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Glucose oxidation and low-density lipoprotein-induced macrophage ceroid
accumulation: possible implications for diabetic atherosclerosis
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The exposure of proteins to high concentrations of glucose in
vitro is widely considered a relevant model of the functional
degeneration of tissue occurring in diabetes mellitus. In par-
ticular, the enhanced atherosclerosis in diabetes is often discussed
in terms of glycation of low-density lipoprotein (LDL), the non-
enzymic attachment of glucose to apolipoprotein amino groups.
However, glucose can undergo transition-metal-catalysed oxi-
dation under near-physiological conditions in vitro, producing
oxidants that possess a reactivity similar to the hydroxyl radical.
These oxidants can fragment protein, hydroxylate benzoic acid
and induce lipid peroxidation in human LDL. In this study,
glycation of LDL in vitro is accompanied by such oxidative
processes. However, the oxidation of LDL varies with glucose
concentration in a manner which does not parallel changes in

protein glycation. Glycation increases in proportion to glucose
concentration, whereas in our studies maximal oxidation occurs
at a glucose concentration of approx. 25 mM. The modification
of LDL resulting from exposure to glucose alters macrophage
ceroid accumulation, a process which occurs in the human
atherosclerotic plaque. The accumulation of ceroid in macro-
phages is shown to be related to LDL oxidation rather than LDL
glycation, per se, as it too occurs at a maximum of approx.
25 mM. Oxidative sequelae of protein glycation appear to be a
major factor in LDL-macrophage interactions, at least with
respect to ceroid accumulation. Our observations are discussed
in the context of the observed increase in the severity of
atherosclerosis in diabetes.

INTRODUCTION

The lipid-laden foam cells in human atherosclerotic lesions have
been identified as monocyte-derived macrophages [1,2]. The
main source of lipid in these cells might be oxidized low-density
lipoprotein (LDL), as oxidized LDL has been detected in human
lesions [3]. Within all atherosclerotic lesions, the lipid pigment,
ceroid, is found within foam cells [4,5] and in the necrotic core of
advanced lesions, as a result of macrophage necrosis [1,4,5].
Ceroid is an autofluorescent polymer of oxidized lipid and
protein [5], which in atherosclerosis is probably partly composed
of oxidized LDL [6,7]. Its presence supports the suggestion that
LDL oxidation is involved in atherogenesis [4-8]. The protective
effects of antioxidants against atherosclerosis in hyperlipidaemic
rabbits [9] and possibly in human atherosclerosis [10-12] also
support this suggestion. Studies in vitro which are consistent with
this view include the inhibition of macrophage-mediated lipo-
protein oxidation by antioxidants [13] and the accumulation of
ceroid in macrophages exposed to oxidized LDL or to oxidizable
artificial lipoproteins [14-17].

Atherosclerosis is more severe in diabetes mellitus [18]. Non-
enzymic glycation of plasma lipoprotein has been shown to
decrease its uptake by human fibroblasts, decrease its catabolism
in cell culture and decrease its clearance from rabbit plasma in
vivo [19,20]. Some studies have suggested that macrophages
possess specific receptors for glycated proteins [21] and LDL
glycation has therefore been proposed as the cause of the increase
in atherosclerosis in diabetes [19-21]. Some human population
studies suggest that enhanced atherosclerosis in diabetes may be
due to hyperinsulinaemia [22] or altered lipid metabolism [23];
opinion is divided on hyperglycaemia as a cause [24,25a,b]. This
suggests that the relationship between glucose control and
atherosclerosis is not simple.

A recent proposal that might explain this complexity is that
increased oxidative stress contributes to the enhanced devel-
opment of atherosclerosis in diabetes mellitus [26,27]. The
evidence includes the findings that plasma antioxidants such as
ascorbic acid [28,29], vitamin E [30], uric acid [31] and glutathione
[32] are all decreased in diabetes, but levels of plasma peroxides
are elevated [33]. There also seems to be a link between diabetes
and altered handling of transition metals [34-37], necessary
catalysts of many oxidative processes. The enhanced oxidative
stress in diabetes may be complicated, involving all of these
factors and an increased availability of oxidizable substances,
possibly including glucose [26,27]. This complexity may be
obscuring an epidemiological link with hyperglycaemia, even if
glucose were the eventual oxidizing substance. The idea is an
attractive one because individual variations in susceptibility to
diabetic complications, including atherosclerosis, might be de-
rived from individual variations in antioxidant status, just as is
postulated for atherosclerosis in general [16,17].

