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THESIS ABSTRACT 

 
Type 2 diabetes at least doubles the risk of cardiovascular disease. This can partly be 

explained by the increased prevalence of risk factors such as hypertension, 

dyslipidaemia and obesity. However, the underlying abnormality of insulin resistance 

and the presence of more recently identified risk factors including endothelial 

dysfunction, increased inflammation, and increased oxidative stress might also 

contribute towards the heightened cardiovascular risk. Fish oil, which contains 

eicosapentaenoic acid (EPA, 20:5 n-3), has wide-ranging beneficial effects on these and 

other abnormalities, and has reduced cardiovascular mortality in secondary prevention 

studies. Animal and human studies have recently established that in addition to EPA, 

docosahexaenoic acid (DHA, 22:6 n-3) also has beneficial effects, and furthermore, may 

have less detrimental effects than EPA on glycaemic control which has worsened in 

some fish and fish oil studies involving Type 2 diabetic subjects.  

 

Study 1 

This intervention study aimed to determine the independent effects of EPA and DHA on 

cardiovascular risk factors and glycaemic control in individuals with Type 2 diabetes 

receiving treatment for hypertension. In a double-blind placebo-controlled trial of 

parallel design, 59 subjects in good to moderate glycaemic control (HbA1c < 9%) were 

recruited from media advertising and randomised to 4 g/day of EPA, DHA or olive oil 

(placebo) for 6 weeks. Thirty-nine men and 12 post-menopausal women aged 61.2 ± 1.2 

yrs completed the study. Relative to placebo, and with Bonferroni adjustments for 

multiple comparisons, serum triglycerides fell by 19% (p=0.022) and 15% (p=0.022) in 

the EPA and DHA groups respectively. There were no changes in serum total 

cholesterol, or LDL- and HDL-cholesterol, although HDL2-cholesterol increased 16% 

with EPA  (p=0.026) and 12% with DHA (p=0.05). HDL3-cholesterol fell by 11% 

(p=0.026) with EPA supplementation and LDL particle size increased by 0.26 ± 0.10 

nm (p=0.02) with DHA. Urinary F2-isoprostanes, an in-vivo marker of oxidative stress 

was reduced by 19% following EPA (p=0.034) and by 20% following DHA. DHA but 

not EPA supplementation reduced collagen-stimulated platelet aggregation (16.9%, 

p=0.05) and thromboxane release  (18.8%, p=0.03), but there were no significant 

changes in PAF-stimulated platelet aggregation. Fasting glucose rose by 1.40 ± 0.29 
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mmol/l (p=0.002) following EPA and 0.98 ± 0.29 mmol/l  (p=0.002) following DHA. 

Neither EPA nor DHA had any significant effect on HbA1c, fasting serum insulin or C-

peptide, insulin sensitivity, stimulated insulin secretion, 24-hr ambulatory blood 

pressure and heart rate, markers of inflammation, and fibrinolytic or vascular function.  

 

Study 2 

This study aimed to examine the influence and causes of increased inflammation on 

vascular function in subjects recruited for Study 1. Compared with healthy controls 

(n=17), the diabetic subjects (n=29) had impaired flow-mediated dilatation (FMD) (3.9 

± 3.0% vs 5.5 ± 2.4%, p=0.07) and glyceryl-trinitrate mediated dilatation (GTNMD) 

(11.4 ± 4.8% vs 15.4 ± 7.1%, p=0.04) of the brachial artery. They also had higher levels 

of the inflammatory markers C-reactive protein (2.7 ± 2.6 mg/l vs 1.4 ± 1.1 mg/l, 

p=0.03), fibrinogen (3.4 ± 0.7 g/l vs 2.7 ± 0.3 g/l, p<0.001) and tumor necrosis factor-

alpha (20.9 ± 13.4 pg/l vs 2.5 ± 1.7 pg/l, p<0.001). In diabetic subjects, after adjustment 

for age and gender, leukocyte count was an independent predictor of FMD (p=0.02), 

accounting for 17% of total variance. Similarly, leukocyte count accounted for 23% 

(p<0.001) and IL-6 for 12% (p=0.03) of variance in GTNMD. Von Willebrand factor, a 

marker of endothelial cell activation was correlated with leukocyte count (r=0.38, 

p=0.04), FMD (r=-0.35, p=0.06) and GTNMD (r=-0.47, p=0.009), whilst P-selectin, a 

marker of platelet activation was correlated with fibrinogen (r=0.58, p=0.001).  

 

Conclusions 

EPA and DHA have similar beneficial effects on triglycerides, HDL2 cholesterol and 

oxidative stress in individuals with Type 2 diabetes and hypertension. However, DHA 

also increases LDL particle size and reduces collagen-stimulated platelet aggregation 

and thromboxane release, thus offering more potential than EPA as an anti-thrombotic 

agent. The beneficial effects of both oils were potentially offset by deterioration in 

glycaemic control. Neither oil affected blood pressure or vascular function. Longer-term 

studies with major morbidity and mortality as the primary outcome measures are 

required to assess the overall benefits and risks of EPA and DHA. The cross-sectional 

observations from Study 2 are consistent with the hypothesis that impaired vascular 

function in individuals with Type 2 diabetes and hypertension is at least in part 

secondary to increased inflammation, with associated endothelial and platelet activation.  
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CHAPTER 1 REVIEW OF LITERATURE 
1.1 Diabetes Mellitus 

Diabetes mellitus is a group of metabolic disorders characterised by hyperglycaemia. 

The disorder results from fundamental defects in insulin secretion, insulin action, or 

both, and if not adequately treated may lead to retinopathy, nephropathy, peripheral and 

autonomic neuropathy, and cardiovascular disease (1). The Australian Working Party on 

Diagnostic Criteria for Diabetes recently recommended (2) adopting the modified 

American Diabetes Association (ADA) criteria for the diagnosis of diabetes (1) shown 

in Table 1.01. In addition, the Working Party recommended immediate adoption of the 

new ADA criteria for the classification of diabetes mellitus that relies on the etiology of 

the disorder rather than its management. Although the etiology is of a very 

heterogeneous nature, it is broadly classified into 3 different types; Type 1, Type 2, and 

"Other Specific Types" (1). This thesis is confined to subjects with Type 2 diabetes. 

 

1.2 Type 2 diabetes  

This form of diabetes was previously referred to as non-insulin-dependent diabetes 

(NIDDM), or adult-onset diabetes. It is a term used for individuals having impaired 

glycaemic control who usually exhibit impaired insulin sensitivity (3), increased hepatic 

glucose production, and a relative rather than absolute insulin deficiency (4). 

Reductions in peripheral insulin sensitivity are due to both a decrease in insulin 

receptors, and post-receptor defects in insulin action (5,6). The prevalence of diagnosed 

diabetes in the Australian population has trebled since 1981 to 7.5% of the population in 

1998 (8.0% for males and 7.0% for females) (7). There are now about 940,000 people 

over the age of 25 years with diabetes in Australia (approximately half are 

undiagnosed), more than 85% of who have Type 2 diabetes (7). Cases are expected to 

increase to 1,230,000 by 2010. Worldwide cases are projected to increase from 

approximately 135 million in 1995 to 300 million in 2025 (8).  

 

1.3 The etiology of Type 2 diabetes 

Genetic and environmental factors both contribute to the etiology of Type 2 diabetes. 

Whilst the exact etiology is not known, the genetic components are believed to be 

strong, as evidenced by the clustering of Type 2 diabetes in families, the high 

prevalence in certain ethnic groups, and especially the high concordance rate (50-95%) 
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Table 1.01 Criteria for the diagnosis of diabetes mellitus and impaired glucose 
tolerance 
 
 

A. Diabetes Mellitus  

     Symptoms of diabetes plus casual plasma glucose concentration ≥ 11.1 mmol/l. 

Casual is defined as any time of day without regard to time since last meal. The 

classic symptoms of diabetes include polyuria, polydipsia, and unexplained weight 

loss. 

Or 

2. Fasting plasma glucose > 7.0 mmol/l. Fasting is defined as no caloric intake for at 

least 8 hours. 

Or 

3. 2-hour plasma glucose ≥ 11.1 mmol/l during an oral glucose tolerance test (OGTT). 

The test should be performed as described by WHO (1), using a glucose load 

containing the equivalent of 75-g anhydrous glucose dissolved in water. 

B. Impaired glucose tolerance 

1. Fasting plasma glucose ≥ 6.1 mmol/l. 

2. 2-hour plasma glucose ≥ 7.8 mmol/l but ≤ 11.1 mmol/l during an oral glucose 

tolerance test (OGTT). 

 

between monozygotic twins (9). Female gender may play a small effect in the 

differential development of Type 2 diabetes. Age-adjusted rates of Type 2 diabetes are 

approximately 20-30% higher in females compared to males in the United States (10) 

although this is not the case in Australia (7). However, the prevalence of impaired 

glucose tolerance is higher (9.2% for males and 12.0% for females) (7). 

The presence of strong environmental components is indicated by the 

differences in the occurrence of Type 2 diabetes among genetically similar populations 

living in different areas. Type 2 diabetes is absent or rare (< 3% of middle-aged adults) 

in rural or traditional communities in developing countries, but their counterparts in 

urban or non-traditional situations often show prevalence rates that are 5-10 times 

greater (10). Diagnosis of Type 2 diabetes usually occurs beyond the age of 40 years 

and many patients are obese (11). Whilst the deterioration of glucose tolerance with age 

is not understood, a decreasing muscle mass and increasing proportion of adipose tissue 

may be partly responsible. In Australia, obesity is present in approximately 44% of 

 



3

diabetic patients and obesity, particularly visceral obesity (12) and duration of obesity 

(13), has been implicated as a risk factor for Type 2 diabetes in cross-sectional and 

longitudinal studies (7). Peripheral insulin resistance plays a major role in the obese 

form, with both insulin receptor down-regulation and post-receptor defects (5). These 

defects, and the glucose intolerance, may return towards normal with weight loss (14). 

Obese Type 2 diabetic subjects are characterised by hyperinsulinaemia, whilst the non-

obese Type 2 diabetic patient tends to be relatively insulinopenic. Laboratory and 

epidemiological studies suggest that changes in diet, in particular increases in the intake 

of saturated fat (15,16), as well as increases in refined carbohydrates and decreased 

intake of dietary fibre (17) can also result in decreased insulin sensitivity and abnormal 

glucose tolerance. 

 

1.4 Type 2 diabetes and Coronary heart disease  

Despite dramatic decreases in the mortality rate of coronary heart disease (CHD) in the 

past 30 years, its incidence has remained stable (18) and it is still the leading cause of 

death in Australia, accounting for 40% of all deaths in 1998 (19). In individuals with 

Type 2 diabetes, cardiovascular disease is also the major cause of mortality, accounting 

for up to 80% of all deaths (20). The age-adjusted relative risk of death due to 

cardiovascular events in persons with Type 2 diabetes is approximately 3-fold higher 

than in the general population (20). The excess risk is also higher in women than in men 

(21,22) and negates the normal gender differences in the prevalence of CHD. 

