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Nutrition and platelet function in atherogenesis 

By JOHN BETERIDGE, Department of Medicine, University College, The Rayne Institute, 
University Street, London WCl E 6JJ 

Platelets are undoubtedly involved in the final occlusion of atheromatous arteries 
forming the major component of the occlusive thrombus (Davies & Thomas, 1981). This 
sudden and often catastrophic event is most likely precipitated by fissuring of an 
atheromatous plaque, as detailed post-mortem analysis of obstructed coronary arteries 
invariably shows the thrombus in association with plaque haemorrhage (Constantinides, 
1966; Davies & Thomas, 1981). Platelets have also been implicated in cases of sudden 
cardiac death by the finding of platelet aggregates in the coronary microcirculation 
(Haerem, 1972; El-Maraghi & Genton, 1980). 

Platelets may also participate in the early stages of atheroma. There is ample evidence, 
beginning with the work of Duguid (1946), that mural thrombi composed of platelets and 
fibrin can be incorporated into more advanced lesions (Woolf, 1983). Moreover, the 
recognition, both in humans and experimental animals, of platelet interactions with the 
arterial wall at sites which show a predilection for atherosclerosis (Packham & Mustard, 
1986) and of the platelet production of powerful smooth-muscle-cell mitogens such as 
platelet-derived growth factor (Ross et al. 1974) has focused attention on arterial 
endothelial-cell damage, platelet adhesion and aggregation and release of mitogens as 
early events in the atherosclerotic process (Ross & Glomset, 1976). 

In the response-to-injury hypothesis, breach of the endothelial barrier would expose 
subendothelial smooth muscle cells and connective tissue to plasma constituents 
including lipoproteins, platelets and macrophage-type mononuclear cells (Harker & 
Ross, 1979). Platelets would adhere to the injured site, form microthrombi and release 
their granular contents including platelet-derived growth factor which stimulates mi- 
gration and focal proliferation of intimal and medial smooth muscle cells (Ross & Vogel, 
1978). Subsequently there would be synthesis of collagen, elastin and proteoglycans by 
smooth muscle cells and intracellular and extracellular lipid accumulation. 

Support for this sequence of events has come from animal models of atherosclerosis 
and studies using cell-culture techniques and caution is necessary in translating these 
findings to the human situation. However, there does seem to be considerable evidence 
linking platelets to the development of proliferative arterial lesions following experimen- 
tal removal of endothelium in animals either mechanically or chemically (Mustard et al. 
1983). In addition the emerging information regarding the properties of the platelet- 
derived growth factor suggests an important role for this mitogen in the atherogenic 
process (Bowen-Pope & Ross, 1984). It should be emphasized here that other cells such 
as monocytes and endothelial cells may secrete cellular mitogens, and macrophage 
interaction with the vessel wall may be the first demonstrable lesion in experimental 
atherogenesis (Faggiotto & Ross, 1984; Faggiotto et al. 1984; Ross et al. 1984). 

Support for the possible role of platelets in atherogenesis is not available from 
large-scale epidemiological studies which have implicated the traditional risk factors such 
as hypertension, cigarette smoking, hypercholesterolaemia and diabetes mellitus. This is 
because there is no entirely satisfactory test of platelet function and those tests that are 
available would be difficult to apply to the study of large population groups. Nevertheless 
there is some circumstantial epidemiological evidence linking platelets to atherogenesis 
stemming mainly from observations of the Greenland Eskimos. 
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Eskimos are known to have a markedly reduced risk of myocardial infarction 

compared with Scandinavian populations (Kromann & Green, 1980). This has been 
linked not only to favourable patterns of plasma lipids and lipoproteins but also to the 
prolonged bleeding time and decreased platelet function observed in Eskimos 
(Christensen et al. 1953; Bang et al. 1971; Bang & Dyerberg, 1972). It has been suggested 
that the prolonged bleeding time is related to changes in the polyunsaturated fatty acid 
composition of platelet membranes secondary to a high intake of 03  fatty acids, 
particularly eicosapentaenoic acid (20503); this leads to alterations in the platelet 
prostaglandin pathway and platelet function (Dyerberg et ul. 1978). Similar observations 
have also been made in Japanese fishermen who consume large quantities of fish, this 
group showing decreased platelet sensitivity to aggregating agents compared with a 
control group of Japanese farmers (Hirai et al. 1980). 

Other circumstantial evidence linking platelets to atherogenesis has come from studies 
of populations at risk from premature vascular disease, particularly those with hyperlipo- 
proteinaemia and diabetes mellitus. Platelet function has been found to be enhanced in 
these conditions and may contribute to the development of vascular disease. In the 
present communication I will review the evidence for enhanced platelet function in 
hyperlipoproteinaemia and diabetes mellitus, two conditions which have important 
nutritional implications both in their aetiology and treatment. 