Therefore we have studied ceroid accumulation in macro-
phages cultured with LDL previously exposed to glucose. The
relative contribution of LDL glycation and glucose-mediated
oxidation to this ceroid accumulation in macrophages is in-
vestigated. The results suggest that studies on the effect of LDL
glycation on its interactions with cells must take account of the
oxidative reactions of glucose.

MATERIALS AND METHODS

Radiochemicals were obtained from Amersham (Aylesbury,
Bucks., U.K.). All biochemicals were obtained from Sigma
(Poole, Dorset, U.K.) or Aldrich (Gillingham, Kent, U.K.) and
were of the highest purity available.

The incorporation of D-[U-'C]glucose into LDL and albumin

Abbreviations used: LDL, low-density lipoprotein; LPDFCS, lipoprotein-deficient fetal-calf serum; DETAPAC, diethylenetriamine penta-acetic acid.
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Figure 1 Glycation of HSA: effect of glucose concentration

The exposure of 20 mg/ml HSA to various concentrations of radiolabelled glucose over a period
of 7 days led to the attachment of glucose to this protein. EDTA (1 mM) significantly reduced
this level of attachment. Unless stated otherwise all reactions in this and subsequent studies
were performed in the presence of 10 mM potassium phosphate (pH 7.4) at 37 °C. Glucose
attachment increased linearly with glucose concentration either in the absence ([]) or presence
(IM) of EDTA. Values in this and subsequent figures are means + S.D. from a minimum of three
experiments during which assays were performed in triplicate.

was performed as previously described [38,39]. Before use, the
absence of other protein-reactive aldehydes was confirmed [28,29]
and any transition-metal contaminants were removed by treating
with chelating resin, as previously described [27]. Briefly, protein
was incubated with various glucose concentrations (from 5 to
500 mM) containing 10 xCi/ml p-{U-1*C]glucose in the presence
of 10 mM potassium phosphate buffer (pH 7.4). After 7 days,
samples were withdrawn and precipitated by the addition of
trichloroacetic acid to a final concentration of 59%,. The pellet
was washed twice in 5 9%, trichloroacetic acid and finally dissolved
in formic acid before scintillation counting.

The generation of oxidants by glucose was assessed by
monitoring the hydroxylation of benzoic acid to fluorescent
products (308 nm excitation/410 nm emission) [38—40].
Incubations at 37 °C consisted of 1 mM benzoic acid, 10 mM
potassium phosphate (pH 7.2) and various concentrations of
glucose (from 5 to 500 mM).

Fragmentation of human serum albumin (HSA; 20 mg/ml)
during exposure to glucose was used as a measure of free radical
damage, as previously described [39,41]. Albumin (fraction V;
Boehringer-Mannheim, Mannheim, Germany) was labelled by
reductive methylation of 0.19% of total lysine groups
(50000 d.p.m./mg of protein) with [*Cl]formaldehyde and
10 mM NaCNBH,. Fragmentation of radiolabelled HSA during
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Figure 2 Glucose-derived oxidant formation: effect of glucose concen-
tration

The exposure of 1 mM benzoic acid to various concentrations of glucose for 7 days resulted
in the formation of fluorescent hydroxylation derivatives, inhibited by 1 mM EDTA. Hydroxylation
products are expressed as salicylic acid equivalents. For reasons of clarity, glucose
concentrations are shown on a non-linear x-axis. Levels of benzoate hydroxylation were not
directly proportional to glucose concentration either in the absence ([J) or presence (Il) of
EDTA.

exposure to glucose was monitored by the determination of
radiolabelled fragments soluble in 59, trichloroacetic acid.

Human LDL was prepared from non-diabetic subjects as
previously described [38]. Blood was centrifuged in the presence
of 1 mg/ml EDTA to obtain plasma. Lipoprotein fractions were
then obtained from pooled plasma by ultracentrifugation and
flotation through K Br gradients. Centrifugations were performed
at 100000 g for 18 h at 16 °C in the presence of EDTA. The
fraction that floated at a density of 1.019-1.063 g/ml was taken
as LDL.