 

1.5 CHD risk factors associated with Type 2 diabetes 

Conventional cardiovascular risk factors including hypertension, cholesterol and/or 

triglycerides predict the development of CHD in diabetic as well as non-diabetic 

individuals (23,24). However, epidemiological analysis suggests the contribution of 

commonly measured risk factors accounts for no more than 25% of the excess 

cardiovascular disease in Type 2 diabetes (25). Conventional and more recently 

identified CHD risk factors associated with Type 2 diabetes are listed in Table 1.02. 

Hypertension, dyslipidaemia and obesity, glucose intolerance and hyperinsulinaemia are 

often found to cluster and together are sometimes referred to as "syndrome X". 
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Table 1.02 CHD risk factors associated with Type 2 diabetes 
 

      Conventional risk factors Main characteristics/consequences 
• Obesity ↑ plasma free fatty acids  

↑ insulin resistance 
↓ endothelial function 
↑ inflammation 
↑ oxidative stress 

• Dyslipidaemia ↑ triglycerides  
↓ HDL-cholesterol  
↑ small dense LDL-cholesterol particles 

• Hypertension ↑ systolic BP  
↑ pulse-pressure 
↓ arterial compliance 

      
      Recently identified risk factors 

 
Main characteristics/consequences 

• Hyperinsulinaemia/ 
       Insulin resistance 

↑ plasma insulin  
↓ insulin sensitivity 

• Endothelial dysfunction ↓ NO release,  
↑ endothelin-1 release 

• Inflammation ↑ Pro-inflammatory cytokines (e.g. TNF-α, 
    IL-6) 
↑ endothelial activation (↑ vWf, cell adhesion 
   molecules) 
↑ oxidative stress  

• Increased oxidative stress ↑ glucose auto-oxidation 
↑ advanced-glycation end-products  
↑ oxidative modification of LDL  

• Hyperglycaemia ↑ advanced glycation end-products (AGE's)  
↑ oxidative stress  
↑ plasma viscosity 
↑ inflammation 

• Impaired platelet function ↑ platelet aggregation  
↑ platelet adhesion (↑ P-selectin) 
↑ vasoconstrictor/ ↓ vasodilator prostanoids 

• Impaired haemostasis ↑ coagulation (↑ fibrinogen, ↑ factor VII) 
↓ fibrinolysis (↑ PAI-1) 
↑ vWf  

 

1.5.1 Insulin resistance  

The central and underlying feature of syndrome X is the presence of insulin resistance 

which is also present in the majority of patients with Type 2 diabetes (26), and is the 
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best predictor of future diabetes (27). Several important observations have recently been 

made demonstrating how insulin resistance might influence the development of 

atherosclerosis. Insulin resistance is associated with endothelial dysfunction (28), 

impaired insulin-mediated nitric oxide (NO) release (29), systemic inflammation 

(30,31), and an increase in oxidative stress (32). Insulin resistance may thus have an 

independent effect on atherogenesis. Alternatively it may act solely as a surrogate risk 

marker of metabolic abnormalities including hyperinsulinaemia which usually 

accompanies insulin resistance. Elevated concentrations of insulin causes alterations in 

the vasculature involving smooth muscle cell proliferation (33) and lipid accumulation 

(34), and may also cause detrimental effects via disturbances of lipid metabolism, blood 

pressure, fibrinogen (35) and plasminogen activator inhibitor (PAI-1) (36,37). 

Whilst no prospective studies have examined the relation of insulin resistance to 

cardiovascular events, insulin resistance correlates with CHD (38), and 

hyperinsulinaemia is a positive independent risk factor for CHD (39-41), and a predictor 

of risk factor development and Type 2 diabetes (42). Although the relationship between 

hyperinsulinaemia and CHD is weak, particularly in older subjects (43), it may be 

underestimated, particularly in Type 2 diabetes. In these subjects, proinsulin and 32-33 

split proinsulin may comprise the majority of circulating immunoreactive insulin (44). 

Therefore elevated concentrations of proinsulin-like molecules may be a stronger risk 

factor for CHD than insulin in Type 2 diabetes (45). The cross-reactivity of insulin with 

pro-insulin which occurs in many insulin assays may also lead to underestimation. 

Finally, since first-phase insulin secretion is decreased in Type 2 diabetic patients (46), 

insulin concentrations following a glucose challenge may be decreased and therefore 

not fully reflect the extent of insulin resistance.  

 

1.5.2 Endothelial dysfunction 

Evidence suggests that endothelial injury, activation and dysfunction are early events in 

atherogenesis (47). Individuals with insulin-resistant states such as those with Type 2 

diabetes (48), visceral obesity (49) and/or hypertension (50) exhibit impaired 

endothelium-dependent vasodilatation. Hyperglycaemia, hyperlipidaemia and 

hypertension damage the endothelium, causing the release of endothelial cell products 

such as von Willebrand factor (vWf) and cell adhesion molecules, and an imbalance in 

endothelial production of vasoconstrictors versus vasodilators. In particular, there is a 
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decrease in the production of NO which has potent antiatherogenic effects including 

modulation of platelet adhesiveness and aggregability, and reduced lipid peroxidation, 

monocyte adhesion and vascular smooth muscle cell proliferation (51).  

Since insulin resistance has been shown to be associated with impaired 

endothelial function (28,52,53), and both share common metabolic abnormalities, it has 

been suggested that endothelial dysfunction is an integral aspect of the insulin resistance 

syndrome. In addition to its roles of stimulating skeletal muscle glucose uptake and 

modulating vascular tone, insulin has been shown to cause endothelium-derived NO-

dependent vasodilatation (54,55). Insulin resistance is associated with the impairment in 

insulin-mediated endothelium-dependent vasodilatation (55). Thus, the interaction 

between insulin and endothelium-derived NO is a potential mechanism linking insulin 

resistance with hypertension (56), thrombosis (36), dyslipidaemia (57) and 

atherosclerosis - all prominent outcomes of the insulin resistance syndrome. The 

pathogenesis of endothelial dysfunction may also occur directly via increased oxidative 

stress (57), inflammation (58), and hyperlipidaemia (59). 

 

1.5.3 Inflammation  

Recent findings from the Insulin Resistance Atherosclerosis Study (IRAS) (31) 

show insulin sensitivity to be a significant independent predictor of C-reactive protein 

(CRP), a marker of the acute-phase inflammatory response (60). Conversely, raised 

concentrations of inflammatory markers are predictive of the development of Type 2 

diabetes (61) and are present in diabetes (30,31,62,63). Likewise, positive associations 

have been reported between inflammation and insulin (64), and components of the 

insulin resistance syndrome (31) including obesity (65), hypertension (66) and 

dyslipidaemia (67). These data suggest that as with endothelial dysfunction, 

inflammation is also a component of the insulin resistance syndrome.  

In addition to the release of cell adhesion molecules, damage to the endothelium 

also causes the release of pro-inflammatory cytokines and growth factors (68). The 

cytokines help regulate vessel wall tone by affecting the release of nitric oxide (NO) 

(69) and endothelin-1 (70). An association between CRP elevation and endothelial 

dysfunction has been reported in both patients with CHD (71) and healthy subjects (58). 

Elevated CRP is also associated with reduced nitroglycerin-induced vasodilatation, a 

marker of smooth muscle function, in healthy individuals (72). Recent data suggest that 
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CRP may even directly promote atherosclerosis by increasing the synthesis of cellular 

adhesion molecules, increasing monocyte chemoattractant protein (MCP-1) secretion, 

and facilitating macrophage LDL uptake (73).  

Inflammation may be related to the development of endothelial dysfunction via 

an increase in oxidative stress. Activation of peripheral polymorphonuclear leukocytes 

which occurs as part of the inflammatory response, causes a respiratory burst of reactive 

oxygen species, including hydrogen peroxide (H2O2) and superoxide (O2
-). Leukocytes 

generated significantly more hydrogen peroxide in Type 1 diabetic subjects than control 

subjects (74). 

 

1.5.4 Oxidative stress 

The detrimental effects of lipid peroxidation on endothelial function and the 

involvement of lipid peroxidation in the pathogenesis of atherosclerosis (47) has led to 

renewed interest in oxidative stress as a potential mechanism for diabetic vascular 

disease. Early evidence relied principally on in-vitro experiments (75). However, 

recently, plasma F2-isoprostanes which have proven to be a useful marker of lipid 

peroxidation both in vitro and in vivo (76), were found to be 3-fold higher in individuals 

with Type 2 diabetes than in normal control subjects (77). Similarly, Davi and 

colleagues found that urinary excretion of F2-isoprostanes in Type 2 and Type 1 patients 

were twice that of healthy age-matched controls (78).  

There is accumulating evidence that oxidative stress in Type 2 diabetes is related 

to the degree of metabolic control (79-81). Reduction in glycated haemoglobin (HbA1c) 

from 9.9 % to 7.5 % following 4 weeks of intensive treatment in 21 Type 2 diabetic 

patients was associated with a 32% reduction in urinary F2-isoprostanes (78). Oxygen-

derived free radicals can be produced in diabetes by several reactions including glucose 

auto-oxidation and non-enzymatic protein glycation which yields a host of advanced-

glycation end-products (AGE's) (82). AGE's induce cellular lipid peroxidation via 

interaction with their specific surface receptor (RAGE) (83), an effect that can be 

attenuated by vitamin E (84). RAGE's facilitate the internalisation of AGE's into the 

subendothelial space where they may cause oxidative modification of LDL (85). 

Oxidised LDL can potentially impair endothelium-mediated vasodilator function by 

inhibiting the synthesis and release of NO by endothelial cells, inactivating NO in the 

subendothelial space (86) and enhancing the synthesis of endothelin (87). AGE's also 
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enhance the aggregation of human platelets (88), possibly via increased oxidative stress. 

Platelet activation as determined by levels of urinary 11-dehydro-TXB2, the major 

metabolite of thromboxane A2, correlated significantly with urinary F2-isoprostanes 

(78). Finally, AGE's also appear to cause a pro-inflammatory state in diabetics (89,90) 

possibly via the release of cytokines including IL-6 (91,92). There is thus evidence for 

an increase in lipid peroxidation, platelet activation and inflammation via increased 

oxidative stress in diabetes. Definitive evidence of a more generalised increase in 

oxidative stress, and its role in the pathogenesis of atherosclerosis in diabetic subjects 

however, remains outstanding (93).  