An important part of the dietary therapy of both conditions involves a reduction in the 
amount of saturated fat with substitution of polyunsaturated fatty acids. In view of the 
Eskimo and Japanese experience in relation to the intake of 0 3  fatty acids and platelet 
function, I will review the studies which have reproduced this type of diet, and point out 
the relevance of these studies to the dietary therapy of diabetes mellitus and hyperlipo- 
proteinaemia. 

Platelet function in diabetes mellitus 
The increased incidence of atherosclerosis-related disease in diabetes has not been 

fully explained in terms of known risk factors (Jarrett et ul. 1982). Enhanced platelet 
function may be an additional factor which may help to explain the increased risk. In 
addition Colwell et al. (1978) have postulated that platelets may contribute to the specific 
diabetic microvascular disease. Platelet aggregates have been observed in the retinal 
circulation in diabetic patients and experimental animals (Bloodworth et al. 1965) and 
microvascular thrombi have been observed in sural nerve biopsies from diabetics 
(Timperly el al. 1975) and in patients dying from diabetic ketoacidosis (Timperly et al. 
1974). Thrombi have been observed in the retinal microvasculature of the experimental 
diabetic rat some months after the induction of diabetes (Ishibashi et al. 1981). 

Platelet studies in diabetes have been reviewed recently (Colwell et al. 1983; 
Betteridge, 1987) and, despite many research communications, conflicting reports and 
unresolved questions remain. Perhaps the ideal assessment of platelet activity would be 
direct observation of platelet-vessel wall interactions but since this is limited to 
microcirculation studies in animals, less-direct methods have been devised to study 
platelet behaviour in vitro and the relevance of these tests to in vivo platelet function is 
uncertain. Platelets are studied in an artificial environment and the preparation of the 
sample itself may affect platelet behaviour. Despite this the turbidometric method which 
enables the study of platelet aggregation in vitro (Born, 1962) gave valuable impetus to 
the subject. This method was used in early studies together with in vitro tests of platelet 
adhesion which involved the passage of anticoagulated blood through a column 
containing glass beads or fibres. Differences in the platelet count before and after 
exposure to these foreign surfaces indicated the number of adherent platelets. The 
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majority of studies showed increased adhesion in diabetic subjects with (Valdorf- 
Hansen, 1967; Badawi et al. 1970; Mayne et al. 1970; Hellem, 1971) and without (Shaw 
et al. 1967; Hellem, 1971) vascular disease. However, Heath et al. (1971) did not 
demonstrate increased adhesion in a group of diabetics with retinopathy. 

Studies of in vitro platelet aggregation date from the late 1960s and early 1970s and are 
difficult to interpret because of imprecise definition of the diabetic populations studied 
with regard to the presence or absence of vascular complications. If enhanced platelet 
aggregation were to contribute to the pathogenesis of diabetic vascular disease then 
evidence of it should be present before the development of vascular disease which itself 
can lead to changes in platelet behaviour (Ludlam et al. 1975; Handin et al. 1978; Cella 
et al. 1979; Stewart et al. 1983; Zahavi & Zahavi, 1985). More recent studies have taken 
care to define the diabetics studied and the majority of reports of platelet aggregation in 
diabetics without vascular complications have found increased aggregation to various 
agonists, particularly ADP and collagen (Sage1 et al. 1975; Halushka et al. 1977, 1981a; 
Stuart et al. 1979; Silberbauer et al. 1981; Janka et al. 1983). However, the occasional 
study has failed to demonstrate increased aggregation (Petersen & Gormsen, 1978; 
Corbella et al. 1979). 

‘Spontaneous’ platelet aggregation has been assessed in diabetics utilizing the plate- 
1et:aggregate ratio described by Wu & Hoak (1974). This depends on the ratio of the 
platelet count performed on platelet-rich plasma derived from a blood sample taken with 
and without formalin. Platelet aggregates are fixed by formalin and are removed during 
centrifugation to produce platelet-rich plasma. The plate1et:aggregate ratio is therefore 
low in the presence of platelet aggregates. Blood-sampling technique is an important 
variable in this method. Low plate1et:aggregate ratios have been found both in diabetics 
with (Preston et al. 1978) and without (Davis et al. 1982) vascular disease. ‘Spontaneous’ 
aggregation has also been studied in platelet-rich plasma or whole blood in vitro using a 
variety of techniques, mostly involving agitation by stirring. The aggregates formed in 
this way are fixed by formol. ‘Spontaneous’ aggregation using these techniques is rare in 
healthy individuals, but has been demonstrated in insulin-dependent diabetics free from 
vascular disease (Krzywanek & Breddan, 1981; Paulsen et al. 1981; Silberbauer et al. 
1981). 

