition by
exogenous iron, the timing of iron addition may be important. Therefore in these studies,
saturating amounts of iron were added to PRP either after treatment with chelator
prior to treatment with chelator
chelator

or as the ferric complex of the

. Citrated PRP was prepared as described (§ A7.2.1) and where

appropriate, it was treated with CP25 for 10 minutes at 37°C and with iron for 5 minutes.
In all experim ents the CP25 concentration was 300|iM and the saturating iron
concentration was 500|iM (in the form of ferric ammonium citrate) which is adequate to
saturate the transferrin and the CP25 to 200%. A ggregation was performed with
suboptimal doses of collagen (§ A7.7).

97
Results
To investigate the effect of iron addition after treatment of platelets with chelator,
PRP was incubated with CP25 as described above followed by a saturating concentration
of iron. Paired controls were performed with iron only, CP25 only and PRP only and
aggregation was performed with a sub-optimal dose of collagen. The results show that
the inhibitory effects of CP25 could not be overcome by the addition of iron after
platelets have been treated with chelator (Table 3 4.1.1).

Table 3.4.1.1 Effect of iron saturation after pre-incubation of PRP with chelator on the
inhibition of platelet aggregation by CP25.
PRP was incubated with either diluent or CP25 (300|iM /100|iM IBE) for 10 minutes at
37°C. Fe^+ was added in the form of ferric ammonium citrate dissolved in PBS (500p.M)
and the samples were aggregated with sub-optimal collage (2|ig ml’l). The maximal rate
of aggregation and the maximal % aggregation (relative to PPP) were measured. The
results are the mean ± s.e. of four paired samples performed with platelets from the same
donor.
.Aggregation
Incubation

Maximal Rate

Maximal aggregation

mixture

(arbitrary units)

at 4 min (% of PPP)

PRP + PBS (Control)

16.7 ± 1 .5 ‘

47.0 ± 3.4

PRP + Fe3+

17.5 ± 2.2

44.0 ± 7.7

PRP + CP25

6.3 ± 1.3

19.5 ± 4 .6

PRP 4- CP25 then Fe^+

7.0 ± 1 .8

22.2 ± 3.4

Further experiments were performed to investigate w hether the addition of
sufficient iron to PRP (to saturate both transferrin and the chelator) prior to the addition
of CP25 could abrogate the inhibition of collagen-induced aggregation. These results
(Table 3.4.1.2) show that pre-saturation of PRP with iron before the addition of CP25
also did not overcome inhibition of the aggregatory response. On the contrary, pre
saturation with iron appeared to enhance the inhibitory activity of CP25 both w.r.t. the
rate and the magnitude of inhibition (Table 3.4.1.2).
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T able 3.4.1.2 Effect of iron saturation prior to pre-incubation of PRP with chelator on the
inhibition of platelet aggregation by CP25.
The experimental conditions are the same as in the legend to Table 3.4.1.1. The results
are the mean ± s.e. of three paired samples performed with platelets from the same donor.

Incubation

Aggregation
Maximal Rate

Maximal aggregation

mixture

(arbitrary units)

at 4 min (% of PPP)

PRP + PBS (Control)

17.3 ± 2.9

59.3 ± 9 .3

PRP + Fe3+

10.0 ± 2.6

43.3 ± 9.3

PRP + CP25

8.0 ± 2.1

28.0 ± 6.8

PRP + Fe3+ then CP25

5.3 ± 1 .9

13.7 ± 2 .2

In order to investigate whether addition of the pre-formed iron-chelate complex
could overcome the inhibition of aggregation, 300|iM CP25, saturated to 100% with
ferric ammonium citrate, was added to PRP pre-saturated with 500}iM ferric ammonium
citrate and aggregated with collagen. The presaturation of PRP with iron was necessary to
prevent the (CP25)3-Fe complex from donating iron to apotransferrin. Paired controls
were performed with the same concentrations of CP25 free ligand, the non-iron-chelating
derivative of CP25 (Ome-25, § 1.6.1.3), or diluent. Ome-25 was included as a control to
determine whether the inhibitory effects of CP25 were dependent or independent of
chelation. The results are shown in Table 3.4.1.3 and two conclusions can be drawn from
them. Firstly, addition of the ferric chelate complex of CP25 completely reversed the
inhibition of aggregation by CP25 suggesting that the m echanism o f aggregation is
dependent on iron chelation. Secondly, Ome-25, despite having no chelating properties,
also had a significant inhibitory effect on collagen-induced aggregation suggesting that
mechanisms other than iron chelation may contribute to the inhibition of platelet
aggregation by HPOs.
The results of the above experiments therefore indicate that the abrogation of the
anti-aggregatory effect of CP25 by exogenous iron is only seen if iron is complexed with
the chelator before addition to iron saturated platelets.
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T able 3.4.1.3 Effects of pre-formed saturated (CP25)3-Fe complex and Ome-25 on the
inhibition of platelet aggregation.
The CP25-ferric complex (300}iM:100}iM) and the non-iron-chelating analogue of CP25,
Ome-25 (300}iM) were incubated for 10 minutes at 37 °C with PRP saturated with ferric
ammonium citrate (500|iM ) or PRP respectively. Paired controls were performed in
which PRP was incubated with either CP25 (free ligand 300|iM /100|iM IBE, positive
control), or diluent (negative control). The samples were aggregated with sub-optimal
collage (2|ig ml"^) and the maximal rate of aggregation at 4 minutes (relative to PPP) was
measured. The results are expressed as percentage of diluent control and are the mean ±
s.e. of five paired samples performed with platelets from the same donor.
Incubation mixture

Aggregation at 4 min (% of diluent control)

PRP + PBS (Control)

100.0

PRP -H [(CP25)3]Fe

128.5 ± 14.7

PRP + Ome-25

22.2 ±4.1

PRP + CP25

16.5 ±4.1

3.4.2

Effect of rem oval of extracellular chelator on inhibition of aggregation
HPOs are small molecules uncharged at pH 7.4 and therefore enter and efflux

from cells more rapidly than larger chelators such as DFO [Hoyes and Porter, 1993a].
When the rates of influx {ki ) and efflux (^2 ) are constant, this will lead to an equilibrium
between the concentration of chelator present intracellularly ([Chelator]i) and that present
extracellularly ([Chelator]g) (Eqn 3.4.2.1).

[Chelator]i

^ -------------

[Chelator]o

Eqn 3.4.2.1

Information about the nature of the interaction between the chelator and its intracellular
target(s) during inhibition of aggregation may be obtained by removal of extracellular
chelator before aggregation. This will shift the above equilibrium towards the right, i.e. it
will remove chelator from inside the cell to the outside. If the inhibitory action of the
chelator is permanent, for instance by the complete removal of iron from metalloenzymes
or by covalent attachment to potential targets, it is unlikely that removal of extracellular
chelator will abrogate inhibition of aggregation. However, if the inhibitory effects of the
chelator are reversible, and there is exchange between the intracellular chelator pool and
chelator present at the inhibitory site, removal of extracellular chelator is likely to remove

100
chelator from inside the cell and thus abrogate inhibition o f aggregation. Experiments
w ere therefore perform ed with the HP-4-one CP25 (a chelator know n to inhibit
aggregation) to establish the nature of the inhibition.
Experimental design
PRP was pulsed with CP25, under the conditions given in Results and then
extracellular chelator was removed by gel filtration (A7.2.2). The filtered platelets were
resuspended in calcium-free Tyrodes buffer and aggregated in the presence of CaCl2
(Im M ) with either collagen or thrombin. Two controls were perform ed: a negative
control in which PRP pulsed with diluent (PBS) was gel filtered through a different
column; and a positive control which consisted of unwashed PRP incubated with CP25
for the same time.
Results
Aggregation of unwashed PRP pre-incubated with CP25 (300}iM) for 10 minutes
at 37°C with sub-optimal collagen produced significant inhibition of the response (30.8%
aggregation, relative to PPP). This is consistent with previous observations (figure
3.3.1.1). However, gel filtration of the CP25-treated platelets completely reversed this
inhibition with aggregation values of 113.4% and 102.6% o f the negative control;
(duplicate measurements). This occurred even when PRP was pulsed for longer at much
higher chelator concentrations. After a 30 minute pulse with ImM CP25, the aggregatory
response to both sub-optimal collagen and sub-optimal thrombin was normal (98.0 ±
2.4% and 99.3 ± 2.2% respectively, mean ± s.e., 4 - 8 replicate measurements from 1
experiment).
These results show that the inhibition o f platelet aggregation by HPOs requires
the presence of extracellular chelator and is therefore likely to involve an intracellular
chelator pool that is sensitive to the chelator concentration gradient which exists across
the lipid bilayer. Inhibition of aggregation produced by such a pool is unlikely to involve
complete removal of iron from or covalent modification of metalloenzymes. However, it
may involve partial coordination of the central metal atom (§ 1.4.1.3 ) or scavenging of
free radical intermediates produced during catalysis by the chelators. Such chelator
molecules may freely exchange with other chelator molecules present inside the cell.
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3.5

EFFECT OF METAL CHELATORS ON INTRACELLULAR
CALCIUM FLUXES IN ACTIVATED PLATELETS
Calcium has at least two functions in platelet aggregation. Firstly, the binding of

fibrinogen to its platelet receptor (GpIIb/IIIa) is a prerequisite for aggregation to occur
and this step is calcium-dependent (§ 3.2.2.2). Secondly, intracellular calcium mobilised
directly by strong agonists such as thrombin or indirectly by weak agonists such as ADP
via the products of the cyclooxygenase pathway, is an important second messenger for
platelet activation (§ 3.2.61). Therefore chelators of trivalent cations which also chelate
Ca^+ (e.g. EDTA) may potentially abolish or diminish platelet aggregation. The affinity
o f the HP-4-ones for Ca^+ is much low er than that of EDTA, and insignificant in
comparison with their affinity for Fe^+ (Table 1.6.2.1, Chapter 1). This, together with
the observation that the inhibition of thrombin-induced platelet aggregation by HP-4-ones
is only seen at very high chelator concentrations (§ 3.3.3) suggests that HP-4-ones are
unlikely to chelate intracellular calcium. Despite this, because of the importance of Ca^+
in platelet activation, it was necessary to formally investigate w hether chelation of
intracellular calcium could account for the observed inhibition of aggregation with HP-4ones. Intracellular calcium fluxes were therefore measured in chelator-treated platelets
using the calcium indicator Fura-2 .
Experimental design
Fura-2 -loaded platelets were prepared as described in § A7.8, resuspended in
calcium-free Tyrodes buffer and preincubated with chelator (CP25, CP20 or DEO) or
respective diluent for 30 minutes at 37°C. The cell/chelator suspension was supplemented
with Im M CaCl2 (except in studies investigating the effect of extracellular Ca^+ on the
intracellular Ca^+ flux) and placed in a single beam fiuorimeter fitted with a stirrer.
Platelets were activated with either thrombin or collagen as described below and the Ca^+
fluorescence was measured as described in § A7.8.
3.5.1

Qualitative measurement of the thrombin-generated calcium flux
Fura-2 loaded platelets were fired with thrombin, an agonist which acts via direct

elevation of intracellular calcium (§ 3.2.3.1) and the changes in fluorescence measured.
The results show firstly that thrombin elevated intracellular calcium even in the absence
of extracellular calcium (Table 3.5.1.1). This confirmed previous reports that the stores
of calcium which are mobilised are predominantly internal (§ 3.2.1). Secondly, the two
HP-4-ones (CP25 and CP20) and DEO have no significant effect on the throm bininduced calcium flux even at a chelator concentration of 500|iM which represents a large
molar excess of chelator over the maximal intracellular calcium concentration observed
during stimulation with thrombin (about 3pM, [Rink et al., 1982] ). The lack of inhibition
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T able 3.5.1.1 Effect of chelators on thrombin-induced Ca^'*’ fluxes in platelets.
Fura-2 loaded platelets were incubated at 37°C with chelators (500|iM chelator
concentration) or diluent for 30 min. Platelets were activated by the addition of thrombin
(I U ml'^) under constant stirring. The fluorescence (340nm excitation, 510nm emission,)
was measured before and after addition of thrombin. A. Effect of extracellular Ca^+ on
the calcium flux (AF) in control cells. B. Effects of chelators on the calcium flux. Values
are single fluorescence readings.

Fluorescence (F'l (arbitrarv units')
Before thrombin

After thrombin

AF

Control^

173

290

117

Control^

181

279

98

PBSC

268

403

135

CP25

153

290

137

CP20

300

425

125

DFO

279

408

129

A

Ba

^In buffer supplemented with ImM CaCl2.
Ca^+-ffee buffer.
the diluent control for all chelators.

of the calcium flux suggests that it is unlikely that the anti-aggregatory effect of HPOs is
due to the chelation of intracellular calcium.
3SJ.

Q uantitative m easurem ent of the collagen-generated calcium flux
Unlike thrombin, small doses of collagen (< 2|ig ml"^) mobilise intracellular

calcium weakly [Yardumian et al., 1986] but the sensitivity of the collagen aggregatory
response to inhibition by chelators as demonstrated in § 3.3.1 makes this an important
aspect to investigate. Calcium fluxes generated by low (Ijig ml*^), intermediate (2.5|ig
m i -) and high (5|ig ml'^) doses of collagen in platelets treated with 500pM chelator were
therefore examined. The results showed that in control (PBS-treated) cells activated with
low doses of collagen (Ip g mT^) the intracellular calcium levels were similar to resting
levels (Table 3.5.2.1). At higher doses, there was a dose-dependent increase in the levels

103
of intracellular calcium mobilised. As with thrombin, the chelators tested (CP25, CP20
and DFO) did not appear to diminish the collagen-generated calcium flux and therefore
calcium chelation is unlikely to be the cause of the inhibition of the collagen-induced
aggregatory response.

Table 3.S.2.1 Ca^+ mobilisation by collagen in chelator-treated platelets.
Fura-2 loaded platelets were incubated with chelators (500|iM chelator concentration) for
30 minutes at 37°C. Platelets were activated under constant stirring by the addition of the
collagen doses shown. The fluorescence (340nm excitation, 510nm emission,) was
measured after each addition and related to calcium concentrations as described in § A7.8
using the dissociation constant (K^) of 0.224}iM [Grynkiewicz et al., 1985].

[Ca2+]i (nM)
Collagen

0 |ig ml'^

1 |ig m l'l

2.5 p.gml-1

5 M-g ml'^

(resting)
PBS

0.34 ± 0.03a

0.32 ± 0.03b

0.51 ± 0.03c

0.86 ± 0.15b

CP25d

-

0.470, 0.450

0.620, 0.550

1.83,3.27

CP20®

-

0.68

1.10

0.99

D FŒ

-

0.74

1.63

ND

^n = 6; ^n = 5; ^n = 4; ^individual duplicate values are given; ^single measurements are
given. ND = not determined. Under these conditions control cells activated with lU mk^
thrombin elevated the calcium level to 2.79 |iM.

3.6 E F F E C T O F M ETAL CHELATORS ON PL A TEL ET PG H SYNTHASE:
R O L E IN IN H IB ITIO N OF PLA TELET A G G REG A TIO N .
The generation of pro-aggregatory prostanoids such as PG G 2, PGH2, and
thromboxane A2 via the metabolism of arachidonic acid is an important biosynthetic
pathway by which intracellular activation signals are amplified in platelets (§ 3.2.10 ). It
is of particular importance for weak agonists such as ADP and low doses o f collagen
which cannot directly m obilise intracellular calcium and produce aggregation
independently of the cyclooxygenase pathway. PGH synthase is the rate-limiting enzyme
in this pathway (§ 3.2.10) and therefore its inhibition will drastically reduce platelet
aggregation. NSAI drugs such as acetyl salicylic acid (aspirin) work by irreversible
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covalent modification of this enzyme. The presence of iron in its active site (F ig u re
3.2 .10.2) however, may also make it an inhibitory target for metal chelators and may, in
principle, account for their anti-aggregatory effects. Therefore the effect of metal
chelators on the function of PGH synthase was investigated by measurement of its end
biosynthetic product thromboxane B2 (TxB2) using a specific radioimmunoassay. As
shown in figure 3.2.10.1, TxB2 is derived from thromboxane A2 (TxA2) which, in turn, is
derived from arachidonic acid via PGH synthase. Although it is a potent platelet
activator, TxA2 is very unstable (ti/2 30s at 37°, Smith et. al. 1991) and it immediately
undergoes non-enzymatic hydrolysis to form the stable analogue TxB2. Therefore, in
referring to TxA2 it must be noted that the experimentally determined product is TxB2.

Experimental design
PRP was incubated with chelator or respective diluent for 10 m inutes at 37 °C,
under constant stirring, in an aggregometer. (These conditions are identical to those used
in the aggregation studies given in § 3.3). Thromboxane biosynthesis was induced by the
addition of either collagen or arachidonic acid and, after 4 minutes, the reaction was
stopped by the addition of EDTA. The released TxB2 was extracted in all except those
studies investigating the effect of extraction on TxB2 recovery, and quantified by
radioimmunoassay as described in § A7.9.

3.6.1

O ptim isation of m ethod for quantification o f PG H synthase-derived T xB i
The purpose of these experiments was to evaluate a suitably low concentration of

collagen which acts predominantly via PGH synthase and produce detectable levels of
throm boxane. These experiments also investigated whether extraction o f TX B2 was
necessary for its quantification by radioimmunoassay.
CP20, CP25, DFO, oxine and tropolone (Im M / 333|iM IBE) or their respective
diluents were incubated with PRP as described in the Experimental section. A fter
induction of thromboxane synthesis, the PRP/chelator mixture was divided into two;
T x B 2 in one set was measured directly while the TxB2 in the other set was extracted
before measurement. These results are shown in figure 3.6.1.1 and three conclusions can
be drawn from them. Firstly, there is a sharp collagen dose-dependent increase in the
production of TxB2 by control platelets in the extracted, but not in the unextracted,
samples. From the data in figure 3.6.1.1A, Ip g m l'l was chosen as the collagen dose to be
used in subsequent experiments as it appears to induce substantial thromboxane synthesis
while being low enough to act mainly via the PGH synthase pathway. Secondly, the
recovery of TxB2 could be increased up to two orders o f magnitude by extracting before
measurement, irrespective of treatment with chelator (notice different ordinate scales of
figure 3.6.1.1 A and B). This increase is also observed when TxB2 synthesis in chelatortreated platelets is stimulated with another agonist, arachidonic acid (figure 3.6.12). The
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Figure 3.6.1.1 Effect of dose of collagen on the synthesis of TxB2 in platelets.
PRP (platelet count, 250 x 10^ 1'^) was incubated with chelators (Im M / 333|iM IBE)
or their respective diluents for 10 minutes at 37°C. Platelets were aggregated for 4
minutes with four doses of collagen as shown and the released TxB] was quantified
by radioimmunoassay either after solid-phase extraction (A) or without extraction
(B). PBS is the diluent control for all chelators except oxine; ethanol (EtOH, 0.2%) is
the control for oxine. Details of extraction and assay are given in § A7.9; the results
are the mean of duplicate measurements. Notice change of ordinate scaling.
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Figure 3.6.1.2 Effect of solid-phase extraction on the recovery of arachidonic acid
generated TxB].
Platelets (250 x 10^ 1-1 in PRP) were pre-incubated with the chelators shown (Im M /
333p.M IBE) for 10 minutes at 37°C and aggregated for 4 minutes with arachidonic
acid (1.5mM). The released TxB2 was quantified either after solid-phase extraction or
without extraction by radioimmunoassay as described in § A7.9. The data are the
mean of duplicate measurements.
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poor recovery of TXB2 obtained without extraction, is most likely to be due to
interference from other plasma lipids. Therefore, in subsequent experiments all samples
were solid-phase extracted for TXB2 as described in § 7,9.2. Thirdly, figure 3.6.1.1
shows that, of the chelators tested, the most potent inhibitors of TxB2 synthesis are oxine
and the HP-4-one CP25 which inhibit thromboxane production induced by collagen
concentrations as high as 16 |ig mlT. These chelators are also potent inhibitors o f the
collagen-induced aggregatory response (figure 2.4.2.1, C h ap ter 2) and this indicates that
the latter is likely to be mediated via effects on the PGH synthase pathway.
3.6.2

Effect of chelators on 7x8% generation by collagen
H aving established a suitable concentration o f collagen, further studies were

undertaken to investigate the relationship between the inhibition of aggregation and the
inhibition of TxA2 synthesis by chelators.
Experimental design
These studies were performed with a variety of metal chelators including CP02,
Ome-25 and acetyl salicylic acid (ASA, aspirin). CP02 is a HP-2-one which was shown
to be a potent inhibitor of collagen-induced aggregation (figure 2.4.2.1) despite having an
intermediate affinity for iron and a moderate lipophilicity, while Ome-25 is a non-ironchelating analogue of CP25 (§ 1.6.1.3) ASA represents the “classical” PGH synthase
inhibitor and was used as a positive control. PRP was incubated with chelator or diluent
for 10 minutes at 37°C and thromboxane synthesis was induced with Ijig ml'^ collagen
(§ A7.9). The released TxB2 was extracted and quantified by radioimmunoassay (§ A7.9).
Results
A t a concentration of ImM, the three chelators which previous experiments have
shown to possess the greatest anti-aggregatory effect (vzz. oxine, CP02, and CP25, figure
2.4.2.1) were also the most effective inhibitors of TxB2 generation (figure 3.6.2.1).
Furthermore, their inhibition was comparable to that of the established cyclooxygenase
inhibitor ASA. Below this concentration, dose-response studies in the range 37-333p,M,
showed that CP02 was more inhibitory than oxine or CP25 and its pattern of inhibition
resembled that o f ASA closely (figure 3.6.2.2). This suggested that inhibition of PGH
synthase plays a role in the anti-aggregatory effects of chelators. It is not clear why CP02
with an intermediate affinity for iron is particularly inhibitory, but this may be due to its
structure being particularly favourable for access to the active site of the enzyme.
Interestingly, the non-chelating analogue Ome-25 partially inhibited TxB2 production
(figure 3.6.2.1) suggesting that non-chelating mechanisms may also be involved in the
inhibition of PGH synthase.
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F igure 3.6.2.1 Effects o f chelating and non-chelating com pounds on collageninduced TxB 2 generation in platelets.
PRP (platelet count 250 x 10^ I'l) was pre-incubated with chelators (Im M / 333|iM
IBE), the non-chelating analogue Ome-25 (Im M ) or acetyl salicylic acid (A SA ,
Im M ) for 10 minutes at 37°C and aggregated for 4 minutes with collagen ( l|ig m p l).
The released TxB 2 was solid-phase extracted and quantified by radioim m unoassay as
described in § A7.9. PBS is the diluent control for all com pounds except oxine and
ASA for which ethanol (EtOH, 0.2%) is the control. The data are the mean ± s.e. of
four experiments.
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F igure 3.6.2.2 Comparison of PGH synthase inhibitory activity o f chelators and
acetyl salicylic acid (aspirin).
PRP (platelet count 250 x 10^ p l) was pre-incubated with the chelators shown, acetyl
salicylic acid (ASA) or their respective diluents (37, 111, 333p.M) for 10 minutes at
37°C. Aggregation was performed for 4 minutes with collagen (Ijig ml’l) and PGH
synthase activity was quantified by the release o f TxB2. TxB2 was solid-phase
extracted and quantified by radioimmunoassay as described in § A7.9. The data are
the mean ± s.e. of three experiments.
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3.7

E F FE C T OF M ETA L CH ELA TO RS ON PH O SPH O LIPA SE Az
During platelet activation the substrate of PGH synthase, arachidonic acid, is

liberated from intracellular phospholipids by PLA2 (figure 3.2.10.1). Therefore, in
principle, any inhibition o f PLA% by chelators should reduce the intracellular
concentration of arachidonate in activated platelets. This would have two important
effects: firstly, a reduction in arachidonate would drastically reduce production of
thromboxane A% and, secondly, it would lead to a reduction in platelet aggregation. As
described in earlier sections and in C h ap ter 2, both these effects were observed with the
chelators CP25, CP02, oxine and tropolone and therefore their effects on PLA2 were
examined to elucidate whether PLA2 inhibition contributes to the inhibition of TxA2
production and the inhibition of aggregation.
To date, two major classes of phospholipases A2 have been described: (i) the
extracellularly secreted enzymes (sPLA2s) and (ii) the cytosolic enzymes (cPLA2s)
[Mayer and Marshall, 1993] [Glaser et al., 1993]. O f these, it is the CPLA2S that are
thought to be involved in the liberation o f arachidonate which is utilised by PGH
synthase. Common methods of quantification of CPLA2 employ radiolabelled precursors
(radiometric assays) and, for technical reasons, the measurement of neutrophil PLA2 is
more reliable than the measurement of platelet PLA2.^ Therefore, the effects o f the
above-mentioned three chelators on neutrophil PLA2 were examined rather than on
platelet PLA2. Although the CPLA2S are different from SPLA2S with regard to size and
specificity and the two groups can be inhibited differentially by various agents [Mârki et
al., 1993], the cPLA2S of different cells (e.g. those of neutrophils and platelets) are likely
to be very similar in structure and function by virtue o f the identical reactions they
catalyse (figure 3.2.8.1).
Experimental design
PLA2 activity was measured in purified neutrophils treated with chelator (300|iM)
or diluent for 15 minutes at 37°C, These conditions have previously been shown to
produce aggregation inhibition (C h a p ter 2 & § 3.3). The principle of the radiometric
PLA2 assay is described in § A8.4 and further experimental details appear in the
appropriate legends.

^ The major pathway for arachidonate liberated by PLA 2 in neutrophils is the 5-LPO pathway and, as
explained in Chapter 4, this can be effectively blocked by the specific 5-LPO inhibitor MK-886. The
resulting build up o f arachidonate can be reliably quantified. However, in platelets several pathways
participate in the turnover of arachidonate liberated by PLA2 (e.g. PGH synthase, 12-LPO, 15-LPO) and
the complete inhibition of all of these is difficult to achieve. Therefore the complete elimination of
arachidonate metabolism is difficult to achieve, resulting in lower specific activities of arachidonate being
available for quantification.
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Results
None o f the chelators studied which are known to inhibit platelet aggregation or
throm boxane production, i.e. CP25, CP02, oxine and tropolone, had any inhibitory
activity towards neutrophil PLA2. Therefore, for the reasons given above, it is also
unlikely that they inhibit platelet PLA2 (Table 3.7.1). Thus PLA2 can be excluded as a
mechanistic target for the inhibition of both platelet aggregation and thromboxane A2
synthesis.