 

1.5.5 Hyperglycaemia 

Several prospective studies of Type 2 diabetes have demonstrated that the 

degree of metabolic control is associated with increased CVD and all-cause mortality 

(94-96). Whilst this finding has not always been consistent with fasting glucose (25), 

the evidence for a link with HbA1c, a marker of chronic glycaemic control, is clearer 

(97). Patients with poor long-term glycaemic control show more evidence of early 

atherosclerosis as assessed by endothelial function and intima-media thickening (98), 

and acute hyperglycaemia has also been shown to impair endothelial function (99). The 

risk of microvascular disease with poor glycaemic control is even stronger. A 1% 

increase in glycated haemoglobin resulted in a 70% increased incidence of retinopathy 

compared to a 10% increase in the incidence of ischaemic heart disease (96). The 

effects of hyperglycaemia on oxidative stress, vascular function and inflammation have 

already been discussed.  

 

1.5.6 Pro-thrombotic state  

The main cause of mortality in patients with Type 2 diabetes is due to 

thrombotic complications, which are cardiovascular, cerebrovascular, or peripheral in 

nature. Endothelium-derived vWf and platelet-derived P-selectin, which assist in initial 

platelet adhesion to the endothelium, are predominantly markers of endothelial and 

platelet activation respectively. Both molecules are typically elevated in Type 2 diabetes 

(100,101). Increased circulating platelet aggregates, increased platelet aggregation in 

response to platelet agonists, and higher plasma levels of platelet release products, such 

as beta-thromboglobulin, and thromboxane B2 (78,102) also demonstrate platelet 
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hyperactivity. Many clotting factors including fibrinogen and factor VII are also 

elevated (103). 

Conversely, the fibrinolytic system, the primary means of clot dissolution, is 

relatively inhibited in Type 2 diabetes. There is an increase in plasminogen activator 

inhibitor Type 1 (PAI-1) antigen and activity (104) whilst tissue-plasminogen activator 

(tPA) antigen levels often remain normal. Insulin and its precursors (proinsulin, 32-33 

split proinsulin), and insulin resistance, have all been found to be independent predictors 

of PAI-1 across varying states of glucose tolerance (37) and PAI-1 is now considered a 

feature of the insulin resistance syndrome (36). Similarly, PAI-1 activity correlates with 

increased insulin and C-peptide (104). 

Together these findings support the clinical observation that diabetes is a 

hypercoagulable state. Regular low-dose aspirin (81-325mg /day) has been 

recommended by the American Diabetes Association in diabetic individuals at high risk 

for vascular disease (105). Although no primary prevention trial has been undertaken in 

diabetic subjects exclusively, overall cardiac and all-cause mortality were decreased by 

20% in diabetic and non-diabetic subjects treated with aspirin (106). In addition to its 

anti-platelet effects (107), aspirin may also protect endothelial cells from oxidative 

stress (108), inhibit the release of PAI-1 from platelets (109), improve endothelial 

function (110) and reduce inflammation (111). 

 

1.5.7 Obesity 

Obesity is a major independent risk factor for CHD in both diabetic and non-diabetic 

persons (112), and almost half of all individuals with Type 2 diabetes in Australia are 

obese (7). Central obesity is associated with insulin resistance and components of the 

insulin resistance syndrome, and also predicts future risk of Type 2 diabetes even 

amongst otherwise lean subjects (12).  

Visceral adiposity likely plays a major role in the development of insulin 

resistance and Type 2 diabetes via its effects on the release of free fatty acids (FFA's) 

and pro-inflammatory cytokines. Most obese individuals exhibit increased plasma 

FFA's, primarily because of an increase in the rate of lipolysis from the expanded fat 

cell mass (113). In 1965, Randle et al demonstrated that FFA's compete with glucose for 

substrate oxidation (114) resulting in peripheral and hepatic insulin resistance. Whilst 

this may be compensated for in non-diabetic individuals by an increase in insulin 
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secretion, in individuals who are genetically predisposed to develop Type 2 diabetes, 

FFA's may eventually fail to promote insulin secretion resulting in hyperglycaemia 

(115). 

Increased pro-inflammatory cytokine expression such as TNF-α and IL-6 is 

associated with an increase in body fat (30,65). The release of these cytokines from 

adipose tissue may produce peripheral insulin resistance both directly, or via increased 

lipolysis and subsequent FFA release (116). Neutralisation of TNF-α is associated not 

only with an increase in insulin sensitivity, but also with a decrease in plasma FFA 

levels (30). A reduction in obesity may thus partly improve insulin sensitivity and 

endothelial function by reducing inflammation. 

 

1.5.8 Dyslipidaemia  

Diabetic dyslipidaemia predicts cardiovascular disease (46) and is also associated with 

the endothelial dysfunction present in diabetes (57). There are 3 major components of 

dyslipidaemia in insulin resistance; increased triglyceride levels (117), decreased HDL 

cholesterol (117) and increases in small dense LDL cholesterol (118). The latter have an 

increased propensity to oxidation (119) particularly when glycated and in the presence 

of hyperglycaemia and enhanced oxidative stress (75). They are also associated with 

endothelial dysfunction (85) and are an independent risk factor for CHD (120).  

Whilst increased LDL cholesterol is not a characteristic of the insulin resistance 

syndrome (7) subgroup analysis of 3 recent trials of statins (4S, CARE and LIPID) has 

shown reductions in cardiovascular events in diabetes in association with reductions in 

LDL cholesterol (121). Insulin resistance and LDL cholesterol may impact on CHD in a 

joint manner. Pima Indians whom are highly insulin resistant and have an approximate 

20-fold increased prevalence of diabetes compared to white Americans (122), have low 

LDL cholesterol and lower levels of CHD than Caucasians (123).  

Not only is HDL cholesterol decreased in Type 2 diabetes, HDL particles are 

also smaller and denser (124) due to the increase in lipolysis of triglyceride rich 

particles, and HDL2 clearance is increased leading to an overall reduction in antioxidant 

potential (125).  

 

1.5.9 Hypertension 

Hypertension is approximately twice as frequent in patients with diabetes than in non-
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diabetic populations (126,127). In Australia, 69% of diabetic patients have hypertension 

compared to 21% with normal glucose tolerance (7). Hypertension is thus an important 

contributor to cardiovascular mortality in Type 2 diabetes (126,127), leading to 

recommendations for more aggressive treatment, such as reducing blood pressure to less 

than 130/85 mmHg (128). Controlled randomised prospective trials such as the SHEP 

study (129), the HOT trial (130), and the Syst Eur Trial (131), show that the reduction 

in CVD events with tight blood pressure control is greater than that for non-diabetic 

hypertensives. In the UKPDS, tight blood pressure control, unlike improved glycaemic 

control, reduced the risk of stroke and deaths related to diabetes (132). 

Hypertension is independently associated with insulin resistance (133), and 

insulin resistance may precede the development of hypertension, particularly in lean 

subjects at high-risk (134). Fasting insulin levels have predicted the development of 

hypertension in lean diabetic (135) and non-diabetic subjects (136) but not obese 

subjects (135,137). Enhancement of insulin sensitivity with the insulin sensitiser 

troglitazone lowered blood pressure in diabetic patients with hypertension, and the 

decrease in blood pressure correlated significantly with plasma insulin levels (138). 

Several mechanisms have been suggested to explain the association of insulin resistance 

and hypertension including increased sympathetic nervous system activity (139), 

proliferation of vascular smooth muscle cells, altered cation transport (140), increased 

sodium reabsorption (141) and a deficiency in the production of nitric oxide (142). 

Whether endothelial dysfunction is either causally or casually related to hypertension 

remains contentious (143,144).  

 

1.6 Treatment of Type 2 diabetes  

Individuals with Type 2 diabetes are advised to modify their lifestyle, particularly their 

diet and exercise, and in some cases also receive pharmacological agents to lower their 

risk of microvascular and macrovascular complications. The 3 main classes of 

pharmacological agents include a) hypoglycaemic, b) hypotensive, and c) lipid-lowering 

drugs.  

a) Hypoglycaemic agents 

The results of the UK Prospective Diabetes Study (UKPDS), which followed diabetic 

patients for 10 years, demonstrated the importance of achieving good glycaemic control 

in order to reduce microvascular complications (145). Whilst there was also a reduction 
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in the incidence of myocardial infarction with intensive treatment in the UKPDS, this 

failed to reach significance. This is consistent with epidemiological data indicating 

chronic hyperglycaemia to be a rather weak predictor of cardiovascular risk. The ADA 

have recently published a consensus statement on the pharmacological treatment of 

hyperglycaemia which discussed 4 classes of agents: 1) Insulin, 2) Sulfonylureas (which 

increases insulin secretion), 3) Biguanides (e.g. metformin, which appears to lower 

glucose by suppressing hepatic glucose production), and 4) Alpha-glucosidase inhibitors 

(e.g. acarbose, which changes the pattern of glucose absorption from the gastrointestinal 

tract). Emphasis was placed on combination therapy to achieve optimal control in a 

manner similar to the present use of hypertensive agents. In addition, insulin sensitisers 

such as troglitazone, may also improve glycaemic control, lower triglycerides (146), 

increase HDL cholesterol (147) decrease circulating PAI-1 levels (148) and reduce 

inflammation (149). Troglitazone rapidly inhibited the progression of early 

atherosclerosis, as assessed by carotid arterial wall thickness, most likely via improved 

peripheral insulin sensitivity (150).   

 

b) Hypotensive agents 

Angiotensin converting enzyme (ACE) inhibitors are recognised as first-line 

antihypertensive therapy in diabetic individuals as they also offer a cardioprotective 

effect (151), which may in part, be related to their beneficial effects on endothelial 

function (152). They prolong the action of bradykinin by blocking its enzymatic 

breakdown leading to increased blood flow (153). Since bradykinin plays an important 

role in insulin-stimulated glucose uptake (154), ACE inhibitor therapy may also 

improve the insulin resistance associated with hypertension and diabetes. Controlling 

blood pressure with either ACE-inhibitors or β-blockers has been shown to be equally 

effective in reducing the risk of macrovascular end-points in hypertensive patients with 

Type 2 diabetes (155). However, caution should be employed when treating diabetic 

subjects with β-blockers and/or thiazides since both can increase insulin resistance 

(156). 

  

c) Lipid-lowering agents  

Sub-group analysis of recent secondary prevention trials has shown "statins" to be at 

least as effective in reducing major coronary events in diabetic subjects as in 
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nondiabetic subjects (157-159) despite LDL cholesterol levels that at baseline were at 

most only  moderately elevated (3.0-4.5 mmol/l). The reduction in events may therefore 

be related to other possible benefits of statins such as a reduction in inflammation (160) 

and thrombus formation (161), improved endothelial function and plaque stabilisation. 

Conversely, despite having typically elevated serum triglycerides, a lowering of 

triglycerides with the fibrate Gemfibrozil was only associated with a non-significant 

reduction in coronary heart disease in a small subset of Type 2 diabetic subjects without 

previous heart disease in the Helsinki Heart Study (162). 