In recent years newer tests of platelet function have been developed which have 
paralleled increased understanding of platelet physiology and biochemistry. These relate 
to the platelet release reaction and prostaglandin metabolism. B-Thromboglobulin and 
platelet factor 4 are platelet-specific proteins stored in the a-granules of platelets (Moore 
et al. 1975; Niewiarowski et al. 1977). They are released during platelet aggregation to a 
variety of agonists (Holmsen & Weiss, 1979). The most abundant protein is B-thrombo- 
globulin (molecular weight 35000) and since it has a plasma half-life of 100 min (Dawes 
et al. 1978) it is a useful indicator of enhanced in vivo platelet activation and release 
reaction. 

Levels of B-thromboglobulin have been found to be elevated in many studies of 
diabetes with and without vascular disease (Burrows et al. 1978; Preston et al. 1978; 
Mathews et al. 1979; Borsey et al. 1980; Betteridge et al. 1981; Davi et al. 1982) but not all 
(Campbell et al. 1977; Fritschi et al. 1984; Van de Knaap et al. 1985). However, the 
interpretation of these findings is open to conjecture. Do raised levels of B-thrombo- 
globulin truly reflect in vivo platelet activation and release or are they a consequence of 
increased release following activation (Kubisz et al. 1984) or increased levels of 
B-thromboglobulin in diabetic platelets (Brooks et al. 1983)? Van Oost et al. (1982, 1984) 
have provided evidence that increased levels are related to increased release due to 
increased sensitivity of diabetic platelets to stimulation, with their finding of decreased 
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platelet density in diabetes with retinopathy. Platelets are less dense after secretion of 
their a-granules. 

In vivo platelet activation has also been assessed by measuring platelet survival with 
radiolabelled platelets, and shortened platelet survival has been demonstrated in 
diabetics with and without complications (Abrahamsen, 1968; Dassin et al. 1978; Jones 
etal.  1981; Winocour et al. 1982). This is consistent with the finding of increased 
numbers of circulating young platelets in diabetics (Karpatkin, 1972; Garg et al. 1972; 
Colwell et al. 1977). 

Increased awareness of the critical importance of prostaglandin metabolism in 
platelets and arterial wall has stimulated many studies in diabetes. In platelets, 
arachidonic acid (20:406) released from membrane phospholipids is converted by the 
cyclooxygenase enzyme system to unstable endoperoxides. These compounds may be 
further metabolized by thromboxane synthetase (EC 5.3.99.5) to yield thromboxane A2, 
a powerful pro-aggregatory and vasoactive substance, which is the arachidonic acid 
metabolite that mediates platelet aggregation and the release reaction (Hamburg et al. 
1975). On the other hand, in arterial intima, the major arachidonic acid metabolite is 
prostacyclin which is the most potent of the naturally occurring prostaglandins in 
inhibiting platelet aggregation (Moncada et al. 1976). 

The early work of Halushka et al. (1977) and Chase et al. (1979) demonstrated 
increased activity of the prostaglandin pathway in platelets from diabetics, and subse- 
quently indirect measures of thromboxane A2 in diabetic platelets using malondial- 
dehyde, a stable product of endoperoxide conversion to thromboxane A2 (Stuart et al. 
1979; Betteridge et al. 1981) and thromboxane B2, the stable hydrolysis product of 
thromboxane A2 (Ziboh et al. 1979; Butkus e f  al. 1980) have been performed in diabetic 
patients. These studies and studies in experimental animals (Subbiah & Deitemeyer, 
1980; Johnson et al. 1980; Karpen et al. 1982) have provided evidence of increased 
thromboxane A1 synthesis in diabetic platelets. 

It remains to be determined which of the metabolic abnormalities of diabetes mellitus 
are important in relation to the observed alterations in platelet function. An obvious 
candidate would be hyperglycaemia, possibly acting through post-transcriptional modi- 
fication of platelet proteins by glycosylation. However, although some cross-sectional 
studies have reported significant correlations between aspects of platelet function and 
glycaemic control (assessed as the prevailing blood glucose level or by measurement of 
glycosylated haemoglobin as an indication of long-term glycaemic control) (Peterson 
et al. 1977; Halushka et al. 1981a,b; Dettori et al. 1983), this has by no means been a 
universal finding (Burrows et al. 1978; Mathews et al. 1979; Betteridge et al. 1981; Davi 
et al. 1982). Equally conflicting results have been obtained in prospective studies of 
diabetic subjects in which the effect of improved glycaemic control (mainly using 
subcutaneous insulin infusion or the artificial pancreas) on platelet function has been 
assessed. Some studies have demonstrated potentially beneficial alterations in platelet 
function (Peterson et al. 1977; Giugliano et al. 1982; Juhan et al. 1982; McDonald et al. 
1982; Voisin et al. 1983) but others have shown no change (Rosove et al. 1984; 
Delamothe & Betteridge, 1985) or an increase in platelet sensitivity (Jackson et al. 1984). 