T able 3.7.1 Effect of CP25, CP02, oxine and tropolone on phospholipase A2.
PLA2 activity was m easured in purified neutrophils as described in § 8.4.
[^HJarachidonate-labelled neutrophils were pre-warmed with the 5-LPO inhibitor MK886 (2(X)nM) at 37°C and incubated with chelator (300|iM ) or their respective diluents
for a further 15 minutes. Cells were stimulated for 10 minutes with calcium ionophore
(IjiM ) or its diluent and the released radioactivity was m easured by p-scintillation
counting. The data are the mean ± s.e. from two experiments performed with neutrophils
from different donors.
C om pound

Phospholipase A2 activity
(% of diluent control)

3.8

CP25

113.5 ± 1.5

CP02

141.0 + 7.0

Oxine

116.5 ± 10.5

Tropolone

91.5 ± 25.5

DISCUSSION
The data presented in this chapter show that certain metal chelators including the

HPO s CP25, CP84 and CP02, inhibit platelet aggregation induced by physiological
agonists such as collagen (figure 3.3.1.1). This inhibitory activity is also possessed by
other bidentate chelators such as oxine and tropolone (C h a p ter 2), but it is not common
to iron chelators in general (e.g. DFO). The most inhibitory chelators were found to be
those which possess the highest affinity for iron and the highest Kpart such as CP25 and
CP84. Hydrophilic HP-4-ones such as CP20 and hexadentate chelators such as DFO
became inhibitory only at very high concentrations (figures 3.3.1.1 and 3.3.1.2). An
exception to this was the HP-2-one CP02 which had a potent inhibitory effect on platelet
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aggregation despite having an interm ediate affinity for iron and an interm ediate
lipophilicity (A ppendix 2).
In principle, the inhibition of platelet aggregation by iron chelators may be caused
by three main types of interaction. These are: (i) direct extracellular interaction of the
chelator with the agonist; (ii) interaction of the chelator with the receptor for the agonist
at the cell surface preventing agonist-receptor coupling; and (iii) entry of the chelator into
the cell followed by inhibition of intracellular biochemical pathways involved in the
aggregatory response (e.g. second messengers, pro-aggregatory enzymes). Inhibition of
the aggregatory response by iron chelators is unlikely to be via a direct effect on the
agonists because it was observed with aggregation induced by a large number of disparate
agonists (e.g. collagen, a glycoprotein (figures 3.3.1.1 & 3.3.1.2); thrombin, a protease
(figure 3J.3.1); ADP, an adenine nucleotide (figure 3.3.2.1) and arachidonic acid, a
lipid, (§ 3.3.4). It is unlikely that metal chelators would interact with all of these and, to
date, there have been no reports to the contrary. Inhibition of arachidonic acid-induced
aggregation also provides evidence that the inhibition is unlikely to be due to chelator
interaction with receptors as the entry of this agonist into the cell, unlike that of collagen,
thrombin and ADP, is independent of a cell surface receptor. These results therefore
suggest that the target of the inhibitory activity o f iron chelators is probably a component
of platelet activation common to all four, and that it lies downstream o f cell surface
receptors. The two major intracellular components in activated platelets which fit these
criteria are intracellular calcium ([Ca^+Ji) and arachidonate metabolism via the PGH
synthase pathway.
The importance of intracellular calcium mobilisation in platelet activation has
been described (§ 3.2.6). Therefore, inhibition o f the liberation or subsequent action of
[Ca^+ji by chelators would im pair platelet activation and subsequent aggregation.
However, the measurement of intracellular Ca^+ fluxes in chelator-treated platelets
activated with both thrombin (Table 3.5.1.1) and collagen (Table 3.5.2.1) show that there
is no appreciable inhibition of calcium mobilisation. This indicates that intracellular
calcium (and therefore by implication also its liberator IP3, § 3.2.6.1) is not a target for
the inhibitory activity of the chelators.
Further work presented in this chapter shows that the inhibition o f platelet
aggregation by chelators was found to be associated with the inhibition o f intracellular
arachidonate metabolism via the PGH synthase pathway as measured by the inhibition of
TxÀ2 synthesis. TxA2 inhibition was found to be dependent upon the dose of chelator
(figure 3.6.2.2) and is observed in platelets stimulated with both collagen (figure 3.6.2.1)
and extracellular arachidonic acid (figure 3.6.1.2). This therefore points towards a
m echanism which involves the inhibition o f enzym e(s) of the PGH synthase
(cyclooxygenase) pathway.
In principle, one or more of the three enzymes involved in TxÀ2 biosynthesis
from arachidonic acid may be inhibited in chelator-treated platelets. In the order of
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sequential action, these are PLA2, PGH synthase and thromboxane synthase (figure
3.2.10.1). PLA2 can be excluded as a potential target for the inhibitory action o f iron
chelators for three reasons. Firstly, there have been no reports to date on the involvement
of trivalent cations in the enzymatic activity of platelet (or other) phospholipases A2.
Secondly, CP25 inhibits TxA2 production induced by exogenous arachidonic acid (figure
3.6.1.2), an agonist which bypasses PLA2 (figure 3.2.10.1). The inhibition of exogenous
arachidonate-induced TxA2 production by CP25 is not therefore consistent with PLA2
inhibition but, on the contrary, indicates that the inhibitory target lies downstream of
P L A 2. Thirdly, results show that anti-aggregatory chelators have little effect on
neutrophil PLA2 (Table 3.7.1) and are therefore unlikely to inhibit platelet PLA2. Unlike
PLA2, PGH synthase and thromboxane synthase (figure 3.2.10.1) are both iron enzymes
and therefore may be potential targets for inhibition by iron chelators.
It is not clear which of the above two haem enzymes is inhibited by iron chelators
and it is possible that both may be inhibited. However, PGH synthase catalyses the
com m itted step in the pathway leading to the biosynthesis of all the m ajor proaggregatory prostanoids (namely PGG2, PGH2 and TxA2, Smith et al., 1994) and
therefore its inhibition is expected to have a greater anti-aggregatory effect. Inhibition of
thromboxane synthase alone, on the other hand, would reduce only the levels of TxA2
(figure 3.2.10.1).
In the case of PGH synthase, it is not known which one of its activities is inhibited
by iron chelators. According to current models of the catalytic step [Dietz et al., 1988],
the reaction which is most likely to be inhibited by iron chelators is the peroxidase
activity as it is the one in which direct participation of the iron centre has been
implicated. This reaction is illustrated in (figure 3.8.1) and from this it is clear that
formation of a complex between the ground state ferric iron of the synthase and an iron
chelator or interaction of the chelator with the tyrosyl radical (required for the subsequent
cyclooxygenase reaction) would render the enzyme inactive. However, inhibition o f the
cyclooxygenase reaction cannot be excluded (figure 3.8.2). In this case, possible
mechanisms of inhibition are by interaction with the fatty acid radical or by prevention of
substrate binding to the active site. Several lines of evidence suggest that the mechanism
of inhibition of PGH synthase, unlike that of lipoxygenase (Chapter 4), is unlikely to
involve complete removal of iron from the enzyme. Firstly, haem iron is extremely
stable^® and therefore its complete removal from protoporphyrin is thermodynamically
unfeasible. Secondly, experiments presented in Chapter 4 show that HP-4-ones do not
alter the absorption spectrum of another haem protein, cytochrome c , supporting the
view that iron is not removed. Therefore a complex formed between the ferric centre and

The stability o f haem is such that the separation o f non-haem iron from haem iron utilises acid
hydrolysis at 65®C for 20h which solubilises the former but leaves the latter intact (Torrance & Both well,
1968).
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Figure 3.8.1 Proposed mechanism for the initiation of the peroxidase reaction of PGH
synthase by iron.
The haem present in its ground state as Fe^^ initiates the peroxidase reaction by the
formation of an iron-oxo complex (known as Complex I) with the peroxide group of
PGG2. During this step a two-electron oxidation occurs in which the iron attains the
higher oxidation state of Fe"^"^ (the ferryl state) and simultaneously the porphyrin ring
is oxidised to a radical cation. The positive charge of the porphyrin ring is rapidly
transferred to a tyrosine group of the synthase (probably Tyr^^^, figure 3.2.10.2)
resulting in the porphyrin ring gaining neutrality and the generation of a tyrosyl free
radical (Complex H). This tyrosyl radical is thought to initiate the cyclooxygenase
reaction by the activation of arachidonic acid by removal of the C-13 hydrogen
(figure 3.8.2). The electron donor involved in the reduction step indicated with a
broken arrow has not been identified.
(After Smith et. al. 1991 Pharmac Ther 49 153-179).
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Figure 3.8.2 Catalytic steps of the cyclooxygenase reaction of PGH synthase.
The cyclooxygenase reaction is initiated by hydrogen abstraction at the C-13 position (presumed to be by the tyrosyl radical produced during
the peroxidase reaction, figure 3.8.1). The fatty acid radical produced is trapped atC-11 position and subsequently attacks molecular oxygen
producing an 11-peroxy radical. Cyclisation of the fatty acid molecue at this stage produces the characteristic 5-membered prostanoid ring.
Addition of 02/H^ to C -I5 followed by reduction of the 15-hydroperoxyl radical yields PGG2.
(Model according to Smith et. al. 1991 Pharmac Ther 49 153-179).
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bidentate chelators is unlikely to be of the 1:3 nature formed in free solution but is more
likely to be a ternary 1:1 complex. For sterical reasons this is not favourable with large
hexadentate molecules such as DFO and may explain its lack of PGH synthase inhibition
despite the greater stability of its iron complex over the 1:1 com plex o f bidentate
chelators (figures 3.6,1.2 and 3.6.2.1). Although chelation may be the major mechanism
o f PGH synthase inhibition by iron chelators, chelation-independent mechanisms cannot
be excluded as explanations for the inhibition of platelet aggregation and TxA2 synthesis
and may explain the inhibitory activity observed with Ome-25, the non-iron-binding
analogue of CP25 (T able 3.4.1.3 & figure 3 6.2.1). One m echanism which may
contribute to inhibition by Ome-25 is inhibition of substrate binding to PGH synthase.
The binding of arachidonate to the cyclooxygenase active site requires the molecule to
attain a bent conformation with an alkyl chain 10 carbons long (figure 3.8.2); the 6
carbon chain of Ome-25 may be able to mimic this and displace the latter from the active
site.
Unlike the iron centre of PGH synthase, much less is known about the iron centre
o f thromboxane synthase except for the fact that it is a cytochrome P450-type ironsulphur centre. B ased on know ledge o f the catalytic m echanism s o f these
metalloenzymes, Hecker & Ullrich (1989) have proposed a mechanism for the catalytic
activity of thromboxane synthase (figure 3.8.3). Based on this m odel, a possible
mechanism for the inhibition of this enzyme by chelators is by the formation of a 1:1
ternary complex with the iron in the Fe(III) state (figure 3.8.3).
The presence of iron in platelet 12-LPO may also make this enzyme a mechanistic
target for the inhibitory effects of iron chelators and may explain the unexpectedly high
inhibition of aggregation and TxA] synthesis observed with the HP-2-one CP02. The 12LPO products 12-HPETE and 12-HETE (figure 3.2.9.1) have been reported to be
inhibitors of platelet aggregation (§ 3.2.9) and 12-HPETE has also been shown to be a
potent inhibitor of PGH synthase (Siegel et al., 1979); therefore chelators which do not
inhibit 12-LPO would have the additive effects of inhibition mediated by these products.
Because of its lower iron binding affinity and moderate lipophilicity (A ppendix 2), CP02
is unlikely to inhibit 12-LPO to the same extent as HP-4-ones such as CP25 and this may
explain why CP02 is as inhibitory of aggregation and TxA2 synthesis as CP25. The
effects of HPOs on lipoxygenases are presented in C h ap ter 4.
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Figure 3.8.3

Catalytic steps in the formation of TxA2 by thromboxane synthase.

(1) PGH2 is bound to the active site of thromboxane syn±ase with its Cg carbon
adjacent to the haem iron.
(2) The endoperoxide bond is broken by homolytic fission in a step which oxidises
the iron to the ferryl (Fe^"^ state with simultaneous formation o f an alkoxy radical.
(3) Cleavage of the C u -C i2 bond produces the corresponding allylic radical.
(4) The allylic radical undergoes Fe"^ - mediated oxidation to a carbocation,
regenerating the ferric centre in the process.
(5) Rearrangement of the carbocation produces TxA2Adapted from Hecker & Ullrich, 1989.
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Sum m ary
Data presented in this chapter indicate that the inhibition of platelet function by
chelators such as HPOs occur prim arily through the inhibition o f arachidonate
metabolism via the PGH synthase pathway and not by the inhibition of activating second
messengers such as calcium. The enzymes most likely to be inhibited by iron chelators in
this pathw ay are PGH synthase itself and throm boxane synthase. Inhibition of
aggregation and TxA2 synthesis observed with a synthetic non-chelating HPO analogue
indicates that some HPOs may inhibit these activities by chelation-independent
mechanisms. Differential enzym e inhibition assays (PGH synthase vs thromboxane
synthase) are required to gauge the contribution made by these two enzymes to the
inhibitory mechanisms of chelators.
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CHAPTER 4
LIPOXYGENASE INHIBITION BY METAL
CHELATORS: INVESTIGATION OF MECHANISMS
AND RELEVANCE TO CELL LABELLING
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4.1 IN TRO D U CTIO N
The results in the previous two chapters have demonstrated that metal chelators
including certain HPOs used for the indium labelling of platelets adversely affect platelet
aggregation and that this is associated with the inhibition of the haem iron enzyme PGH
synthase. Although this thesis has investigated indium labelling of platelets with HPOand hydroxypyranone-chelate complexes, it has been shown previously that these
chelators can also be used to label granulocytes with indium [Porter et al., 1990a]. This
chapter therefore investigates the effects of these chelators on one of the principle ironcontaining enzymes of these cells, namely 5-lipoxygenase (5-LPO) of human neutrophils.
4.2

STRU CTURE, FU N CTIO N AND N O M EN CLA TU R E O F
LIPOXYGENASES
The lipoxygenases (LPOs) are a family of non-haem iron containing enzymes,

which catalyses the regio- and stereo-selective di-oxygenation o f polyenoic fatty acids
containing at least one 1,4-cw,cw-pentadiene group to the corresponding 1-hydroperoxy2,4~trans,cis pentadiene group (figure 4.2.1). In addition, lipoxygenases also have
dehydrase activity which transforms the hydroperoxide to the corresponding hydroxyl.
The nomenclature of lipoxygenases reflects the site of oxygenation of the substrate. Thus
the 5-LPO of human leukocytes and the, 12- and 15- LPOs of platelets oxygenate the 5-,
12-, and 15- positions of their substrate arachidonic acid respectively.

P-O -H

Lipoxygenase
+ O2
^
R

1,4- ciSy cis pentadiene

Figure 4.2.1

1-hydroperoxy-2-fra/u; 4-cis
pentadiene

Lipoxygenase-catalysed dioxygenation of unsaturated fatty acids.

4.2.1 P lant lipoxygenases
Plant lipoxygenases were the first to be discovered although their precise roles are
unclear. They are far more stable than their mammalian equivalents and hence they can
be purified in large quantities to considerable homogeneity. Soybean lipoxygenase I, in
particular, has proved to be a very useful model for its mammalian counterparts, specially
with respect to the chemistry of the iron centre (§ 4.2.3).
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4.2.2 A nim al lipoxygenases
The first demonstration of lipoxygenase activity in mammalian cells came about
twenty years ago when several groups reported lipoxygenase activity in platelets
[Hamberg and Samuelsson, 1974] [Ho et al., 1977] [Nugteren, 1975]. Platelets are now
known to contain at least two types of lipoxygenase, namely 12-lipoxygenase (C hapter
3) and 15-lipoxygenase. Since the demonstration of lipoxygenase activity in platelets,
other cells such as leukocytes [Borgeat et al., 1976] and reticulocytes [Schewe et al.,
1975] have also been shown to possess lipoxygenase activity. Lipoxygenase research has
identified the family of eicosanoids known as leukotrienes (products of 5-LPO) as
important regulators of cellular responses involved in inflammation and immunity.
4.2.3

S tru ctu re of the lipoxygenase iron centre and m echanism of
catalysis
The involvement of a non-haem iron atom at the active site has been shown for

nearly all lipoxygenases e.g. soybean 15-LPO [Pistorius and Axelrod, 1974], rabbit
reticulocyte 15-LPO [Schewe et al., 1986], porcine leukocyte 12-LPO [Yokoyama et al.,
1986] and human 5-LPO [Percival, 1991]. In general, there is consensus that the iron is
present in a molar ratio of 1:1 (Fe : protein) although u tatio of 0.45 : 1 has been proposed
for the porcine leukocyte 12-LPO [Yokoyama et al., 1986].
42.3.1 Geometry o f coordination o f the iron centre
During the past six years several groups have investigated the geometry of the
iron centre in lipoxygenase using the soybean enzyme as a model and three physical
techniques: extended x-ray absorption fine structure (EXAFS) [Navaratnam et al., 1988],
Môssbauer spectroscopy [Dunham et al., 1990] and electron spin resonance spectroscopy
(ESR) [Nelson, 1988] [Nelson et al., 1991]. The currently held view is that the iron is a
six coordinate with octahedral symmetry, four of the coordinating ligands originating
from enzyme imidazole groups (histidine) [Navaratnam et al., 1988] the other two being
oxygens. The identities of the oxygen ligands are uncertain: water or hydroxyl groups
have been im plicated by ESR studies by some [Nelson, 1988] while others refute
coordination by dioxygen or w ater [Petersson et al., 1985] [Feiters et al., 1985]
[Slappendel et al., 1982a], leaving carboxylates as the most likely donors of these
oxygens. Two models of the LPO iron centre are illustrated in figure 4.2.3.1. The axial
symmetry observed in one model (figure 4.2.3.1A) is due to the two coordinating
oxygens coming from different ionised carboxylate molecules; in the second model
(figure 4.2.3.IB ) both oxygens are derived from the same carboxylate due to resonance
electron delocalization common to all ionised carboxylates.
However, a very recent report [Boyington et al., 1993] on the structure of soybean
lipoxygenase-1 (sbLPO) has challenged the nature of coordination of the iron in the
lipoxygenase active site. According to these authors, who have resolved the enzyme to
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Figure 4.2.3.1

Models of the lipoxygenase iron centre.

(A) ESR model of the soybean enzyme.
(B) Crystallographic model of the enzyme from photosynthetic bacteria.
The imidazole groups shown are derived from histidine side-chains.
(From Navaratnam et. al. 1988)
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2.6 Â, the central iron atom is coordinated not by four histidines and two carboxylates but
by three histidines (His^^^, His^®"^, His^^O) and a carboxylate from the C-terminal
(Ile^39)^ leaving two adjacent coordination sites unoccupied. This leads to the geometry
o f the coordination becoming a non-regular distorted octahedron (or alternatively, a
tetrahedron in which one ligand position is distorted severely from the normal tetrahedral
geometry). However, others have provided spectroscopic evidence for the involvement of
more than four ligands in the coordination of iron in LPO [W hittaker and Solomon,
1988] [van der Heijdt et al., 1992]. In order to reconcile these differences Boyington et.
al. investigated the electron densities corresponding to the positions o f the fifth and sixth
ligands. These studies showed no significant densities in these two regions. Their
explanations for this surprising finding was as follows. Firstly, although the fifth and
sixth positions may be unoccupied under the conditions of crystallisation employed for
X-ray studies, they may become occupied during the catalytic cycle o f the enzyme.
Secondly, although the formation of six coordinated octahedral complexes by Fe^+ and
Fe^+ is favoured over the formation of four coordinated tetrahedral ones as far as simple
complexes are concerned, coordination of iron by three histidines and a carboxylate has
been observed in another iron enzyme, superoxide dismutase [Stoddard et al., 1990].
No matter what model of the iron centre of lipoxygenase one accepts, it is evident
from both models that not all six bonds to the central iron atom are from the protein. This
leaves possible coordination sites which are either unoccupied or coordinated by weak
ligands. These may be available for bonding by extraneous agents and may represent
potential sites o f coordination by metal chelators (§ 4.8).
4 J .3 2 Oxidation and spin states o f lipoxygenase iron
Exam ination of the iron centres of plant and animal LPOs show certain
similarities and differences with respect to the oxidation and spin states of the iron. In
native plant enzymes the iron is generally considered to be in the fully or partially
reduced ferrous state. Evidence for this comes from ESR experiments which can
distinguish between the inactive ferrous (ESR-invisible) and the active ferric (ESRvisible) states [Nelson et al., 1991] [Kroneck et al., 1991]. In these experiments the
enzyme can only be visualised if carried out in the presence of a catalytic amount of an
oxidant, indicating the prerequisite conversion of the iron from the ferrous to the active
ferric state.
In contrast to plant LPOs, information about the active sites of mammalian LPOs
has only become available relatively recently mainly as a consequence of the difficulty in
purifying these enzymes in the quantities required for spectroscopic studies. However,
using an immunoaffinity method [Yokoyama et al., 1986] [Ueda et al., 1986] sufficient
quantities of the mammalian enzyme can now be purified for these studies. This
technique has been used to purify 5-LPO and 12-LPO from porcine leukocytes and their
iron centres have subsequently been investigated with ESR [Kroneck et al., 1991]. These
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studies have revealed that, unlike the iron centres in native plant enzymes, the iron
centres of the native mammalian enzymes are in the ferric (Fe3+) state.
In principle, both ferrous and ferric iron can exist in two different spin states high spin and low spin. These two spin states are a result of the two possible electronic
configurations the (f-orbital electrons of Fe^+ and Fe^"'" ions can adopt in the presence of
a ligand field with octahedral symmetry^ and is illustrated in figure 4.2.3.2. Experiments
have confirmed the iron in both plant and mammalian lipoxygenases to be in the high
spin state [Kroneck et al., 1991] [Dunham et al., 1990].

i i
.3+

^2g

High spin, S = V:

Low spin, S = %

H4-4
High spin, S = %

F ig ure 4.2.3.2

Low spin, S = 0

Formation of high and low spin octahedral complexes

by Fe^"^ and Fe^"^.

^ This is a reasonable assumption as octahedral symmetry is exhibited by one of the proposed models of
sbLPO (figure 4.243.1A).
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4 2 .3 3 Catalytic role o f iron in lipoxygenases
The central role played by iron in the catalytic steps of LPO is shown in figure
4,2 ,3 .3 . The initial step is the activation o f the fatty acid (linoleic in plants and
arachidonic in animals) by the enzyme-bound ferric iron in a stereospecific homolytic
cleavage of the C-H bond to produce a proton and a fatty acid free radical. During this
step the ferric ion acts as an electron acceptor, becoming reduced to ferrous in the
process. For this step to occur, it is a prerequisite that the iron is in the Fe^+ state before
the reaction begins. The fatty acid radical produced remains enzyme-bound and in the
next step it rearranges as shown and reacts with molecular oxygen in a manner which is
antarafacial to the abstraction of hydrogen in the first step. During this step the radical
present on the carbon atom passes on to the m olecular oxygen to produce a peroxy
radical. The iron which was reduced in the first step is re-oxidised in the next step by the
donation of a single electron to the peroxy radical to generate a peroxy anion. The
abstraction of a proton by this peroxy anion to yield a hydroperoxide completes the
catalytic cycle.
4.2.4 N eutrophil 5-LPO
42.4.1 Structuref function and comparison with other lipoxygenases
Neutrophil 5-LPO is a single polypeptide protein of 673 amino acids and
molecular weight 78000 [Matsumoto et al., 1988]. It is the rate limiting enzyme in the
biosynthesis of leukotrienes which are potent mediators of inflammatory responses such
as bronchoconstriction, chemotaxis and vascular perm eability [Samuelsson, 1983]
[Samuelsson et al., 1987] [Ford-Hutchinson et al., 1980] [Dahlen et al., 1980] [FordHutchinson, 1989].
There is an overall sequence homology between the human 5-, 12- and 15-LPO of
about 60%, each human LPO being about 25% similar to the plant LPOs [Sigal, 1991]
[Ford-Hutchinson et al., 1994]. Two areas of high sequence conservation exist throughout
the lipoxygenase family. The first of these, from amino acids 350 to 421 in 5-LPO, is a
region of hydrophobicity (figure 4.2.4.1). W ithin this sequence are also found five
histidines three of which are known to be coordinating ligands for the iron. The second
region of conservation lies between amino acids 545 and 579 and contains a sixth highly
conserved histidine of undetermined function. Site-directed mutagenesis studies in which
these His groups were replaced by other groups have shown that not all are essential for
activity [Ishii et al., 1992]. Mutants in which His-368 or His-550 were substituted by
either Asn or Ala, His-373 by either Asn or Ser or Glu-376 by Gin show no activity. His391— >Ala and His-400— >Ala mutants also showed no activity but, in contrast, the
corresponding asparagine mutants had activity. On the basis of these results it appears
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Figure 4,2.3.3 The central role of iron in the catalytic step of lipoxygenase.
Adapted from Schewe et. al. 1986.
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that His-368, His-373, His-550 and Glu-376 play a central role in the catalytic activity
and coordinate the iron atom (figure 4.2.4.1),
Although it has been known for a long time that non-haem iron is an integral
part o f other lipoxygenases, its presence and essential role in human 5-LPO was
demonstrated relatively recently [Percival, 1991]. It was also shown by the same authors
that the iron is present in a roughly equimolar ratio to the protein and that there is a linear
correlation between the iron content and enzyme activity of various enzyme preparations.

c
n 'O00
VO
m

c/3

W c/3

0 \

1
—
Io
o

o
*o

c/3

C/3

350

Figure 4.2.4.1

421

545

579

Conserved regions of 5-LPO.

The two regions of 5-LPO which show sequence homology to other lipoxygenases
are shown. The six histidines indicated are highly conserved in all lipoxygenases and
the ones shown in bold are essential for activity.

4 2 .4 2 Clinical importance o f leukotrienes
The biosynthesis and function of 5-LPO-derived leukotrienes and peptidoleukotrienes is shown in figure 4.2.4.2 and their clinical importance has been described
elsewhere [Lewis et al., 1990].
4 2 .4 3 Activation o f 5-LPO
In resting neutrophils 5-LPO is inactive and resides in the cytosol. The initial step
in the activation of 5-LPO is the interaction of an appropriate agonist with its receptor on
the neutrophil surface. Like platelet receptors, many neutrophil receptors are also coupled
to G -proteins (§ 3.2.4) and therefore activate phospholipase C (§ 3.2.6), thus generating
the strong calcium mobilisers IP3 and diacylglycerol from membrane phospholipids
(figure 3.2.6.1). This elevation of the intracellular calcium levels results in, amongst
other effects, the simultaneous activation of phospholipase A2 (PLA2) and 5-LPO
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Figure 4.2.4.2

Biosynthesis of leukotrienes and peptido-leukotrienes by 5-LPO
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(figure 4.2.4.3). During 5-LPO activation it is translocated from the cytosol to the nuclear
m em brane where it forms a com plex with a docking protein, the so-called 5lipoxygenase activating protein (FLAP) [Miller et al., 1990][Dixon et al., 1990][FordHutchinson, 1991]. FLAP is a 18 kDa membrane-bound protein with little sequence
homology to other known mammalian proteins [Miller et al., 1990] and which is thought
to consist o f three membrane-spanning regions connected to two hydrophilic loops with
the C and N terminals on opposite sides of the membrane [Ford-Hutchinson, 1991].
Recent immuno-electron microscopy studies have shown that in stimulated leukocytes
both FLAP and 5-LPO are located in the lumen of the nuclear envelope and endoplasmic
reticulum with neither protein being found in any other intracellular compartment
including the plasma membrane [Woods et al., 1994]. In resting cells FLAP was also
found to reside in the same compartments as in activated cells but 5-LPO was absent.
This demonstrates that association of FLAP with 5-LPO is necessary for function in
intact cells. FLAP is thought to form a stable activating complex with 5-LPO at the
nuclear membrane during neutrophil activation. This activating complex may incorporate
other components such as phospholipase A2 (§ 3.2.8) which provides the lipoxygenase
with its substrate of phospholipid-derived arachidonic acid.
4 2 .4 .4 Inhibition o f 5-LPO
Many agents are known to inhibit lipoxygenases including 5-LPO [Wolyniec et
al., 1991] [Hartman et al., 1991] [Panetta et al., 1991] [McMillan et al., 1991] [Laursen et
al., 1990]. Mostly these are acetylenic derivatives-, the triple bonds of which compete with
the 5-position double bond of arachidonic acid for the enzyme. Examples of lipoxygenase
inhibitors which have been studied include nordihydroguaiaretic acid (NDGA),
benoxaprofen, baicalein, esculetin, caffeic acid and piriprost. Piriprost, though not active
in vivo, has proved very useful in in vitro experiments in which 5-LPO inhibition has
been desired (§ 4.3 ).
After the identification of the requirement of FLAP for in vitro 5-LPO activity (§
4 .2 .4 3), it became apparent that an inhibitor of FLAP would be a specific inhibitor of 5LPO activity and such compounds have been identified. So far the most promising FLAP
inhibitor has been M K-886, developed with clinical use in mind [Gillard et al., 1989]
[Dixon et al., 1990] [Ford-Hutchinson, 1991] [Depre et al., 1993]. Its specificity has
made it useful for in vitro inhibition of 5-LPO (§ 4.5.1).
4.2.5 Inhibition of lipoxygenases by m etal chelation
The iron centre of lipoxygenases is essentially similar and therefore the inhibition
o f lipoxygenases by metal chelators will be described generally. In principle, there are
two mechanisms by which lipoxygenases can be rendered inactive by inhibition of their
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Figure 4.2.4.3

Activation of neutrophil 5-lipoxygenase.

iron centres: by reduction of the iron(III) to iron(II) or by chelation of the iron(III).
Previous reports have shown that both 5-LPO [Summers et al., 1987] [Batt et al., 1990]
and soybean LPO (sbLPO) [Nelson et al., 1991] can be rendered inactive by hydroxamic
acids and naphthols. Inhibition of 5-LPO has also been observed with catechols [Naito et
al., 1991]. Hydroxamic acids and catechols are chelators of trivalent cations (C hapter 1)
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and are likely to inhibit lipoxygenases by chelation of iron; naphthols, on the other hand,
are reducing agents and have been shown to produce inhibition by the reduction of
iron(in) to iron(II) [Nelson et al., 1991].
4^,5,1 Structure-activity relationships o f metal chelators in relation to
lipoxygenase inhibition
Molecules which inhibit 5-LPO by chelation of iron such as catechols [Naito et
al., 1991] or reduction of iron(III) to iron(II) such as naphthols [Batt et al., 1990], are
increasingly inhibitory as they become more hydrophobic, although it is not clear whether
iron is rem oved from the active-site. Structure-activity studies with non-chelating
inhibitors such as benzofuranols [Hammond et al., 1989] also indicate that lipid solubility
has an important bearing on potency.
A part from lipid solubility, the interaction o f iron (III) chelators with the
lipoxygenase iron centre has not been studied in detail. In particular, the chelator
properties which govern the access of small chelator molecules such as those used for cell
labelling to the lipoxygenase active site have not been investigated. Therefore in this
thesis the effects of chelator properties such as iron-binding constant, coordination
structure and hydrophobicity on access to the lipoxygenase iron have been undertaken
simultaneously in cellular and cell-free systems.

RESULTS

4.3.