  

d) Non-pharmacological treatment 

The American and the Australian Diabetes Associations recommend diet, exercise and 

weight loss as non-pharmacological methods to improve glycaemic control in Type 2 

diabetes. The nutritional guidelines call for either a high-carbohydrate diet or a diet 

enriched in polyunsaturated or monounsaturated fat (163). However, concern over high-

carbohydrate diets was emphasised in a multicentre study with Type 2 patients (164) in 

which the carbohydrate diet led to impaired glycaemic and insulin responses as well as 

hypertriglyceridaemia. The choice of diet depends on the individual subject's lipid 

profile, overall adiposity and insulin depletion. For individuals with normal lipid levels 

who also maintain a reasonable weight, dietary guidelines advise that 30% or less of 

calories should be derived from fat, with < 10% of calories from saturated fat (165). 

However, in the presence of elevated triglycerides and LDL cholesterol, and low HDL 

cholesterol, an increase in fats, particularly monounsaturated fats, of up to 40% of 

calories may be more effective (166). Caution should be maintained with a diet this high 

in fat as patients may either use other fats as well as monounsaturated fats, and/or gain 

weight. Monounsaturated fats are also useful to the diabetic as they may offer 

antioxidant protection (167). The guidelines do not suggest curtailing the intake of n-3 

fatty acids that occur naturally in fish and other seafood. The effects of n-3 fatty acid 

supplementation on risk factors for diabetes are discussed in detail later. 

 Improvements in conventional risk factors, insulin sensitivity and glycaemic control 

have been demonstrated with aerobic exercise in subjects with Type 2 diabetes (168-

170). Increased physical activity also prevents excessive weight gain and improves 

dyslipidaemia (171). The ADA recommends at least 3 days/week of moderate intensity 

(50-70% VO2 max) for at least 20 - 45 mins per week (172). The American College of 
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Sports Medicine suggests 30 mins or more of moderate physical activity on most, or 

preferably, all days of the week (173).  

 

1.7 Dietary fish and CHD - Epidemiological evidence and prospective trials 

Interest in the cardio-protective effects of n-3 fatty acids originated from studies of 

Greenland Eskimos (Inuit), whose diets are based on seal and whale (174). Although the 

total fat content in the diet of Eskimos and Danish controls was similar (Eskimos 39% 

and Danes 42%), mortality from CHD was less than half amongst the Eskimos. 

Compared to Danes, Eskimos ate less saturated fat and more PUFA particularly n-3 

fatty acids (14g/day vs 3g/day) (174). It was hypothesised that this was a direct result of 

a favourable lipid (175) and prostaglandin (176) profile caused by increased n-3 fatty 

acid consumption, and in particular eicosapentaenoic acid (EPA; 20.5 n-3). Since these 

early studies, numerous prospective cohort studies have examined the relationship 

between fish intake and coronary heart disease mortality. Some (177-181), but not all 

(182-184) have found an inverse association. Numerous possible reasons exist for these 

inconsistencies. These include the widely varying quality of dietary assessment 

methods, the number of CHD deaths, ascertainment of CHD death, differences in the 

type and amount of fish consumed (more positive for lower intake), duration of follow 

up, sample size, and differences in statistical analysis. A recent review suggested that 

the relative risk of CHD of the sample population might be an important consideration 

(185). Of the 4 highest quality studies reviewed (5 points scored out of a possible 6), 2 

were positive (177,178) and 2 were negative (182,183). The negative studies were both 

performed in populations at low risk of heart disease. Only 8-13% were smokers, 

saturated fat intake was below 10% of total calories, cholesterol ~ 5mmol/l, and CHD 

death rates were low (1.0 and 1.4 CHD deaths / 1000 person years of follow up). In the 

2 positive studies, the participants had a much higher absolute risk of CHD death (4.6 / 

1000 person years), and unhealthy lifestyles. Saturated fat intake comprised 16-18% of 

energy, total cholesterol was close to 6 mmol/l and 60% were smokers. A similar 

pattern of negative and positive studies amongst low and high-risk populations was also 

found amongst the 4 studies of intermediate quality (3-4 points out of 6).  

Several more recent studies have demonstrated consistent risk reduction from n-

3 fatty acid intake. The relationship between total fish consumption and mortality of 36 

countries was examined using data obtained from the Food and Agriculture 
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Organisation and the World Health Organisation respectively (186). Fish consumption 

was inversely and independently associated with mortality from all causes, ischaemic 

heart disease and stroke in both sexes. The inverse relation remained steady for data 

collected at 10 different time points ranging from 2 to 30 years prior to mortality thus 

implying that the duration of fish consumption was not an influence beyond 2 years. 

The Nurses Health Study demonstrated a strong trend of decreasing risk for both CHD 

and CHD death with increasing fish or n-3 fatty acid consumption (187). Relative risk 

for CHD death was as low as 0.55 for women who ate fish 5 times per week compared 

to those who rarely ate fish. In the Physicians Health Study, higher blood levels of n-3 

fatty acids were strongly predictive of reduced sudden death in men followed for 17 

years (188). 

 A protective role for fish and fish oil consumption in the secondary prevention 

of CHD has also been observed in two large prospective cohort trials. In the Diet and 

Reinfarction Trial (DART) there was a 29% reduction in mortality after 2 years in male 

survivors of first myocardial infarction who were recommended to eat at least 2 fish 

meals per week. Their consumption of n-3 fatty acids averaged 2.4g/ week from fatty 

fish (approximately 300g of fish) compared to control subjects who averaged 0.6g/week 

(189). The reduction was due entirely to a decrease in fatal myocardial infarctions. In 

the GISSI-Prevenzione trial (190), recent survivors of myocardial infarction who 

received 1g/day of n-3 PUFA supplements had a 20% reduction in risk of death and a 

30% reduction in risk of cardiovascular death over 2 years. Treatment with both n-3 

fatty acids and 300mg/day vitamin E together caused a similar effect whereas vitamin E 

alone had no benefit. Whilst clinical trials and experimental studies have supported 

antiatherogenic and antithrombotic effects for n-3 fatty acids, the early separation of 

survival curves in the GISSI and DART trials supports a reduction in ventricular 

fibrillation (191) since incorporation of n-3 fatty acids into cell membranes also occurs 

rapidly (192). 

The effect of habitual fish intake on the occurrence of macrovascular 

complications in diabetic patients has received little attention. In a prospective study 

containing 83 impaired glucose tolerant subjects and 189 normoglycaemic subjects, age 

and sex adjusted 17-year CHD mortality with regular fish consumption (mean of one 

meal/week) was only significantly lower amongst the normoglycaemic individuals 

(193). The study was limited by the small sample size and fish intake for those reporting 
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fish consumption was relatively low in both groups (approximately 142mg/day and 

109mg/day for normoglycaemics and glucose intolerant subjects, respectively). This is 

however higher than in other epidemiological studies showing significant inverse 

associations (178). Evidence does nevertheless suggest that regular consumption of n-3 

fatty acids may prevent the development of insulin resistance since impaired glucose 

tolerance and diabetes are far less prevalent among fish eating populations (194).   

 

1.8 Metabolism and biological effects of n-3 fatty acids 

1.8.1 Metabolism  

Omega-3, or n-3 polyunsaturated fatty acids (PUFA) consist of 18 - 22 carbon atom 

carboxylic acids, that contain between 3 and 6 double bonds, the first of which is 

positioned 3 carbon atoms from the terminal methyl group. Similarly, omega-6, or n-6 

fatty acids contain between 18 and 22 carbon atoms and between 2 and 5 double bonds, 

the first of which is positioned 6 carbon atoms from the terminal methyl group. The two 

families of n-3 and n-6 fatty acids are shown in Figure 1.01. Whilst humans can convert 

linoleic acid (LA) (18:2 n-6) and α-linolenic acid (ANA) (18:3 n-3) into the long-chain 

fatty acids via desaturation and elongation, they are unable to convert between families. 

For this reason, 18:2 n-6 and 18:3 n-3 are considered "essential" fatty acids as they are 

required for normal human health and can only be obtained from the diet. In addition, 

whilst ALA may be elongated to eicosapentaenoic acid (EPA, 20:5n-3), 

docosapentaenoic acid (DPA, 22:5n-3), and docosahexaenoic acid (DHA, 22:6 n-3), 

conversion rates are inefficient in women (21%, 6% and 9% respectively) (195) and are 

even lower in men (195). 

Western diets contain predominantly LA, and to a lesser extent arachidonic acid 

(AA) (20:4n-6), which can also be derived from LA. These n-6 fatty acids are obtained 

from meat and vegetables whilst the biologically important long-chained n-3 fatty acids 

eicosapentaenoic acid (EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22:6 n-3) are 

nearly exclusively derived from marine sources (196). ALA, on the other hand, is 

predominantly plant-derived.  

Dietary n-3 PUFA are distributed to virtually every cell in the body and affect a 

wide range of physiological processes. These include immune and cognitive function, 

neuronal development, and visual acuity, in addition to having an important influence 

on many cardiovascular risk factors. DHA is the most abundant of the n-3 fatty acids 
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(197) and deficiencies of n-3 fatty acids lead to a loss of DHA from brain and retina 

sufficient to lead to memory loss, learning disabilities and impaired visual acuity (197). 

Outside the central nervous system, retina and testes, DHA rarely exceeds 10% of the 

total fatty acids in membrane phospholipids; EPA and DPA are at even lower levels.  

Whilst tissues, such as the brain and retina, are resistant to changes in fatty acid 

content (198), consumption of EPA and DHA leads to rapid increases in platelet 

membrane composition, which occurs at the expense of AA. For example, a fish diet 

(one fish meal/day) for 12 weeks increased total n-3 fatty acids (i.e. EPA + DHA + 

docosapentaenoic acid (DPA)) in platelet membrane phospholipids by approximately 

5.5% of total fatty acids, representing a doubling of n-3 fatty acid content (199). At the 

same time, total n-6 fatty acids (i.e. 20:3, 20:4 and 22:4) decreased by a similar amount. 

Small amounts of dietary DHA are retro-converted to EPA in rats (approximately 9% of 

total plasma lipids) and humans (1.4%) (200). 

 

n-3 family    n-6 family 

     

α-linolenic  18:3  18:2 Linoleic  

  ∆6 desaturase   

Ocadecatetraenoic  18:4  18:3 γ-linolenic  

  Elongase   

Eicosatetraenoic  20:4  20:3 Dihommo-γ-

linolenic  

  ∆5 desaturase   

Eicosapentaenoic  20:5  20:4 Arachidonic  

  Elongase   

   Docosapentaenoic  22:5  22:4 Docosatetraenoic  

  ∆4 desaturase   

Docosahexaenoic  22:6  22:5 Docosapentaenoic  

Figure 1.01 Metabolic pathways of the n-3 and n-6 polyunsaturated fatty acids.  
The chemical formula indicates the number of carbon atoms and the number of double bonds. 
The parent compounds undergo a series of sequential elongation and desaturation reactions by 
the enzymes shown. Humans cannot convert unsaturated fatty acids from one family to another. 
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1.8.2 Biological effects 

1) Eicosanoid synthesis 

Following release from membrane phospholipids by the action of phospholipase A2, AA 

and EPA become substrates for cyclooxygenase (COX) and lipoxygenase (LOX), 

forming products known as eicosanoids which act as cellular messengers and regulators. 