Throughout, LDL was incubated at a concentration of
3.5 mg/ml total LDL at 37 °C for 7 days. Sterility was achieved
by filter sterilization (0.22 um pore diam. filter). LDL oxidation
was assessed as previously described by reaction with thio-
barbituric acid [38] and confirmed by reaction with Xylenol
Orange [38,40].

Resident peritoneal macrophages were isolated from male
Balb/c mice aged 6-8 weeks as previously described [42—44].
Cells were resuspended in RPMI 1640 medium containing 10 %
(v/v) lipoprotein-deficient fetal-calf serum (LPDFCS; prepared
by ultracentrifugation and flotation through KBr as previously
described [45]), and plated at a density of 2 x 10® cells per dish.
All media contained 100 i.u./ml penicillin and 100 xg/ml strep-
tomycin sulphate. Cell cultures were performed in 3 ml (5cm
diam.) culture dishes (Anumbra dishes, Payne, Slough, Berks.,
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Figure 3 Effect of glucose concentration on fragmentation of HSA

The exposure of 20 mg/ml radiomethylated HSA to various concentrations of glucose over 7
days led to the production of trichloroacetic acid-soluble radiolabelled peptide fragments. EDTA
(1 mM) reduced the attachment at high concentrations of glucose. For reasons of clarity,
glucose concentrations are shown on a non-linear x-axis. Fragmentation of HSA by glucose in
the absence ([J) or presence (M) of EDTA was not directly proportional to glucose
concentration.

U.K.). The macrophages were allowed to adhere by incubating
for 3 h at 37 °Cin an atmosphere of 5 %, CO,. Non-adherent cells
and erythrocytes were then removed by washing with fresh
medium. Fresh medium was then added, and cells incubated
overnight at 37 °C in an atmosphere of 5% CO, before experi-
ments were performed.

The LDL samples, previously exposed under defined con-
ditions (described above and in the figure legends), were dialysed
free of glucose and any other reagents as previously described
[38]. Before ceroid analysis, cells (2 x 10° cells per dish) were
cultured with 200 gg/ml pre-treated LDL for 24 h.

Cells were harvested by removing the medium and adding
0.339% EDTA in RPMI 1640 medium containing 10% (v/v)
LPDFCS. This ‘EDTA medium’ was then removed and retained.
Remaining adherent cells were scrape-harvested in Hanks’
balanced salt solution and mixed with the ‘EDTA medium’. A
cell pellet was then prepared by centrifugation, as previously
described [44]. Cells were resuspended in 0.25 ml of fixative
(1.59%, formaldehyde/0.1 %, BSA in PBS) by vortexing. Samples
prepared in this way were stored at 4 °C and were analysed
within 7 days for ceroid accumulation by flow cytometry, during
which period no change in fluorescence was observed. Fluor-
escence of ceroid in cells was analysed by a FACstar flow
cytometer [44,46] equipped with a Spectra Physics 2025 argon
ion laser. The laser was tuned to emit 300 mW of light in the u.v.
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Figure 4 Effect of glucose concentration on glycation of human LDL

The exposure of 3.5 mg/ml human LDL to various concentrations of radiolabelled glucose for
a period of 7 days led to the attachment of glucose to this protein. EDTA (1 mM) reduced the
attachment at high concentrations of glucose. Glucose attachment increased linearly with
glucose concentration either in the absence ([7J) or presence (Il) of EDTA.

wavelengths 351.1-363.8 nm. Intact macrophages were identified
by forward light scatter. Selection of live populations of macro-
phages was determined, as previously described [44,46], using
propidium iodide to stain dead cells. Fluorescence was monitored
using a 490 nm long-pass filter in front of the detector. Flow
cytometers, in common with all fluorimeters, measure light
intensities in arbitrary unit. Low-level autofluorescence, present
in control cells cultured in medium alone, varied by up to 109,
between experiments. Therefore, in each experiment results for
ceroid were calculated relative to the control (as a ratio). Such
low-level autofluorescence in control cells cultured in medium
alone is due to other cellular components, including nicotinamide
dinucleotides and flavins [47,48], which bear similarities in
fluorescence characteristics to that of ceroid. Thus, the values
shown are corrected for the contribution of autofluorescence
found in control cells.

Statistical analysis, including Student’s 7 tests and analysis of
variance, were performed using ‘Microsoft Excel 5.0’ (Apple
Macintosh).