D EM O N STR A TIO N O F IN H IB IT IO N O F HUMAN N EU TR O PH IL
5-LPO BY M ETA L CH ELA TO RS: R A D IO M ETR IC STUDIES
The inhibition of neutrophil 5-LPO by metal chelators was demonstrated by two

independent techniques: (i) a radiometric technique described here, and (ii) by reversed
phase HPLC, described in § 4.4.
F igure 4.2.4.2 shows that the 5-LPO pathway in neutrophils converts arachidonic
acid to various eicosanoids, primarily the leukotrienes. Therefore, in principle, 5-LPO
activity can be quantified by incorporating radiolabelled arachidonate into neutrophils,
activating arachidonate m etabolism with an appropriate agonist such as calcium
ionophore and measuring the extracellular release of radiolabelled eicosanoids (primarily
leukotrienes). Such a system has been developed using [^H]arachidonic acid as the
precursor [Roberts et al., 1993] and its principle is described in § A8.3. By preincubating
the pH ]arachidonate-labelled neutrophils with chelators, the effects of the latter on 5LPO function can be measured.
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Experimental design
The purpose of these experiments was to demonstrate the inhibition of 5-LPO by
HPOs, hydroxypyranones and other chelating agents used for cell labelling. In order to
dissociate chelation-dependent inhibition by the HPOs from any chelation-independent
inhibition, parallel experiments were also performed with the non-iron binding HP-4-one
Ome-25 (§ 1.6.1.3 ); experiments were also performed with established inhibitors of 5LPO such as piriprost.
Neutrophils were purified from whole blood, loaded with [^H] arachidonic acid
and resuspended in PBSG as described in § A8. Cells were prewarmed for 5 minutes at
37°C and 0.5 ml aliquots were incubated with chelator (300jiM / lOOjiM IBE) or non
chelating agents (Ome-25, 300)iM; piriprost, 76|aM) for 15 m inutes at the same
temperature. Appropriate diluent controls were also performed. 5-LPO was activated by
the addition of calcium ionophore (l}iM) for 10 minutes and the released [^H]eicosanoids
were quantified by liquid scintillation as described in § A8 .

4 3 .1

E xtracellular release of 5-LPO- derived [^H Jarachidonate-labelled
eicosanoids

43.1.1 Single dose studies
The effects of various families of chelators on 5-LPO-derived eicosanoid release
was investigated. These results are shown in T able 4.3.1.1. In general, all of the 2methyl-3-hydroxypyridinones tested showed inhibition of eicosanoid release (range 2.774.9% of control) but the 2-ethyl-3-hydroxypyridinone CP 102 showed no inhibition. It
can also be seen that the two established cell labelling agents oxine and tropolone both
significantly inhibit 5-LPO-derived eicosanoid production but ethylmaltol has little
inhibitory effect. This is similar to their effects on platelet PGH synthase (§ 3.6). The
most effective inhibitors of eicosanoid synthesis were CP26, CP25, CP84, tropolone and
oxine; the inhibitory activity of CP26 and CP25, in particular, compares favourably with
the magnitude of the inhibition achieved with the non-chelating lipoxygenase inhibitor
piriprost. All these chelators have a high affinity for iron and, with the exception of
tropolone, they also have high Kpart values (lipid solubilities. T a b le 4.3.1.1). This
suggests that inhibition of 5-LPO is favoured by lipophilic chelators with high affinity for
iron. Intriguingly, the non-iron binding analogue, Ome-25, partially inhibits 5-LPO
(confirmed later by direct measurement of eicosanoid synthesis by HPLC, § 4.4) and
suggests that non-chelating mechanisms may also contribute to the inhibition of 5-LPO
by chelators.
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Table 4.3.1.1 Inhibition of extracellular release of [^HJeicosanolds from in tra cellu la r arach id o n ate by
ch elators.
Purified neutrophils were labelled with [^HJarachidonic acid and incubated with chelators (300p.M, 100p.M iron binding
equivalents) or the non-chelating agents (Ome-25,300)xM; piriprost 76|xM) for 15 minutes at 37°C. The cells were then stimulated
with calcium ionophore (l|iM) and the released eicosanoids quantified as desoibed in § A8. The functional groups Ri and R 2 for
the hydroxypyridinones and hydroxypyranones correspond to those shown in Appendix 2. In the case of bidentate ligands, the
Fe(III) formation constants listed are the total formation constants, i.e. P3 values.

Com pound

Rl

R2

F e(III)
form ation

K part

Release
of
(% of control

leukotrienes
± s.e.m.)

n

constant
M-1
2-m ethyl,3-hydroxy
pyrldin-4-one
CP 40
CP 20
CP 21
CP 22
CP 24
CP 84
CP 77
CP 25
CP 26

n-Butyl

Methyl

n-Phenyl

Methyl

1037
1037
1037
1037
1037
1Q37

n-Pentyl

Methyl

1037

n-Hexyl

Methyl

1037

n-Octyl

Methyl

1037

CH 2 CH 2 OH Methyl
Methyl

Methyl

Ethyl

Methyl

n-Propyl

Methyl

0.002
0.17
0.49
1.51
5.05
10.2
17.4

ND*>
74.9 ±3.8
NDb
NDb

8

79
750

NDb
18.5 ±5.5
NDb
9.3 ±2.1
2.7 ±2.7

12
10

4

2 -eth y l, 3 . hydroxy
pyridin-4-one
CPI 02

CH 2 CH 2 OH Ethyl

1037

0.28

134.2 ±44.3

4

3-H ydroxy
pyrldin-2-one
CP 02

Ethyl

NA&

1032

1.6

73.5 ±11.1

4

84.9 ± 8 .2
57.1 ±13.1

4

107.2 ±19.0
21.4 ±6.8
37.6 ±15.4

8
4
4

3.2 ±0.8
55.0 ±10.1

11
4

3-H ydroxy
pyranone
Ethylmaltol

Ethyl

H

1028

4.29

CP 166

H

CH2-0-Butyl

1028

6.0

NA»
NA»
NA»

NAa
NAa
NAa

1031

0.01

NDC

0.73
74

Piriprost

NA»

NAa

Ome-25

n-Hexyl

Methyl

O ther chelators
DPO
Tropolone

Oxine

1037

4

Non chelators
NAa
NAa

NDb
24.1

* Not q>plicable
^ Not determined
c The iron affinity constant of tropolone cannot be measured reliably as the iron complex is very insoluMe and precipitates from solution.
However, based on affinity constants with copper and zinc we have estimated the tropolone-iron affinity constant to beat least 10^^ M'^
and probably closer to 10^^
.
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4 .3 .1 ^ Dose response studies
The pattern of inhibition of the two most potent HP-4-ones (CP25 and CP26)
were further investigated with dose-response studies in the range 0.39 - 300jiM using the
same procedure as above. These studies show that below 300[iM the extremely lipophilic
CP26 is a significantly more potent inhibitor o f eicosanoid synthesis than the less
lipophilic CP25 (figure 4.3.3.1). Comparison of eicosanoid inhibition by CP26 with that
by the 5-LPO inhibitor piriprost shows their patterns of inhibition to be very similar in the
range 3.6 - 300|iM (figure 4.3.3.1), similar concentrations being required to achieve 90%
inhibition. In contrast, much higher concentrations of CP25 are required to achieve the
same degree of inhibition. These results can be summarised in the form o f the following
IC50 and IC90 values (i.e. chelator concentration required to inhibit 5-LPO by 50% and
90% re^ectively):
IC50

IC90

CP25

28^iM (9.3^iM IBE)

185pM (62pM IBE)

CP26

2.5pM (0.8pM IBE)

8^iM (2.7pM IBE)

Piriprost

2pM ^

8.8pM

^value taken from [Smith et al., 1982]. IBE, iron binding equivalents.
43 .1 .3 Effect o f extracellular chelator on 5-LPO inhibition
In order to ascertain whether the substantial inhibition of eicosanoid synthesis
obtained with CP26 was dependent on the presence of the chelator in the extracellular
m edium , [^HJarachidonate-loaded neutrophils were pulsed with two concentrations
( llp M and 300|iM) of CP26 for 15 min at 37°C and then washed by centrifugation. Cells
were resnspended in PBSG and incubated in the absence of chelator for up to 2h before
stim ulation o f eicosanoid production with calcium ionophore. The release of
[^Hjeicosanoids was quantified as outlined above.
Figure 4.3.3.2 shows the results of these experiments. Immediately after washing,
inhibition of eicosanoid synthesis in chelator-treated cells fall to about 40% (probably
due to perturbation of cell function during washing) but over the following two hours
there is a steady increase in the inhibitory activity, upto 55% at 300|iM and 85% at
lljiM . Therefore the inhibitory activity of CP26 (and presumably other HPOs) is
independent of the presence of extracellular chelator and appears to be irreversible. This
is in contrast to the inhibition of platelet aggregation (and by implication PGH synthase)
by H PO s (§3.4.2).
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Figure 4.3.3.1 Inhibition of [^HJeicosanoid synthesis by CP25, CP26 and piriprost.
Purified neutrophils in PBSG (0.5 - 1 x 10^ ml'^) were incubated for 15 min with
drug (CP25, CP26 0.39-300}iM; piriprost 1.2-300|J,M) or diluent at the concentrations
shown and fired with calcium ionophore (IjiM ) for 10 minutes. The released
eicosanoids were quantified by p-scintillation (§ A8). The data are the mean ± s.e.m.
from 3-6 experiments.
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Figure 4.3.3.2 Effect of extracellular chelator on the inhibition o f eicosanoid
synthesis in neutrophils. [^HJarachidonate-loaded neutrophils (4.5 x 10^) were
incubated with CP26 or diluent at 37°C. After 15 minutes extracellular chelator was
removed by resuspending the cells in 50ml of PBSG without Ca^+/Mg^+. The cells
were spun down (170 g , 5 min) and resuspended in PBSG supplemented with
Ca2+/Mg2+ and fired with calcium ionophore (l|iM ) at the times shown. Data for the
higher concentration are the mean ± se of three experiments; data for the lower
concentration are from one experiment.
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4.4

DEMONSTRATION OF INHIBITION OF HUMAN NEUTROPHIL 5LPO BY METAL CHELATORS: HPLC STUDIES
Although the method of quantifying eicosanoid release from arachidonate-labelled

neutrophils described in § 4.3 is a robust technique ideal for the screening of a large
number of compounds, it measures eicosanoids which are released extracellularly into the
supernatant. Therefore, under these conditions, the possibility that the chelators do not
inhibit the production of eicosanoids but merely inhibit their release cannot be excluded.
In order to address this question and to confirm the inhibition obtained with the non-iron
binding analogue Ome-25, it was necessary to m easure total cellular eicosanoid
production in stimulated neutrophils directly by reversed phase high performance liquid
chromatography (RP-HPLC).
Experimental design
These experim ents were essentially sim ilar to the ones carried out with
arachidonate-labelled neutrophils (§ 4.3) except for the following points: (i) the cells
were not arachidonate-labelled as quantification was by u.v. absorbance, (ii) In order to
achieve high leukotriene concentrations for chromatography, chelators were incubated
wtfh eells at cell concentrations 5-10 times greater, (iii) After the completion of the
reaction, the cells were lysed in order to quantify total eicosanoid production.
Experimental details of eicosanoid extraction^, chromatography and detection are
described in § A9 and in the legends to the appropriate illustrations. For reasons given
below, separation of the eicosanoids was achieved using one of two mobile phases, one
comprising of three components and the other of four components.
4.4.1

Direct quantification of 5-LPO-derived total cellular eicosanoid
synthesis using a three component mobile phase
The mobile phases which are commonly used to separate eicosanoids by RP-

HPLC consist of either water / methanol or water / acetonitrile acidified with either
acetic, trifluroacetic or phosphoric acids. The water / methanol / acetic acid mobile phase
has been shown to produce good separation of eicosanoids [Roberts et al., 1991] and
therefore eicosanoids were separated using this system. After investigating the retention
characteristics of authentic standards, the stimulation of 5-LPO by calcium ionophore was
demonstrated; finally, the effects of chelators on 5-LPO was examined.

^ As the production of peptido leukotrienes in neutrophils is low, an extraction procedure which is specific
for eicosanoids other than peptido-leukotrienes (principally leukotriene B4 and its oxidation products)
(Powell, 1987) was used.
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4.4.1.1 Chromatography o f authentic standards
F igure 4.4.1.1 shows the separation of a standard m ixture of LTB4 , its
metabolites (2O-COOH-LTB4 and 2O-OH-LTB4) and the internal standard (PGB2) using
w ater / methanol / acetic acid (33:67:0.1), pH 6.25, under isocratic conditions. For
convenience of quantification, the eicosanoids have been divided into two categories
depending on whether they elute before or after PGB2:
(i) pre-PG B 2 leukotrienes, viz. 2O-COOH-LTB4 and 20-OH LTB4, the oxidation
products of LTB4.
(ii) Post-PGB2 leukotrienes viz. LTB4 and other Leukotrienes.
It is expected that the predominant eicosanoid in neutrophils will be LTB4 which
is rapidly oxidised to 2O-COOH-LTB4 and 2O-OH-LTB4 and therefore standards were
run only for these. However all leukotrienes, by virtue of their three conjugated double
bonds, have a characteristic triple absorptive peak in the regions 262, 272, 282nm
(Figure 4.4.1.1A) and this characteristic spectrum was used to identify other leukotrienes
generally rather than attempt to identify them individually. It can be seen that with this
mobile phase, separation of 2O-COOH-LTB4 and 2O-OH-LTB4 from LTB4 and PGB2
can be achieved as a doublet in less than 20 minutes with the following retention times:
Eicosanoid

Retention time/min^

2O-COOH-LTB4

2.86

2O-OH-LTB4

3.68

PGB2

7.38

LTB4

13.47

^ M e O H :H 2 0 :acetic acid (67:33:0.1), pH 6.25, 0.2ml m in'^, chrom spere 10cm C ig
column.
4.4.1.2 Effect o f calcium ionophore stimulation on synthesis o f
eicosanoids
Having established the retention times of the eicosanoids of interest, experiments
w ere carried out to demonstrate activation of leukotriene production by calcium
ionophore (A23187) in control cells. Figure 4.4.1.2 represents the results of one such
experim ent in which eicosanoids were extracted from neutrophils stimulated with and
w ithout calcium ionophore and chromatographed using the 3 com ponent mobile phase
above. It shows that eicosanoid synthesis only occurs in stimulated neutrophils with no
detectable levels in unstimulated cells, thus confirming the role of 5-LPO activation in
eicosanoid biosynthesis (§ 4.2.4.3).
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Figure 4.4.1.1 Reversed phase HPLC of LTB4, 2O-COOH-LTB4, 2O-OH-LTB4 and
PGB2 standards using the three component mobile phase.
2.5p.l of a mixture of authentic LTB4, 2O-COOH-LTB4 and 2O-OH-LTB4 (all at
10iig/300|il in ethanol) and 2.5|il of PGB] (100|ig m pl stock in ethanol) were diluted
with lOOp-l of mobile phase and 20)il of this was injected to the column. The amounts
of these eicosanoids injected to the column were therefore as follows: LTB4, 47.19
pmol; 2O-COOH-LTB4, 45.0 pmol; 2O-OH-LTB4, 44.75 pmol; PGB2, 142.36 pmol.
A. Spectrum plot of each peak eluted; B. absorbance at 280nm. Chromatography
conditions: mobile phase, methanol/water/acetic acid (37:33:0.1); flow rate, 0.2 ml
m in'l isocratic; column, Chromspher Cig 10cm analytical column fitted with a 1cm
C 18 guard column.
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Figure 4.4.1.2 Stimulation of eicosanoid synthesis in neutrophils by calcium ionophore.
Purified neutrophils (4.5 x 10^ ml'*) were stimulated for 15 minutes at 37°C with either
calcium ionophore ( 1//M ) or its diluent. Cells were lysed, eicosanoids extracted as
described in § A9 and separated by RP-HPLC. Eicosanoids w ere identified using
authentic standards and u.v. absorption. A. Spectrum plots of eluted peaks; B and C,
absorbance at 280nm of eicosanoids derived from stim ulated and unstim ulated cells
respectively.
Peaks: (a) 2 O-COOH-LTB 4 , (b) 2 O-OH-LTB 4 , (c) PC Bo, (f) LTB 4 . (d), (e) and (g) are
leukotrienes of unknown identity. Chromatography conditions are as in figure 4 .4 . 1. 1.
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4 .4 .1 3 Effect o f HPOs on eicosanoid synthesis
In order to confirm the inhibition of eicosanoid synthesis by HPOs observed using
the radiometric assay, HPLC was carried out on eicosanoids extracted from neutrophils
treated with CP25 and CP26 at the same concentration as in the radiom etric studies
(300|iM ). These two chelators were the most inhibitory in the radiometric assay (Table
4.3.1.1). The results of these experiments are shown in figure 4.4.1.3 and show that in the
control (PBS-treated) cells LTB4 and its oxidative metabolites can clearly be identified
w hereas these are absent in the chelator-treated cell extracts. This m eans that the
inhibition of eicosanoids by HPOs is due to the inhibition o f their synthesis rather than
inhibition of their extracellular release, thus confirming the observations made with the
radiometric assay.
HPLC studies were also carried out with the non-iron-binding analogue Ome-25
in order to confirm the inhibition of eicosanoid synthesis observed with the radiometric
assay. F ig u re 4.4.1.4 represents a chromatogram in which eicosanoids extracted from
neutrophils preincubated with two different concentrations (30|iM and 300|iM ) of the
drug and fired with calcium ionophore have been separated using the 3 com ponent
mobile phase. It can be clearly seen that under these conditions there is co-elution of the
internal standard PGB2 and Ome-25, and consequently this mobile phase is unsuitable for
the separation of leukotrienes derived from cells treated with this compound. In order to
circumvent this problem modification of the chromatography conditions was necessary,
and the strategy which was employed is discussed in below.
4.4.2 D irect quantification of 5-LPO -derived total cellular eicosanoid
synthesis by four com ponent mobile phase
To overcome the problem of coelution of the internal standard and Ome-25, it was
necessary to develop a mobile phase which was capable of not only separating the
leukotrienes from each other and from PGB2, but could also resolve HPOs from these.
In principle there are two main ways of achieving this: either by developing a
solvent gradient system which will preferentially retain one of the co-eluents for slightly
longer or, if isocratic conditions are preferred, by the use of a more complex solvent
system. The gradient system has the disadvantage that the baseline often increases with
time due to the increasing concentration of the organic component which is a drawback in
quantitative analyses such as these. Hence isocratic conditions were preferred and
separation was achieved by the introduction of a fourth component, acetonitrile. Titration
of acetonitrile established the optimal composition of this new mobile phase as water /
methanol / acetonitrile / acetic acid (45:30:25:0.05) with the column and flow conditions
unchanged (§ A9).

F ig u re 4.4.1.3 Reversed phase HPLC analysis of eicosanoid synthesis by CP25- and
CP26-treated neutrophils.
Purified neutrophils (4.5 x 10^ ml'^) were incubated for 15 minutes at 37°C with chelator
(300|iM ) or diluent and then stimulated with calcium ionophore (IfiM ) for 10 minutes.
Eicosanoids were solid phase-extracted and chromatographed as described in § A9.
A. Spectrum plots of eluted peaks; B, absorbance at 280nm of eicosanoids produced by
PBS-treated cells, the diluent control for CP25; cells treated with DMSO (lp,l m l \
diluent control for CP26) also gave similar results. C and D, absorbance at 280nm of
eicosanoids derived from CP25- and CP26-treated cells respectively.
Peaks: (a) 2O-COOH-LTB4, (b) 2O-OH-LTB4, (c) PGB2, (f) LTB4. (d), (e) and (g) are
leukotrienes of unknown identity. Chromatography conditions are as in figure 4.4.1.1.
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F ig u re 4.4.1.4 Co-elution of Ome-25 and PGB2 during reversed phase HPLC of
eicosanoids using the three component mobile phase.
Purified neutrophils (4.5 x 10^ m pl) were incubated for 15 minutes at 37°C with two
concentrations of Ome-25 and then stimulated with calcium ionophore (IfiM ) for 10
minutes. Eicosanoids were solid phase-extracted and chromatographed as described in
§ A9. The absorbance at 280nm of eicosanoids derived from cells treated with 300|iM
(continuous line) and 30|iM Ome-25 (broken line) is shown together with the spectrum
plots of each peak. The LTB4 peak is too small to be observed on this absorbance scale.
Chromatography conditions are as in figure 4.4.1.1.
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4.4.2.1 Chromatography o f authentic standards and comparison with the three
component mobile phase
F igure 4.4.2.1 shows the behaviour of 2O-COOH-LTB4, 2O-OH-LTB4, LTB4 and
PG B 2 standards when chromatographed using the four component mobile phase. The
table below shows the retention times of the eicosanoids and PGB2 under these new
conditions and it can be seen that the order of elution of the eicosanoids and the internal
standard is the same as with the three component one; however, as indicated below, there
is a general increase in the retention times of all the solutes.
R etention tim es of 20-COOH-LTB4, 20-O H LTB4, LTB4 and PG B2 using a 4
component mobile phase.
Eicosanoid

R etention time/mln^

20-COOH-LTB4

5.88

(x 2)h

20-OH-LTB4

6.32

(x 1.7)

PGB2

23.53

(x 3.1)

LTB4

49.35

(x 3.7)

^H2 0 :M e0 H:M eCN:acetic acid (45:30:25:0.05), pH 6.25, 0.2ml min*l, Chromspere
10cm C 18 column.
^Increase in retention time w.r.t. the 3 component mobile phase is given in parenthesis.
A fter evaluating the retention times of the authentic standards, the four
com ponent mobile phase was validated for the separation of cellular leukotrienes by
confirming the inhibitory activity of CP25 in calcium ionophore-stimulated neutrophils.
The results (figure 4.4.2.2) show that there is no detectable levels of leukotrienes in
CP25-treated cells compared to control cells thus confirming results obtained with CP25
using the 3-component mobile phase (figure 4.4.1.3).
4.4

Inhibition o f eicosanoid synthesis by the non-iron binding
analogue Ome25
F igure 4.4.2.3 shows the behaviour of eicosanoids and PGB2 derived from either

cells treated with Ome-25 (300jiM) or control cells and separated using the four
component mobile phase. It is clear from this that under these conditions the drug does
not co-elute with PGB2 and there is good separation o f eicosanoids. Although the
differences between the two chromatograms are subtle, recovery studies performed with
six replicates indicate that at 300|iM , Ome-25 inhibits calcium ionophore-stimulated
eicosanoid production to about 73% of control (§ 4.4.3).

F igure 4.4.2.1 Reversed phase HPLC of LTB4, 2O-COOH-LTB4, 2O-OH-LTB4 and
PGB2 standards using the four component mobile phase.
A Absorbance at 280nm of a mixture of LTB4, 2O-COOH-LTB4, 2O-OH-LTB4 and
PGB2. 2.5|il of a mixture of authentic LTB4, 2O-COOH-LTB4 and 2O-OH-LTB4 (all
at 10|ig/300|il in ethanol) and 2.0\i\ of PGB2 (lOOfig ml'^ stock in ethanol) were
diluted with lOOfil of mobile phase and 20fil of this was injected to the column
(amount of leukotrienes injected = 47.19 pmol; amount o f PGB2 injected = 114.4
pmol).
B. Absorbance at 280nm of LTB4 alone. 2.5|J,1 of authentic LTB4 (10p,g/300p,l stock
in ethanol) was diluted with 100|il of mobile phase and 20|il of this was injected to
the column (amount injected = 47.19 pmol).
The spectrum plot of each peak is also shown. Chromatography conditions: mobile
phase, water/methanol/acetonitrile/acetic acid (45:30:25:0.5); flow rate, 0.2 ml min'^
isocratic; column, Chromspher Cig 10cm analytical column fitted with a 1cm C ig
guard column.

.01

. 02

. 0 1

. 02

220

240

260

280

300

320

2 . 80mi n

No . 2

5 . 8 8m i n

No. 3

20 COOH

LTB^
6 . 3 2m i n

No . 4

20 OH
^ LTB

No. 5

No . 6

.01

. 02

.01

. 02

220

LTB

240

260

260

300

320

F ig u re 4.4.2.2 Reversed phase HPLC analysis of eicosanoid synthesis by CP25-treated
neutrophils using the four component mobile phase.
Purified neutrophils (4.5 x 10^ ml'^) were incubated for 15 minutes at 37°C with chelator
(33p,M) or diluent and then stimulated with calcium ionophore (IjiM ) for 10 minutes.
Eicosanoids were solid phase-extracted and chromatographed as described in § A9. The
absorbance at 280nm of eicosanoids produced by control cells and CP25-treated cells are
shown in chromatograms A and B respectively. Peaks: (a) 2O-COOH-LTB4, (b) 20-OHLTB4, (c) PGB2, (f) LTB4. (d) and (e) are leukotrienes of unknown identity; (g) is a nonleukotriene peak. Chromatography conditions are as in figure 4.4.2.1.
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F igure 4.4.2 3 Reversed phase HPLC analysis of eicosanoid synthesis by Om e-25-treated
neutrophils using the four component mobile phase.
Purified neutrophils (4.5 x 10^ ml"^) were incubated fo r 15 m inutes at 37°C with O m e-25
(300/^M) and then stim ulated with calcium ionophore (1//M ) for 10 m inutes. Eicosanoids
were solid phase-extracted and chrom atographed as described in § A9. The absorbance at
280nm is shown for eicosanoids produced by O m e-25 treated cells (broken line) and control
cells (solid line). Peaks: (a) 2 O-COOH-LTB 4 , (b) 2 O-OH-LTB 4 , (c) PGBo, (f) LTB 4 . (d) and
(e) are leukotrienes of unknown identity; (g) is a non-leukotriene peak. Chrom atography
conditions are as in figure 4.4.2.1.
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4.4.3 S um m ary of 5-LPO -derived total cellular eicosanoid determ ination
The results of all HPLC-quantification of total cellular eicosanoids synthesis in
neutrophils are tabulated in T able 4.4.3.1 and can be summarised as follows. The
production of total cellular leukotrienes in calcium ionophore-stimulated control cells
was 27.2 ± 5.7 pmol/10^ cells ± s.e.; under the same conditions, there were no detectable
levels of leukotrienes in unstimulated cells. In cells pre-incubated with either CP26, CP25
or the positive control piriprost (300jiM, 15 min), followed by ionophore stimulation, no
leukotrienes were detected. Under similar conditions, the non-iron-binding analogue
Ome-25 produced partial inhibition of leukotriene production (21.7 ± 1.7, pmol/10^ cells
± s.e.). This corresponds to about 73% of control and is comparable in magnitude to the
inhibition observed w ith the radiom etric m ethod (55% o f control). At low er
concentrations (33[iM), CP26-treated cells again produced complete inhibition but CP25treated cells produced intermediate inhibition (11.2 ± 4.1 pmol/10^ cells ± s.e.). In
contrast, no inhibition was observed with DFO even at lOOfiM (29.4 ± 3.2 pmol/10^
cells) suggesting that this chelator is unable to inhibit 5-LPO. Piriprost completely
inhibits eicosanoid synthesis confirming previous reports [Smith et al., 1982].
4.5

IN V ESTIG A TIO N O F SPEC IFIC ITY O F 5-LPO IN H IB IT IO N IN
N EU TR O PH ILS
From the results presented in the foregoing sections, it is evident that metal

chelators such as HPOs, oxine and tropolone with high affinity for iron are potent
inhibitors of eicosanoid synthesis in activated neutrophils. Although their inhibitory
action is associated with the inhibition of 5-LPO (§ 4.3 an d 4.4), it is necessary to
investigate whether a proportion of the inhibitory activity is also due to other effects. In
principle, two mechanisms other than direct inhibition of 5-LPO may contribute to the
inhibition of the biosynthesis of eicosanoids observed with metal chelators. These are:
(i) effects on cellular enzymes upstream of 5-LPO in the eicosanoid biosynthetic
pathway, namely PLA2, and
(ii) toxic effects on neutrophils.
The effects of chelators on neutrophil PLA2 are described in § 4.5.1. The potential
toxic effects of chelators on neutrophil function were assessed by their effects on
neutrophil NADPH oxidase, secondary degranulation and chemotaxis. These functional
studies are described in § 4.5.2 - 4i5.4. As described in C h a p te r 1, the established cell
labelling agents oxine and tropolone are known to adversely affect neutrophil function;
therefore knowledge of any potential toxic effects of HPOs and hydroxypyranones
towards neutrophils is likely to be beneficial for the selection of non-toxic leukocyte
labelling agents from these families.

Table 443.1 Summaiy of RP-HPLC analysis of total cellular eicosanoid synthesis in chelator-treated stimulated neutrophils.

Concentration^

Pre-PGB 2 eicosanoids^

Post-PGB2 eicosanoids^

Total eicosanoids

(MM)

pmol /1 0 ^ cells ± s.e.

pmol /10* cells ± s.e.

pm ol /10* cells ± s.e.

C ontrol

16.1 ±3.1

11.0 ± 1 .6

27.2 ±4.1 (100%)

4

lOOuM (lOOpM B E )

8.7 ± 0.9

20.7 ±4.1

29.4 ± 3 .2 (108%)

llp M (llp M B E )

13.5

12.8

26.31 (96.8%)

2
1

300pM (lOOpM B E )

ND

ND

ND

1

33 ( llp M B E )

8.0 ± 2.4

3.2 ±1.9

11.2 ±4.1 (41.2%)

3

300pM (lOOpM B E )

ND

ND

ND

3 3 p M ( llp M B E )

ND

ND

ND

llp M (3 .6 7 p M B E )

ND

ND

ND

1
1
1

300pM

10.3 ± 2.3

9.8 ± 2.9

20.0 ± 1 .7 (73.5)

33pM

10.4

12.8

23.2 (85.3)

300pM

ND

ND

ND

75jiM

ND

13.4

13.4 (493% )

n

DFO

CP2S

CP26

Ome-25

6
1

P iriprost

IJh e molar concentration is given; for chelators, the iron binding equivalent (IBE) is given in parentheses.
22O-CO2H-LTB4 + 2 O-OH-LTB4. 3LTB 4 and other leukotrienes.