COX products give rise to prostanoids (prostaglandins (PG series) and thromboxanes 

(TXA series)) whereas LOX products give rise to the formation of leukotrienes (LTB 

series) and hydroxyeicosatetraenoic acids (HETES) (201). Together these modulate 

thromboregulatory, inflammatory and chemotactic responses, vascular permeability, and 

vasoconstriction and bronchoconstriction (201). AA is the precursor of the prostanoids 

of the 2-series and of leukotrienes of the 4-series, whilst EPA is the precursor of the 

prostanoids of the 3-series and leukotrienes of the 5-series. It is unclear as to whether 

DHA is metabolised by the COX or LOX enzymes in humans to products of biological 

significance. Most eicosanoids formed from EPA have a bioactivity weaker than the 

analogous AA products. In addition, since EPA competes with AA for both COX and 

LOX, this reduces the level of prostanoids formed from AA. N-3 fatty acids also 

accelerate the rate of catabolism of the pro-inflammatory leukotriene LTB4 (202). These 

effects account at least in part for the antithrombotic and anti-inflammatory properties 

of n-3 fatty acids.  

N-3 fatty acids are also converted to both epoxy- and hydroxy fatty acids by 

cytochrome P450-linked monooxygenases (203), but little information is available on 

the bioactivity of these products.   

 

2) Regulation of gene expression  

Recent evidence suggests that the effects of n-3 fatty acids on lipid metabolism, insulin 

sensitivity and inflammation, are in part, due to their hormone-like control of the 

activity and abundance of key transcription factors (204). The structural properties of 

both EPA and DHA, enable them to act as ligands for nuclear receptors. These 

transcription factors include the peroxisome-proliferator-activated receptor (PPAR) 

family (PPAR-α, -β, -γ1, and γ2), sterol regulatory element binding proteins (SREBP-1, 

-2), and nuclear factor κB (NFκB). They affect lipid metabolism, inflammation and 

insulin sensitivity. The effects are rapid (205) and are sustained as long as n-3 fatty 

acids remain in the diet. 
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a) Lipid metabolism 

Dietary n-3 fatty acids reduce triglyceride formation by directing fatty acids towards 

oxidation and away from storage (206). Both EPA and DHA have been shown to 

activate PPAR-α (207), which helps regulate several genes involved in peroxisomal and 

mitochondrial β-oxidation (208). However only EPA and not DHA increased fatty acid 

oxidation (208). The activation of PPAR-α may therefore be a necessary but not 

sufficient condition to increase fatty acid oxidation. N-3 and n-6 fatty acids reduce the 

hepatic abundance of SREBP-1, which activates genes involved in fatty acid synthesis, 

by 60%-70%, apparently by accelerating the rate of SREBP-1 mRNA decay (206). This 

in turn is also controlled by PPAR-α activation (206), although the mechanism remains 

to be determined. EPA but not DHA reduces diacylglycerol acyltransferase, the last step 

in triglyceride synthesis (207). PPAR-α activation also increases HDL levels by 

inducing the transcription of the major HDL apolipoproteins, apolipoprotein A-I and 

apolipoprotein A-II (209). 

 

b) Insulin sensitivity 

Pharmacological activation of PPAR-γ induces lipoprotein lipase and fatty acid 

transporters thereby reducing lipid levels in muscle and adipose tissue and improving 

insulin sensitivity (210). PPAR-α may also regulate glycaemic control, either by acting 

in a similar manner (209) or by decreasing production of pro-inflammatory cytokines 

(see below) (209). However, n-3 fatty acids are only weak agonists of PPAR's in 

comparison to pharmacological agonists (204). This may help explain the lack of 

improvement in insulin sensitivity in Type 2 diabetic subjects following n-3 fatty acid 

supplementation (see later) despite the association between insulin sensitivity and n-3 

fatty acids in skeletal muscle (211).  

 

c) Inflammation 

PPAR's are also expressed in different immunological and vascular wall cell types 

where they exert anti-inflammatory activities (209,212). Activated PPAR-α inhibits 

NFκB, which governs the gene expression of various cytokines, chemokines, and cell 

adhesion molecules (209). N-3's can inhibit the production of pro-inflammatory 

cytokines such as TNF-α in vivo in humans (213,214). Activation of hepatic PPAR-α 

up-regulates leukotriene degradation (215).  
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1.9 Effects of n-3 fatty acid supplementation  

In addition to epidemiological and prospective evidence of a protective effect of dietary 

n-3 fatty acids against all-cause and cardiovascular mortality, numerous intervention 

trials have demonstrated improvements in cardiovascular risk factors including lipids 

and lipoproteins, blood pressure, and platelet and endothelial function. Since Type 2 

diabetic patients are at an increased risk of cardiovascular disease, an increased intake 

of n-3 fatty acids might be of particular benefit to this population.  

 In reviewing the studies to date, it is important to discriminate between controlled 

and uncontrolled studies, as well as considering the clinical characteristics of the 

subjects studied, dosage of fish oil, study duration and other aspects of study design. 

This review focuses on studies utilising either a control or comparison group of 

subjects. Studies with Type 2 diabetic subjects reported in English are listed in Table 

1.03. Both controlled and uncontrolled studies are included for completeness. The study 

design and clinical characteristics of the subjects in the controlled studies are listed in 

Tables 1.04 and 1.05 respectively. The major findings from these studies and those with 

non-diabetic individuals are discussed below.  

 

1.9.1 Glycaemic control 

Early reports from several uncontrolled studies raised the possibility of an adverse effect 

of high doses of fish oils on glycaemic control in Type 2 diabetes (216-218). However, 

most but not all controlled studies, have not shown a significant influence of fish oils on 

glycaemic control (Table 1.06). Consequently, some experts still urge caution in the use 

of n-3 fatty acids in Type 2 diabetic patients (219), whilst others encourage their use 

albeit at doses less than 3g/day (220,221). Inconsistencies between the controlled 

studies may be due to either the use of relatively large doses of fish oil (222-225), 

impairments in glycaemic control being only a transient phenomena (225), and 

improvements in glycaemic control in the placebo group (226).   

 Four controlled crossover studies using Type 2 diabetic subjects reported 

significant increases in either fasting plasma glucose or HbAlc versus baseline following 

fish oil supplementation, as opposed to placebo (222,224,227,228). All 4 studies used 

supplements containing at least 10 grams of oil per day, but subjects' diets were not 

adjusted for the increased fat intake. The increases in glucose generally also occurred 

with placebo (Table 1.07). 
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Table 1.03 Controlled and uncontrolled fish and fish oil studies in subjects with 
Type 2 diabetes by year of publication. 
 

Study Fish oil dose (grams/day) 

Author Year 
N Controlled 

Yes/No 
Study 

duration Total n-3 fatty 
acids 

Sirtori1  (229) 1998 3472 N 6 Months 2 1.72 

Luo (230)   1998 15 Y 2 Months 6 1.8 

Dunstan (231) 1997 55 Y 8 weeks (Fish diet) 3.6 

Sheehan3 (232) 1997 15 N 4 Weeks 20 6 

Sirtori1 (233) 1996 414 Y 2 Months + 
4 Months 

3 
2 

2.6 
1.7 

Rivellese (234) 1996 16 Y 2 Months + 
4 Months 

3  
2 

2.7 
1.7 

McManus (235) 1996 11 Y 3 Months 8.4 2.8 

McGrath (236)  1996 23 Y 6 Weeks 10 3 

Morgan (237) 1995 40 Y 12 Weeks 9 or 18 5.5 or 11.0 

Puhakainen (238) 1995 9 Y 6 Weeks 12 3.8 

Shimizu (239) 1995 45 (No placebo) 12 Months 1 0.9 

McVeigh (240) 1994 20 Y 6 Weeks 10 3 

Axelrod (226) 1994 18 Y 6 Weeks 5 2.5 

McVeigh (228) 1993 23 Y 6 Weeks 10 3 

Pelikanova (241) 1993 20 Y 3 Weeks 15 mls 3.1 

Westerveld (242) 1993 24 Y 8 Weeks 0.9 or 1.8 0.84 or 
1.68 

Connor (243) 1993 16 Y 6 Months 15 6 

Vessby (244) 1992 14 Y 3 weeks PUFA/fish 
diet 4 - 5 

Boberg (224) 1992 14 Y 8 Weeks 10 3 

Annuzzi (245) 1991 8 Y 2 Weeks 10 3 

Vessby (223) 1990 14 Y 8 Weeks 10 3 

Hendra (225) 1990 74 Y 6 Weeks 10 3 

Borkman (227) 1989 10 Y 3 Weeks 10 3 

Friday (218) 1989 8 N 8 Weeks 15 8 

Glauber (217) 1988 6 N 4 Weeks 18 5.5 

Kasim (216) 1988 22 N 8 Weeks 9 2.8 

Schectman (222) 1988 13 Y (4g/d) 
N (7.5g/d) 

1 Month + 
1 Month 

12  
15 

4 
7.5 

Popp-Snijders (246) 1987 6 N 8 weeks 6 3 
1 Study included IGT subjects as well as Type 2 diabetic subjects, 2 estimated number of Type 2 
diabetic/IGT subjects who finished the study, 3 sequential study; fish oil followed by fish oil 
plus fibre. Results given for fish oil period only. 
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Table 1.04 Study design of controlled fish and fish oil studies in subjects with Type 2 diabetes 
 

Fish oil 
Author    Design n Duration

g/d (total) purity g/d n-3's  
Fat 

adjustment Placebo oil Randomised Blinded 

Luo  (230) X - Over 10 2 Months 6 30 % 1.8 N Sunflower Y  DB 

Dunstan (231)  Parallel 49 8 weeks Fish diet 30% fat diet 3.6 Y 30% fat diet Y N 

Sirtori1 (229)    Parallel 414 6 Months 3 & 2 86 % 2.6 & 1.7 N Olive Y  DB 

Rivellese (234)   Parallel 16 6 Months 3 & 2 80 % 2.7 &1.7 N Olive Y DB 

McManus (235)   X - Over 11 3 Months 8.4 33 % 2.8 N Olive Y DB 

McGrath (236)   X - Over 23 6 Weeks 10 30 % 3 N Olive Y DB 

Morgan (237)  Parallel 40 12 Weeks 9 or 18 61 % 5.5 or 11.0 N Corn Y DB 

Puhakainen (238)   X - Over 9 6 Weeks 12 30 % 3.8 N Corn+Olive Y DB 

Shimizu (239) Parallel 45 12 Months         1 90 % 0.9 N None Y N

McVeigh (240) X - Over 20 6 Weeks 10 30 % 3 N Olive Y DB 

Axelrod (226) Parallel 18 6 Weeks 5 50 % 2.5 N Safflower Y DB 

McVeigh (228) X - Over 23 6 Weeks 10 30 % 3 N Olive Y DB 

Pelikanova (241) Parallel 20 3 Weeks 15 mls 21% 3.1 N Saline  Y N 

Westerveld (242) Parallel 24 8 Weeks  0.9 or 1.8 94 % 0.84 or 1.68 N Olive Y DB 

Connor (243) Parallel 16 6 Months 15 40 % 6 N Olive Y DB 

Boberg (224) X - Over 14 8 Weeks 10 30 % 3 N Olive Y DB 

Annuzzi (245) X - Over 8 2 Weeks 10 30 % 3 N Olive Y DB 

Vessby 1992 (244) X - Over 14 3 weeks Fish/PUFA diet 15% energy 4 - 5 Y Sat fat diet NS N 