Other plasma factors affecting platelets in diabetes mellitus could be plasma lipids and 
lipoproteins, and in a study of forty-nine diabetic subjects significant correlations were 
found between 13-thromboglobulin levels and very-low-density lipoprotein (VLDL), 
triglyceride and low-density lipoprotein (LDL)-cholesterol (Betteridge et al. 1981). 
Lipoproteins may indirectly affect platelet function by altering vascular endothelial cell 
function. Recent experimental work has suggested that lipoproteins (VLDL) obtained 
from diabetic animals may be more toxic to cultured endothelial cells than lipoproteins 
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from control animals. This effect, which may be due to increased lipid peroxide levels in 
diabetes, was reversed by insulin treatment (Arbogast et al. 1982). 

The original observation of Harrison et al. (1978) of decreased prostacyclin production 
in aortic rings taken from streptozotocin-diabetic rats has been confirmed and extended 
by other workers (Harrison et al. 1980; Silberbauer et al. 1980; Rogers & Larkins, 1981; 
El Tahir et al. 1982; Karpen et al. 1982; Kern & Engerman, 1984). The reduction in 
vascular prostacyclin production appears to be related to the duration of the diabetic 
state and is restored by insulin therapy. Serum from diabetic patients inhibited 
prostacyclin production in cultured human endothelial cells (Paton et al. 1982; Pate1 et al. 
1983; Aanderud et al. 1985). The nature of the inhibitory factor or factors in the diabetic 
serum is not understood but a likely contender would be lipid peroxides which are known 
to be increased in diabetics (Nishigaki et al. 1981; Higuchi, 1982) and to be potent 
inhibitors of prostacyclin synthesis (Salmon et al. 1978). In support of this Karpen et al. 
(1982) found that vitamin E treatment of experimental diabetic rats reduced plasma lipid 
peroxide levels and restored prostacyclin production to normal. In addition to the 
findings that vascular prostacyclin production may be decreased in diabetes it has been 
sho.wn that platelets obtained from diabetic subjects show diminished sensitivity to the 
antiaggregatory effects of prostacyclin in vitro (Betteridge et al. 1982; Onodera et al. 
1982; Jones et al. 1985). 

Platelet function in hyperlipoproteinaemia 
In recent years there has been an increased interest in lipid-platelet interactions 

(Anon., 1980). Platelet-derived growth factor has important effects on LDL receptor 
activity (Chait et al. 1980) and it is known that platelets which are unable to synthesize 
cholesterol de novo possess specific LDL receptors (Aviram & Brook, 1983). Lipo- 
proteins have important actions on arterial-wall prostacyclin production, LDL and 
VLDL inhibiting and high-density lipoprotein (HDL) stimulating production (Nordgy 
et al. 1978). 

Early platelet studies in hyperlipoproteinaemic subjects measured platelet aggregation 
in vitro. These studies (Nordgy & Rodset, 1971; Carvalho et al. 1974) which showed 
increased aggregation in response to adrenaline, collagen and ADP in hypercholes- 
terolaemic patients have been confirmed by others (Tremoli et al. 1979; Shastri et al. 
1980). Some studies (Molinas et al. 1981) have not demonstrated increased platelet 
aggregation in hypercholesterolaemia, probably due to technical considerations and 
differences in patient selection. However, a recent large study of 150 patients with 
hypercholesterolaemia confirmed increased sensitivity of platelets to collagen, ADP and 
adrenaline (Tremoli et al. 1984). In addition, total and LDL-cholesterol concentrations 
appeared to influence platelet sensitivity to adrenaline and to a lesser extent ADP in a 
normal male population (Hassall et al. 1983). 