RESULTS

The attachment of glucose to HSA (Figure 1) increased in a
linear manner with glucose concentration under these conditions.
Although the metal chelator EDTA decreased the extent of
glucose attachment slightly, especially at glucose concentrations
above 25 mM, the linear relationship was unaffected. However,
oxidant formation and protein fragmentation appeared to have
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Table 1 Effect of different metal chelators on the attachment of glucose to
LDL

LDL (3.5 mg/ml) was incubated at 37 °C in the presence of radiolabelled glucose for a period
of 1 week. The effect upon glucose attachment of 1 mM EDTA, DETAPAC, desferrioxamine
mesylate (DES) and sodium diethyldithiocarabamic acid (DDC) is shown. Values of glucose
attachment (mol of glucose bound/mol of LDL) and the extent of inhibition (%) are provided and
are expressed as the mean + S.D. from a minimum of three experiments.

Attachment of glucose to LDL

25 mM Glucose 500 mM Glucose
Experimental
conditions (mol/mol) (% inhibition) (mol/mol) (% inhibition)
No chelator 3524014 0 194258 0
DETAPAC 0.734+0.06 79.17+6.95 114347 41474129
EDTA 2.7540.09 24407 144+1.05 26.3+1.97
DES 3.340.05 5.740.08 17.6+3.3 7.1541.33
DDC 1.96 +0.69 44+15 14.840.55 22.1540.82
25+
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Figure 5 Effect of glucose concentration upon the formation of
thiobarbituric acid-reactive material

To monitor the extent of LDL oxidation after 7 days incubation, dialysed LDL, which had
previously been exposed at 3.5 mg/mi to various concentrations of glucose with or without
1 mM EDTA, was assessed by the thiobarbituric acid assay. For reasons of clarity, glucose
concentrations are shown on a non-linear x-axis. Oxidation was not directly proportional to
glucose concentration either with (Il) or without ([J) EDTA. Abbreviation: MDA,
malondialdehyde.

glucose concentration maxima (approx. 25 mM) and were not
linearly related to glucose concentration. Figure 2 shows the
effect of various glucose concentrations on the process of oxidant
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Figure 6 Effect of glucose concentration upon the formation of lipid
peroxides

To monitor the extent of LDL oxidation after 7 days incubation, dialysed LDL, which had
previously been exposed at 3.5 mg/ml to various concentrations of glucose with or without
1 mM EDTA, was assessed by the Xylenol Orange assay of lipid peroxides. For reasons of
clarity, glucose concentrations are shown on a non-linear x-axis. Oxidation was not directly
proportional to glucose concentration either with (Il) or without ([J) EDTA.

formation, monitored by the hydroxylation of benzoic acid, and
the inhibitory effect of EDTA. Addition of 1 xuM Cu(II) (CuSO,)
greatly increased benzoic acid hydroxylation but not the con-
centration of glucose at which oxidant formation was maximal
(results not shown). The exposure of 20 mg/ml (300 mM) HSA
to increasing glucose concentrations exhibited a similar trend in
protein fragmentation (Figure 3), a measure of protein oxidation
[29,41], which again had a maximal glucese concentration of
approx. 25 mM and was inhibited by EDTA. However, whereas
the formation of oxidants above 100 mM glucose was inhibited
by EDTA (Figure 2) the fragmentation of HSA was unaffected
by EDTA at 100 mM glucose (Figure 3). This apparent con-
tradiction is unsurprising as above 100 mM glucose fragmen-
tation was minimal, presumably due to the antioxidant properties
of albumin and high concentrations of glucose.

Studies with human LDL showed a linear increase in glucose
attachment with increasing concentrations of glucose (Figure 4).
Figure 4 also shows the inhibitory effect of EDTA upon glucose
attachment, which is most obvious at high glucose concentra-
tions. Previous studies with BSA showed that EDTA is a relatively
poor inhibitor of glucose attachment [49] when compared with
chelators of a higher metal affinity, such as diethylenetriamine
penta-acetic acid (DETAPAC). Table 1 shows the effect of 1 mM
EDTA, DETAPAC, desferrioxamine mesylate and sodium
diethyldithiocarbamic acid upon glucose attachment to LDL
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Figure 7 Time-dependent effect of glucose concentration on the oxidation of human LDL

The oxidation of LDL (3 mg/ml) incubated with various concentrations of glucose (0, (1; 5, l; 25, @; 100, O; and 500 mM, A) over a 7-day period was monitored by (a) the thiobarbituric

acid assay and (b) the Xylenol Orange assay.

over 7 days in the presence of 25 and 500 mM glucose.
DETAPAC proved the most effective inhibitor of LDL glycation.