Vessby (223) X - Over 14 8 Weeks 10 30 % 3 N Olive Y DB 

Hendra (225) Parallel 74 6 Weeks 10 30 % 3 N Olive Y DB 

Borkman (227) X - Over 10 3 Weeks 10 30 % 3 N Safflower Y DB 

Schectman (222) X - Over 13 1 Month 12 & 15 33% & 50% 4 & 7.5 N Safflower Y SB 

X - Over = Cross over, DB = double-blind, SB = single-blind, NS = not stated 
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Table 1.05 Clinical characteristics of Type 2 diabetic subjects in controlled fish and fish oil studies 

 

Treatment regimen  
Study 

 

 
Age 

 

 
M/F 

 

Diabetes 
duration 
(years) Diet only Oral 

medication Insulin 
Hypertensives 

included  
Lipid medication 

exclusion  

Luo (230)   54 10/0 6  2 8 0 Y Y 

Sirtori (247)  58.51 258/157 ≥ 2  NS     NS 0 Y Y

Dunstan (231)4 53        37/12 4.8 14 35 0 Y Y

Rivellese (234)   56 7/9 8  4 12 0 Y Y 

McManus (235)   62 8/3 8 7 4 0 Y Y 

McGrath (236)   53 20/3 NS NS NS 0 N Y 

Morgan (237)  54 18/22 10 4 14 22 Y NS 

Puhakainen (238)   53 4/5 13 2 7 0 Y NS 

Shimizu (239) 66 22/23 10 3 25 17 Y NS 

McVeigh (240)         45-61 16/4 5 NS NS 0 N N

Axelrod (226)          56 NS 8 8 3 7 Y N

McVeigh (228) 45-61 20/3 NS NS NS 0 N N 

Pelikanova (241)  51 20/0 1 – 5 0 20 0 Y NS 

Westerveld (242) 56.52 

513 15/9 6.5 
4 10     12 1 Y Y

Connor (243) 59 13/3 NS 1 10 5 Y NS 

Boberg (224) 65 12/2 ≥ 1  1     13 0 Y NS

Vessby (244)4 63        5/10 NS NS Majority NS Y NS

Annuzzi (245)          51 8/0 10 1 7 0 Y Y

Vessby (223) 39-72 11/3 ≥ 1  NS     Majority NS Y Y

Hendra (225) 56 55/25 7 16 64 0 Y Y 

Borkman (227)          57 7/3 3.5 6 4 0 Y Y

Schectman (222)          52 9/4 NS 2 9 2 Y Y
1Includes all subjects; 44.5% not IGT/Type 2's, 2 For 1.8 g/d EPA group, 3 For 0.9 g/d EPA group, 4Fish diet study, NS = not stated 
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Table 1.06 Changes in glycaemic control in controlled fish or fish oil studies using Type 2 diabetic subjects 

 

 Baseline characteristics Changes to glycaemic control 

Author Dose  
n-3 fatty 

acids 
g/day 

Medicated/ 
Not medicated BMI 

Fasting 
plasma 
glucose 

HbA1c
Fasting 
Glucose 

Post meal 
glucose HbA1c HGO 

Luo (230)   1.8 8/10 28 11.6 8.4 NC  NC NC 
Sirtori (247)  2.6 & 1.7 NS ≤ 30 8.3      7.25 NC NC
Dunstan (231)2 3.6  14/35 29.6 9.3 8.3 ↑ (SMBG)  ↑ 4%1  
Rivellese (234)   2.7 &1.7 12/16 26 10.2 7.3 NC  NC  
McManus (235)   2.8 4/11 28 8.0 5.8 NC  NC  
McGrath (236)   3 NS 27 10.2 9.6 NC  NC  
Morgan (237)  5.5 or 11.0 36/40 (93 kg) 10.4 7.3 NC  NC  
Puhakainen (238)   3.8 7/9 31 9.9 7.5 NC  NC NC 
Shimizu (239) 0.9 42/45 24 9.2 7.7 NC  NC  
McVeigh (240) 3 NS  10.2 9.7 NC  NC  
Axelrod (226) 2.5 10/18 27 10.7 7.6 NC  ↑ 9.5%  
McVeigh (228) 3 NS  10.2 9.6 NC  NC  
Pelikanova (241)  3.1 20/20 26 8.7 9.1 NC NC NC  

Westerveld (242) 0.84  
1.68 13/23 23.5 

27  8.6 
7.6 NC  NC 

NC  

Connor (243) 6 15/16 31 8.9 8.8 NC  NC  
Boberg (224) 3 13/14 26 9.2 7.3 NC  NC  
Vessby (244)2 4-5  Majority 26.1 11.9 8.9 ↑ 15% ↑ NC  
Annuzzi (245) 3 7/8 26  8.5 NC NC NC  
Vessby (244) 3 Majority  10.0 8.1 ↑ 11%    NC

Hendra (225) 3 64/80 (86 kg) 11.2  ↑ 13% (week 3) 
NC (week 6)    NC

Borkman (227) 3 4/10 29 7.2  NC   NC 

Schectman (222) 4  
 7.5 11/13    7.8 7.9 NC 

↑ 19%  
NC 
NC 

NC 
↑11% (p=0.07)  

HGO = hepatic glucose output, NC = no significant change, NS = not stated, SMBG = self-monitored blood glucose↑ = significant increase 
(p<0.05), 1Borderline significant increase (p=0.06). 2 Fish diet study. 
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Table 1.07 Controlled fish oil studies with Type 2 diabetic subjects demonstrating 
significant changes in glycaemic control relative to baseline. 
 

Author Variable Oil Increase Significance 
Fish oil  NC NS Fasting glucose 
Safflower oil 0.05mmol/l NS 
Fish oil 0.6 %  P<0.05 

Schectman  
(222) 
(12g oil/day) HbA1c Safflower oil 0.5 % NS 

Fish oil 1.5mmol/l P<0.05 Fasting glucose Olive oil 1.3 mmol/l P<0.05 
Fish oil 0.42% P<0.05 

Boberg (224) 
(10g oil/day) HbA1c Olive oil 0.34% NS 

Fish oil 1.2 mmol/l p=0.06 Fasting glucose Olive oil 0.8 mmol/l NS 
Fish oil 0.3% NS 

McVeigh (228) 
(10g oil/day) HbA1c Olive oil 0.1% NS 

Fish oil 1.0 mmol/l P<0.05 Borkman (227) 
(10g oil/day) Fasting glucose Safflower oil 0.8 mmol/l P<0.05 

NS = non-significant 

These data suggest that the reports of negative effects of fish oil on glycaemic control may 

be partly related to additional PUFA intake rather than increased n-3 fatty acid intake 

specifically. Accordingly, no studies, either controlled or uncontrolled, using less than 8 

grams oil/day, have reported increases in fasting plasma glucose or HbAlc for either fish oil 

or placebo versus baseline. In accordance with this data, fasting glucose was reduced 

significantly less in diabetic subjects who ate a high PUFA/fish diet for 3 weeks compared 

to those consuming a diet high in saturated fat (244). In another more recent study, 

sedentary subjects with Type 2 diabetes who were randomised to receive fish daily for 8 

weeks (equivalent to 3.6g/day of n-3 fatty acids) demonstrated significant impairments in 

both self blood-glucose monitoring and HbA1c. Diets were adjusted for energy intake and 

fat intake to < 30% of calories (231) suggesting that the negative effects were due to the 

significantly higher percentage of PUFA acids (either total PUFA or n-3 fatty acids), rather 

than any increase in fat or calories (which decreased in the fish group). A concomitant 

program of moderate aerobic exercise (3 days/week at 55-65% VO2 max) prevented the 

impairment in glycaemic control. Of studies using > 8g oil/day and not finding impairments 

in glycaemic control relative to baseline, either fat intake was adjusted for (232), or subjects 

were very well controlled (mean HbAlc 5.8%) (235) or receiving diabetic medication 

(238,241,243) (Tables 1.05 and 1.06). Thus, diabetic control, use of diabetic medication 

and the degree of adiposity (218) may also influence the response to n-3 fatty acid 
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supplementation (Table 1.06) (241,245) 

  Table 1.08 shows changes in either fasting glucose or glucose response to an oral 

glucose tolerance test (OGTT) in controlled and uncontrolled studies with non-diabetic 

subjects. No significant effects on glycaemic control relative to placebo or the baseline 

period were observed in any controlled studies. Studies ranged from 2 weeks to 9 months in 

duration and total oil supplementation ranged from 4 grams to 30ml/ day. In most cases, no 

fat adjustment was made, i.e. the supplement was provided in addition to the subjects' diets.  

 

1.9.2 Insulin metabolism  

In addition to reporting impairments in glycaemic control, uncontrolled studies also fuelled 

speculation that n-3 fatty acids may impair insulin release in subjects with Type 2 diabetes. 

Friday et al. found no change (218) and Glauber et al. a significant decrease (217) in post-

meal insulin despite increases in post-meal glucose of 35% and 25% respectively. In the 

latter study there was also a significant decrease (p=0.04) in insulin in response to an 

intravenous glucose tolerance test (IVGTT) despite an already typically poor response prior 

to fish oil supplementation. In addition, peak insulin response to intravenous glucagon 

decreased by 39% (p=0.03} and mean insulin response fell (p=0.006) despite a significantly 

increased glucose response (p=0.04). Since these early reports(222), no controlled fish oil 

studies have reported a decrease in fasting insulin, post-meal insulin or post-meal C-peptide 

responses. A low fat diet high in PUFA and fish significantly decreased serum insulin by 

19% after breakfast compared to responses on a similar diet low in PUFA (244). Similarly, 

a 30% fat diet including a daily meal of fish significantly decreased fasting insulin by 28% 

relative to control subjects (231). C-peptide responses were however either unchanged 

(244) or not measured (231). In controlled studies examining stimulated insulin release, 

Vessby and Boberg (223) and Anuzzi et al (245) found no change in response to 

intravenous glucagon, glucose and arginine. There is thus no strong evidence for a 

detrimental effect on either basal or stimulated insulin release following fish oil 

supplementation in Type 2 diabetic subjects.  