1
1

è
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4.5.1 Effects of chelators on neutrophil phospholipase A2
As the liberation of arachidonic acid from m em brane phospholipid by
phospholipase A% (figure 4.2.4.2) is a prerequisite for the synthesis of eicosanoids by 5LPO, an agent which inhibits this enzyme will also inhibit eicosanoid biosynthesis. In
order to dissociate inhibitory effects of chelators on 5-LPO from any on PLA2, studies
were undertaken in which PLA2 and 5-LPO activity were measured simultaneously using
purified neutrophils from the same donor. Although there has been no evidence reported
of the involvement of trivalent cations in the function of PLA2, in the cellular 5-LPO
assay the effects of its inhibition (e.g. by a chelation-independent mechanism) will be
indistinguishable from the effects on 5-LPO. Therefore it was important to investigate
whether HPOs and other chelators had inhibitory effects on PLA2.
Experimental design
Using the procedures described in § A8.4 and § 8.3 respectively, the effects of a
number of chelators with wide-ranging properties on PLA2 and 5-LPO were investigated.
These chelators included CP26 and CP25, the two HP-4-ones with the greatest inhibition
of eicosanoid synthesis in both the radiometric assay (Table 4.3.1.1) and in the HPLC
studies (Table 4.4.3.1); the non-iron-binding analogue O m e-25, which showed
considerable inhibition of eicosanoid synthesis despite being a non-chelator (T ab le
4.3.1.1); the established iron chelator DFO and the established lipoxygenase inhibitor
piriprost
45.1.1 Single dose studies
Table 4.5.1.1 shows the results of the simultaneous measurements of PLA2 and 5LPO in neutrophils treated with 300|iM compounds for 15 minutes. Four observations
can be made from these data.
(i) As found in previous experiments (Table 4.3.1.1), CP20 partially inhibits 5-LPO but
DFO shows no significant inhibition; neither compound inhibits PLA2.
(ii) CP25 has considerable 5-LPO inhibitory activity and its non-iron binding analogue
Ome-25 partial inhibitory activity, confirming earlier experiments (T able 4.3.1.1), but
neither has PLA2 inhibitory activity. This suggests that the effects of CP25 are specific
for 5-LPO and does not involve PLA2.
(ill) In contrast, CP26 which shows near-complete inhibition o f 5-LPO also shows
significant inhibition of PLA2 at 300fiM, suggesting that the inhibition of eicosanoid
synthesis observed with this compound at this concentration is not due to the inhibition
o f 5-LPO alone. However, as shown in the dose-responses below, it is inhibitory to a
greater extent in the 5-LPO assay.
(iv) Interestingly piriprost, a drug commonly believed to be a 5-LPO inhibitor, also shows
considerable inhibition of PLA2, suggesting that its effects may also be mediated via the
inhibition of both enzymes.
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4 S . U Dose-response studies
In order to elucidate the relative inhibitory activity of CP26 on PLA2 and 5-LPO
at lower concentrations, simultaneous dose-responses were perform ed with this
c o n fo u n d in the 5-LPO and PLA] assays using purified neutrophils from the same
donor. These results have been compared in figure 4.5.1.1 with the behaviour of CP25 in
the PLÀ2 assay and can be summarised as the approximate IC50 values given in T ab le
4SX 2.

T able 4.5.1.1 Simultaneous measurement of PLA2 and 5-LPO activities in chelatortreated neutrophils.
PLA% and 5-LPO activity was measured, as described in § A8, in purified neutrophils
treated with compounds (SOOpM, 100|iM IBE) for 15 minutes at 37°C. The data are the
mean ± s.e.m. from the number (n) of experiments shown.
Phospholipase A%

5-lipoxygenase

{% of control)

(% of control)

CP20

110.8 ± 16.1

76.7 ± 2.6 (n=4)

CP25

91.0 ± 10.7

6.2 ± 1.1 (n=8)

Ome-25

97.4 ±10.2

61.3 ± 8.8 (n=3)

CP26

9.8 ± 4.2

2.6 ± 1.6 (n=9)

DFO

96.7 ± 15.7

86.0 ± 4.1 (n=4)

Com pound

Piriprost

2.6 ± 1.1 (n=4)

31.0± 13.0

Table 4.5.1.2 IC50 values for the inhibition of PLA2 and 5-LPO by CP25 and CP26

Compound

IC50 (approx.)

CP26 in 5-LPO assay*

2|iM

CP26 in PLA2 assay

40pM (13.3dM IBE)

CP25 in PLA2 assay

>300^iM (IOO1J.M IBE)

(0.67P.M IBE)

*Using data from different experiments a value of 2.5|iM (0.83|iM IBE) was obtained in
§ 4.3.1.2,
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From these results the much greater potency of CP26 towards 5-LPO compared to
PLA2 is evident. The curves in figure 4.5.1.1 also show that the differential between the
inhibitory activities of CP26 in the two assays is greatest in the concentration range 150|iM , the inhibitory activities converging to give near-100% inhibition at high drug
concentrations (>100|iM). In the light of these results, two mechanisms can be postulated
for the action of CP26. At low concentration, its inhibitory effects are predominantly on
5-LPO with little or no contribution from PLA2 inhibition; at higher concentrations the
latter component becomes significant and therefore, under these conditions, the inhibitory
activity seen is likely to be a combination of 5-LPO and PLA2 inhibition.
In addition to the above studies, another line of evidence supports the greater
inhibitory activity of CP26 towards 5-LPO independently of its effects on PLA2. This is
the measurement of the respiratory burst in CP26-treated neutrophils stimulated with
arachidonic acid and these experiments are described in § 4.S.2.3.
4.5.2

Effects of chelators on neutrophil NADPH oxidase
The respiratory burst is the name given to the metabolic reaction which occurs in

phagocytosing cells including neutrophils and it is described in § A8.6. This reaction is
elicited by an NADPH oxidase enzyme complex incorporating an electron transport chain
[Segal, 1989]. The NADPH oxidase uses cytosolic NADPH as substrate to produce
superoxide which is subsequently discharged into the phagosome during the killing
reaction (Eqn A8.6.1.1).
Experimental design
The purpose of these experiments was to investigate the effects o f the metal
chelators which produced 5-LPO inhibition on neutrophil NADPH oxidase. Purified
neutrophils were preincubated with chelator or respective diluent and NADPH activity
was stim ulated with an appropriate agonist (either TPA or arachidonic acid). The
superoxide generated during the reaction was quantified spectrophotometrically by the
superoxide dismutase inhibitable reduction of exogenous ferricytochrome c (§ A8.6).
4.5.2.1 Effect o f chelators on the absorption spectrum o f cytochrome c
Before the effects of HPOs on neutrophil NADPH could be determined using the
spectrophotometric assay, it was necessary to demonstrate that the chelators do not have a
direct effect on the spectrum of cytochrome c (§ A8.6). This is im portant because
cytochrome c, like all cytochromes, contain iron as a cofactor and any direct effects
chelators may have on the spectrum of cytochrome c will m anifest as if they were
superoxide mediated effects. Therefore, the absorption peak of cytochrome c at 550nm
was monitored in the presence and absence of each chelator at 300|iM (the highest
concentration used to inhibit eicosanoid synthesis) in buffer. F igure 4.5.2.1 illustrates the
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F ig u re 4.5.1.1 D ose-responses of CP26 in the PLA 2 and 5-LPO assays.
C P 26 w as in cu b ated w ith n eu tro p h ils from the sam e d o n o r la b e lle d w ith
[^HJarachidonic acid for 15 minutes at 37°C at the concentrations shown. The cells
w ere stim ulated with calcium ionophore (l|iM ) and the PLA 2 and 5-LPO activities
were quantified as described in A ppendix 1 The dose-response o f CP25 in the PLA 2
assay is also shown. The data are from 2-3 experim ents w ith C P26 and a single
experim ent with CP25. The mean ± s.e. is given where n = 3 and the range where n =

2.
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Figure 4.5.2.1 Effect of CP26 on the absorption spectrum of ferricytochrome c .
The absorption spectrum of ferricytochrome c (20|il dissolved in 980|il PBS) was
recorded in the presence of 300|iM CP26 against a blank containing PBS. CP26 was
added from a 3mM stock in DMSO (l)il ml‘l). A diluent control was also performed
with the same volume of DMSO. The spectra in the absence and presence of CP26 are
indicated “-CP26” and “+CP26” respectively.
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cytochrome c spectrum from 400-600 nm in the absence and presence of 300pM CP26,
the HPO with the most potent activity in the 5-LPO assay (Table 4.3.1.1). It can be seen
that CP26 has no direct effect on the absorption spectrum of cytochrome c. Similar
experiments performed with CP20, CP21, CP22, CP77, CP25, CP40 and CP84 also
showed no direct effect on cytochrome c. Hence the superoxide dismutase inhibitable
reduction o f exogenous ferricytochrome c can be used to investigate the effects of metal
chelators on neutrophil NADPH oxidase.
4 J .2 J E ffect o f chelators on TPA-induced respiratory burst
Having established that the chelators do not have direct effects on the absorption
spectrum o f cytochrome c, studies were undertaken to measure superoxide production in
chelator-treated neutrophils. Purified neutrophils were incubated with 300|iM HPOs for
20 minutes, conditions known to produce significant inhibition of eicosanoid synthesis
(Table 43.1.1). (This is also the highest concentration o f chelator used for the inhibition
o f 5-LPO and is therefore the concentration at which toxic effects are most likely to
occur). N A D PH oxidase activity was stim ulated with the phorbol ester 1 2 -0 tetradecanoylphorbol-13-acetate (TPA) for 10 minutes and the superoxide produced
quantified as described in § A8.6. These data (figure 4.5.2.2) show that the HPOs used in
the 5-LPO studies do not, in general, have adverse effects on the TPA-induced
superoxide generation by NADPH oxidase. Therefore it is unlikely that the inhibition of
eicosanoids observed in neutrophils is due to toxic effects of chelators on these cells.
4 .5 .23 E ffect ofC P 26 on arachidonic acid-stimulated respiratory burst: evidence fo r
preferential inhibition o f 5-LPO over P IA 2
The simultaneous measurement of 5-LPO and PLA2 described in § 4.5.1 showed
that CP26 had significant 5-LPO inhibitory activity independently from its effects on
PLA2. Further evidence for this comes from studies in which superoxide production was
measured in arachidonate-stimulated neutrophils in the absence and presence of CP26
and are described here.
Exogenous arachidonic acid, like TPA, stim ulates the rapid production of
superoxide by purified neutrophils [Badwey et al., 1981]. In the absence o f 5-LPO
inhibitors the arachidonic acid is rapidly metabolised via the 5-LPO pathway (figure
4.214.2). However, when the metabolism of arachidonic acid is inhibited there is a
significant enhancement of the respiratory burst due to the prolonged availability of the
agonist. Using this approach, 5-LPO inhibition was demonstrated in experiments in
which neutrophil superoxide production was stimulated with arachidonic acid (12.5}iM)
in the absence and presence of CP26. As predicted, superoxide production was much
greater when cells were pre-incubated with 300}iM CP26 (40.7 ± 2.7 nmol/10^ cells,
mean ± s.e., n = 3) compared to control cells (8.0 ±4.1 nmol/10^ cells, mean ± s.e., n= 3).
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F ig ure 4.S.2.2 Effect of HPOs on TPA-induced superoxide production in neutrophils.
Purified neutrophils (1 x 10^ ml'^) were pre-warmed for 5 minutes at 37°C in 1ml
plastic spectrophotom eter cuvettes and pre-incubated with the H PO s shown
(SOOjiM/lOOjiM IBE) for 20 minutes. Cells were stimulated with TPA (500 ng ml"^)
for 10 minutes and the superoxide generated quantified as an end-product assay o f
superoxide dismutase-inhibitable reduction of ferricytochrome c (§ A8.6). The effect
o f DFO (lOOp-M IBE) and the 5-LPO inhibitors piriprost (76|iM ) and M K-886
(200nM ) are also shown. The absolute amount o f superoxide generation in control
cells under these conditions was 56.6 ± 7.4 nmol /lO^ cells (n = 4). The data are the
mean ± s.e.m. from 2-5 experiments.
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E xperim ents perform ed w ith CP25 also produced sim ilar results (not shown)
demonstrating the effectiveness of these HP-4-ones in the inhibition o f arachidonic acid
metabolism via the 5-LPO pathway.
4.5.3

Effects of chelators on neutrophil secondary degranulation
After the ingestion of microorganisms, activated neutrophils secrete the contents

o f their prim ary (azurophil) and secondary (specific) granules into the phagosome to
initiate the killing reactions as well as secreting the contents o f the latter into the
extracellular fluid. Normal neutrophils degranulate readily in response to both
physiological stimuli such as granulocyte-macrophage colony stimulating factor (GMCSF) and non-physiological agents such as calcium ionophore and a reduction in
degranulation suggests a loss of functional integrity. Secondary degranulation can be
reproduced in vitro by these agents and can be quantified by the measurement of the
release o f specific secondary granule markers such as lactoferrin (Lf) as described in §
A8.7.
Experimental design
The purpose of these experiments was to investigate the effects of the two HPOs
with the greatest inhibitory activity on eicosanoid synthesis (viz. CP25 and CP26) on
calcium ionophore-induced secondary degranulation in purified neutrophils and GMC SF-induced degranulation in purified neutrophils and w hole blood. In order to
investigate whether any effects the HPOs may have on degranulation are time dependent,
degranulation was measured at two time intervals: a short one (15 min) and a long one
(4h). A t these times chelator-treated cells were withdrawn, stimulated with agonist for 30
minutes and the extracellular release of lactoferrin quantified as indicated in § A8.7. The
induction of degranulation in whole blood by calcium ionophore was unsuccessful even
with concentrations as high as 20|iM. This is almost certainly due to the sequestration of
the ionophore (a lipophilic agent) by the large numbers o f red cells present in blood
(erythrocyte : neutrophil ratio ~ 1000).
4^.3.1 Effect o f HPOs on degranulation o f purified neutrophils
Lactoferrin release from neutrophils preincubated with three concentrations of
either CP25 or CP26 and stimulated with calcium ionophore is shown in figure 4.5.3.1;
results of similar experiments with GM-CSF as the stimulant are shown in figure 4.5.3.2.
These results show firstly that calcium ionophore-induced de granulation is always greater
than GM CSF-induced degranulation (approx. 1.5 to 2-fold) and that there is always some
background release of lactoferrin over the 4 hours in the absence o f any stimulus (this
release is approximately 140% to 200% of release at 15 min). Secondly, CP25 has little
effect (inhibitory or stimulatory) on neutrophil degranulation induced by either calcium

F ig u re 4.5.3.1 Effect of CP25 and CP26 on calcium ionophore-induced secondary
degranulation of purified neutrophils.
Purified neutrophils (2.4 x 10^ ml'^ in PBSG) were incubated at 37°C with CP25 (A
and B), CP26 (C and D) or their respective diluents at the concentrations indicated.
A t the tim es shown, aliquots were withdrawn and the cells were stimulated at the
same temperature for 30 minutes with calcium ionophore (Cal, lp,M) or its diluent.
The extracellular release of lactoferrin (Lf) was quantified as described in § A8.7.
Data are from two experiments.
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F ig u re 4.S.3.2 E ffect of CP25 and CP26 on granulocyte m acrophage colony
stim ulating facto r (G M )-induced secondary degranulation o f n eutrophils.
Experimental conditions are as in figure 4.5.3.1 except that cells were stimulated with
GM (lOng m l"l) or its diluent. Data are from two experiments.
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ionophore (figure 4.5.3.1 A and B) or GM-CSF (figure 4.S.3.2 A and B); nor bas it any
effect on background release of lactoferrin in the absence o f stimulus. CP26 appears to
show some inhibition of calcium ionophore-induced degranulation at the highest
(SOOjiM) concentration (40% of control at 15 min and 48% o f control at 4h, figure
4 3 .3 .liC and D) but not the GM CSF-induced degranulation (figure 4.S.3.2 C and D).
4 5 3 2 E ffect o f HPOs on degranulation in whole blood
A lthough the effects of CP25 and CP26 on degranulation can be measured
conveniently in purified neutrophils as described above, it is also necessary to investigate
their effects in whole blood for two reasons. Firstly neutrophil purification itself may lead
to some cell activation. This may be kept to a minimum by observing those precautions
mentioned in § A8.7 but, as discussed in C h a p te r 1, generally some cell activation is
unavoidable during purification. Purification-related activation of neutrophils may result
in elevated levels of lactoferrin release. Secondly, after reinjection o f labelled leukocytes,
in vivo degranulation occurs in whole blood and therefore its m easurem ent is
physiologically more relevant.
The effects of incubating whole blood with CP25 and CP26 on neutrophil
degranulation induced by GM-CSF are shown in figure 4.S.3.3. The results show firstly
that GM -CSF stimulation of de granulation is very poor in whole blood (figure 4.5.3.3)
com pared to stimulation observed with purified neutrophils (figure 4.5.3.2; notice
different ordinate scaling). Secondly, although both chelators appear to slightly elevate
lactoferrin levels in a concentration-dependent m anner at 15 min, these effects are
abrogated at 3h suggesting that they are not significant.
In summary, neither CP25 nor CP26 affects the GM -CSF-induced neutrophil
degranulation in whole blood or in purified neutrophils. CP25 also has no adverse effects
on calcium ionophore-induced degranulation in purified cells. CP26 does however exhibit
some inhibitory activity o f calcium ionophore-induced degranulation in purified
neutrophils but only at the highest concentration tested (BOOpM). This concentration is
much greater than the doses required for inhibition o f 5-LPO and is therefore unlikely to
be o f significance as an inhibitory mechanism.
4 3 .4

Effects of chelators on neutrophil chem otaxis
The ability of neutrophils to leave the peripheral circulation and migrate through

vessel walls into the intracellular spaces is an integral part o f host defence mechanisms
against invading microorganisms. This procedure, which is used routinely to test the
function of neutrophils [Addison and Babbage, 1976], can be used to investigate the
effects of chelating agents on neutrophil function. Its principle is described in § A8.5.

F ig u re 4.S.3.3 E ffect of CP25 and CP26 on granulocyte m acrophage colony
stimulating factor (GM )-induced secondary degranulation o f neutrophils in whole
blood. W hole blood from a healthy volunteer taken into 2.5mM BDTA was incubated
at 37°C with either CP25 (A and B) or CP26 (C and D) or their respective diluents at
the concentrations indicated. At the times shown, aliquots were withdrawn and the
cells were stimulated at the same temperature for 30 minutes with GM (10 ng m l"l)
or its diluent. The samples were gently centrifuged and the extracellular release of
lactoferrin was quantified as described in § A8.7. Data are from two experiments.
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Experimental design
Chelators or their respective diluents were preincubated with leukocyte rich
plasma and placed on micropore membranes. The migration of neutrophils against a
plasma gradient was measured as described in § A8.5.
4.5.4.1 Single dose studies
The effects of a variety of HPOs and DFO on the migration of neutrophils in
response to plasm a was investigated. The cells were preincubated with chelator for a
length o f time equivalent to that at which inhibition of eicosanoid release was observed,
i.e. 15 m inutes (T able 4.3 .1 .1 ), but the chelator concentration has been increased
approximately threefold (to ImM) in order to deliberately induce inhibition of migration.
These results are shown in Table 4.5.4.I. It can be seen that even at ImM , none of the
chelators have any adverse effects on neutrophil migration except CP26 which inhibits
migration completely.

T ab le 4 ^ .4 1 Effect of ImM chelators on neutrophil migration through micropore
membrane.
Leukocyte rich plasma was isolated from heparinised blood, cells resuspended in medium
and incubated with the compounds or their respective diluents for 15 minutes at 37°C (§
A8.5). After the incubation period, the cell/chelator suspensions were transferred to
micropore membranes, allowed to migrate for 45 minutes against a chemoattractant
gradient of 10% plasma and then washed and fixed as described in § A8.5. The mean
distance travelled by the leading cell front was measured by optical microscopy. The data
are mean ± s.d. from two experiments performed in six replicates. PBS was the diluent
control for all compounds except CP26; the control for the latter was DMSO (l|il ml'^).
C om pound

M ean distance travelled
()im)

PBS

74.8 ± 1.5

DMSO

73.8 ± 7.1

CP20

77.7 ± 0.0

CP25

83.3 ± 4.5

Ome-25

82.5 ± 2.6

CP26

0.0 ± 0.0

CP02

69.8 ± 0.5
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4 S A 2 D ose response studies with CP26
From the above single dose study it is apparent that CP26 at Im M is toxic to
neutrophils. However, this concentration is upto about three orders o f magnitude higher
than the concentrations at which it inhibits eicosanoid synthesis (fig u re 4.3.3.1).
Therefore, in order to investigate whether its toxic effects are prevalent at concentrations
at which eicosanoid inhibition is seen, dose-response studies were undertaken. The results
o f these studies are illustrated in figure 4.5.4.1 A and B and show that inhibition of
neutrophil migration by CP26 is seen only at concentrations greater than 300|iM. From
figure 4.5.4.IB the IC50 of inhibition of migration can be estimated to be about 900p.M;
this is more than two orders of magnitude greater than the IC50 for the inhibition o f 5LPO-derived eicosanoids by CP26 (2.5|iM, § 4.3.1.2). This suggests that the inhibition of
eicosanoid synthesis by CP26 is unlikely to be due to toxic effects o f this compound on
neutrophils; the corollary implies that the inhibition of neutrophil migration by CP26 is
unlikely to be due to the inhibition of eicosanoid biosynthesis.
4.6

M ECH A N ISM S O F LIPO XY G EN A SE IN H IB IT IO N BY M ETA L
C H ELA T O R S
The most likely mechanism for the inhibition o f 5-LPO by high affinity chelators

of trivalent cations such as the HPOs and oxine is by chelation of the active site iron.
However, studies with the non-chelating HP-4-one analogue, Ome-25, demonstrated that
this compound has partial inhibitory activity (Tables 4.3.1.1 and 4.4.3.1), suggesting that
mechanism s not involving chelation may also be responsible for 5-LPO inhibition by
HPOs. Such mechanisms may involve cell-mediated inhibitory effects such as interaction
of chelators with FLAP and / or with the nuclear membrane during the formation of the
5-LPO activation complex (§ 4.2.4.3). In order to investigate these mechanisms, studies
were undertaken with purified soybean lipoxygenase (sbLPO) in a cell-free system.
Unlike cellular 5-LPO, sbLPO does not require an activating protein and as membranes
and other potential inhibitory targets are absent in the cell free system, the direct effects
of chelators on lipoxygenase iron can be investigated.
4.6.1

Spectrophotometric functional studies with sbLPO
Like all lipoxygenases, sbLPO catalyses the conversion of unsaturated fatty acids

to the corresponding hydroperoxide. Its preferential substrate however is linoleic acid
which is converted to linoleic hydroperoxide. The formation of linoleic hydroperoxide
can be followed by monitoring the absorbance at 234nm and this forms the basis of the
spectrophotometric functional assay for sbLPO (§ A 10).
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F ig ure 4.5.4.1 Inhibition of neutrophil migration by CP26.
M ixed leukocytes were resuspended in plasma-free medium as described in § A 8.5
and incubated at 37°C with CP26 or diluent for 15 m inutes at the concentrations
indicated. The cells were transferred to cellulose nitrate micropore membranes and
allowed to migrate along a chemoattractant gradient (10% plasma) for a further 45
minutes. Membranes were treated as described in § A 8.5, and the distance travelled
by the leading group of cells measured by optical microscopy. A, initial wide-ranging
dose-response illustrating sharp inhibition of m igration above 300pM ; B , doseresponse in inhibitory region. Data are from six replicates; the error bars are too small
to be visible in relation to ordinate scale.
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Experimental design
The purpose of these experiments was to investigate the effects of HP-4-ones on
the function of sbLPO in the cell-free system. Two types of study were carried out as
described in § AlO: (i) short term studies and (ii) long term studies, using identical
chelator concentrations as in the 5-LPO studies (i.e. 300}iM/100jiM IBE).,
4.6.1.1 Short term effects o f HP-4~ones on sbLPO
The effects of a wide range of HP-4-ones on sbLPO is shown in figure 4.61.1.
The results show that under the same preincubation conditions (300|iM chelator, 15
minutes), the inhibition of sbLPO in the cell-free system and 5-LPO in intact neutrophils
by iron binding HP-4-ones follows a similar pattern. In both cases there is a clear
correlation between lipoxygenase inhibition and lipophilicity, the greatest inhibition
being obtained in each case with the lipophilic compounds CP26 and CP25 (cf. figure
4.6.1.1 and Table 4.3.1.1). In contrast, under the same conditions, the non-iron-binding
HP-4-onc Ome-25 which partially inhibited in the cellular system (55% of control. Table
4.3.1.1) had virtually no inhibition in the cell-free system (92% o f control, figure
4.6.1.1), suggesting that its inhibitory effects are cell-mediated.
4 .6.12 Long term effects o f HP-4-ones on sbLPO
In order to investigate whether the poor inhibitory activity o f Ome-25 and
hydrophilic HP-4-ones could be overcome by longer preincubation with the enzyme,
these compounds were incubated with sbLPO for upto 24h. The results of these
experiments (figure 4.6.1.2) show that the inhibitory effects o f the iron binding
hydrophilic HP-4-ones CP20 and CP40, though modest at 2h, is progressive with time but
the non-iron-binding analogue Ome-25 does not inhibit sbLPO even after 24h. Under
these conditions both CP20 and CP40 achieved inhibitions of < 30% o f control by 24h
and is comparable to the inhibition obtained by more lipophilic derivatives at 15 minutes
(figure 4.61.1). This suggests that hydrophilic HP-4-ones need much longer to access the
lipoxygenase active site compared to lipophilic ones. However, this is not a property
common to hydrophilic chelators in general; for example, figure 4.6.1.2 also shows that
the hydrophilic hydroxamate DFO does not produce inhibition even after 24h. CP40 and
DFO arc both hydrophilic chelators with similar Kpart values (Table 4.3.1.1), but the
former is a small molecule (molecular weight 206) whereas the latter is larger (molecular
weight 657). This suggests that access to the iron in sbLPO is favoured by small bidentate
molecules over large hexadentate ones.
4.6.2

Demonstration of removal of lipoxygenase iron by m etal chelators:
spectrophotom etric studies
To investigate the mechanism of inhibition of lipoxygenase by iron chelation

further, spectrophotometric studies were undertaken in which the formation of chelate
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F ig u re 4.6.1.1 Relationship of lipophilicity to short term inhibition by HP-4-ones of
soybean lipoxygenase.
sbLPO (10 000 U m l’ ^) was pre-incubated for 15 m inutes with HP-4-ones
(300|iM /100iiM IBE) or the non-iron binding analogue Ome-25 (300|iM ). The
reaction was initiated by the addition of linoleic acid (667}iM) and the production of
linoleic hydroperoxide was monitored spectrophotometrically at 234nm (§ AlO). The
initial linear rate o f production of linoleic hydroperoxide was calculated for each
compound and the respective diluent controls. The data are the mean ± s.e.m, of 4
experiments.
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F ig u re 4.6.1.2

Long term effects o f Ome-25 and hydrophilic chelators on

soybean lipoxygenase.
sbLPO (10000 U m l"l) was pre-incubated with chelators (300|iM /100|iM IBE)
or the non-iron binding analogue (300|iM ) for the times shown. To prevent the
enzym e from denaturing over these long incubation periods, the incubation
m ixtures were kept on ice. After each time point reaction was initiated by the
addition o f freshly prepared linoleic acid (667|iM ) and tlie production o f linoleic
hydroperoxide was m onitored spectrophotom etrically at 234nm (§ AlO). The
initial linear rate o f production of linoleic hydroperoxide was calculated for each
com pound and the respective diluent controls. The data are the mean ± s.d. o f 7
observations.
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complexes with lipoxygenase iron was monitored. HP-4-one ferric complexes generally
have absorption maxima at about 450nm (e = 5200

cm’^) and ferrioxamine at about

430nm (e = 2640 M’^ cm’^). Before removal of lipoxygenase iron by chelators could be
established, it was first necessary to demonstrate that the free chelators do not absorb in
the same wavelength range as their ferric complexes. The absorption spectra of a
representative HP-4-one, CP25, and DFO in the range 300-600 nm are shown together
with those o f their respective ferric complexes in figure 4.6.2.1; it can be seen that in
each case the free chelator does not interfere with the X,max of the ferric complex, thus
enabling the complex to be monitored by spectrophotometry.
Experimental design
The purpose of these experiments was to treat sbLPO (60fiM^) with selected
chelators and follow the formation of chelate complexes with iron derived from the
enzym e. The chelators selected included a highly lipophilic HP-4-one (CP26), a
moderately lipophilic HP-4-one (CP25), a hydrophilic HP-4-one (CP40) and DFO.
Experimental details are given in the appropriate legends and in § AlO.
4.6.2.1 Formation o f HPO chelate complexes with lipoxygenase-derived iron
Incubation of sbLPO with lipophilic H P-4-ones CP26 and CP25 or the
hydrophilic HP-4-one CP40 all lead to the appearance of the corresponding ferric-HP-4one complex (figure 4.6.2.2). Initially the rate of appearance of the complex is faster with
the two lipophilic derivatives, confirming faster access of these to the active site; but
removal of iron by all three chelators becomes convergent with time, leading to similar
24h equilibrium concentrations of the ferric complexes as follows:
CP26, Omin (8.2^M), 15min (13.6|iM), 24h (20.2|iM);
CP25, Omin (ILlp-M ), 15min (16.1^iM), 24h (20.9^M);
CP40, Omin (5.0|iM), 15min (7.5^M), 24h (20.5|iM) (figure 4.6.2.2).
In contrast, incubation of the enzyme with DFO shows no increase in the appearance of
the ferrioxamine complex at 15min, and even after 24h there is only a moderate increase
(2.2}JjM and 5.3}iM, respectively).
4.6.2^ Correlation between inhibition o f lipoxygenase function and removal
o f iron
T able 4.6.2.1 compares the activity of sbLPO remaining after 15 minutes
incubation with the HP-4-ones CP25, CP26 and CP40 with the proportion of iron
remaining in the enzyme (i.e. iron not removed by chelator). For CP25 there is
good agreement between the proportion of enzymatic activity remaining and the
^ The enzyme supplied by Sigma Chemical Co, has a protein content of only 60%, the rest being NaCl and
stabilizer. The protein content has been taken into account in the calculation of the enzyme molarity.
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Figure 4.6.2.1 The absorption spectra of HP-4-ones and DFO in the free and iron bound form.
The ferric complexes of HP-4-ones generally have absorption maxima in the region of 450nm; this is illustrated in A using CP25 as an example. The corresponding
maximum for ferrioxamine (FO) occurs at about 430nm and is shown in B. In both cases, the free ligands (CP25 and DFO) have negligible absorption at these
wavelengths as shown. Spectrophotometric conditions were as follows. Sample cuvette (1 ml volume, 1cm light path):100/<M IBE chelator, 100/<M ferrous
ammonium sulphate in 0.04M H2SO4 , borate buffer pH 9.0; in the reference cuvette ferrous ammonium sulphate was substituted by an equal volume of 0.04M
H2SO4
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Figure 4.6.2.2 Spectrophotometric determination of removal of lipoxygenase iron by
HP-4-ones.
sbLPO (bOjiMl) was incubated on ice for upto 24h with the chelators indicated
(100|iM IBE) or their respective diluents (blanks) as described in § AlO. At the times
indicated, aliquots were withdrawn and the absorbances of the ferric complexes were
recorded against the corresponding blank. The HP-4-one complexes were monitored
at 450nm (e = 5200 M 'l cm'^) and ferrioxamine (FO) was monitored at 430nm (e =
2640 M*l cm'^). The total iron content of this 60}iM sample of sbLPO was
determined by atomic absorption to be 18.0p,M (see § 4.6.2).
^After correcting for protein content.
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proportion o f iron remaining in the enzyme. In the case of CP40 the residual
lipoxygenase activity is about 20% greater than would be expected on the basis of
the percentage o f iron remaining. The explanation for this is almost certainly the
presence of non-enzyme bound iron present in the enzyme mixture, possibly
arising as a preparative artefact during purification. Evidence for this comes from
the above iron removal experiments performed with DFO. Addition o f DFO to
60|iM sbLPO immediately gives rise to a small, but detectable, quantity of
ferrioxamine (approx. 2.6(iM, figure 4.6.2.2). Although this level o f iron is much
less than that chelated by the fast-acting lipophilic HP-4-ones at 15 minutes, it
forms a significant proportion of the iron chelated by the slow-acting, hydrophilic
CP40. The immediate formation of this complex by DFO, taken together with the
inability of DFO to access the lipoxygenase active site suggests that this iron must
have been present in a non-enzyme bound form.