On the other hand, studies showed a 25 mM maximum glucose
concentration for the oxidation of the lipid moiety of LDL,
assessed as thiobarbituric acid-reactive material (Figure 5) and
by the Xylenol Orange assay of lipid peroxides (Figure 6). Figures
7(a) and 7(b) show the time-dependent increase in the ac-
cumulation of thiobarbituric acid-reactive-material and Xylenol
Orange-detectable lipid peroxide respectively. The effect of the
metal chelator (EDTA) upon lipid peroxidation was similar to
that with HSA fragmentation. EDTA both reduced glucose
attachment at higher glucose concentrations and inhibited lipid
oxidation at all concentrations of glucose. EDTA inhibited the
formation of thiobarbituric acid-reactive material (Figure 5) and
greatly inhibited lipid peroxide formation (Figure 6). The contrast
between the thiobarbituric acid and Xylenol Orange assays may
have resulted from a difference in sensitivity. However, EDTA
did not alter the concentration of glucose required for maximal
oxidation nor the linear manner with which glucose attachment
increased with glucose concentration. The accumulation of
thiobarbituric acid-reactive-material and Xylenol Orange-
detectable lipid peroxide (Figures 7a and 7b) confirmed a
continuing increase in LDL oxidation with the maximal level
of lipid peroxidation occurring with 25 mM glucose.

When LDL, previously exposed to various concentrations of
glucose, was added to cultures of mouse peritoneal macrophages
there was a change in intracellular ceroid accumulation, measured
by cytometric analysis of cellular fluorescence (Figure 8). Again,
ceroid accumulation was greatest on culture with LDL previously
incubated with 25 mM glucose (P > 0.02, student’s ¢ test). The
inclusion of EDTA during LDL incubation with various con-

centrations of glucose diminished the subsequent accumulation
of ceroid in macrophages (P > 0.01, analysis of variance).

This was further confirmed in a study during which LDL was
exposed to glucose in the presence of NaCNBH, or 10 xM Cu(II)
for 24 h. NaCNBH, is a reducing agent able to lead to extensive
lysine modification (30 mol/mol of LDL) in the absence of
oxidative events [49]. Figure 8 shows extensive glucose at-
tachment in the presence of NaCNBH, but negligible change in
thiobarbituric acid reactivity and no macrophage ceroid ac-
cumulation. Also shown is a control of LDL exposed to glucose
alone for 24 h. Such a short time of exposure leads to little
glucose attachment and no oxidation nor subsequent ceroid
accumulation in cells. Copper-incubated LDL exhibited an
elevated level of oxidation and ceroid accumulation, further
supporting the role of LDL oxidation in ceroid accumulation
(Table 2).

DISCUSSION

The contribution of protein glycation to diabetic tissue damage
is frequently examined by the exposure of macromolecules to
glucose. Glucose concentrations selected for in vitro studies have
varied between 25 mM [38] (considered relevant to hyper-
glycaemic levels of glucose) and 200 mM [50,51]. Modifications
that result have then been monitored over various periods of
exposure, from a few days to several weeks. Under these
circumstances some alterations in protein function and structure
may be due, not to glycation itself, but to oxidative processes.
Observations on such oxidative processes have led to the
suggestion of several mechanisms by which glucose may oxidize
[52]. Oxidation is transition-metal-dependent, as parameters of
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Figure 8 Effect of LDL pre-exposed to glucose on macrophage ceroid
accumulation

Dialysed LDL (200 zg/ml), previously exposed at 3.5 mg/ml to various concentrations of
glucose (0, 5, 25, 100, 200 and 500 mM) for 7 days with or without 1 mM EDTA, was cultured
with 2 x 10° mouse peritoneal macrophages for 24 h, as described. The accumulation of ceroid,
monitored as intracellular fluorescence by flow cytometry, was measured. There was no direct
relationship between the intracellular fluorescence and glucose concentration either in the
absence ([J) or presence (IW) of EDTA.