Support for a relation between hypercholesterolaemia and platelet function has come 
from the application of newer techniques. Zahavi et al. (1981) measured plasma 
platelet-specific protein levels in a large group of hypercholesterolaemic patients and 
found high levels of B-thromboglobulin and platelet factor 4 compared with age- and 
sex-matched controls. In this study an extra control group of patients with known 
peripheral vascular disease was included. This group had higher levels of platelet-specific 
proteins than healthy controls but lower levels than hypercholesterolaemic subjects. 
Platelet malondialdehyde formation as a measure of thromboxane synthesis was also 
assessed in this study and found to be increased (Zahavi et al. 1981). Other studies have 
found increased thromboxane A2 synthesis (assessed as the more stable thromboxane 
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B2) in platelets from hypercholesterolaemic subjects (Tremoli et al. 1979, 1984; Strano 
et al. 1982). 

The relation between hypertriglyceridaemia and platelet function is not so clear. 
Carvalho et al. (1974) found no evidence of increased platelet aggregation in patients 
with hypertriglyceridaemia and Shastri et al. (1980) found increased aggregation but only 
to adrenaline. In a normal male population Hassall et al. (1983) found little relation 
between VLDL and platelet sensitivity except for a reduced adrenaline response in 
subjects in the lowest quintile for VLDL concentrations. However, platelet-specific 
proteins showed highly significant elevations in hypertriglyceridaemic individuals studied 
by Zahavi et al. (1981) as did malondialdehyde formation but Strano et al. (1982) could 
not demonstrate increased thromboxane B2 production. On the other hand, Joist et al. 
(1979) found shorter template bleeding times in sixteen patients with hypertriglycer- 
idaemia and Curtis et al. (1984), using the impedence aggregometer which measures 
platelet function in whole blood, demonstrated increased platelet sensitivity to collagen 
and decreased sensitivity to prostacyclin in both hypercholesterolaemic and hyper- 
triglyceridaemic individuals. 

Confirmation of direct effects of lipids and lipoproteins on platelet function have come 
from in vitro experiments. Shattil et al. (1975) incubated normal platelets with 
‘cholesterol-rich7 liposomes which led to a substantial increase in platelet cholesterol 
concentration, particularly in the platelet membrane. This led to enhanced sensitivity to 
adrenaline and ADP. Conversely, cholesterol-depleted platelets showed reduced 
sensitivity to aggregating agonists. The same authors (Shattil et al. 1977) found that 
platelets from hypercholesterolaemic individuals had a higher membrane cholesterol: 
phospholipid ratio and other workers demonstrated elevated free cholesterol in platelets 
from similar subjects (Miettinen, 1974). In addition Shattil & Cooper (1976) described 
increased platelet membrane microviscosity following incubation of platelets with 
‘cholesterol-rich7 liposomes and Sinha et al. (1977) found an impaired response of the 
membrane-associated enzyme adenylate cyclase (EC 4.6.1.1) to the stimulating effect of 
various agents including prostaglandin E, as shown by reduced production of cyclic 
AMP. More recent studies have demonstrated that increases in the cholestero1:phos- 
pholipid ratio of platelets resulted in increased thrombin-induced aggregation and 
increased liberation of arachidonate (Worner & Patscheke, 1980). Jakubowski et al. 
(1980) failed to show an increase in the cholestero1:phospholipid ratio of platelets 
obtained from hypercholesterolaemic subjects compared with age- and sex-matched 
controls, but cholesterol levels were lower than those in the subjects studied by Shattil 
et al. (1977). However, Jakubowski et al. (1980) did show that hypercholesterolaemic 
platelets had an impaired ability to accumulate cyclic AMP compared with controls when 
challenged with prostacyclin or prostaglandins D2 and El. The failure to demonstrate 
quantitative changes in the cholestero1:phospholipid ratio of the whole platelets does not 
rule out changes in membrane lipids as this may be masked if only total lipids are studied 
(Shattil et al. 1977). The impaired ability of hypercholesterolaemic platelets to accumu- 
late cyclic AMP in response to prostacyclin does not appear to be explained by changes 
in either affinity or number of prostacyclin receptors, although the platelets do show 
reduced sensitivity to the antiaggregatory effects of prostacyclin (Colli et al. 1983). 

Stuart et al. (1980) have studied the influence of cholesterol loading on platelet 
arachidonic acid metabolism. In cholesterol-enriched platelets (pre-labelled with [“C] 
arachidonic acid) thrombin stimulation led to the release of more arachidonic acid from 
pre-labelled platelet phospholipid. Subsequent conversion of arachidonic acid to 
thromboxane was also enhanced. It is possible that cholesterol-induced increases in 
platelet membrane microviscosity may affect the activity of phospholipase AZ which is 
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responsible for the release of arachidonic acid (Stuart et al. 1980). In a recent study 
Tandon et al. (1983) have shown that the number of thrombin receptors increased with 
increasing membrane viscosity while binding affinity decreased. Receptor number 
appeared to be the principal determinant of platelet responsiveness; however coupling 
between occupied receptor and bioresponse was unaffected by changes in membrane 
viscosity (Tandon et al. 1983). 