T ab le 4.6.2.1 Correlation between residual sbLPO activity and residual enzymatic
iron.
Chelator

Lipoxygenase activity left

Percentage of iron

after 15 minutes {%Ÿ

remaining after 15
minutes^

CP25

13.7

23.0

CP26

0.0

32.0

CP40

86.0

63.6

^Data taken from figure 4.6.1.1. ^Data taken from figure 4.6.2.2,
If this iron fraction (2.6jiM) is subtracted from the concentration of the CP40-ferric
complex at 15 minutes and from the concentration at 24h, the correlation between the
“residual lipoxygenase activity” and “percentage iron remaining” improves considerably
(86% and 73% respectively).
There is no correlation between the residual lipoxygenase activity and iron for
CP26 which completely inhibits enzymatic activity by 15 m inutes despite 32% of
enzymatic iron remaining. Unlike with CP40, subtraction of the non-enzyme bound iron
fraction for CP26 does not improve the correlation (37% iron rem aining after
subtraction). It is not clear why this is so, but it may be due to the formation of 1:1 or 1:2
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ternary complexes by CP26 with lipoxygenase iron w hich are not detected by
spectrophometry.
4 .6 .2 3 An apparent paradox
The spectrophotom etric determination o f lipoxygenase iron removal by HPOs
discussed in the foregoing sections presented a paradox. The treatment o f 60}iM enzyme
(corrected for protein content) with lOOfiM IBE chelator lead to the removal of only
20|iM iron at equilibrium after 24h. As discussed in § 4.2, there is general consensus that
lipoxygenases contain iron in a stoichiometric ratio of 1:1 with protein and therefore, in
principle, about 60}iM iron should have been liberated at equilibrium by chelators. HPOs,
and in particular the lipophilic CP26 and CP25, are potent chelators of iron and therefore
the removal of only V3 of the total lipoxygenase iron content by them was a surprising
finding. In order to solve this discrepancy, the total iron content of the 60|iM sbLPO was
measured by atomic absorption spectroscopy.
The principle of atomic absorption spectroscopy and its application to the
measurement of lipoxygenase iron is described in § A 10.4. These results showed that the
concentration of iron present in 60}iM sbLPO was only 18.0 |iM (range 17.8-18.2}iM in
two duplicates). This is very close to the equilibrium concentration of iron liberated by
HP-4-ones in the spectrophotometric studies (§ 4.6.2.1) and suggests that the enzyme has
lost about 2/3 of its iron content during purification.
4.6.3

D em onstration of rem oval of lipoxygenase iron by m etal chelators: ESR
studies

The failure of the non-iron-binding analogue Ome-25 to inhibit sbLPO (figures 4.6.1.1
and 4.6.12) provides strong evidence that the inhibition of this enzyme by HP-4-ones is
dependent on iron chelation. In order to investigate the interaction o f the HP-4-ones with
the iron centre of sbLPO directly, studies were perfc»med in which sbLPO treated with
HP-4-ones was analysed by electron spin (paramagnetic) resonance spectroscopy (ESR).
ESR is a spectroscopic technique for the study of paramagnetic molecules, i.e.
molecules that contain unpaired electron spins, and its principle is described in § A 10.3.
As described in § 4.2, the ferric centre of active plant and animal lipoxygenases generally
exist in the high spin state. Under these conditions it has the electronic configuration 2>d ^
and a spin state S = ^/2 which gives rise to five unpaired electrons (figure 4.2.3.2). These
unpaired electrons give rise to an ESR signal at g = 6.08 (§ AIO.3.2). In contrast, ferrousiron in inactive lipoxygenase has the electronic configuration 3d 6; in the high spin state it
has an even number o f unpaired electrons (S = ^/o) and in the low spin state it has none
(S = 0) (figure 4.2.3.2). The iron in both these states is invisible to ESR. Therefore ESR
is sensitive to changes in oxidation state of lipoxygenase iron. Apart from changes in
oxidation state, ESR also permits the visualisation of the removal of lipoxygenase iron by
small chelators. This is due to the fact that the ESR spectrum of ferric iron is modulated
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by the environment in which the iron exists. When iron is present as small low molecular
weight complexes, there is a shift in the g-value ESR signal (§ AIO.3.2). In the case of
ferric-HPO complexes, this signal occurs at g = 4.23. Therefore, removal o f lipoxygenase
iron by HPOs can be visualised by monitoring the ESR signals at g = 6.08 and g = 4.23.
Experimental design
The purpose of these experiments was to visualise the interaction of HPO
chelators with the active site iron of sbLPO and, in particular, to confirm the removal of
iron from the lipoxygenase active site observed in the spectrophotom etric studies (§
4,6.2). Soybean lipoxygenase was pre-incubated with the compound o f interest or its
diluent in the presence of linoleic acid at room temperature. At appropriate times, aliquots
were placed in glass ESR tubes and stored in liquid nitrogen until analysis by ESR.
Experimental details are given in § A10.3 and in the appropriate legends.
4.63.1 Establishment o f resonance conditions and redox state o f native
sbLPO
Before investigating the mechanisms of chelation of lipoxygenase iron in detail,
the resonance conditions (i.e. the g-values, § AIO.3.2) for the iron o f lipoxygenase and
low molecular weight iron-chelate complexes were evaluated using the ESR parameters
described by Nelson as a guide [Nelson et al., 1991]. These results (figure 4.6.3.1) show
that the native enzyme does not have a signal from the lipoxygenase Pe3+ centre (g =
6-08, spectrum D) until it is incubated with the substrate linoleic acid, confirming
previous reports that the iron in native soybean lipoxygenase is predominantly in the
ESR-silent Fe^+ state [Slappendel et al., 1982b]. Introduction of the substrate leads to the
generation of the g = 6.08 signal suggesting that it is responsible for the generation of the
active ferric centre of sbLPO (spectrum A). Under the same conditions there is a small
signal from "free iron” at g = 4.23 representative of non-enzymatic, low molecular weight
iron-chelate complexes. This signal is present both in lipoxygenase (spectrum D) and its
diluent (borate buffer, spectrum E) but was absent in the spectra of CP26 (F) and linoleic
acid (G ) confirming their purity. The most likely source of this signal is the small
quantity of non-enzyme bound iron present in the lipoxygenase solution. The g = 4.23
signal was confirmed using an authentic ferric complex of CP26 (spectrum H).
As the iron of sbLPO is known to reside in a hydrophobic pocket within the
protein, its removal was investigated initially using the lipophilic HP-4-one CP26. The
effects of incubation of sbLPO for 2h with 300|iM and 3mM CP26 are also shown in
figure 4.6.3.1 (spectra B and C respectively). Two conclusions can be made from these
results. Firstly, at both these concentrations CP26 completely removes the g = 6.08 signal
from the spectrum indicating that the lipoxygenase iron has been chelated by CP26.
Secondly, there is a concomitant increase in the g = 4.23 signal which is indicative of the

D

A
g -4 .2 3

BOO

1800

2200
Field

[G]

Figure 4.6.3.1 ESR spectra of native sbLPO. sbLPO (30}iM, corrected for protein content) was incubated for 2h with the agents below and
analysed as described in § 10.3. A. Control: sbLPO+linoleic acid (100 |iM )+ DMSO (lp.1 ml*l). B, sbLPO+linoleic acid (1(X) p.M)+CP26
(300|iM). C. sbLPO+linoleic acid (100 |iM)+CP26 (3mM). D. sbLPO only. E. Borate buffer only. F. Borate buffer containing CP26 (300|iK;^.
G. Linoleic acid (100 }iM) alone. H. (CP26)3 Fe complex (300|iM: 50p.M) in borate buffer. DMSO (l|il mi l) was the diluent for CP26.
ESR parameters: power, 20mW; temperature, 5K.
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formation of low molecular weight iron-chelate complexes (spectrum H)^ . These data
therefore provided preliminary evidence that HPOs such as CP26 inhibits sbLPO by
removal of the active site iron.
4.6.32 Effect o f enTyme activation on chelation o f lipoxygenase iron by CP26
The above experiments demonstrated that the ferric centre characteristic o f active
lipoxygenase is generated only in the presence o f the substrate linoleic acid. This
observation is important for the chelation of lipoxygenase iron by HP-4-ones which have
a high specificity for ferric iron over ferrous iron and was confirmed with further
experiments in which CP26 was incubated with sbLPO in the presence or absence of
linoleic acid. The results in figure 4.6.3.2 show firstly that there is a g = 6.08 signal and a
g = 4.23 signal in sbLPO incubated with linoleic acid indicating the presence of the active
ferric centre in the enzyme and low molecular weight iron in the solution respectively
(spectrum A). There is little immediate removal of iron by CP26 in the presence of
linoleic acid (spectrum B) as indicated by a small decrease in the g = 6.08 signal and an
increase in the g = 4.23 signal. However, in the absence o f linoleic acid there is no g =
6.08 signal from the CP26-treated enzyme and nor is there an increase in the g = 4.23
signal (spectrum C); as shown before in figure 4 .6 3 .1 this is due to the absence o f ferric
lipoxygenase capable of interacting with CP26. At two hours there is complete removal
of the signal from active lipoxygenase iron (g = 6.08) with a concomitant increase in the
signal from “free iron” (g = 4.23) (spectrum F , fig u re 4.6.3.2). Under the same
conditions there is little removal of iron from inactive lipoxygenase (spectrum G). These
results therefore confirm that HP-4-ones such as CP26 remove iron from active but not
inactive lipoxygenase.
4.6.S.3 Interaction o f sbLPO with less lipophilic and hydrophilic HP-4-ones
CP26 is an extremely lipophilic HP-4-one and therefore its passage into the
hydrophobic active site of sbLPO and subsequent removal of iron may be favourable. In
order to visualise the interaction of less lipophilic HP-4-ones with lipoxygenase iron,
ESR studies were carried out with CP25, CP20 and CP40. Parallel studies were also
performed with the non-iron-binding analogue of CP25, Ome-25, in order to confirm that
the increase in the “free iron signal” at g = 4.23 observed previously was due to chelation
of lipoxygenase iron.

^ The broadness o f the g = 4.23 signal from the authentic complex is due to the complex being formed
under similar conditions to the lipoxygenase reaction mixture, i.e. in borate buffer at pH 9.0. However, if it
is formed at pH 7.4 (in PBS), a narrower signal is obtained; such a complex is illustrated in figure 4 .6 J J
(spectrum f). For reasons which are not clear, the presence of protein in the form o f lipoxygenase appears to
make the g = 4.23 signal from chelator-treated enzyme narrow.
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Figure 4.6 3.2 Effect of enzyme activation on removal of lipoxygenase iron by HP-4-ones.
sbLPO (30/<M, corrected for protein content) was incubated with 300/^M CP26 in the absence or
presence of a catalytic amount (50/4M) of linoleic acid, frozen either immediately (Oh) or at 2h
and the ESR spectra recorded (§ 10.3). A and E, sbLPO + linoleic acid at Oh and 2h respectively;
B and F, sbLPO + linoleic acid + CP26 at Oh and 2h respectively; C and G, sbLPO + CP26 at Oh
and 2h respectively. D is an authentic (CP26)3 Fe^'*" complex (300//M: SOpiM) in borate buffer.
The amplitude of spectrum D has been attenuated x 0.25 with respect to the others.
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F ig u re 4,63,3 shows ESR spectra of sbLPO (30}iM, corrected for protein content) which
bas been incubated for 2 hours with 300}iM CP25 or Ome-25. As before, the g = 6.08
signal is absent in the native enzyme (spectrum A) but appears upon activation with
linoleic acid (spectrum B). Treatment of active sbLPO with CP25 completely removes
the signal from the enzyme iron centre (g = 6.08) and this is accompanied by a
simultaneous increase in the “free iron” signal (g = 4.23) (spectrum D). This pattern of
rem oval of lipoxygenase iron is identical to that observed with CP26 (spectrum E).
However, treatment of the active enzyme with the non-iron-binding analogue Ome-25
(spectrum C) has no effect at all on its spectrum providing evidence that the increase in
the g = 4.23 signal observed with CP25 and CP26 is due to the removal of iron from the
enzyme by these chelators.
In contrast to both CP26 and CP25, the inhibition of lipoxygenase function by
CP40 and CP20 is relatively slow, taking many hours to achieve substantial inhibition
(figure 4.6,1,2). CP40 and CP20 are hydrophilic chelators with relatively small Kp^rt
values (A ppendix 2) and therefore their passage into the hydrophobic pocket, of the
active site iron may be impeded. Therefore, in order to visualise removal of iron from
sbLPO by these chelators, the active enzyme was treated with either CP40 or CP20
(3(X)}iM) for 24h and analysed; CP25 was used as a positive control. The resulting spectra
are shown in figure 4.6 3.4. It can be seen that both CP40 and CP20 reduce the g = 6.08
signal and substantially increase the g = 4.23 signal suggesting that they too inhibit the
enzyme by removing iron (spectra A and B respectively). H ow ever, unlike CP25
(spectrum D), they do not remove the g = 6.08 signal completely suggesting that not all
of the enzymatic iron is removed. This is consistent with the results of the lipoxygenase
function studies which found some residual activity even after a 24h incubation with
CP40 or CP20 (figure 4.6.1.2).
4.6.3.4 Summary o f ESR studies
In summary, ESR studies of the iron centre of sbLPO show that the native enzyme
is predominantly in the inactive ferrous state but becomes rapidly oxidised to the active
ferric state upon incubation with substrate. Addition of lipophilic hydroxypyridinones to
active sbLPO results in the com plete rem oval o f enzym e-bound iron and the
simultaneous formation of low molecular weight chelate complexes within two hours;
with hydrc^hilic compounds the rate of removal is much slower and is incomplete even
after 24h.
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Figure 4 .6 3 3 ESR spectra of the Fe^+ centre of sbLPO after pre-incubation with HP-4-ones.
sbLPO (30/<M, corrected for protein content) was dissolved in borate buffer, pH 9.0 and
incubated with respective compounds (300;<M) in the presence of substrate (linoleic acid,
lOOpiM): A, native enzyme only; B, native enzyme and substrate; C, Ome-25; D, CP25; E, CP26.
The spectrum of the authentic ferric CP25 complex (64:1920/^M) made up in PBS, pH 7.4, is
shown in F and the spectrum of Ome-25 in the presence of iron in G. The spectral heights of D, E
and F have been attenuated x 0. 1 with respect to the others.
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Figure 4.6.3 4 ESR spectra of sbLPO treated with hydrophilic HP-4-ones.
sbLPO (30/<M, corrected for protein content) was dissolved in 0.2M borate buffer
pH 9.0 and incubated at 4®C for 24h in the presence of linoleic acid ( 100/<M) with
chelators or diluent. Aliquots were frozen in liquid nitrogen and analysed as
described in § 10.3.
A. sbLPO + linoleic acid + CP40. B. sbLPO + linoleic acid + CP20. C. sbLPO only.
D. sbLPO + linoleic acid + CP25. E. Control: sbLPO + linoleic acid + PBS (diluent).
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4.7

PR O PE R T IE S O F M ETA L C H ELA TO RS W H IC H IN FL U EN C E
IN H IB IT IO N O F 5-LPO
In neutrophils, the inhibitory effects of metal chelators on 5-LPO will be under

the influence of two principle factors: access to the cell and access to the active site of the
enzyme. 5-LPO is a cellular enzyme, and therefore its inhibition is likely to be favoured
by those chelators which can effectively cross the cell membrane, i.e. lipid soluble,
neutral molecules (C h a p ter 1). However, once inside the cell, access to the active site
iron of 5-LPO is likely to be favoured by molecules which are small enough to pass into
the hydrophobic pocket in which the iron resides (§ 4.2). Further, the iron in lipoxygenase
is already partially chelated by the protein and therefore its chelation is likely to be
favoured by bidentate chelators which can form 1:1 and 2:1 ternary complexes with iron
already partially

coordinated to another molecule (C h a p te r 1). The experimental

evidence arising from this chapter for the influence of these chelator properties on the
inhibition of 5-LPO is discussed in this section. W here appropriate, comparisons are
made with experimental evidence from the soybean enzyme.
4.7.1

Effect of iron binding affinity on 5-LPO inhibition
The inhibition of 5-LPO by chelation is most likely to occur with those chelators

which have a high affinity for Fe^+, the oxidation state of active lipoxygenase (§ 4.2), and
is confirm ed by experim ent. Studies perform ed with [^HJarachidonate-labelled
neutrophils (§ 4.3) show that of the chelators which inhibit eicosanoid synthesis, the five
most potent ones (CP26, CP25, CP84, oxine and tropolone) possess high affinities for
Fe^+ (log

> 35) and this suggests that at least one of the mechanistic steps involved in

the inhibition of 5-LPO by chelators is likely to involve interaction with the iron centre.
In contrast, chelators with lower iron binding affinity such as ethylmaltol have little effect
on 5-LPO.
The inclusion of Ome-25, the non-iron binding analogue of CP25, in the above
studies produced the intriguing observation that it is also capable of inhibiting eicosanoid
production to about Vô that produced by CP25 (Table 4.3.1.1). In principle, inhibition of
eicosanoid production by this compound may be due to two mechanisms. Firstly, it may
be due to a small proportion o f contaminating chelating HPO derivative(s) which may be
present in the preparation; or secondly, by mechanisms independent of chelation. The
addition of ferrous ammonium sulphate (100|iM) to Ome-25 (300|iM ) does not produce
the red-brow n iron com plex characteristic o f H PO s detectable by eye or by
spectrophotometry (results not shown). Further, results presented in § 4.6.3 demonstrate
that the electron spin resonance spectrum of Ome-25 in the presence o f ferrous
ammonium sulphate does not show a signal characteristic o f H PO-chelate complexes
(limit o f detection approx. 0.1 fiM). Therefore, it is unlikely that contam ination by
chelating HPO derivatives is responsible for the inhibition of eicosanoid synthesis by
Ome-25. On the other hand, non-chelating inhibitory m echanisms may involve the
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inhibition of the translocation of 5-LPO (§ 4.2) by Ome-25 which will inhibit eicosanoid
production. Experiments investigating the subcellular localisation o f this compound in
activated neutrophils are required to elucidate these inhibitory mechanisms further.
4.7.2 Effect of lipophilicity on 5-LPO inhibition
Apart from iron binding affinity, another chelator property which may influence
the inhibition o f cellular 5-LPO is the lipid solubility (Kpart, C h a p te r 1) which
determines the rate and extent to which compounds penetrate the lipid bilayer. Previous
reports have shown that antioxidant-type inhibitors such as 2,3-dihydro-5-benzofuranols
[Hammond et al., 1989] and reductant-type inhibitors such as naphthols [Batt et al., 1990]
become increasingly inhibitory towards 5-LPO as they become more lipophilic. Studies
with catecholate chelators [Naito et al., 1991] have also shown that 5-LPO inhibition is
favoured by lipophilic chelators. Although no such studies have been reported for the
HPOs upto now, work of Porter and Hider have demonstrated that there is a close
relationship between lipid solubility and the rate of entry of HPOs into hepatocytes
[Porter et al., 1986] [Porter et al., 1988].
4.7.2.1 Single dose studies
Close examination of T able 4.3.1.1 shows that at 300}iM the 5-LPO inhibitory
activity o f chelators measured by radiometry has a strong correlation with the Kpart
(lipophilicity) when other factors such as iron binding affinity remains constant. This is
most clearly observed for the HP-4-ones and is illustrated in figure 4.7.2.1 in which the
percentage eicosanoid release is plotted as a function of the Kpart of the HP-4-ones.
The dependency of 5-LPO inhibition on chelator lipophilicity is confirmed in
studies with sbLPO. Under conditions similar to those used with 5-LPO, the iron binding
HP-4-ones show a strong dependency of sbLPO inhibition on lipophilicity. Lipophilic
chelators such as CP26 are very inhibitory even at 15 minutes (figure 4.6.1.1) but
hydrophilic chelators such as CP20 and CP40 become inhibitory only after many hours
incubation with the enzyme (figure 4.6.1.2).
From these studies it is clear that the lipophilicity of a chelator is central to its
ability to chelate the iron of 5-LPO, highly lipophilic ones such as CP26 being very
potent, less lipophilic ones such as CP84 being less potent and hydrophilic ones such as
CP20 being relatively weak inhibitors.
4 .7 .2 J Dose-response studies
The greater 5-LPO inhibitory activity of lipophilic chelators observed in the single
dose radiometric studies described above was confirmed in dose-response studies with
CP25 and CP26 (figure 4.3.3.1). These studies showed that the significantly more
lipophilic CP26 has a much greater 5-LPO inhibitory activity than the less lipophilic
CP25 at lower concentrations too (IC50 of CP26 and CP25 2.5}iM and 28|iM
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Figure 4.7.2.1 Relationship between neutrophil 5-lipoxygenase inhibition and the
partition coefficient for a series of HP-4-ones. The data are derived from Table
4.3.1.1.
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respectively, § 4.3.1.2). Further, the direct measurement o f eicosanoid synthesis by HPLC
also dem onstrated that at 33|iM CP26 completely inhibits total cellular eicosanoid
synthesis whereas CP25 only does so partially (Table 4.4.3.1). These results suggest that
access to 5-LPO iron is favoured by lipophilic HPOs.
4.7.3 Effect of size an d coordination stru c tu re of m etal chelators on access to
lipoxygenase iron
Experim ents perform ed with sbLPO in the cell-free system showed that the
inhibition of sbLPO by the bidentate HP-4-one CP40, though m odest at 15 minutes,
increases progressively with time (up to 24h) unlike that of the hexadentate DFO (figure
4.6.1.2), CP40 and DFO are both hydrophilic chelators with similar Kpan values (Table
4.3.1.1), but the former is a small molecule (molecular weight 206) whereas the latter is
larger (molecular weight 657). This suggests that access to the iron in sbLPO is favoured
by small bidentate molecules over large hexadentate ones.
4.8 DISCUSSION
Several lines of evidence from this chapter indicate the im portance of direct
access of metal chelators to the iron centre for lipoxygenase inhibition and demonstrate
for the first time that inhibition of sbLPO by iron binding HP-4-ones is associated with
rem oval o f iron from the enzyme with the concurrent formation o f iron(III)-chelator
complexes.
Experiments examining effects of lipid solubility also support direct access to the
iron centre as being important to lipoxygenase inhibition and are consistent with current
knowledge about lipoxygenase structure. As described in § 4.2, lipoxygenases contain
tw o hydrophobic regions (amino acids 352 to 402 and 543 to 562 in 5-LPO) which are
highly conserved. The first of these contains five histidine and one glutamate residue and
the second contains one histidine residue. Some of these residues have been proposed
[Shibata et al., 1988] and subsequently confirmed [Zhang et al., 1993] [Nguyen et al.,
1991] [Ishii et al., 1992] as ligands coordinating the active-site iron. Although X-ray
crystallographic data are not available yet for 5-LPO, the existence o f the ironcoordinating ligands in a hydrophobic region of the enzyme is strong evidence of the
occurrence of the iron in this region too. In sbLPO, crystallographic studies [Boyington et
al., 1993] have shown the occurrence of two large internal cavities or channels both of
which are lined by the side-chains of hydrophobic amino acids and which connect the
iron centre to the outside of the protein. These structures are consistent with a model in
which the rate of movement of highly lipophilic chelators through these hydrophobic
regions is favoured while that of less lipophilic or hydrophilic HPOs is retarded. Thus,
appreciable inhibition of sbLPO by the relatively hydrophilic HP-4-ones, CP40 and
CP20, is seen only after the enzyme has been incubated with these chelators for many
hours whereas with lipophilic HP-4-ones (e.g. CP25 or CP26), inhibition is seen within
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minutes (cf. figures 4.6.1.1 an d 4.6.1.2). Incubation of HP-4-ones with neutrophils
(T a b le 4.3.1.1) as well as with sbLPO in the cell-free system (figure 4.6.1.1)
demonstrates that lipoxygenase inhibition is highly dependent upon chelator lipophilicity
as quantified in terms of the partition coefficient (Kpart) (Table 4.3.11). This relationship
is also true for the analogous 3-hydroxypyranones as illustrated by ethylmaltol and
CP166 (Table 4.3.1.1).
The findings that molecular size and the nature of coordination of iron (bidentate
chelation by HPOs and hexadentate chelation by DFO) are determinants of lipoxygenase
inhibition are also consistent both with the above structural knowledge and with the
concept o f direct chelation from the iron centre. This is demonstrated by comparing the
effects of DFO and CP40 on sbLPO inhibition (F igure 4.6.1.2). Although both these
compounds have similar lipid solubilities (Table 4.3.1.1), DFO has no effect on enzyme
inhibition even after incubation for 24h, whereas CP40 inhibits to the same extent as
lipophilic HP-4-ones by this time. These effects of CP40 and DFO on sbLPO in the
functional assay were confirmed in assays in which iron removal from the enzyme was
monitored. In these experiments (figure 4.6.2.2) CP40, together with CP25 and CP26, is
able to remove iron from sbLPO and form the corresponding iron complex but DFO does
so poorly. DFO is a hexadentate chelator, with a molecular weight about three times that
o f CP40 and is therefore possibly too large to pass through the channels of sbLPO.
Further, indirect support for the ability of bidentate HP-4-ones, but not of DFO, to
penetrate the hydrophobic channels of sbLPO comes from similar experiments in which
iron removal from the iron storage protein ferritin by HP-4-ones and DFO has been
studied [Brady et al., 1988]. The protein shelf of ferritin is composed o f 24 subunits
which form channels about 7Â wide [Harrison et al., 1980] resembling those in sbLPO
and which allow access to the internal cavity containing the storage iron. These studies
show that the bidentate HP-4-one CP20 can remove iron from ferritin effectively whereas
neither DFO nor a hexadentate hydroxypyridinone analogue (CP 130) can do so. The
ability of bidentate chelators to form 1:1 complexes with iron, in addition to the usual 3:1
complexes, may be a key property enabling them to access the iron of lipoxygenases. For
example the diameter (7A) and length (13Â) of the 1:1 iron complex of CP22 [Hider and
Hall, 1991b] is less than the maximum size of the hydrophobic channels reported for
sbLPO [Boyington et al., 1993] but the sizes of the 2:1 and 3:1 complexes are greater
[Hider and Hall, 1991b]. Therefore it is very likely that the 1:1 hydroxypyridinone-iron
complex is the permeant species in lipoxygenase inhibition.
The observation that the non-iron-binding analogue, O me-25, can inhibit
eicosanoid biosynthesis in neutrophils, albeit to a lesser extent than its iron binding
counterpart CP25, indicates that mechanisms other than iron chelation may be involved in
the inhibition o f neutrophil eicosanoid synthesis by HPOs. At least two chelationindependent inhibitory mechanisms may exist in principle; these are the inhibition of
PLA2 and translocation of 5-LPO from the cytosol to the nuclear membrane. The lack of
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inhibition of PLA2 by the non-iron-binding analogue Ome-25 (Table 4.5.1.1) excludes
this enzyme as a mechanistic target for the inhibition o f leukotriene biosynthesis
observed with this compound. The short term (15 min, figure 4.6.1.1) and longer term
(up to 24h, figure 4.6.1.2) incubations of iron binding HP-4-ones with sbLPO show that
all compounds tested inhibit the free enzyme to a similar extent to cellular 5-LPO. This
contrasts with known translocation inhibitors which show considerable loss of activity in
the cell-free system compared to the cellular system [Coutts et al., 1985] [Evans et al.,
1991]. Translocation-type inhibition is therefore unlikely to be a major mechanism for
neutrophil eicosanoid biosynthesis inhibition by HP-4-ones. However, translocation
inhibition cannot be excluded as a contributing mechanism and may explain the weak
inhibitory effects o f Ome-25, particularly as this compound has no inhibitory effects on
PLA 2 .
The simultaneous measurements of PLA2 and 5-LPO activities in neutrophils
(Table 4.5.1.1) also indicate that the only HP-4-one which produces appreciable PLA2
inhibition (9.8% of control) is the N-octyl derivative, CP26. However, from doseresponse studies, the inhibition of PLA2 at low chelator concentration (e.g. lOjiM) was
much weaker than that of 5-LPO (figure 4.5.1.1) suggesting that PLA2 inhibition was not
the sole mechanism of inhibition of eicosanoid biosynthesis. This was confirmed by
measurement of arachidonic acid-stimulated neutrophil superoxide production which
demonstrated a specific effect of CP26 on intact neutrophil 5-LPO independently of
PLA2 inhibition. Only at high CP26 concentrations, (>100|iM ) does PLA 2 inhibition
approach that of 5-LPO inhibition (Table 4.5.1.1 and figure 4.5.1.1). The A -hexyl
derivative CP25 however has a ten-fold smaller inhibitory effect on PLA 2 inhibition
(91% of control) than CP26 (9.8% of control), even at high concentrations. Firstly, this
suggests that its action is mainly due to the inhibition of 5-LPO and, secondly, it indicates
the importance of the additional two carbons of CP26 on PLA 2 inhibition. As there is no
evidence reported for the involvement of trivalent cations in the catalytic activity of
PLA2 , the most likely mechanism for the inhibition o f this enzyme by CP26 is by a
competitive-type mechanism whereby the chelator inhibits the binding of phospholipid
substrate. In such a mechanism, the long chain of CP26 probably mimics the long fatty
acid chain of arachidonic acid at the substrate binding site; HP-4-ones with shorter chains
such as CP25 will be unable to do this and this may explain their lack of inhibition of
PLA 2 . In contrast to CP26, DFO shows insignificant inhibition of PLA2 , suggesting that
this effect is not common to iron chelators in general.
The lack o f neutrophil 5-LPO inhibition by chelators such as CP02 and
ethylmaltol which have been shown to effectively label platelets (Chapter 2) may offer
advantages over existing chelators such as oxine or tropolone for the labelling of
neutrophils and other leukocytes which express high levels of 5-LPO.
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S u m m ary
The results presented in this chapter show that the direct interaction o f iron
chelating molecules with the iron centre o f lipoxygenase is influenced by the lipid
solubility, iron binding constant, and coordination structure of chelators provided that the
m olecular size is sufficiently small to allow access to this site. Compounds with a
m aximal diameter of <SA [Boyington et al., 1993] such as the bidentate HPOs are likely
to access the active-site via the two hydrophobic channels and remove the iron from the
enzym e.