In non-diabetic subjects, only one controlled study demonstrated a significant 

decrease in fasting insulin levels following n-3 fatty acid supplementation (Table 1.08). 

(248). This may have been due to improved insulin sensitivity rather than an impairment of 

insulin release since fasting insulin was slightly elevated at baseline. Alternatively there 

may have been increased insulin clearance since fasting C-peptide was unchanged.    
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1.9.3 Peripheral insulin sensitivity  

Despite data from animal (249) and cross-sectional data (211) suggesting that n-3 fatty acid 

supplementation may prevent the development of insulin resistance, controlled short-term 

supplementation studies in both diabetic and non-diabetic subjects suggest they do not 

improve insulin sensitivity. In eight controlled studies in subjects with Type 2 diabetes, 

seven found no change (227). Using the intravenous insulin tolerance test (IVITT), (245) 

(224,230,234,235,241)Vessby and Boberg (223) reported a relative 30% decrease in insulin 

sensitivity with MaxEPA  (30% fish oil), possibly as a result of the 15% increase during 

the olive oil control period. These authors also reported no change in IVITT when 

comparing a high PUFA/fish diet to a saturated fat diet (244). The "gold-standard" 

euglycaemic clamp technique (250) was used in all but one (235) of the seven other 

controlled supplementation studies. However, only two (227,230) assessed hepatic glucose 

output during the clamp; the others assumed complete suppression of glucose.  

The early study by Popp-Snjiders et al. (246) which demonstrated a significant increase in 

the "metabolic clearance rate" of glucose using the Insulin Glucose Infusion (IGI) test of 

Heine et al. (251) is often cited to demonstrate n-3 fatty acids ability to improve insulin 

sensitivity. However, in addition to the small sample size (n=6), no compensation was 

made for glycosuria during the infusion despite the subjects' poor glycaemic control. Most 

studies on insulin sensitivity in non-diabetic subjects reported no change (Table 1.08) 

although two short-term interventions (2 weeks) performed without food recording or 

baseline measurements using large doses of n-3 fatty acids found improvements using a 

low-dose euglycaemic clamp (1mU/kg/min) (252,253). 

1.9.4 Hepatic insulin sensitivity 

Basal hepatic glucose output (HGO) obtained at the start of a euglycaemic clamp 

may be used to assess changes in hepatic insulin sensitivity provided there are no changes 

in fasting insulin levels during intervention. Basal HGO has been assessed amongst diabetic 

subjects in several controlled studies (227,230,238) and to date, no significant changes have 

been shown. Only an uncontrolled study by Glauber et al (217) has reported an increase in 

HGO (26%) suggesting a decrease in hepatic insulin sensitivity. Both before and after the 

fish oil period a significant correlation existed between HGO and fasting plasma glucose  

(r = 0.77, p=0.03) which also increased significantly during intervention. 
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Table 1.08 Changes in glycaemic control, insulin and insulin sensitivity in fish oil studies with non-diabetic subjects.  
 

Study design  Dose Glucose  Insulin

Author/Year Subject 
Type n Design 

Type Duration Total 
oil 

n-3 
fatty 
acids 

Fat 
adjusted Fasting 

Glucose 
OGTT 
(AUC) Fasting Sensitivity 

CONTROLLED STUDIES 
Gustafsson 1998 
(254) Healthy 13  (x-over) 4 weeks 19g/d 2g/d N NC  NC NC 

Grundt 1995 (255) 
Combined 

Hyper-
lipidaemic 

57  (parallel) 10 weeks 4g/d 3.4g/d N NC  NC  

Eritsland 1995 
(256)  

By-pass 
patients 511  (parallel) 9 Months 4g/d 3.32g/d N NC  NC  

Toft 1995 (257) Untreated 
hypertensives 78  (parallel) 16 weeks 4g/d 3.4g/d N NC NC NC NC 

Eritsland 1994 
(248) 

By-pass 
patients 57 Parallel1 6 Months 4g/d 3.4g/d N NC NC ↓ 11%  

Vandongen 1993 
(258) 

Moderate 
CHD risk2 120 (parallel) 12 weeks 6 - 12 g/d 1.3-2.6 

g/d Y     NC NC

Fasching 1991 
(252) IGT obese 8  (X-over)8 2 weeks  30ml/d 6.3g/d N NC  NC ↑ 25%5/NC6

Stacpoole 1989 
(259) Healthy 6 (X-over) 1 Month 15% calories 4.5%5

calories Y     NC

Wauldhausl 1989 
(253) Healthy       8  (X-over) 8 2 weeks 40g/d +250g/d 

salmon 6.3g/d Y NC NC ↑ 21%7/↑ 21%6

UNCONTROLLED STUDIES 
Delarue 1996 
(260) Healthy       5 Uncontrolled 3 weeks 6g/d 1.8g/d Y ↑ 7% ↑ 4% ↓ 24%3  

Williams 1992 
(261) Healthy         14 Uncontrolled 6 weeks 9g/d 2.7g/d N NC NC4  

Bhatena 1991 
(262) Healthy       40 Uncontrolled 10 weeks 15g/d 10g/d Y ↑ 8%  ↓ 36%  
1No placebo, 2 BMI, blood pressure and cholesterol towards high end of normal, 3 Fasting and post-prandial, 4 Insulin/C-peptide ratio, 5Significantly 
increased M-value for 1mU/kg/min clamp. Non-significant increase (7%) with 10mU/kg/min clamp. 6IVGTT. 7Average increase in glucose infusion 
rate with 1 mU/kg.min and 10 mU/kg.min clamps, 8No baseline measurements. 
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1.9.5 Lipids and lipoproteins 

The effects of fish oil supplementation in non-diabetics has been reviewed by Harris (1989, 

1996 and 1997) (263-265) and Schmidt et al. (1993) (266). In his first review, which 

reported on 68 studies from 45 publications, Harris included fish oil studies using large 

doses of up to 30g/day of n-3 fatty acids, as well as a number of uncontrolled reports (263). 

The results were divided into 4 subject types (Table 1.09).  

 
Table 1.09 Mean lipid changes in non-diabetic subjects in fish oil studies unlimited by 
dose, duration or control.  
 

Subjects Total-
Cholesterol 

LDL-
Cholesterol 

HDL-
Cholesterol Triglycerides 

Normolipidaemics NC NC ↑ 3% ↓ 25% 

Type IIa 
hyperlipidaemics NC ↑ 2% ↑ 4 % ↓ 20% 

Type IIb 
hyperlipidaemics ↓ 2% ↑ 6% ↑ 7% ↓ 38% 

Type IV/V 
hyperlipidaemics ↓ 8% ↑ 30% ↑ 10% ↓ 52% 

NC = Mean change less than 2%, Type IIa = isolated hypercholesterolaemia, Type IIb = 
combined hyperlipidaemia, Type IV/V = isolated hypertriglyceridaemia.  
Adapted from Harris (1989) (263). 

 

The later reviews by Harris in 1996 and 1997 only reported on studies that were placebo-

controlled and used ≤ 7g/day of n-3 fatty acids for 2 weeks or more (mean of 7 weeks). 

These moderate doses are less likely to have an effect on background diet and are also more 

realistic for long-term compliance. Subjects were categorised as normolipidaemic (those 

with TG < 2.0 mmol/l) or hypertriglyceridaemic (those with TG ≥ 2.0 mmol/l). A summary 

of the results from these studies, which were similar for cross-over and parallel designs, is 

given in Table 1.10.  
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Table 1.10 Mean lipid changes in non-diabetic subjects in controlled fish oil studies 
using ≤ 7g/day of n-3 fatty acids. Adapted from Harris 1997 (265). 
 

Subjects Total-
Cholesterol 

LDL-
Cholesterol 

HDL-
Cholesterol Triglycerides 

Normolipidaemics ↑ 2% ↑ 4.5 % ↑ 3% ↓ 25% 

Hyper-
triglyceridaemics NC ↑ 5-10% NC  ↓ 25-34% 

NC= mean change less than 2%.  Ranges refer to parallel/cross-over designs.  
 

Triglycerides 

Plasma triglycerides decrease consistently amongst all subject types following fish oil 

supplementation, and are due largely to decreases in VLDL triglyceride content. There is a 

wide variation in individual response (264) with the greatest reductions occurring in those 

subjects with the highest plasma triglycerides at baseline (267). The effects, which can be 

maintained long-term (264), also seem to be more pronounced with increasing dose, at least 

up to 7g/day (264). Relatively low doses of n-3 fatty acids (1.5-3.0 g/day) also effectively 

reduce plasma triglycerides in normolipidaemics (266). In hypercholesterolaemic subjects 

given either a low (30%) or high (40%) fat diet that included either a daily meal of fatty 

fish, fish oil, or both, there was a dose-dependent reduction in triglycerides on both diets 

(268). This study also indicated therefore that the total fat in the diet is not important with 

respect to the triglyceride-lowering effect of fish oil.      

Significant decreases in plasma triglycerides occurred in 11 out of 18 controlled fish 

oil studies with Type 2 diabetic subjects (Table 1.11). The mean decrease from baseline 

was 28%, which is similar to that seen in non-diabetic subjects (Table 1.10). There was no 

association between the decrease in triglycerides and either baseline triglyceride level  

(range 1.7 to 6.1 mmol/l) or dose of n-3 fatty acids (range 1.8 to 11 g/day).   However, in 

the seven studies in which no significant change occurred, triglyceride levels at baseline 

were below 2.0 mmol/l in all but one study (223).  

 

Total cholesterol and LDL-cholesterol 

In fish oil studies where large doses (> 10g/day) of n-3 fatty acids have been used, a 

decrease in saturated fat intake has often occurred. In these instances, decreases in total 

cholesterol may occur even amongst normolipidaemic subjects. However, no change in 
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total cholesterol has occurred in those studies where saturated fat intake stayed constant 

(263). When smaller doses of fish oil are used, there may be a slight increase in total and 

LDL cholesterol (Table 1.10). Our research group has shown that a strictly controlled high 

(40%) fat diet in combination with fish (3.65g n-3 fatty acids/day) or fish oil (2.6g/day) or 

both (6.25g/day) increases total cholesterol, LDL-C and HDL-C (268). The increased total 

cholesterol (5-8%) was due to a small rise in LDL-C (8-12%) and a more substantial rise in 

HDL2-C (30%). In contrast to the effects on triglycerides, combining fish and fish oil, or 

doubling the dose of fish oil (5.2g/day) had no effect on lipoprotein cholesterol 

concentrations. The same supplementation with fish or fish oil with a 30% fat diet lowered 

total and LDL-C and prevented the fall in HDL-C seen with a low fat diet alone (268).  