Some studies have examined the acute effects of lipoproteins on platelet function in 
vitro. Aviram & Brook (1983) incubated purified lipoproteins with gel-filtered platelets 
and showed that VLDL as well as LDL increased thrombin-induced platelet aggregation. 
Furthermore Beitz et al. (1983) demonstrated a dose-dependent stimulation of malon- 
dialdehyde formation from prostaglandin HZ by LDL whereas no effect was seen with 
albumin or HDL. Platelet function has been studied in patients with familial hyper- 
cholesterolaemia undergoing treatment with plasma exchange. Brook et al. (1983) found 
that platelet [ 14C]serotonin release and platelet aggregation in response to adrenaline 
and ADP paralleled changes in LDL levels, falling after plasma exchange and returning 
to pre-exchange values after 10 d. This study provides further evidence for LDL effects 
on platelet function in vivo. 

Fatty acids, platelets and thrombosis 
An important cornerstone of therapy in diabetes and hyperlipoproteinaemia, diseases 

associated with increased risk of premature vascular disease, is diet. In addition, in 
Western countries the population as a whole is encouraged to eat a more-prudent diet. 
An important component of this advice concerns a reduction in the amount of dietary fat 
which typically provides around 40% of the energy intake (about 120 g fat/d). In 
particular a reduction in saturated fat from dairy products and meat is advocated with 
partial replacement with polyunsaturated fat. With increasing knowledge of the import- 
ance of fatty acids as precursors of platelet and arterial endothelial cell prostaglandins 
and thromboxanes, attention has focused on the different series of polyunsaturated fatty 
acids in relation to their effects on platelet and vessel-wall metabolism (Goodnight et al. 
1982; Sanders, 1983, 1985; Hornstra, 1985). 

Saturated fatty acids 
In the 1960s the thrombotic potential of saturated fatty acids was demonstrated in 

experiments in which long-chain fatty acids such as stearic acid (18:O) were added to 
whole blood or washed platelets and various models of thrombogenesis. However, 
polyunsaturated fatty acids had little or no effect in these experiments (Connor, 1962; 
Connor et al. 1963; Hoak et al. 1963, 1964, 1967; Kopper, 1963; Haslam, 1964; 
Mahadevan et af .  1966). Subsequent chronic feeding experiments in experimental 
animals demonstrated that diets rich in saturated fat predisposed to thrombus formation 
in response to a variety of stimuli and that platelets showed increased aggregation to 
thrombin (Nordey et al. 1968; Renaud et al. 1970, 1979; Hornstra, 1975; McGregor et al. 
1980). 

Polyunsaturated fatty acids 
Prostaglandins and thromboxanes in platelets and vessel walls are produced from 

certain C20 polyunsaturated fatty acids with varying degrees of unsaturation, the most 
abundant of these acids in human tissue being arachidonic acid (20:406) (Crawford, 
1983). It is possible therefore that dietary manipulation of the precursor fatty acids might 
influence prostaglandin metabolism and the interactions of platelets with the vessel wall 
as other polyunsaturated fatty acids may act as substrates for prostaglandin synthesis 

https://doi.org/10.1079/PNS19870048 Published online by Cambridge University Press

https://doi.org/10.1079/PNS19870048


352 J. BETTERIDGE 1987 
(Willis, 1981) and interfere in other ways with platelet and vessel wall arachidonic acid 
metabolism (Goodnight et al. 1982; Sanders, 1983). 

06 fatty acids 
Linoleic acid (18:2w6) is generally the most abundant dietary polyunsaturated fatty 

acid and its absolute requirement (approximately 1% of energy intake) is well estab- 
lished (Rivers & Frankel, 1981). On the other hand, the dietary content of longer-chain 
derivatives such as arachidonic acid is low, and linoleic acid is converted to dihomo- 
y-linoleic acid (20:3w6) and arachidonic acid in liver and other tissues (Willis, 1981) but 
not in platelet membranes in response to dietary supplementation. Thus feeding 
experimental animals and man on a diet containing maize oil led to increased platelet 
membrane linoleic acid but a decrease or no change in arachidonic acid (McGregor et al. 
1980; Brox et al. 1981; Galli et al. 1981). It is possible that linoleic acid competes with 
arachidonic acid for esterification sites in membrane phospholipids or that there is failure 
of conversion of linoleic acid to longer-chain derivatives. 