These studies also suggest that while direct iron chelation is the m ajor

mechanism of lipoxygenase inhibition with HPOs, that within intact cells, inhibition of
translocation or other chelation-independent mechanisms may play additional roles with
some molecules. The lack of inhibition of 5-LPO function by some HPOs give them an
advantage over existing chelators for use as cell labelling agents, particularly with
neutrophils and other leukocytes.
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CHAPTER 5

CONCLUSIONS
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5.1 IN TRO D U CTIO N
The work presented in this thesis has achieved four principle objectives. Firstly, it
has examined the potential of metal chelators from the hydroxypyridinone (HPO) and
hydroxypyranone families as indium labelling agents for human platelets and compared
their efficacy with that of oxine, the established agent for platelet labelling in plasma-free
media. Secondly, it has investigated the adverse effects these and other metal chelators
have on platelet function by measuring the platelet aggregatory response to several
physiological stimuli. Thirdly, the intracellular mechanisms by which metal chelators
m ay affect platelet function have been exam ined. F in ally , as H PO s and
hydroxypyranones are also known to effectively label granulocytes, their effects on a
m ajor non-haem iron-containing enzyme of human neutrophils (viz. 5-LPO) has been
examined in detail with a view to identifying those chelator properties which are likely to
influence the inhibition of intracellular metalloenzymes.
5Jl G EN ERA L CONCLUSION
In recent years there has been a gradual shift from indium-based cell labelling
techniques to technetium-based ones. Despite this, indium labelling is still the preferred
m ethod for the labelling of human platelets for diagnostic investigation [Peters and
Lewis, 1991] and this is almost certainly due to the longer half-life of ^^Hn (67 h)
compared with ^ ^ T c (6h). The longer half-life of ^^^In is more compatible with the long
life-span of platelets in the circulation ( 9 - 1 0 days). There is overwhelming evidence in
the literature that the two principle agents available for routine indium labelling of
platelets (oxine and tropolone) are toxic to platelets and other cells. The ideal platelet
labelling agent should deliver the indium to platelets selectively in whole blood (thus
avoiding cell manipulation and hence procedure-related toxicities) without affecting in
vivo

cell distribution, function or survival. U nfortunately, all platelet labelling

procedures described to date involve some cell manipulation either to eliminate plasma
and obtain cells in sufficient purity or to remove excess radioactivity after labelling.
Therefore, as some procedure-related toxicity is inevitable, it is important to avoid
toxicities induced by the choice of chelator, particularly with platelets which, by their
very nature, are easily activated. Therefore there is still considerable interest in the
development o f cell labelling agents which can radiolabel platelets with indium with
minimal activation and toxicity.
The data presented in C h ap ter 2 show that the HPOs CP25, CP94 and CP02 and
in particular the hydroxypyranone ethylmaltol, are effective indium labelling agents for
human platelets when labelling is carried out in plasm a-free media. Under the optimal
labelling conditions reported in C h a p te r 2, labelling efficiencies obtained with these
chelators are comparable to that obtained with oxine, the chelator routinely used for cell
labelling in plasma-free media (T able 2.3.5.1). However, unlike oxine and the other
established labelling agent tropolone, ethylmaltol is not toxic to platelets as quantified by
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the collagen-induced aggregatory response, even at concentrations as high as 300|iM (§
2.4.2). This concentration is much greater than the optimal concentration for labelling
with this compound (100p,M). The lack of toxicity o f ethylmaltol towards platelets is
supported by its low toxicity in whole animal models and by its current use a licensed
food additive (C h a p te r 2). These observations therefore show that ethylmaltol has
advantages over existing agents used for indium labelling of platelets. The HP-4-ones
CP25 and CP94 and the HP-2-one CP02 may also serve as effective indium labelling
agents for platelets. Although CP25 and CP02 significantly inhibit platelet aggregation at
300|iM , this concentration is considerably greater than the concentration used for platelet
labelling with these compounds (10|iM ) and is therefore unlikely to adversely affect
platelet function during cell labelling.
In principle, metal chelators may inhibit platelet aggregation induced by a
physiological agonist by three major mechanisms: (i) by direct interaction with the
agonist extracellularly, (ii) by interaction with the cell surface receptor for the agonist or
(iii) by inhibition of intracellular components such as second m essengers and proaggregatory enzymes involved in the aggregatory response. The experiments presented in
C h ap ter 3 have investigated the mechanisms underlying aggregation inhibition observed
with the HPOs. These results show that inhibition of platelet aggregation by chelators is
observed with a wide variety of agonists such as collagen, AD P, throm bin and
arachidonic acid. It is unlikely that the chelators would interact extracellularly with all
these disparate agonists and therefore extracellular interaction with the agonist can be
ruled out as a mechanism of aggregation inhibition. Further, unlike collagen, thrombin
and ADP, the agonist arachidonic acid enters platelets by a non receptor-m ediated
process (i.e. by diffusion across the lipid bilayer) and the inhibition o f arachidonateinduced aggregation by chelators suggests that the inhibitory activity is unlikely to be at
the receptor level but downstream of the receptor in the intracellular activation pathway.
Experim ents described in C h a p te r 3 investigated several intracellular targets the
inhibition of which by metal chelators may produce aggregation inhibition. These were
intracellular calcium mobilisation, phospholipase A2 (PLA2) and PG H synthase.
Aggregation experiments performed with the strong calcium-mobilising agonist thrombin
and direct calcium flux measurement in activated platelets (§ 3.5) demonstrated that HP4-ones such as CP25 do not inhibit intracellular calcium mobilisation at concentrations
which produce aggregation inhibition. This suggests that calcium chelation is unlikely to
be the m echanism of inhibition of aggregation. Experim ents which investigated the
effects o f the four chelators which produced the greatest inhibition o f aggregation,
namely CP25, CP02, oxine and tropolone, on neutrophil PLA2 demonstrated that they do
not inhibit this enzyme. Hence it is unlikely that they inhibit platelet PLA2 and therefore
PLA2 inhibition can also be excluded as a possible mechanism of aggregation inhibition.
The investigation of the effects of chelators on TxA2 biosynthesis demonstrated that the
chelators which had the greatest anti-aggregatory effect also showed the greatest
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inhibition of TxA2 synthesis (§ 3.6). Further, the greatest inhibitory activity o f the
aggregatory response and TxA2 generation was mostly observed with small, bidentate
lipophilic chelators with a high affinity for iron(ni). As TxA2 and other products of the
PGH synthase pathway such as PGG2 and PGH2 are proaggregatory agents, the inhibition
o f their production by metal chelators is likely to be the mechanism underlying the
chelators’ anti-aggregatory effects. It is not known for certain which haem enzyme(s) of
the PGH synthase pathway, PGH synthase or thromboxane synthase, is inhibited by
chelators. However, the inhibition of the former is expected to have a greater inhibitory
effect on aggregation.
Three mechanisms of PGH synthase / thromboxane synthase inhibition by metal
chelators can be postulated. The first is by the formation of ternary complexes in which
small bidentate chelators form 1:1 or 1:2 complexes instead o f the usual 1:3 complexes
with iron already partially coordinated by the enzymes. Large hexadentate molecules
such as DFO are unlikely to be able to form such complexes at the active site resulting in
lack of inhibition, a fact confirmed by experiment (§ 3.6). The second mechanism is by
interaction with free radicals generated during catalysis (e.g. the tyrosyl radical of PGH
synthase or the alkoxy radical produced during thromboxane synthase catalysis). Thirdly,
experiments performed with the non-chelating HP-4-one analogue Ome-25 demonstrates
that this com pound also inhibits both platelet aggregation (§ 3 .4 .1 .3 ) and TxA 2
production (§ 3.6.2) suggesting that other non-chelating mechanisms may also play a role
in the inhibition of PGH synthase / thromboxane synthase by metal chelators for example
by the inhibition of substrate binding to the above enzymes. All such inhibitory
mechanisms are compatible with the observation that aggregation inhibition by the HPOs
is reversible (§ 3.4).
The studies presented in C h ap ter 4 have shown that certain metal chelators
including many HPOs also inhibit other intracellular iron-containing enzymes such as
neutrophil 5-LPO. This has been demonstrated by utilizing radiolabelled precursors of 5LPO (i.e. ^H-arachidonate) and by direct analysis of eicosanoids by HPLC. As with the
inhibition of PGH synthase / thromboxane synthase, the inhibition of 5-LPO is favoured
by small, lipophilic bidentate chelators with a high affinity for iron(lll). Comparative
studies with soybean lipoxygenase (sbLPO) have indicated at least two mechanisms are
responsible for the inhibition of lipoxygenases by HPOs. In the first mechanism, iron is
completely removed from the enzyme by HPOs such as CP25 and CP26, thus rendering
the enzyme inactive. Unlike the haem iron of PGH synthase, lipoxygenases contain iron
in the form of a non-haem centre and is therefore much more loosely held by the protein
thus making its removal by chelation feasible. This has been the first time the complete
removal of lipoxygenase iron by metal chelators has been demonstrated. Although the
removal of iron by chelating HPOs has been unequivocally demonstrated in this thesis
only for sbLPO, it is also likely to be the major mechanism of 5-LPO inhibition. This is
consistent with the observation that the inhibition of non-haem 5-LPO by iron binding
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H PO s such as CP26 is irreversible (§ 4.3.1.3) and contrasts with the reversibility of
platelet aggregation (and therefore inhibition of the haem enzymes PGH synthase and/or
throm boxane synthase). The observation that the non-chelating HP-4-one Ome-25
inhibits 5-LPO in the cellular system but is unable to inhibit sbLPO in the cell-free
system suggests that non-chelating mechanisms are responsible for its effects on 5-LPO
in the cellular system. One possible mechanism for this is by the inhibition of 5-LPO
translocation during neutrophil activation, possibly by interaction with the 5-LPO
activating protein (FLAP). Evidence for this comes from its inability to inhibit sbLPO
which does not have an activating protein equivalent to FLAP. Experiments carried out
on neutrophil function indicate that the effects on 5-LPO are not accompanied by general
toxic effects on neutrophils and are thus not likely to contribute to the inhibition of
eicosanoid synthesis. Similarly, the effects of chelators on PLA2 (the enzyme upstream of
5-LPO) demonstrate that apart from the extremely lipophilic HP-4-one CP26, none of the
other chelators have inhibitory effects on this enzyme. However, these effects of CP26
are only seen at concentrations much greater than those at which 5-LPO inhibition is seen
(§ 4.5.1) demonstrating the significantly greater 5-LPO inhibitory activity of CP26.
S um m ary
The studies reported in this thesis have identified chelators from the HPO and
hydroxypyranone families which show potential as platelet labelling agents with indium.
Investigations into the mechanism of platelet aggregation inhibition by HPOs and other
chelators have revealed that inhibition is favoured by small, bidentate, lipophilic chelators
with a high affinity for trivalent cations. This correlates with the inhibition of the iron
enzym es PGH synthase and/or throm boxane synthase in platelets and 5-LPO in
neutrophils. These chelator properties also favour the entry of indium-chelator complexes
into platelets and therefore these studies may be beneficial for identifying compounds
which are effective cell labelling agents but do not cause toxicity by the inhibition of
metalloenzymes. Conversely, these studies may also be beneficial for those uses of metal
chelators in which the specific inhibition of metalloenzymes is desirable (e.g. 5-LPO
inhibitors as anti-inflammatory agents).
5 3 FU TU R E D IRECTIV ES
Ethylmaltol is as effective as oxine or tropolone at labelling platelets with indium
but lacks the inhibitory effects on platelet aggregation at the concentrations used for cell
labelling. This offers a potential advantage in that less cell activation is caused by
ethylmaltol and that data obtained with in vivo studies, for example on platelet survival,
may be more representative of true values than with tropolone or oxine. Clinical studies
comparing survival and distribution following the different labelling methods will be
necessary to verify this.
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The novel lipophilic hydroxypyranone derivatives CP 165 and CP 166 also do not
have adverse effects on platelet aggregation. They have the same affinity for indium(III)
as ethylmaltol but are considerably more lipophilic in the indium-bound state than the
latter. Therefore they are just as likely to donate the indium intracellularly as ethylmaltol
but will enter cells considerably faster thus reducing the labelling time, resulting in less
activated platelets. Hence CP 165 and CP 166 are worthy of evaluation as future platelet
labelling agents with indium.
This thesis has provided evidence for the involvement of enzymes downstream o f
PLA2» namely PGH synthase and thromboxane synthase, in the inhibition of platelet
aggregation by metal chelators. In order to identify the relative contributions made by
these enzymes to the inhibitory effects of chelators, further studies are required. For
example, measurement of the levels of PGG2 and PGH2 in chelator-treated platelets will
indicate w hich enzym e is inhibited. To identify w hich PGH synthase activity
(cyclooxygenase or peroxidase or both) is inhibited by chelators, differential functional
studies utilizing the purified enzyme are required. These studies will also permit the
effects of chelators on the iron centre and the tyrosyl radical o f PGH synthase to be
assessed by electron spin resonance spectroscopy.
The inhibition of aggregation and TxA 2 synthesis by the HP-2-one CP02 is
disproportionately larger than its iron binding affinity and lipophilicity suggest and
further studies are required to elucidate the underlying reason. Such studies may involve
formal structure-efficacy relationships within a series of HP-2-one chelators as for the
HP-4-ones described in this thesis and may include investigations with a non-iron binding
analogue of CP02, similar in principle to Ome25.
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A l GEN ERA L REAGENTS
Ail commonly used laboratory reagents were of com mercial analytical grade
unless otherwise stated. The water used in all experiments was double deionised and was
o f analytical grade (BDH, UK) with a maximum iron content of 0.005 ppm or prepared
in die laboratory.

A2 C H ELA TIN G AGENTS
A2.1 H ydroxypyridinones and hydroxypyranones
The hydroxypyridinones and hydroxypyranones were a kind gift of Prof. R C
Hider, Department of Pharmacy, Kings College, London. They were synthesised as
previously described [Dobbin et al., 1993] [Streater et al., 1990] and their purity
monitored by elemental analysis, reverse phase HPLC and

NMR. They were, in

general crystalline powders except for Ome-25 which was a light brown oil at room
temperature. The structures and chemical properties o f all the hydroxypyridinones and
hydroxypyranones used in the experiments in this thesis are given in A ppendix 2.
All hydroxypyridinones and hydroxypyranones except CP26 and CP84 were
made up as tenfold concentrated stocks in PBS and added to cells 1:10 to achieve the
appropriate final concentration. CP26 and CP84 were insoluble in PBS and were made up
as a five hundred or thousand fold stock in DMSO and added to cells 1:500 or 1:1000.
For all HPOs appropriate diluent controls were performed in parallel. The chelators were
kept at 4°C.
S 1 2 O th er chelators
The structures and chemical properties of the heavy metal chelators listed below
are shown in A ppendix 2.
A22.1 Desferrioxamine
D esferrioxam ine B (DEC, deferoxam ine, D esferal® ) was obtained as the
lyophilised mesylate from Ciba-Geigy, Basel, Switzerland. It was made up as a tenfold
concentrated stock in PBS and added to cells 1:10.
A 2 J J Tropolone
Tropolone was purchased from Aldrich, UK, as a hygroscopic solid, made up in
PBS as a tenfold concentrated stock and added to cells 1:10.
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A2,2,3 Oxine
Oxine (8-hydroxyquinoline, BDH, UK) was mostly made up as a five hundred or
thousand fold stock in DMSO or ethanol and added to ceils accordingly. In some studies
it was dissolved in the minimum of ethanol and made up with PBS.
A 2 J .4 Calcium ionophore (A23187)
The calcium ionophore A23187 was purchased from Sigma UK (product C-5146),
as the mixed calcium / magnesium salt. It was reconstituted in DM SO at 5 mg ml"l
(approx. 10 mM) and kept frozen at -20°C. 5}il of the stock was dissolved in 470}il of
PBS and 5|il of this solution was added to 0.5 ml of cells, i.e. IjiM final concentration.
A 2.2.5 Fura-2-AM
The calcium chelator fura-2-acetoxymethylester (fura-2-AM , Sigma, UK) was
reconstituted to 2mM in DMSO and added to cells 1:200.

A3 ANTI-COAGULANTS
A3.1 C itrate phosphate dextrose adenine 1 (CPDA-1)
CPDA-1 was obtained from a sterile giving set (Fenwal Baxter, UK) and was of
the following composition: trisodium citrate (2.63 g/lOOml); D-glucose (2.90 g/lOOml);
citric acid monohydrate (0.327 g/100ml); sodium acid phosphate (0.251 g/100ml);
adenine (27.5 mg/100ml).
A3.2 N eutral sodium citrate
Trisodium citrate (3.13% w/v) made up in deionised water [Yardumian et al.,
1986]; 1 part anti-coagulant + 9 parts blood.
A3.3 Acidic c itrate dextrose (ACD)
65mM citric acid, 85mM trisodium citrate, llO m M D -glucose made up in
deionised water [Merritt et al., 1990]; 1 part anti-coagulant -t- 6 parts blood.
A3.4 EDTA
Disodium EDTA was made up as a lOOmM stock in PBS, autoclaved and kept
sterile. Blood was taken into 2.5mM EDTA (anti-coagulant : blood, 1:40).
A4 BUFFERS
A4.1 Calcium -free Tyrodes, pH 6.5 / 7.4
8.0 g 1-1 NaCl, 0.2 g I'l KCl, 0.065 g I'l NaH2P 0 4 . 2H2O, 0.415 g
M gCl2.6H20, 1.0 g 1"^ NaHCOg. The pH was adjusted to 6.5 for washing of platelets by
centrifugation and pH 7.4 for aggregation in plasma-free medium.
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A4.2 Phosphate-buffered saline (PBS), pH 7.4
Sterile PBS with and without Ca^+ was purchased from Sigma (UK).
Non-sterile PBS was purchased from Oxoid (UK) in tablet form and made up in
deionised water.
A4.3 PBS containing Ca^+ (0.9mM), Mg^+ (0.5mM) and D-glucose (5mM) (PBSG),
pH 7.4
This buffer is used as a plasma-free medium for neutrophils and was made by
dissolving D-glucose in PBS supplemented with calcium and magnesium chloride
(Sigma, UK).
A4.4 O.IM sodium bicarbonate, pH 9.0
For the dialysis of biotinylated lactofeirin antibody, O.IM sodium bicarbonate was
prepared by separately making up O.IM N a2C0] (10.6 g 1'^) and O.IM NaHCOg
(8.4 g 1*1) in water and mixing them in the appropriate proportion to obtain pH 9.0.
A4.5 O.IM citrate buffer, pH 5.0
O.IM citric acid and O.IM tri sodium citrate were made up separately and
appropriate volumes mixed to obtain pH 5.0.
A4.6 Boric buffer, pH 8.3 - 8.5
Solution 1: Boric acid (5.5 g 1*^), NaCl (29.22 g I'M
Solution 2: Disodium tetraborate (borax, 9.54 g 1*1), NaCl (29.55 g 1*1)
Solutions 1 and 2 were mixed to obtain pH 8.4.
A5 INHIBITORS, STIMULATORY AGENTS AND ENZYMES
A5.1 Piriprost
Piriprost (M.W. 460) was obtained as a lyophilised powder and was a kind gift of
Dr. M. Bach of Upjohn Ltd., Kalamazoo, USA. For assay, a stock of 4mg m l'l was made
up in deionised water and added 1:100 to cells.
A5.2 MK-886
MK-886 was a gift of Dr. A. W. Ford-Hutchinson o f Merck Frosst Centre for
Therapeutic Research, Montreal, Canada. It was made up in DMSO at 200|iM and used at
a final concentration of 200nM.
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A5.3 iV-«thyImaleimide (NEM)
NEM was purchased from Sigma, UK, as a lyophilised powder. For assay, a stock
o f 25 m gm l’^ was made up in deionised water and 20|il was added 1 ml cells.
A5.4 rhG M -C SF
Granulocyte macrophage colony stimulating factor (Hoechst UK, Beringwerke,
Marburg, Germany) was a recombinant human enzyme expressed in E. Coli (rhGMCSF). A 1 p,g m l'l stock solution was prepared in RPMI medium with 2% O'/v) foetal calf
serum and was stored at -20°C.
A5.5 Superoxide dism utase (SOD)
SOD was purchased from Sigma, UK, and made up as a 5 mg m l'l stock in
DMSO. For assay 50 |ig m l'l w^s used.
A5.6 Cytochrom e c
Horse heart cytochrome c (product C-7752, Sigma, UK) was stored at -20°C and
used neat
A5.7 Soybean lipoxygenase (sbLPO)
sbLPO, type IB, was obtained from Sigma UK as a lyophilised crystalline powder
together with a protocol for its functional assay by spectrophotometry. The enzyme had a
protein content of 60%, the rest being NaCl and stabilizer (manufacturer’s data). The total
iron content of a 60|iM solution of this enzyme (corrected for protein content) was
measured by atomic absorption to be about 18|iM (C h ap ter 4).

A6 R A D IO ISO TO PES
A6.1
ll3min (as ll3"™InCl3 in 0.05M HCl) was obtained from a commercial sterile
generator (Amersham, UK) and was a kind gift o f the Dept, of Nuclear Medicine, The
Middlesex Hospital, London. The generator, in the form of a column, houses the parent
nuclide n ^ S n which is adsorbed onto an ion-exchange material. The column has soft
rubber seals at either end which can be aseptically pierced by needles for the injection
and withdrawal of eluent. The parent nuclide decays to the metastable indium isotope
llSmfn by electron capture which, in turn, decays to its stable form,

by gamma-

emission (F ig u re A6.1.1). The 113/wjn so formed is eluted from the column by the
injection of a few millilitres of 0.05M HCl (Aristar grade, BDH UK) to one end and
collecting the eluent into an evacuated (sterile) vial at the other end. After use the column
can be dried by connecting another evacuated vial and drawing air through it.
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ll3m in was obtained a few hours before it was to be used. The activity of the
isotope was measured in an ionisation chamber after collection each day and typically it
was about 0.1 mCi mT^. The eluate contains < 0 .1 2 jiCi as ^^^Sn and < 0.024 jiCi of
other impurities per ImCi of ^^^Sn present on the generator at the time of elution; total
heavy metal impurities were < 5pg ml"^ (manufacturer's data). The pH of the eluate was
about 1.4 ± 0.1
113

Sn 50
EC
tj/2 115 days

113m

392 keV

tin 100 min
113

Figure A6.1.1 The formation of ^^^'"In in the indium generator.
EC, electron capture; IT, isomeric transition.