Table 2 Attachment of glucose to LDL does not cause ceroid accumulation
in macrophages

LDL (3.5 mg/ml) was incubated for 24 h with buffer alone, 25 mM radiolabelled glucose,
10 #M Cu(ll), 10 mM NaCNBH, or 25 mM radiolabelled glucose plus 10 mM NaCNBH.
Levels of thiobarbituric acid-reactive material in dialysed LDL and the extent of glucose
attachment were determined and the accumulation of ceroid on subsequent culture of
macrophages with 200 xg/ml pre-treated LDL was determined as described. Abbreviations:
MDA, malondialdehyde; N/A, not applicable; ND, not detectable.

Macrophage
Glucose Lipid ceroid
attachment peroxidation accumulation
(mol of glucose (mol of MDA (ratio of
Experimental bound/mol equivalents/mg 'no additions’
conditions of LDL) of LDL) control)
Buffer alone N/A 2.04+01 ND
25 mM Glucose 2.0+0.1 2.0+0.2 0.05+0.002
10 #M Cu(ll) N/A 144+8.0 2.440.05
10 mM NaCNBH, N/A 3.5+1.0 ND
10 M NaCNBH, 30+5.0 36+1.0 ND

+25 mM Glucose

oxidation measured in vitro are inhibited by metal chelators such
as EDTA. Indeed, the inhibition of glucose attachment to protein
by metal chelators led to the hypothesis of autoxidative glycosyl-
ation, during which aldehydic oxidation products of glucose
were proposed to contribute to overall protein glycation [39,49].
Figures 1 and 4 show that EDTA does indeed reduce the level of
glucose attachment at higher concentrations of glucose, but the
attachment still increases in proportion to glucose concentration.
That EDTA inhibited glycation at high concentrations of glucose
alone is unsurprising. EDTA is a relatively poor inhibitor of
glycation when compared with chelators of a higher affinity, such
as DETAPAC, as demonstrated in previous glycation studies
[38,49] on albumin and also shown in Table 1.

In contrast, there is a maximum concentration for oxidant
production by glucose (Figures 2, 3, 5 and 7), suggesting that
glucose possesses both pro-oxidant and antioxidant properties.
The same is true for ascorbic acid and other reducing sugars
[53,54]). Thus, at high concentrations, oxidant formation is
probably subject to scavenging by unoxidized substrate. On the
other hand, the formation of protein-reactive aldehydes is
unlikely to be affected by the presence of unoxidized glucose.
Thus, glucose attachment increases in linear fashion with glucose
concentration, whereas oxidant formation is subject to anti-
oxidant activity at high glucose concentrations. In the light of
these differences, we were prompted to conduct the present
studies, which were designed to investigate the relative im-
portance of glucose attachment and oxidation to the formation
of LDL-derived ceroid in macrophages.

Ceroid accumulation was greatest when LDL had been exposed
to 25 mM glucose (Figure 8), the same was true for glucose-
mediated LDL oxidation (Figures 5, 6 and 7) and protein
fragmentation (Figure 3). This suggests that glucose-mediated
oxidation, rather than glucose attachment per se, is responsible
for macrophage ceroid accumulation. This is further supported
by studies during which maximal levels of glucose attachment
were achieved under the reducing conditions induced by the
inclusion of NaCNBH, [49]. By reducing Schiff bases, reversibly
formed between protein and glucose in the open chain form, high
levels of glucose attachment are achieved over a short period
[49]. However, LDL treated in this manner resulted in virtually
no ceroid accumulation, whereas copper-oxidized LDL led to
very high levels of ceroid (Table 1).

There is an active debate about the roles of glycation and free
radical production in the complications of diabetes. It is im-
portant to recognize the role of oxidative reactions during
glycation reactions in vitro, appreciating the effect of transition
metals and glucose concentrations. Where oxidation is to be
minimized it is important to include metal-chelating agents, as
the oxidative reactions are accelerated by trace transition-metal
contaminants present in all physiological buffers. Certainly,
studies of LDL modification by glucose and its subsequent effect,
if any, upon cellular interactions, must ensure that oxidative
reactions are both monitored and controlled. The fact that
oxidative sequelae of glycation vary with glucose concentration
may have important implications for the interpretation of studies
on LDL glycation, cellular interactions and atherosclerosis.

We are grateful to the Ministry of Agriculture, Fisheries and Food and to the British
Heart Foundation for financial support, to Dr. Nigel Carter for advice on flow
cytometry and Virginia Mullins for secretarial support.
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