Along with these changes in platelet membrane fatty acids, decreases have been 
observed in platelet aggregation and adhesion in both experimental animals and man 
(Fleischman et al. 1975; Agradi et al. 1978; Brox et al. 1981) together with increased 
platelet life-span (Mustard & Murphy, 1962) and a reduction in heparin thrombin 
clotting time (O’Brien et al. 1976). However, there is general agreement that bleeding 
time is not prolonged (Hornstra et al. 1973; O’Brien et al. 1976; Brox et al. 1981). The 
mechanisms by which dietary supplementation with linoleic acid affects platelet function 
are not completely clear but may include a reduction in thromboxane A2 synthesis 
(Agradi et al. 1978; Brox et al. 1981; Galli et al. 1981) and increased platelet cyclic AMP 
(McGregor & Renaud, 1978). Several studies have attempted to assess aortic prostacyc- 
lin production in experimental animals and in cultured human umbilical endothelial cells 
and on the whole they have demonstrated reduced spontaneous and stimulated 
prostacyclin output (de Deckere et al. 1979; Nordoy et al. 1979; ten Hoor et al. 1980; 
Galli et al. 1981; Spector et al. 1981). 

Dihomo-y-linoleic acid (20:3w6) has been given as the ethyl or methyl ester in 
experimental studies because of the very small amounts in natural fats and oils. In these 
experiments it was possible to enrich platelets and endothelial cells with the fatty acid 
and this was associated with a decreased content of arachidonic acid and linoleic acid 
(Oelz et al. 1976; Stone etal.  1980; Willis, 1981). However, the results obtained in terms 
of platelet behaviour have not been fully consistent. Dihomo-y-linoleic acid inhibited 
platelet aggregation when added to platelet-rich plasma (Willis et al. 1974) and platelet 
aggregation to ADP was inhibited after volunteers took a single dose (Kernoff et al. 
1977). More chronic feeding experiments have shown no change or decreased platelet 
aggregation (Willis et al. 1974; Oelz et al. 1976) and no change in bleeding time (Kernoff 
et al. 1977). Dihomo-y-linoleic acid is the precursor of the series-1 prostaglandins but 
incorporation of the fatty acid into platelets does not lead to PGEl formation 
(Needleman et al. 1980). In addition incorporation into endothelial cells results in 
decreased prostaglandin production (Nordoy et al. 1979). 

w3 fatty acids 
Although linolenic acid (18:3w3) can be desaturated and elongated to eicosapent- 

aenoic acid (20:5w3) in most tissues but not platelets it is theoretically possible that diets 
rich in linolenic acid (e.g. linseed oil) could enrich platelets and arterial endothelial cells 
with eicosapentaenoic acid. Eicosapentaenoic acid rose from 0.1 to 3.4% in liver and 
serum lipids of rats fed up to 4% of energy as methyl linolenate but in humans linseed oil 
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appears to have little effect on eicosapentaenoic acid levels (Dyerberg et al. 1980; 
Sanders & Younger, 1981). Although rats fed on linolenic acid showed reduced platelet 
sensitivity (ten Hoor et al. 1980), no effect was observed on platelet adhesion or bleeding 
time in patients with coronary artery disease (Borchgrevink et al. 1965). 

More interest has focused on eicosapentaenoic acid which is a more potent inhibitor of 
in vitro platelet aggregation than linolenic acid (Jakubowksi & Ardlie, 1978; Gruglewski 
et al. 1979). This stems from the observations of Bang and Dyerberg who linked the diet 
of Greenland Eskimos which contained large amounts of w3 polyunsaturated acids (Bang 
et al. 1976) with the prolonged bleeding time, reduced platelet aggregation and reduced 
incidence of vascular disease in this population (Dyerberg & Bang, 1979). This diet is 
associated with high amounts of eicosapentaenoic acid in plasma and platelets with a 
corresponding reduction of both linoleic and arachidonic acid (Dyerberg et al. 1975; 
Dyerberg & Bang, 1979). Subsequent studies in volunteers given various fish oils have 
shown similar changes in platelet fatty acids (for review, see Goodnight et al. 1982; 
Sanders, 1983,1985) with a marked increase in the ratio of 20:5w3/20:406 and changes in 
platelet function. For instance, Seiss et al. (1980) observed reductions in platelet 
aggregation and thromboxane synthesis in healthy men fed on a mackerel diet (500-800 
g) for 1 week. Japanese fishermen who regularly consume about 250 g fish daily showed 
reduced platelet sensitivity to ADP compared with a control group of Japanese farmers 
(Hirai et al. 1980). 