A6.2 [5,6,8,9,11,12,14,15-3H] arachidonic acid
^H-arachidonic acid was purchased from Amersham U.K. as a ImCi m l'l stock in
ethanol.
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A7 PLATELET METHODS
A7.1 Preparation of washed platelets by centrifugation for labelling
Blood for these studies came from three sources: from the Blood Transfusion
Centre (Brentwood, England), from patients at University College Hospital who have a
unit of blood removed for exchange transfusions routinely by phlebotomy; and from
normal healthy volunteers. In all cases blood was taken into CPDA-1 (§ A3.1). The blood
was centrifuged at 170 g for 20 minutes at room tem perature and the resulting
supernatant o f platelet rich plasm a (PRP) was carefully rem oved to elim inate
contam inating white cells. The PRP was spun at 800 g

for 10 m inutes at room

temperature to obtain a pellet of platelets and a supernatant of platelet poor plasma (PPP).
The latter was discarded by decanting and final traces removed with a pasteur pipette.
The platelet pellet was rinsed by slowly layering and removing with a pasteur pipette 2 x
1ml of PBS. The pellet was then resuspended in 5ml of PBS and centrifuged at 800 g for
5 minutes to obtain a washed pellet of platelets. This pellet was resuspended in PBS at
about 50-80 x 10^ ml*^. Platelet counts were obtained using a Coulter S-Plus blood
counter (Coulter Ltd., Watford, England).
A7.2

Preparation of platelet rich plasma (PRP) and gel-filtered platelets for

aggregation
A 7 .2,l PRF
Blood was taken into 3.13% trisodium citrate (§ A3.2) from healthy volunteers
known not to have taken aspirin (or other non-steroidal anti- inflammatory drug, NSAID)
during the previous 10 days. PRP was prepared as a supernatant by centrifugation at 170
g for 20 minutes at room temperature. A proportion of the PRP was centrifuged at 800 g
for 10 minutes to prepare autologous PPP for dilution of the PRP (if necessary); this PPP
also served as a blank for aggregation studies performed in plasma. After measuring the
platelet count of the PRP using an automated counter, it was adjusted to 250 x 10^ 1"^ by
dilution with autologous PPP. The PRP was kept at room temperature with occasional
mixing until aggregation.
A 7 J i2 GeUJîltration
Aggregation studies with thrombin cannot be perform ed in PRP as plasm a
fibrinogen causes rapid formation of a fibrin clot when exposed to thrombin producing
artefact. This can be circumvented by performing aggregation using gel-filtered platelets.
During gel-filtration PRP is applied to a gel-filtration column and eluted with buffer.
Plasma proteins, because of their smaller size, permeate the pores o f the gel and are
retarded; platelets are too large to enter these pores and therefore appear in the void
volume.
A gel-filtration column was prepared as follows. 50ml Sepharose 2B beads
(Pharmacia, Sweden) were washed in acetone, degassed and poured into an inverted
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siliconised 60ml syringe containing a fine mesh at the bottom. It was further washed with
0.9% saline (100ml Baxter, UK) and then equilibrated with calcium-free Tyrodes buffer
(§ A4.1) containing bovine serum albumin (BSA, 0.2%) and D-glucose (5.6mM) pH 7.4.
PRP was prepared from blood taken into acid citrate dextrose [Merritt et al., 1990]. This
anticoagulant is necessary to maintain the pH of the plasma at 6.5 to prevent activation
during gel-riltration. Typically 20-25 ml PRP was applied to the column and eluted with
calcium-free Tyrodes buffer/BSA/glucose. Washed platelets were recovered by observing
the opacity o f the filtrate. Platelets were supplem ented with CaCl2 (Im M ) before
aggregation.
A7.3 P reparation of the chelator-indium complexes
CP94, CP25, CP02, oxine and ethylmaltol (EM) were made up as 2mM stocks in
PBS, pH 8.0. Oxine was first dissolved in the minimum o f ethanol and made up with
PBS. Appropriate volumes of these stock solutions were incubated for 20 minutes at 37°
C with 0.5 ml of the

solution such that the concentration o f the chelator in the

complex was ten-fold greater than the final concentration to be achieved when mixed
with platelets. The final activity of the

was typically 5|iCi/50 x 10^ cells (= 10

pCi/109 cells = 0.37 MBq/109 cells).
A7.4 lDw*in.ia5eiiing
For labelling, 25pi of the above chelator -H3min complex were mixed well in
LP4 tubes (LIP England) with 225pl of washed platelets, prew arm ed to 37°C, and
incubated at the same temperature for 12 minutes. After the incubation, the tubes were
spun at 800 g for 5 min at room temperature and the supernatant containing the excess
radioactivity decanted and kept for counting. The pellet was washed by layering and
removing 1 ml of PBS at 37°C followed by resuspending in 2 ml of PBS at 37° C and
pelleting the platelets as above. This second supernatant was combined with the first one
and counted separately from the labelled platelets in a gamma counter (Compugamma
LKB). The results were expressed as the radioactivity present in the platelet fraction as a
percentage of the total radioactivity added (i.e. the sum o f the activities in the platelet
fraction and the supernatants).
A7.5 Long term effects of tropolone, ethylm altol an d oxine on platelets
PRP was incubated with each of the three chelators for several days while
maintaining them under conditions routinely used for platelet storage. As it is
recommended that platelets should be stored at a relatively high concentration (at least 55
X 10^ per 50-60 ml, approximately 10^^ 1"^ [McClelland, 1989]) platelets were obtained
from one unit of venesected blood from donors with secondary polycythaemia but with
normal platelet function and known not to have taken aspirin or other NSAI drug for at
least 10 days prior to venesection. The blood (approximately 450ml) was taken into a
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CPDA-1 double blood pack unit with platelet pack (R1346, Fenwal®, Baxter, UK) and
aseptically transferred to 50ml sterile tubes (Falcon) and spun at 170 g

and room

temperature for 20 min. The resulting PRP was spun at 8(X) g for 10 min and the platelet
pellets were separated from the PPP. The pellets were then immediately resuspended in
PPP at 10^^ 1"^, divided equally into 30ml aliquots and placed in platelet satellite packs
designed for 5 day platelet storage (R1346, Fenw al® , Baxter, UK). Stock solutions
(3t%hM) of tropolone and ethylmaltol were prepared in PBS and stock solutions of oxine
in ethanol. To each pack, tropolone, ethylmaltol oxine or their respective diluents were
added from stock (0.22|im filter sterilised) to a final concentration o f 100|iM . The
platelet packs were placed on a gentle horizontal agitator and left at room temperature for
up to 72 hours. Approximately 5ml PRP were withdrawn aseptically from the packs daily
for aggregation studies (§ A7.7).
A7.6 Short term effects of chelators on platelet function
Gel-filtered platelets or PRP were prepared from 60ml blood from a healthy
volunteer as described in § A7.2 for aggregation with thrombiq and other agonists
respectively. Platelets (450|il, approx. 250 x 109 T^) were incubated with chelators
(3(X)pM/l(X)|iM IBE) for 10 min at room temperature. Aggregation was performed with
sub-optimal doses of agonists as described below.
A7.7 Aggregation
Platelet aggregation is routinely measured by a turbidometric technique originally
described by Bom [Bom, 1962]. The principle underlying the technique is that when
platelets aggregate the turbidity of the suspension falls with a concomitant increase in
light transmission. This increase in transmission is recorded by the aggregometer in
relation to a platelet-depleted blank (figure A7.7.1).
To 270|il of platelets, prewarmed to 37°C under constant stirring (990 r.p.m.) in
an aggregometer (Biodata, USA), 30|il of either collagen (Hormonchimie, Munich), ADP
(Sigma, UK), thrombin (sigma, UK) or arachidonic acid (sigma, UK) was added from
ten-fold concentrated stock solutions. The aggregatory response was recorded either as
the maximal increase in light transmission at 4 min with PPP set as 100% (i.e. the
magnitude of aggregation) or as the maximal slope of aggregation (i.e. the rate of
aggregation). The diluents for the various agonists were as follows: collagen, 5% glucose;
ADP, saline; thrombin, saline; arachidonic acid, lOOmM sodium carbonate.
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Figure A7.7.1

Principle of the turbidometric optical aggregometer

A 7 ^ M easurement of intracellular calcium in platelets
A7,8.1 Fura-2~AM
Platelet calcium was measured using the intracellular calcium indicator Fura-2A M [Grynkiewicz et al., 1985] and a single-beam fluorimeter according to previously
published methods [Roberts et al,, 1991] [Macintyre et al., 1988]. Fura-2 is a charged
molecule and does not cross the plasma membrane readily; however its acetoxymethyl
ester derivative (Fura-2-AM) is uncharged and crosses the membrane rapidly. Once
inside the platelet, the ester group is hydrolysed to the carboxylic acid by platelet
esterases. The negatively charged carboxylate is trapped inside the platelet and thus acts
as an intracellular calcium indicator. All calcium measurements were performed with
Fura-2-AM.
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The spectral characteristics of Fura-2 free anion and Fura-2 Ca^+ complex are
shown in Table A7.8.1.1. Upon binding calcium the absorption maximum o f Fura-2
changes gradually from 362nm to about 335nm and there is also a general decrease in the
excitation (absorption) spectrum above 365nm and an increase below this wavelength.
W ith a double-beam fluorim eter, by exciting at two discrim inatory w avelengths
(commonly 340nm and 380nm) and measuring the ratio of emission at 510nm (Table
A 7.8.1.1) the intracellular free calcium concentration can be m easured directly. In a
single-beam fluorim eter excitation is performed at a single wavelength (340nm, the
absorption corresponding to the Ca^+ complex) and emission is recorded at SlOnm.

Table A7.8.1.1 Spectral characteristics of Fura-2 (from Grynkiewicz et al 1985).

Absorption maxima

Emission maxima

Free anion

Ca^+ complex

Free anion

Ca^+ complex

362 nm

335 nm

518 nm

510 nm

A7,8.2 Loading platelets with Fura-2-AM
PRP prepared from blood taken into ACD was incubated with Fura 2-AM (10|iM )
for 30 minutes at 37°C with continuous gentle stirring. Unincorporated dye was removed
by passing the PRP through a Sepharose column (§ A7.2.2) and platelets were eluted with
calcium-free Tyrodes buffer (§ A4.1) containing lOmM HEPES and 0.2% BSA. Platelets
were resuspended in the same buffer at 200 x 10^ p l and was supplemented with ImM
CaCl2 before activation.
A7.8.3 Measurement ofFura~2 fluorescence using a single-beam fluorim eter
Fura-2-loaded platelets (0.9ml) resuspended in Tyrodes/HEPES/BSA were placed
in a quartz cuvette inside a single-beam fluorimeter (Locarte) at 37°C under constant
stirring. Chelators (or diluent) were added from ten-fold concentrated stock solutions and
incubated with the platelets for 30 minutes. The platelets were supplem ented with
extracellular Ca^+ (Im M ) and activated by the addition of either collagen or thrombin
from ten-fold concentrated stocks. At each stage the change in fluorescence was recorded
at ah excitation of 340nm and an emission of 510nm.
As the primary interest of these studies was to determine whether chelators of
trivalent cations chelate intracellular calcium , in some experim ents the change in
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fluorescence was recorded as a qualitative m easure o f the calcium flux. In other
experim ents calibration was perform ed with each sam ple to obtain absolute
concentrations as described below.
A7.8.4 Calibration
The purpose of calibration is to measure Fura-2 fluorescence in the presence of
saturating levels of calcium (Fmax) and in the absence o f calcium (Fmin) in order to relate
these to a fluorescence (F) corresponding to an unknown calcium concentration. Fmax
was determined by measuring the fluorescence (340nm excitation, SlOnm emission) after
lysing the platelets with triton X-100 (0.1%) in the presence of Im M extracellular Ca^+.
U nder these conditions, Fura-2 trapped within platelets is released into the extracellular
medium where it becomes saturated with calcium, thus providing Fmax- A fluorescence
reading for Fmin was obtained by the addition o f M nCl] to the same cell lysate. Fura-2
has a hundred fold greater affinity for Mn^+ than for Ca^+ and therefore the former cation
displaces the latter from Fura-2. As the Fura-2-manganese complex does not fluorescence
at these wavelengths, there is a rapid decrease in the fluorescence, thus providing FminThat the decrease in fluorescence which results upon the addition of MnCl2 is due to
d isp lacem en t

of

Ca^+

by

Mn^+

w as

c o n firm e d

by

the

a d d itio n

of

diethylenetriaminepentaacetic acid, DTP A, 5mM). DTP A is a heavy metal chelator which
has a greater affinity for Mn^+ than Fura-2 and upon its addition a rapid increase in
fluorescence was observed indicating reassociation of Fura-2 and Ca^+. The sequence of
additions is summarised in figure A7.8.4.1. From the values for Fmax

Fmin the Ca^+

concentration ([Ca^+ji) which corresponds to the fluorescence (F) induced by the agonist
can be calculated. F, Fmax and Fmin are related to [Ca^+Ji by the relationship
[Ca2+]i = Kd (F - Fmin) / (Fmax - F)

E qn A7.8.4.1

where K j is the dissociation constant of Fura-2 for Ca2+ and has the value of 224 nM at
37°C [Grynkiewicz et al., 1985].
A7.9 M easurem ent of cyclooxygenase (PGH synthase)-derived throm boxane 8 3 .
Certain platelet activating agents such as collagen and ADP initiate the
peroxidation of arachidonic acid of derived from membrane phospholipids. During this
reaction arachidonate is converted to prostaglandin endoperoxides and thromboxane A2
(TxA2) via the PGH synthase pathway (C hapter 3). TxA2 is a potent platelet activator, it
has a short half life (30s) and it is rapidly converted to the inactive but stable derivative
thromboxane B2 (TxB2). Therefore, the measurement of TxB2 synthesising capacity of
chelator-treated, activated platelets is an index of the activity of PGH synthase in these
cells.
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Figure 7.8.4.1

Changes in Fura-2 fluorescence which occur during platelet activation.

Fura-2 loaded platelets were incubated with chelators for 30 minutes at 37°C in a single
beam fluorimeter as described in § A7.8 . The fluorescence (340nm excitation, SlOnm
emission) was recorded after the addition of each reagent indicated.
The final concentrations of the additions are as follows:
chelators, (500^iM); CaCl2, ImM; thrombin, 1 U ml"^; collagen, 1-5 jig m l '\
triton-X 100,0.1%; MnCl2, ImM; DTPA, 5mM. A diagrammatic representation of a
fluorescence profile is shown below each addition.
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The induction of 7x8% synthesis in platelets and its extraction for analysis were
performed according to a commercially available protocol (Amersham, UK). However,
its analysis was performed using an “in house” radioimmunoassay.
A7.9.1 Induction o f thromboxane synthesis
Blood from healthy volunteers who had not taken NSAI agents for the previous
ten days was taken into 3.13% trisodium citrate (§ A3.2) and PRP prepared as described
in (§ A7.2.1). PRP (450|il, platelet count 250 x 109 l"i) was incubated with chelator or
respective diluents (50|il) for 10 minutes in an aggregometer at 37°C. Aggregation was
induced under constant stirring (990 r.p.m.) by the addition o f either collagen (l-4 |ig ml"
1) or arachidonic acid (1.5mM) from a ten-fold concentrated stock. A fter 4 minutes the
reaction was stopped by the addition of 55|il of lOOmM EDTA. The samples were put on
ice, centrifuged at 1500 g for 10 minutes at 4°C and the supernatants were stored at
-20°C until extraction.
A 7 .9 2 Solid phase extraction ofT xB 2
Preliminary experiments showed that TxB2 levels in plasma cannot be reliably
measured without extraction because of interference from plasma components (C hapter
3). Therefore TxB2 in all subsequent samples were extracted using a commercially
available solid phase minicolumn.
An Amprep® C2 minicolumn (Amersham, UK) was rinsed with methanol (2ml)
followed by deionised water (2ml) by applying positive pressure with a syringe. 300|il of
the plasma containing released thromboxane was acidified to pH 3.0 with formic acid
(284|il of 10% formic acid / ml of plasm a or 86|il/300fil plasma) and applied to the
column. After passing the sample through the column it was rinsed with water (5ml)
followed by 10% ethanol (5ml) and hexane (5ml). Finally the column was eluted with
methyl formate (5ml) and the eluate collected and stored in 15ml Falcon tubes. The
methyl formate was evaporated in a centrifugal evaporator and the pellets stored at -20°C
until assay.
A 7 .9 3 Radioimmunoassay o f TxB 2 (Method according to Jeremy eL al. 1986)
The principle underlying the measurement of TxB2 by radioimmunoassay is the
competition between native TxB2 present in the sample and exogenous pH ]-labelled
TxB2 for a limited number of binding sites on a specific TxB2 antibody. The antibodyTxB 2 complex can be separated from the unbound TxB2 by adsorption onto activated
charcoal followed by centrifugation. The radioactivity present in the supernatant is
proportional to the number of labelled TxB2 molecules displaced from the antibody by
native TxB2, i.e. the higher the concentration of native TxB2, the lower the radioactivity
present in the supernatant. The radioactivity o f the supernatant is measured by p-
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scintillation. The assay is quantified by including TxB2 standards o f know n
concentration. The reagents required for the assay are shown below and the volumes used
are shown in T able A7.9.3.1.
RIA buffer
6.9 g Tris + 0.5 g gelatine were put in a glass beaker and heated to 50°C until the gelatine
had dissolved. After cooling, the pH was adjusted to 7.4 with lOM HCl and stored at 4°C.
Charcoal solution
0.5 g dextran was dissolved in 250ml RIA buffer. To this 2.0 g of activated charcoal was
added and stirring continued until the solution was homogeneous. The solution was
stored at 4°C until use.
TxB2 standards
T x B 2 standards were made up in duplicate in the range 1-100 000 pg/tube by serial
dilution of stock TxB2 (1 fig m l'l) (Sigma, UK) and added to tubes as shown in Table
A 7.93.1.
TxB2 antibody
The TxB2 anti serum was a kind gift of Dr. J. Jeremy, University of Bristol, UK. The
stock antiserum (600p,g

was diluted in assay buffer to obtain a final concentration

of 15p.g m l'k The cross reactivity of this antiserum towards a range o f other prostanoids
and parent lipids is shown in Table A7.9.3.2 and was < 0.001% in all cases.
[^HJ-labelled TxB2
[3H]TxB2 (0.25 mCi ml’l), Amersham, UK) was reconstituted in 1 ml ethanol and stored
at -20°C. A working stock of (0.1 pCi ml’l) was prepared in assay buffer and 50|il o f this
was added to each tube. The extracted samples were reconstituted in 0.1ml ethanol and
made upto 1ml with assay buffer. Samples (and standards) were mixed well with TxB2
antibody and [^H]TxB2 in LP3 tubes as shown in T able A7.9.3.1 and were incubated
overnight at 4°C. The following morning 500|il of chilled charcoal solution was added to
each tube (except Total), mixed well and incubated for 10 minutes at 4°C. The samples
were centrifuged (800 g) for 5 minutes at 4°C and the supernatants were decanted into
scintillation vials. The activity of the supernatants were determined by the addition of
scintillant (Optiphase “HighSafe II”, Pharmacia, UK) to each tube and counted using a 13counter.
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Table A7.9.3.1 Thromboxane B2 measurement by radioimmunoassay.

Tube No.

Volume of

Volume of

Volume of

Volume of

buffer (pi)

T xB2 Ab

T xB2 (pi)

sample

(pi)

(Pl)

1-2

NSB

300

3-4

Total

-

-

50

-

5-6

Bo
S td /

200

100

50

-

100

100

50

lOOa

7-

50

Sample

Abbreviations: NSB, non-specific binding; Bq, binding in the absence of native antigen.
^In samples with high concentrations of TxB2 the volume was reduced to 10|il and the
rest made up with buffer.

A7.9.4 Quantification
The average value of the duplicate counts were taken and the percentage activity
bound (B/B q) was calculated for each sample/standard using the relationship shown
below.
% activity bound = B/B q = (standard or sample c.p.m. - NSB c.p.m.i
(Bo c.p.m. - NSB c.p.m.)
where B is the counts from the sample or standard,

Bq

the counts in the absence of native

antigen and NSB is the non specific binding in the absence of both antibody and antigen.
A standard curve was generated by plotting the percentage activity bound

( B / B q)

against

TxB2 concentration (figure A7.9.4.1). From this, the TxB2 concentrations which
correspond to a given

B /B q

was read off directly.
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F ig u re A 7.9J.2 Cross-reactivities of some major prostanoids and parent lipids with the
T xB2 antiserum.

Lipid

Cross-reactivity =

Percentage cross-reactivity

TxB2

100.0

6-oxo-PGFia

0.001

PGF2a

0.002

PGE2

0.005

PGD2

0.003

PGEi

0.01

PGB2

0.003

PGA2

0.005

6-oxo-PGEict

0.005

Linoleic acid

<0.0001

Arachidonic acid

<0.001

mass of TxB? required to displace 50% F^HlTxBo
mass of PGx required to displace 50% [^H]TxB2

where PGx is the other prostanoid whose cross reactivity is being measured.
Data kindly provided by Dr. J.Y. Jeremy, University of Bristol.
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F igure A7.9.4.1 Standard curve for thromboxane B2 radioimmunoassay.
The percentage o f [3H]labelled antigen bound (B/B q) is shown as a function o f the
concentration of unlabelled antigen.
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A 8 NEUTROPHIL METHODS
A8.1 Neutrophil purification
Blood from healthy volunteers was taken into 2.5mM EDTA (§ A 3.4) and
erythrocytes were sedimented with 1% dextran for 20 minutes at room temperature in a
syringe. The resulting leukocyte rich plasma (LRP) was layered on to Ficoll (1:1)
(Pharmacia, Sweden), centrifuged at 800 g for 20 minutes at room tem perature and
neutrophils isolated as a pellet. The pellet was resuspended in PBS without Ca^+ and
contam inating erythrocytes were hypotonically lysed by the addition o f 5ml ice cold
distilled water for 30s followed by 2ml 3.5% sodium chloride and topping upto 50ml with
PBS. The neutrophils were washed twice with PBSG (§ A4.3). Neutrophils purified thus
were > 98% viable by Trypan Blue exclusion.
A8.2 Loading neutrophils with ^H arachidonic acid
P urified neutrophils (5 x 10^ ml ^ in PB SG )

w ere in c u b ated

w ith

[5,6,8,9,11,12,14,15-3H] arachidonic acid (0.5 |iCi ml'^) in the presence o f 0.1% PCS for
2h at room temperature with occasional mixing. Approximately 80% o f the label is
incorporated into cells under these conditions and after washing off unincorporated label,
no free [^H]arachidonic acid is detected in cells by thin layer chromatography, 63% of
radioactivity being sequestered in the phospholipid pool and the rest in the triglyceride
p o o P . A fter incubation, the excess radioactivity was washed three tim es with PBS
without Ca^+ and Mg^+ (180g 5min) and finally resuspended at 1 x 10^ ml"^ in PBSG.
A8.3 Extracellular release of 5-LPO-derived [^HJarachidonate-labelled
eicosanoids
A simple, robust functional assay was used for the quantification of the inhibition
of 5-LPO using radiolabelled arachidonic acid-loaded neutrophils [Roberts et al., 1993].
W hen neutrophils are fired with calcium ionophore, arachidonic acid is liberated from
membrane phospholipid by the enzyme phospholipase A 2 (Chapter 5). This arachidonic
acid is subsequently converted to eicosanoids by 5-LPO which is also activated by
calcium ionophore. The release of these eicosanoids into the supernatant can be
quantified by means of 6-scintillation and forms the basis of this radiometric technique
for the quantification of 5-LPO.
Aliquots of labelled purified neutrophils (0.5ml, 1 x 10^ ml'^) were prewarmed
to 37°C (5 min) and incubated with either compounds or their respective diluents for 15
minutes (or for different times for time courses). All chelators except CP26, CP84 and
oxine were made up in PBS and added to cells from ten-fold concentrated stocks; CP26
and CP84 were made up in dimethylsulfoxide (DMSO) and added to cells from a five
hundred-fold concentrated stock; oxine was added from a five hundred-fold stock in

^ P. J. Roberts, personal communication.

214
ethanol. Control samples containing diluent alone were run in parallel. Leukotriene
synthesis was stimulated with calcium ionophore (IfiM ) for 10 minutes and the reaction
was stopped by placing tubes on ice for 30 min. The samples were spun at 12000 g for 4
min and 0.4 ml of supernatant taken to determine radioactive release by 6-scintillation.
U nder these conditions the release of radioactivity from unstimulated control cells was
less than 5% of total counts up to 4h incubation at 37°C.
A8.4 M easurem ent of neutrophil phospholipase

(PLA]) activity

A 8 .4 J Principle
Stimulation of neutrophils with calcium ionophore results in the activation of two
key enzymes, viz. phospholipase A% (PLA2) and 5-LPO, and these are discussed in
C h ap ters 3 and 4. PLA2 liberates arachidonic acid from membrane phospholipids
(figure 3.2.8.1) which is then m etabolised to various eicosanoids by 5-LPO in
neutrophils. The radiometric assay for the measurement o f PLA2 utilises a specific
inhibitor of 5-LPO (MK-886^ ) which inhibits the metabolism of arachidonate via 5-LPO.
Under these conditions, the liberated arachidonate is immediately reesterified or released
extracellularly followed by reesterification. However, if the stimulation of neutrophils is
carried out in the presence of both 5-LPO inhibition and the presence of serum albumin in
the extracellular medium, the released arachidonate can be trapped extracellularly and
quantified by p-scintillation. This forms the basis of the PLA2 assay procedure is
illustrated in figure A8.4.1.1.
A 8 .4 2 M ethod
Purified neutrophils were radiolabelled with [^H] arachidonate as described in §
A8.2. Cells (0.5ml, 2 x 10^ ml*^) were equilibrated to 37°C and pre-incubated with the 5LPO inhibitor MK-886 (200nM) for 5 minutes to inhibit arachidonate metabolism via this
pathway [Gillard et al., 1989], thus maximising recovery of arachidonic acid. After 15
minutes incubation with chelators, calcium ionophore (l|iM ) and fatty acid-free bovine
serum albumin (Im g m l'l) were added simultaneously to stimulate arachidonic acid
release and sequester released arachidonate respectively. The reaction was terminated by
the addition o f N-ethylm aleim ide (2mM) and samples placed on ice. Samples were
centrifuged (12 000 g, 4 min) and 0.4ml aliquots o f supernatant were assayed for
radioactivity by liquid scintillation. Thin layer chromatographic analysis of released
radioactivity demonstrated that arachidonic acid was the major lipid species that was
released^.

^ MK-886 achieves its specificity by inhibiting the 5-lipoxygenase activating protein (FLAP), a protein
specific for 5-LPO (Chapter 4).
^ P. J. Roberts, personal communication.
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A8.5

M easurem ent of neutrophil m igration (chem otaxis).
The destruction of microorganisms by neutrophils (and other phagocytes) can be

divided into three major steps:
(i) the movement of the neutrophil towards the organism, a process known as m igration
or chemotaxis;
(ii) the engulfment of the organism and the formation of the primary phagosome, also
known as phagocytosis and
(iii) the killing o f the organism and formation o f the secondary phagosome by the
secretion of the contents o f the secondary granules.
The measurement of neutrophil chemotaxis is described in this section and the
measurement of superoxide-mediated killing o f organisms and the m easurement of
secondary degranulation are described in the next two sections.
A8^.1 Principle
In vivo, neutrophil migration is due to two principle factors: certain chemical
substances known as chemoattractants produced by bacteria, and certain components of
the complement system such as the peptide C3a. The presence o f these components in
plasma makes the latter highly chemoattractive towards neutrophils and can therefore be
used to reproduce chemotaxis in vitro.
A 8 J J Method
The effects of chelators on neutrophil migration was measured using a modified
version of the raft micropore membrane technique originally described by Addison and
Babbage [1976]. Blood from healthy volunteers was taken into a vacutainer containing
lithium heparin and the erythrocytes sedimented with hydroxyethyl starch (1:1, 20
minutes). Leukocytes (2 x 10^ mT^) were resuspended in MEM containing HEPES
without bicarbonate (Imperial Cancer Research Fund, London) and incubated with
chelators at appropriate concentrations for 15 minutes at 37°C. Aliquots of cell/chelator
suspensions were placed in 8mm plastic cups and inverted upon a cellulose nitrate
membrane (Sartorius, UK) with a pore size of 3|im positioned upon a layer of filter paper
saturated with stimulant (10% plasma) (figure A8.5.2.1). After a further 45 minutes the
cups were removed, and the cell suspension rinsed with 0.9% saline. The membranes
were fixed in isopropanol, stained with haemotoxylin, dehydrated and cleared in xylene.
Migration was quantified by optical microscopy as the distance travelled by the leading
edge of cells.
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Fi g ure A8.5.2.1
Micropore membrane technique for measurin g
neutrophil chemotaxis. (Adapted from Addison and Babbage, 1976).

A 8.6 M easurem ent of neutrophil NADPH oxidase activity
A 8,6A Principle
A fter the process of chem otaxis has directed the neutrophil towards the
microorganism, the latter is engulfed into the interior o f the neutrophil by phagocytosis.
O nce phagocytosis is complete, activated neutrophils produce reactive oxygen radicals
such as superoxide by means of the membrane enzym e N A D PH oxidase, molecular
oxygen and NADPH. In phagocytosing neutrophils superoxide is secreted into the
phagosome and is used for the killing of ingested microorganisms. During this reaction
there is a rapid (10-20 fold) increase in oxygen consumption by neutrophils and therefore
it is known as the re sp ira to ry burst. The respiratory burst can be elicited in vitro by
phorbol esters such as 12-0-tetradecanoylphorbol-13-acetate (TPA). The principle of this
neutrophil functional assay is illustrated below and involves the quantitative coupling of
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endogenously produced superoxide radicals to the reduction o f exogenous ferri
cytochrome c :
E qn A8.6.1.1

2O2

+

NADPH

NADPH oxidase
____

►

20%-

+

NADP+

superoxide
C y tc Fe^'*'

C ytc Fe^'*’

The reduction of ferri cytochrome c is followed spectrophotometrically by monitoring the
absorbance at 550nm against blanks not containing superoxide. The rem oval o f
superoxide from the blanks is achieved by the addition o f the enzyme superoxide
dismutase (SOD). SOD dismutates superoxide to hydrogen peroxide and oxygen:

^2

+ O2

2H+
----------------- H2O2 + O2

E qnA 8.6.1.2

A 8 .6 2 M ethod (end-point assay adapted from the continuous one described by Roberts
et al., 1993).
Purified neutrophils (0.8ml, 1 x 10^ m l'^) were placed in four 1ml plastic
spectrophotometer cuvettes labelled A-D as shown below:

+

LEEA______________
4-

±I?à ____
4-

4-

Cells (0.8 ml)

+

4-

4-

4-

Cyt c (0.1ml)

4-

4-

4-

4-

Drug (0.1 ml)

-

4-

-

4-

SOD (Ip l)

Con

A

B

C

D

Drug 1

A

B

C

D

Drug 2

A

B

c

D

etc.

,Cells were pre-warmed for 5 minutes at 37°C and all four samples were preincubated with chelator (lOOpl) in the presence o f ferri cytochrome c (lOOpl) for 20
minutes. Controls were also run in parallel containing an equal volume of the diluent o f
the chelators. To cuvettes B and D SOD (l|il in DMSO) was added in order to dismutate
the superoxide produced by these cells to hydrogen peroxide and oxygen and act as a
reference; to cuvettes A and C an equal volume of DMSO (diluent for SOD) was added.
The cells in cuvettes C and D were stimulated with 12-0 -tetradecanoylphorbol-13-acetate
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(lp.1 TPA, 500 ng ml"^ final concentration) for 10 m inutes to induce superoxide
production; the cells in cuvettes A and B were stimulated with an equal volume of DMSO
(the diluent for TPA) and acted as a measure of the resting level of superoxide production
. The reactions in all cuvettes were stopped with 20}il of 12.5mg ml"^ A-ethylmaleimide,
and the superoxide generated in cuvettes A and C was measured against their respective
SOD-containing blanks (B and D). Sim ilar experim ents were carried out in which
arachidonic acid was used as the agonist instead of TPA.
The optical densities (O.D.) were quantified in terms of the number of moles of
NADPH oxidised and the results were normalised to the activity of 10^ cells:
1 O.D. unit = 47.5 nmol NADPH oxidised / sample (1ml).
A8.7. Measurement of neutrophil secondary (specific) degranulation
A8.7.1 Principle
After engulfment of microorganisms by neutrophils (and other granulocytes), the
contents of their primary (azurophil) and secondary (specific) granules are discharged
into the phagosome as well as extracellularly and can, in principle, be quantified by
measuring the extracellular release of an appropriate marker. Neutrophil secondary
degranulation can be readily quantified by the extracellular release o f the iron binding
protein lactofenin, a constituent of the secondary granule. L actofenin levels were
quantified by an enzyme-linked immunoassay (ELISA) in both purified neutrophils and
in whole blood as described below.
A8.7,2 Measurement o f calcium ionophore- and GM -CSF-induced degranulation in
purified neutrophils
Blood from healthy volunteers was taken into 2.5mM EDTA using a 19G
butterfly. Erythrocytes were dextran-sedimented and neutrophils purified in a manner
identical to that described in § A8.1 except that the hypotonic lysis step was omitted^ .
Neutrophils (3.6 ml, cell concentration 2.4 x 10^ ml'^ in PBSG) were pre-warmed at
37°C for 5 minutes, mixed gently ^ with either CP25, CP26 (300|iM) or an equal volume
of their r e a c t i v e diluents and incubated at the same temperature for upto 4h. CP25 was
added from a ten-fold stock in PBS; CP26 was added from a one thousand-fold stock in
DMSO. At appropriate times, 0.5 ml aliquots were withdrawn and degranulation induced
for 30 minutes at 37°C with either calcium ionophore (l|iM ), granulocyte-macrophage
colony stimulating factor (GM-CSF, lOng ml*^) or their respective diluents. The cells

^ The process of purification itself leads to some unavoidable activation of neutrophils. However, most of
this activati(Mt occurs during hypotonic lysis of erythrocytes and can be avoided by its omission. The
resulting neutrophil preparation has a greater number of erythrocytes but, as they do not contain lactoferrin,
the results obtained with these cells are unlikely to be significantly different from those carried out using a
preparation from which erythrocytes have been eliminated by hypotonic lysis.
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were then centrifuged (800 g ^,5 minutes) and the supernatants were stored at -20°C until
analysis.
A 8 .7 3 Measurement o f GM-CSF- induced degranulation in whole blood
Blood from healthy volunteers was taken into 2.5mM EDTA^ through a 19G
butterfly and mixed with CP25, CP26 or their respective diluents as described above and
incubated at 37°C. At appropriate times 0.5ml aliquots were withdrawn and stimulated
with GM-CSF (lOng ml"^) or its diluent for 30 minutes. The cells were centrifuged and
the supernatants stored as described above.
Calcium ionophore is a very weak agonist of neutrophils in whole blood assays
and therefore its effects on whole blood degranulation was not investigated. This lack of
stim ulation is almost certainly due to its hydrophobic nature w hich may lead to
preferential partitioning in red cell membranes. As the ratio o f red cells to neutrophils in
whole blood is > 1000, this will reduce the effective concentration o f the agonist.
A8.7.4 Quantification o f lactoferrin release by E U S A
Lactoferrin was m easured by an enzym e-linked sandwich technique using a
polyclonal capture antibody, a biotinylated secondary antibody as the amplifying system
and peroxidase avidin-O-phenylenediamine (OPD) as the detection system [Devereux et
al., 1990]. The principle of the assay is shown in figure A8.7.4.1.
2ml of polyclonal rabbit anti-human lactoferrin antibody was purchased (Dako,
UK) and separated into two 1ml aliquots. One aliquot was kept at 4°C and used as the
capture antibody (bottom layer); the remaining 1ml was dialysed in a dialysis membrane
(Sigma, UK) against O.IM sodium bicarbonate (§ 2 J .2 ), pH 9 for 3 hours at 4°C and
biotinylated as follows. 2mg o f the biotinylating agent biotin-amidocaproate-A^hydroxysuccinimide (BNHS, Sigma UK) was dissolved in 2ml o f DMSO. 120(il of this
solution was withdrawn and incubated with the dialysed antibody for 4 hours at room
temperature. After the incubation, the antibody / BNHS mixture was dialysed against
PBS, pH 7.3, for 24 hours at 4°C. The biotinylated antibody was divided into 20p,l
aliquots and stored at -20°C until use.
The capture antibody was diluted Viooo ii' PBS and 50}il was pipetted into each of
96 wells of a flat-bottomed ELISA plate (Costar, UK). The plate was left at 4°C
overnight under humid conditions for the antibody to bind to the plate. The plate was
rinsed three times with PBS and sites on the plate not bound to antibody blocked by
incubation with 250|il BSA (1% in PBS) for 1 hour at room temperature. The BSA was
discarded and the plate washed four times with washing buffer (PBS/0.1% Tween

^ Vigorous mixing (e.g. with a vortex) and high centrifugal forces (e.g. with a microfuge) cause non
specific degranulation and must be avoided (results not shown).
^ Preliminary experiments showed that the background levels o f lactoferrin in blood taken into 2.5mM
EDTA was much lower than in blood taken into heparin (0.1 Uml'^) (results not shown).
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Figure A8.7.4.2 Standard curve for the quantification of lactoferrin by ELISA.
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20/0.1% BSA). To one section of the plate SOfil of sample (appropriately diluted^ in PBS)
was added; to the other, 50}il of authentic lactoferrin standard (Sigma, UK) was added,
serially diluted in PBS in the range 0-125 ng m l'^. The samples and standards were
incubated for 2 hours at 37°C, and then the plate washed four times with washing buffer.
SOjil of biotinylated antibody diluted V2000 in PBS was added to each well and incubated
for 11/2 hours at 37°C. The plate was again washed four times with washing buffer and
then incubated for Ih with 50|il peroxidase avidin (ICN Flow, UK) diluted i/iooo in boric
buffer, pH 8.4 (§ A4.6). The plate was washed for a final time with boric buffer
containing 0.1% Tween 20 and 0.1% BSA. To each well lOOfil of OPD solution (12.5mg
OPD dissolved in 37.5ml O.IM citrate buffer with 5|il 30% hydrogen peroxide added just
before use) was added and the plate left in the dark for about 10 minutes until a colour
differential was seen. The reaction was stopped with lOOfil o f 12.5% sulphuric acid and
the absorbance recorded at 490nm using an ELISA plate reader (Dynatech, UK). The
lactoferrin concentrations in the samples were calculated by plotting a standard curve in
the linear range of the curve (figure A8.7.4.2).
A9 EXTRACTION, SEPARATION AND QUANTIFICATION OF TOTAL
CELLULAR EICOSANOIDS BY REVERSED PHASE HIGH
PERFORMANCE LIQUID CHROMATOGRAPHY (RP-HPLC).
Total cellular eicosanoid production in neutrophils was m easured using a
modification o f the method described by Powell, 1987.
A9.1 Stimulation of eicosanoid synthesis
Blood from healthy volunteers was taken into 2.5mM EDTA and neutrophils were
purified and resuspended in PBSG as described in § A8.1. Purified neutrophils (2ml at
4.5 X 10^ m l‘1, unlabelled) were prew arm ed to 37°C and incubated at the same
temperature in non adherent 15ml tubes (Falcon) for 15 minutes with chelator or diluent.
The cells were then stimulated with calcium ionophore (l|iM ) for a further 10 minutes.
The reaction was stopped and the cells lysed in a single step by the addition o f two
volumes of ice-cold ethanol (100%). The samples were acidified to pH 3.0 with 10%
formic acid and the ethanol diluted down to 15% with water. The lysates were
centrifuged at 4°C (800 g, lOmin) to eliminate debris and to each prostaglandin B2
(PGB2, 400ng, Cascade Biochem Ltd., Reading, U.K.) was added as the internal standard
in order to correct for procedure-related losses.

^ The optimum dilution is dependent upon the sample (e.g. purified neutrophils or plasma, calcium
ionophore-stimulated or GM-CSF stimulated) but, in general, samples dilutions between VlOO and V5OO
were required.
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A9.2 Extraction of eicosanoids
As neutrophils do not produce detectable levels of the peptido leukotrienes LTC4 ,
L T D 4 and LTE4 [Roberts et al., 1993], samples were extracted using a procedure
specific for eicosanoids other than peptido-leukotrienes [Powell, 1987]. This procedure is
summarised in figure A9.2.1. Cig minicolumns (Alltech Associates, Carnforth, UK,
capacity 5ml) were pre-conditioned with ethanol (5ml) followed by water (5ml)^. The
sample was applied to the column and the column was washed with the following
sequence of solvents: 15% ethanol (20ml), water (20ml) and petroleum ether (20ml).
Eicosanoids were eluted with methyl formate (10ml) and the eluate collected into 15ml
tubes (Falcon). The methyl formate was evaporated off in a centrifugal evaporator and the
dried extracts were kept at -20°C until analysis by HPLC.

A9.3 Separation of eicosanoids using a three component mobile phase
A mobile phase consisting of water : methanol : acetic acid, 33:67:0.1 [Powell,
1987] was prepared from HPLC grade solvents, clarified by filtration through a 0.22|im
disc filter compatible with acetonitrile (Alltech, UK) and degassed thoroughly under
vacuum. The leukotriene extracts were reconstituted in the mobile phase and injected
into a reversed-phase 10cm analytical column (ChromSpher Gig, Chrompack, London)
fitted with a 1cm guard column filled with the same packing and connected to a Waters
525 solvent delivery system. In order to minimise errors arising out of variations in
injection volume, all injections were performed via a constant-volume

2 0

[il overfill loop

(Waters, UK) fitted to a manual injector (Rheodyne, USA). Separation of eicosanoids
was achieved under conditions of isocratic flow (0 .2 ml min-1 ).

A9.4 Detection
Eicosanoids have characteristic u.v. absorption maxima (table A9.4.1) and these
were used to detect LTB4 , its oxidative metabolites (2 O-CO2 H-LTB 4 and 2 O-OH-LTB4 )
and the internal standard (PGB2 ). After separation of eicosanoids, the absorbance of the
eluate from the column was monitored at 280nm (A^max of above three eicosanoids. Table

A9.4.1) and simultaneously scanned from 220nm-320nm over a period of Ih using a
photo diode array u.v. detector (Waters 991). These 3D data (absorbance vs wavelength
vs time) were generally expressed as a chromatogram at 280nm with an accompanying
spectrum scan for each peak. Using the spectrum scans, leukotrienes were distinguished
as a group from PGB 2 by their characteristic triple absorption maxima at approximately
262, 272 and 282nm and PGB2 was identified by its broad peak at 280nm (Figure

4.4.1.1, Chapter 4). The retention times of each of the above four eicosanoids were
identified by the injection of authentic standards (Cascade Biochem Ltd., U.K.).
^ To expedite the passage of the solvent through the stationary phase, negative pressure was applied
through a multi-channel vacuum manifold. Care must be taken during this procedure not to let the column
become dry.
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The eicosanoids derived from neutrophils treated with all compounds except the
non-iroB-binding analogue Ome-25, could be separated by the above three component
mobile phase. However, under these conditions, Ome-25 itself co-elutes with the internal
standard and this is discussed in Chapter 4. To overcome this problem a four component
mobile phase comprising water/methanol/acetonitrile/acetic acid was developed as
described below.
A9.5 Separation of eicosanoids using a four component mobile phase
la order to achieve separation of the non-iron-binding analogue Ome-25 from the
internal standard while retaining isocratic conditions of flow^. a fourth component (viz.
acetonitrile) was introduced into the three component system. The optimal composition
o f this mobile phase was 45:30:25:0.5 (water : methanol : acetonitrile : acetic acid). Cell
extracts were reconstituted in this mobile phase and analysed in a manner identical to that
described above. Separation of LTB4 , 2 O-CO2 H-LTB 4 , 2 O-OH-LTB4 and the internal
standard was achieved under isocratic conditions in under Ih.

Table A9.4.1 Ultraviolet absorption characteristics of some major eicosanoids.
(Adapted from Powell, 1987).

Eicosanoid

^max

e (M‘l cm'l)

LTB 4

281

39 500

2

O-CO2 HLTB4

281

39 500

2

O-OH-LTB4

281

39 500

LTC4

280

40 000

LTD 4

280

40 000

LTE4

280

40 000

PGB2

278

28 650

^ For quantxative analyses it is desirable to use isocratic conditions of flow in preference to a gradient
system whenever possible. This is because under the latter conditions there is often an increase in the base
line which occurs as a result of the constantly increasing proportion of the organic phase.
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A9.6 Q uantification of eicosanoids
The quantification of eicosanoids by HPLC essentially involves three steps.
(i) Determination of peak area (peak height is probably not reliable at low absorbances).
Peak areas were measured by valley-to-valley integration o f each peak using computer
software supplied by the manufacturer of the photodiode array (Waters 991® software).
(ii) Conversion of peak area to amount of compound (i.e. number o f moles). This step
m ust take into account procedure-related losses (e.g. those that may occur during
extraction or storage) and is corrected for by the use of the internal standard. The internal
standard is another compound which behaves in a similar way to the one(s) of interest
during extraction, storage etc. For eicosanoid work, the internal standard most commonly
employed is PG B2 [Powell, 1987]. The amount of the unknown eicosanoid X, co
extracted with a known amount of the internal standard PGB2, is related to its molar
absorption coefficient (ex) and that of PGB2

(e p G B 2 )

by the relationship given in E q n

A9.6.1.
E q n A9.6.1
Amount of X = FPeak Area of XI x F28 6501 x FAmount of PGBo added] (pmol)
(pmol)

[Peak area of PGB2]

x [ex]

where 28 650 M"^ cm'^ is the molar extinction coefficient of PGB2 (Table A9.4.1).
(iii) Normalisation of recoveries. The recoveries.o f all eicosanoids presented in this thesis
have been normalised to a constant cell number (10^ cells). Thus data from different
experiments are comparable.

AlO SOYBEAN LIPO X Y G EN A SE M ETH O D S
Soybean lipoxygenase (sbLPO) is a 15-lipoxygenase w hich catalyses the
peroxidation of its preferential substrate linoleic acid to linoleic hydroperoxide:
SbLPO
Linoleic acid + O2 --------------------------► Linoleic hydroperoxide
Xmax = 234nm, e = 236000 M'^ cm'^

A lO .l S pectrophotom etric functional assay
sbLPO (Type IB) and linoleic acid were purchased from Sigma, UK.

The

inhibition of the enzyme was monitored as a decrease in absorption by the product
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linoleic hydroperoxide at 234nm in a quartz cuvette according to a method based on the
manufacturer’s protocol and is described below.
A lO J J Reagents
0.2M borate buffer: Boric acid (6.18g/500ml) dissolved in deionised water and the pH
adjusted to 9.0 with NaOH.
Substrate solution: Linoleic acid (product L-1376, Sigma) was purchased as a 3.21M
stock solution in ethanol. It was separated into 50|il aliquots and stored under nitrogen at
-20®C. On the day of assay a 50|il aliquot of linoleic acid was thawed and mixed into an
emulsion with 50|il of ethanol. The mixture was transferred to a volumetric flask and the
volum e made up to 50ml with deionised water to give a substrate solution containing
3 .2 ImM linoleic acid. For assay this was diluted to Im M with borate buffer.
Enzyme solution: lyophilised sbLPO was dissolved in borate buffer to obtain a solution
containing 10 000 U m l'l activity^® (1.8 mg mP^ enzyme). For assay 500 U / 3.0 ml
reaction volume was used; this corresponds to a concentration of about l|iM (assuming a
molecular weight of 102 000 [Schewe et al., 1986]).
A l 0.1 J M ethod
Chelator and enzyme were incubated in Bijou vials at room temperature for 15
minutes as shown in T able AIO.1.2.1. Reference (blank) samples were also prepared
containing the diluent o f the chelator. After the incubation period the sample and its
respective blank were transferred to two 3ml quartz cuvettes (1cm light path) and placed
in the appropriate light paths of a spectrophotometer (Pye Unicam SP8000). The reaction
was initiated by the addition of 2ml of ImM linoleic acid and the rate o f reaction was
monitored at 234nm for 10 minutes. The maximal rates of reactions in the absence and
presence of various compounds were determined using the molar absorption coefficient
o f the hydroperoxide (e = 23600 M 'i cm-i [Nelson et al., 1991]).

A10.2 Spectrophotometric determination of removal of soybean lipoxygenase
iron
In common with all transition metal-chelate complexes, the ferric complexes of
H PO s and DFO have strong absorption maxima in the visible range. Therefore, in
principle, the removal of iron from metalloenzymes by HPOs and DFO can be followed
spectrophotom etrically by the formation of HPO-chelate complexes and ferrioxamine
respectively.
Unit definition: one unit will cause an increase in A 234 of 0.001 per minute at pH 9.0 at 25®C when
linoleic acid is used as substrate (rection volume = 3.0 ml, light path = 1cm).
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Table AIO.1.2.1

Functional assay of sbLPO in cell-free system.

(Adapted from protocol supplied by Sigma, UK)

Blank

Test
lOOp.1 chelator^
850pJ borate buffer
50pl 10 000 Uml 'SbLPO
4 } 15 min, 20°C?
Transfer to quartz cuvette
^

Initiate reaction

2ml of ImM linoleic acid^

Record A234

lOOjil diluent^
900|j1 buffer

^ 15 min, 20°C
Transfer to quartz cuvette
^

Initiate reaction

2ml of ImM linoleic acid

Record A234

^All chelators except CP26 were added from tenfold concentrated stocks in PBS, Ijil of
CP26 was added to the test from a thousandfold stock made up in DMSO and the rest of
the volume made up with buffer (99|il); the same volumes of DMSO and buffer were
added to the blank.
^During long term incubations (upto 24h) the en^m e/chelator mixture was kept at 4°C
to prevent the enzyme from denaturing and the substrate was prepared fresh at each time
point.

Using this procedure, the formation of iron com plexes by chelators with
lipoxygenase-derived iron was measured. sbLPO (tiOjiM, corrected for protein content)
and linoleic acid were incubated up to 24h at 4°C with either CP40, CP25, CP26 or DFO
(lOOpM IBE) as shown in Table AIO.2,1. The formation of the HPO- and ferrioxamineiron complexes were m onitored against paired blanks not containing chelator and
quantified using the respective molar absorption coefficients (HPO-ferric complex: Xmax
= 450nm, e = 5200 M ’^ cm-L ferrioxamine,

= 430nm: e = 2640 M 'l cm"^. Spectra

recorded in the range 300-600 nm showed that the free ligands do not absorb at these
wavelengths (Chapter 4).
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Table AIO.2.1

Spectrophotometric determination of iron removal from soybean

lipoxygenase by chelators.

Blank

Test
2.4ml 60^iM^ sbLPO

2.4ml 60^iM sbLPO

600p,l chelator^

600^11 PBS'

3|il 50mM linoleic acid^

3|il 50mM linoleic acid

& 4°C

a

4°C

Take out 1ml aliquot at appropriate times and measure absorbance o f iron
complex^ against blank.

^Concentration after correcting for protein content
^All chelators except CP26 were added from tenfold concentrated stocks in PBS
to a final concentration of 100|iM IBE. 3p.l of CP26 was added to the test from a
thousandfold stock made up in DMSO and the rest of the volume made up with
PBS (597|il); the same volumes of DMSO and PBS were added to the blank.
^50mM linoleic acid was made up by dilution of the 3.21M original stock in
ethanol. ^Hydroxypyridinone-iron complexes:

= 450nm, e = 5200 M'^cm'^;

ferrioxamine: X^ax ~ 430nm, e = 2640 M "^cm'\

A10.3 Electron spin resonance (ESR) studies on soybean lipoxygenase
In most atoms and molecules that occur in biological systems, the spins of
electrons that occupy the same orbital are paired in accordance with the Pauli exclusion
principle. These molecules are therefore diamagnetic. However, as a result o f electronic
transitions or as a result of loss o f a single electron, an orbital may be occupied by a
single electron giving rise to a net resultant spin. Electron spin resonance (also known as
electron paramagnetic resonance) is a spectroscopic technique for the study of such
molecules that contain unpaired electrons (i.e. paramagnetic molecules). It characterises
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both the size and shape of the magnetic moment produced by the unpaired electron and
also any m agnetic interactions o f the parent m olecule in the proxim ity o f the
paramagnetic centre. Molecules with paramagnetic centres in biological systems fall
broadly into two categories: (i) transition metal ions (e.g. Fe^+) and (ii) organic free
radicals (e.g. fatty acid radicals, peroxy radicals). Both of these paramagnetic species
often occur together at the active sites of metalloenzymes and their roles in the catalytic
m echanism s of prostaglandin H synthase (cyclooxygenase) and lipoxygenase

are

discussed in C h ap ters 3 and 4 respectively. ESR has been successfully applied to the
study of transition metals and free radicals in biological system s [Palm er, 1985]
[Cammack, 1987] and in this thesis it was used to study the interaction o f metal chelators
with the lipoxygenase iron centre.
AIO.3.1 Principle
The fundamental principle of ESR is the splitting of a single energy state of an
unpaired electron into two states of unequal energies by the introduction of an artificial
magnetic field, followed by their subsequent equalisation by electromagnetic radiation of
microwave frequency.
An electron, by virtue of its spin, possesses spin angular momentum and therefore
a spin magnetic moment, m§. In the presence of an externally applied magnetic field, B,
the spin m agnetic moment will adopt one of two positions given by mg = ± V2
corresponding to whether the electron spin is parallel or anti-parallel with the field. The
energies (± Ems) of these two states will be different and correspond to:
Ems = 2pBinsB,

mg = ± V2

(Eqn. AIO.3.1.1)

where B is the applied magnetic field and |Ib is a constant (the Bohr magneton). As B
increases, the energy of electrons with spin mg = 4- V2 will rise and those o f spin mg = -V2
will fall as illustrated in figure 10.3.1.1 giving rise to an energy separation AE of
AE = E\i 2 - E-1/2 =

2|IbB

(E qn. A 10.3.1.2)

At a given value of B, electrons in the lower energy state may be excited to the upper
state by supplying electromagnetic radiation, which for ESR lies in the m icrowave
region. This happens when the energy of the incident microwaves (hv) is exactly equal to
the energy separation of the two spin states

( 2 |I b B ) ;

i.e. when the following resonance

condition is satisfied:
hv = 2fiBB
where h is Planck’s constant and v is the microwave frequency.

(Eqn. AIO.3.1.3)
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2 |I bB

Zero magnetic
field

F ig ure AIO.3.1.1

Magnetic field on

The splitting of electron spin energy in a magnetic field,

nig, spin magnetic moment; jig, Bohr magneton; B, external magnetic field.

The sample to be analysed is placed inside the E$R spectrometer, in the field of a magnet
which can generate fields in the range 0.1-1.0 T (1-10 kG). Microwaves for achieving
resonance are produced in a klystron. For technical reasons, resonance is achieved not by
varying the microwave frequency, but by holding the latter constant while varying the
magnetic field. ESR spectra are conventionally displayed as the first derivative o f the
absorption maxima (C hapter 4).
A 1 0 3 2 The g-value and absorption spectrum
E quation AIO.3.1.3 implies that all electron spins resonate at the same applied
field for a given microwave frequency, but in practice electrons from different species
come into resonance at different field strengths. To take this experimental observation
into account. E quation AlO.3,1.3 is usually written as

hv = gpsB

(Eqn. AIO.3.2.1)
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where g is an experimentally determined quantity known as the g-value of the electron.
F or a free electron, the solutions to E quations AIO.3.1.3 and AIO.3.2.1 are virtually
identical and hence g = 2; for many free radicals it is also close to this value and lies in
the range 1.9 - 2.1. For iron in soybean lipoxygenase the g value lies at about 6.08 and for
low molecular weight iron complexes of HPOs it is about 4.23. These g-values are
discussed in the context of removal of lipoxygenase iron by chelators in C h ap ter 4.
A lO J J Method
Soybean lipoxygenase (30|iM , corrected for protein content) was dissolved in
0.2M borate buffer (pH 9.0) and pre-incubated with the compound of interest (300|iM /
100|iM IBE) or its diluent in the presence of linoleic acid (100p,M) at room temperature.
A fter 2h (or other times), aliquots were placed in quartz ESR tubes and stored in liquid
nitrogen until analysis. Authentic iron-chelator complexes were prepared by the addition
o f chelators to ferrous ammonium sulphate (in 0.04M sulphuric acid) under acidic
conditions and then increasing the pH with either borate buffer (pH 9.0) or PBS (pH 7.3).
Spectral data were obtained using a spectrometer (Bruker ESP 300) fitted with a liquid
helium flow cryostat. ESR parameters were as follows: power 20mW, temperature 5K.
A10.4 D eterm ination of total iron content of soybean lipoxygenase by atom ic
absorption spectroscopy
A 10,4.1 Principle
Atomic absorption is a technique for the quantitative analysis of trace metals and
its fundamentals are illustrated in figure A.10.4.1. The principle underlying atomic
absorption spectroscopy is the absorption of visible and u.v. electromagnetic radiation by
metal ions in the vapour phase. Each metal has a characteristic absorption peak and for
iron it is at 248.3 nm. This radiation is supplied by a monochromatic light source such as
a hollow cathode lamp. The sample to be analysed is acid hydrolysed to release and
solubilise protein-bound iron and aspirated into a high tem perature flame (e.g.
air/acetylene) to vaporise the atoms. The absorption o f the incident radiation by the
metallic vapour is picked up by a detector and amplified by a photomultiplier. The final
output is usually in the form of a digital readout blanked against the sample solvent.
A 1 0 .4 J M ethod (According to Department of Chemical Pathology, University College
Hospital, [Zettner and Mansbach, 1985])
Soybean lipoxygenase (60}iM, corrected for protein content) was dissolved in
0.2M borate buffer (pH 9.0) and divided into 2 x 1 ml aliquots. To 1 part of each aliquot,
5 parts of 10% trichloroacetic acid (TCA, A ristar grade) was added and vigorously
mixed. The tubes were microfuged (13 000 r.p.m.) for 5 minutes to spin down any
precipitates and the supernatant was aspirated into the air / acetylene flame of an atomic
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absorption spectrom eter (Unicam 929) set up for the m easurem ent of iron. The
instrument was blanked with the sample solvent, i.e. 0.2M borate buffer + 10% TCA (1+
5), and authentic standards were prepared from atomic absorption grade FeClg in O.IM
HCl (Sigma, UK) and analysed simultaneously.

Detector
Air / acetylene flame
vA/NA/NA/VVVA/VVVVV'
vTV/VVVVVV/VVA/N/VVV'

Vapourised metal
n
A/VVVVVVVVVVVV/V'

Hollow cathode lamp

Aspirator

Photomultiplier

Digital readout

Figure AIO.4.1

Principle of the atomic absorption spectrometer
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APPENDIX 2
STRUCTURES AND CHEMICAL PROPERTIES
OF METAL CHELATORS
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3-hydroxypyridin-4-ones

OX

Ri
1
R2

CP 40
CP 20
CP 21
CP 22
CP 24
CP 84
CP 77
CP 25
CP 26
Ome-25
CP102

X

Ri

R2

H
H
H
H
H
H
H
H
H
Methyl
H

CH2CH2OH
Methyl
Ethyl
n-Propyl
n-Butyl
n-Phenyl
n-Pentyl
n-Hexyl
n-Octyl
n-Hexyl
CH2CH2OH

Methyl
Methyl
Methyl
Methyl
Methyl
Methyl
Methyl
Methyl
Methyl
Methyl
Ethyl

F e (in )
form ation
constant
log

Rpart

37
37
37
37
37
37
37
37
37
NAa
37

0.002
0.17
0.49
1.51
5.05
10.2
17.4
79
750
24.1
0.28

3-hydroxypyridin-2-ones

N'

CP 02

a Not applicable

Ethyl

NAa

32

1.6
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3-hydroxypyrones

.OH

R

Ethylmaltol
CP165
CP166

Ri

R2

Ethyl
H
H

H
CH2-0-Propyl
Œ 2 -0 -B u ty l

Fe (DI)
log f t

K part

28
28
28

4.29

37

74

2.0
6.0

Oxine

OH

Tropolone

OH

O
NDb

0.73

b The iron affinity constant of tropolone cannot be measured reliably as the iron
complex is very insoluble and precipitates from solution. However, based on
affinity constants with copper and zinc the log f t value of the tropolone-iron(III)
complex has been estimated to be at least 35 and probably closer to 37
(R.C. Rider, personal communication).
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Desfeirioxamine B (DFO)
O

J
HO

'O

o

r /4 V
Ho-”^ o

,

y

«
-

\

Fe(in) log P
31

Kpart
0.01
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