Other studies have examined the effects of a variety of fish-oil supplements on platelet 
aggregation in both human volunteers and experimental animals. The findings are not 
wholly consistent but several studies have shown reduced sensitivity to the aggregating 
effects of ADP (Sanders et al. 1981; Bradlow et al. 1983; Lorenz et al. 1983; Nagakawa 
et al. 1983) and collagen (Brox et al. 1981; Goodnight et al. 1981; Bradlow et al. 1983; 
Lorenz etal. 1983; Nagakawa ef al. 1983; Sanders & Hochland, 1983). Furthermore, Hay 
ef al. (1982) demonstrated significant falls in B-thromboglobulin and platelet factor 4 in 
thirteen patients with ischaemic heart disease given a daily supplement of 20 ml Maxepa 
(a fish-oil blend containing 3.5 g 20503). In addition a prolongation of the bleeding time 
is a near-universal finding in response to fish-oil supplementation (for review, see 
Goodnight et al. 1982; Sanders, 1985). This is probably related to a reduction of platelet 
thromboxane A2 formation (measured as thromboxane B2) following fish-oil administra- 
tion (Seiss et al. 1980; Brox et al. 1981; Bradlow et al. 1983; Fischer & Weber, 1983; 
Lorenz et al. 1983; Sanders & Hochland, 1983) as thromboxane is an important 
vasoconstrictor following vascular injury (Butler et al. 1982). An alternative explanation 
for the prolonged bleeding time may be that fish oil has a greater effect on platelet 
thromboxane A2 formation than on vessel-wall prostacyclin production. In support of 
this, in vivo prostacyclin production, assessed as its major urinary metabolite 2,3-dinor-6- 
keto-PGI1, was found to be unaltered in volbnteers given eicosapentaenoic acid (10 g/d) 
for 4 weeks as Maxepa oil, but serum thromboxane B2 was markedly decreased (Knapp 
& Fitzgerald, 1984). 

The initial hypothesis to explain the effects of eicosapentaenoic acid on platelet 
prostaglandin production was that the fatty acid would be a substrate for the cyclo- 
oxygenase and thromboxane synthetase enzyme systems with the production of 
thromboxane A3, a weak platelet-aggregating substance. On the other hand in arterial 
wall the major metabolite of eicosapentaenoic acid would be prostacyclin I3 which retains 
its anti-platelet-aggregating properties. However, although production of the series-3 
prostaglandins has been demonstrated following fish-oil supplementation in humans 
(Fischer & Weber, 1983, 1984), only small amounts are formed as eicosapentaenoic acid 
is a poor substrate for cyclooxygenase (Needleman et al. 1979; Smith et al. 1979). It is 
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likely that the major effect of eicosapentaenoic acid is on arachidonic acid metabolism. 
Arachidonic acid is displaced from membrane phospholipid so reducing its availability as 
substrate for cyclooxygenase, and eicosapentaenoic acid acts as a competitive inhibitor 
for this enzyme (Culp et al. 1979; Needleman et al. 1979). 

To the clinician faced with making dietary recommendations to patients known to be 
at risk from premature vascular disease, the w3 fatty acids would appear to have exciting 
potential. Long-term prospective studies need to be carried out in this area to determine 
whether w3 fatty acid dietary supplements can help reverse abnormal platelet function in 
diabetes mellitus and hyperlipoproteinaemia and eventually reduce the incidence of 
vascular disease without serious adverse effects. Traditionally the lower saturated-fat 
diet recommended for these patients has involved substitution with polyunsaturated fatty 
acids of the 06  series, principally linoleic acid. In a study of platelet reactivity in patients 
with hypertriglyceridaemia treated with a high dietary content of linoleic acid no 
potentially beneficial changes in platelet behaviour were observed despite significant 
reductions in plasma lipids and lipoproteins (Boberg et al. 1986). On the other hand, in a 
group of patients with familial hypercholesterolaemia, dietary supplementation with 
cod-liver oil as a source of w3 fatty acids resulted in reduced platelet aggregation to 
collagen and a decrease in thrombin-stimulated thromboxane generation against a 
background of persistently elevated plasma cholesterol levels (Brox et al. 1983). 

Conclusions 
There is evidence to implicate platelets in the development of atherosclerosis as well as 

the thrombotic complications in diseased arteries. Some population groups (particularly 
those with diabetes mellitus and hyperlipoproteinaemia) known to be at risk from 
premature vascular disease have evidence of abnormal platelet function. Dietary therapy 
is a cornerstone of treatment in these conditions and it would seem appropriate to 
consider the possible role of w3 fatty acids in diabetes and hyperlipoproteinaemia in view 
of the potential benefit on platelet function. 
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