The increase in LDL cholesterol following fish oil supplementation is most likely 

due to the formation of a smaller VLDL particle, that is more readily converted to LDL 

(269). In addition, small VLDL particles may compete with LDL for removal via LDL-

receptors (266). Evidence from 4 long-term studies (> 6 months) suggests the increase in 

LDL-cholesterol levels following n-3 fatty acid supplementation may diminish with time 

(264). The large decrease in total cholesterol often seen in hyperlipidaemic subjects (Table 

1.09) is due to a marked fall in VLDL-cholesterol and not LDL-cholesterol, which may 

increase slightly. 

Of all the controlled studies in diabetic subjects (Table 1.11), only one (226) 

reported an increase in total cholesterol, which appeared to be due to a significant fall in 

cholesterol in the placebo group. Seven out of 15 studies have reported an increase in LDL 

cholesterol (mean increase 5.7% for all 15 studies) which ranged from 4.6 to 6.3 mmol/l at 

baseline. The increase often coincided with a large fall in VLDL cholesterol (range 24% to 

47% in 4 studies) which supports the theory of smaller VLDL cholesterol particles being 

more readily converted to LDL cholesterol and also competing with the LDL receptors for 

removal. 

 

HDL-cholesterol 

The effect of n-3 fatty acids on HDL-C is usually small. Doses of ≤ 7g/day of n-3 fatty 

acids caused a significant increase in only 2 of 72 studies (264). Slightly greater increases 

have been reported in hypertriglyceridaemic subjects (Table 1.09) (263), but this effect is 

also seen with placebo oils (264). Larger doses (> 10 g/day) may lead to decreases of more 
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Table 1.11 Changes in lipids and lipoproteins in controlled fish oil studies with Type 2 diabetic subjects 

 

Triglycerides  Cholesterol
Total  TotalAuthor 

Dose 
n-3 fatty 

acids Baseline Change     
VLDL Baseline Change VLDL LDL HDL HDL2 HDL3

Luo (230)   1.8 2.7 ↓ 27%         6.0 NC NC NC NC NC

Sirtori 3 (247)  2.6 & 1.7 3.3 ↓ 21%       6.0 ↑ 6.0% ↑8.3%4

Rivellese (234)   2.7 &1.7 3.8 ↓ 24% ↓ 45% 6.3     NC ↓ 47% ↑ 14% NC

McManus (235)   2.8 1.7 ↓ 44%         5.7 NC NC NC

McGrath (236)  3 1.8 NC NC 5.3 NC NC     

Morgan (237)  5.5 or 11.0 6.1 ↓ 24% ↓ 27% 6.3     NC ↓ 30% ↑9% (6wks) 
NC (12 wks) 

Puhakainen (238)   3.8 4.5 ↓ 31% ↓ 40% 6.1      NC NC NC NC NC NC

Shimizu (239)            0.9 1.9 NC 5.3 NC

Axelrod 1 (226)  2.5 1.7 NC1        5.2 ↑ 10%1 NC NC NC

Pelikanova (241)            3.1 1.5 NC 6.4 NC

Westerveld (242) 0.84 
1.68 

1.7 
2.4 NC        NC 6.3 

6.1 NC NC NC NC

Connor (243) 6 4.9 ↓ 40% ↓ 49% 5.7     NC ↓ 39% ↑ 27.2% NC

Boberg (224) 3 2.6 ↓ 27% ↓ 36% 6.1      NC ↑ 6.1%1 NC

Annuzzi 1 (245) 3 2.3 ↓ 16% ↓ 25% 4.6     NC ↓ 24% ↑ 21% NC

Vessby (223) 3 3.6 NC NC        6.1 NC NC NC NC

Hendra (225) 3 2.7 ↓ 37%         5.9 NC NC NC

Borkman (227)            3 1.8 NC 5.5 NC NC NC

Schectman 2 (222) 4 2.2 ↓ 22% ↓ 25% 5.7      NC NC ↑ 2.7% NC
1 Change versus placebo (change versus baseline not given). 2 Results reported for controlled first 4 week X-over period only, 3 Includes diabetic and non-
diabetic hypertriglyceridaemic subjects. 4 Diabetic subjects only. NC = no change. ↑ Significant increase, ↓ Significant decrease. 
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than 10% (263) but this is probably due to the change in fat intake associated with these 

studies (268). It is perhaps surprising that HDL-C is not seen to increase more often 

considering the well-documented inverse relationship between plasma triglyceride 

concentrations and HDL-C (270). However, even small increases may have a marked 

impact on the incidence of cardiovascular disease (271). In addition, measuring total HDL-

C may fail to detect important changes in HDL2-C and HDL3-C. There is evidence that fish 

oil may substantially increase HDL2 and/or decrease HDL3, leading to an improved 

HDL2/HDL3 ratio (268,272). HDL cholesterol was unchanged in all but one (247) of the 

controlled studies with diabetic subjects (Table 1.11). This study differed from the others in 

its long duration (6 months), and the selection of subjects on the primarily basis of a plasma 

triglyceride level of > 2.26 mmol/l together with either impaired glucose tolerance or Type 

2 diabetes. The increase in HDL for subjects without impaired glycaemic control was 

slightly less (4.5%). No change in either HDL2 or HDL3 was found in the two controlled 

studies with diabetic subjects that have reported these sub-fractions (Table 1.11). 

 

LDL particle size 

Early studies deceloped a concern that fish oil may lead to a smaller more atherogenic LDL 

particle following increases in both apolipoprotein B and LDL-cholesterol and a marked 

reduction in triglycerides in subjects with familial combined hyperlipidaemia (273).  

However, others have demonstrated an increase in LDL particle size in non-diabetic 

subjects in some (274,275) but not all (276) studies. There has been only one study to date 

that has reported the effects of n-3 fatty acids on LDL particle size in Type 2 diabetic 

subjects. In hypertriglyceridaemic Type 2 diabetic subjects receiving 2.5g/day of n-3 fatty 

acids for 6 months, LDL particle size was unchanged despite a significant decrease in 

plasma triglycerides (276).  

 

1.9.6 Blood pressure  

The effects of n-3 fatty acids on blood pressure in humans have been inconsistent. Whilst 

some studies report a significant hypotensive effect, many others have been negative. This 

inconsistency may be due to differences in study design and relatively small sample sizes 

leading to a lack of statistical power (277). Thirty-one placebo-controlled n-3 fatty acid 

supplementation trials, involving a total of 1356 subjects, were assessed in a meta-analysis 
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by Morris et al (278). They observed a mean blood pressure reduction of -3.0/-1.5 mmHg 

with an average dose of 4.8g/day. However, responses varied amongst subject sub-groups, 

with significant decreases in hypertensives (-3.4/-2.0 mmHg) and hypercholesterolaemics  

(-4.4/-1.1 mmHg) using mean doses of 5.6g/day and 4.0g/day respectively, whilst healthy 

subjects showed no significant change (-0.4/-0.7 mmHg, 4.2g/day). Larger decreases were 

observed in 3 studies using patients with cardiovascular disease; the decreases ranging from 

-10/-3 to -17/-10 mmHg. Significant dose-response effects were apparent with doses of > 

6g/day leading to a decrease of 0.66/0.35mm Hg for each 1g/day increase in n-3 fatty acid 

supplementation. The dose response effect was slightly stronger for DHA content than for 

EPA content (-1.5/-0.77 vs -0.93/-0.53 per g/day).  

A larger mean reduction of -5.5/-3.5 mmHg from 6 trials with untreated 

hypertensives was reported in a meta-analysis by Appel et al. (277). Again, no significant 

effect was seen amongst 11 trials with healthy subjects (-1.0/-0.5 mmHg). Although most 

of these trials (13 out of 17) used relatively large doses of n-3 fatty acids (> 3g/day) there 

was no significant dose response effect. The slightly greater hypotensive effect and the 

smaller variation in results compared to the above-mentioned meta-analysis (278) may have 

been partly due to the exclusion of studies using treated hypertensives. Studies using treated 

hypertensives have generally been negative, including subjects receiving ACE inhibitors 

(279) and those using combination therapy (280-282). However a small antihypertensive 

effect (-3.1/-1.8 mmHg vs corn oil) has been demonstrated in subjects receiving beta-

blockers and/or diuretics (283). 

Neither of the two meta-analyses found any differences in results according to study 

duration, subject age, the use of fish oils vs fish, or aspects of scientific merit that would 

have substantially altered the results e.g. adequate randomisation, details of subject 

characteristics or compliance. Decreases in blood pressure with fish oil supplementation are 

however dependent on a fish intake of < 3 meals per week (284), and the effect of n-3 fatty 

acids may be maximised when administered in conjunction with a low sodium diet 

(285,286).  

Several controlled studies have determined the effectiveness of n-3 fatty acids using 

24-hr ambulatory blood pressure monitoring, which reduces measurement variance. In a 

recent controlled study, 4g/day of 85% pure EPA + DHA ethyl esters for 4 months 

significantly decreased 24-hr ambulatory systolic and diastolic pressure for both day time 
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(7:00 to 22:00 hrs) and night time (22:00 to 7:00 hrs) periods, whilst clinic blood pressure 

remained unchanged (287). Furthermore a significant effect (-6/-5 mmHg) was seen after 

only 2 months and blood pressure returned to baseline after a 2-month washout period. No 

effect was observed in a separate group of normotensive subjects (287). In this Department, 

24-hour ambulatory blood pressure monitoring also detected reductions in blood pressure in 

overweight treated hypertensives of 3.5/3.2.0 mmHg compared to controls (Figure 1.02) 

after a daily fish meal (3.65 g/day of n-3 fatty acids) for 16 weeks (288). The effect was 

even greater during awake hours (6.0/3.0 mmHg), and combining weight loss (5.6 ± 0.8 kg) 

with the fish meal caused an additive effect, leading to an overall reduction of 13.0/9.3 

mmHg (Figure 1.02). Fewer studies have assessed the effects of n-3 fatty acids on blood 

pressure in Type 2 diabetes (Table 1.12). Of the 6 controlled studies, only one study  

reported a significant fall in blood pressure relative to placebo (289). The lack of effect on 

blood pressure may have been due to the normotensive status of the subjects, possible anti-

hypertensive treatment, and/or the relatively low doses (≤ 3.0 g/day) of n-3 fatty acids. 

 
Table 1.12 Changes in clinical blood pressure in controlled fish oil studies with Type 2 
diabetic subjects 
 

Effect 
Study 

Baseline 
BP 

(mmHg) 

Hypertensives 
Included? 

Receiving 
BP treatment 

Dose 
n-3 

fatty 
acids 

Placebo 
SBP DBP 

Maffettone  
1997 (289) 138/83 50% of 

subjects Yes 2.7/  
1.7 NS ↓ 7% ↓ 

11% 
McVeigh 
1994 (240) 108/71 No No 3.0 Olive NC NC 

Axelrod  
1994 (226) 126/78 NS NS 2.5 Safflower NC NC 

Shimizu  
1993 (290) 136/76 40% of 

subjects Yes 0.9 No 
placebo NC NC 

Vessby  
1990 (223) 147/89 Yes Not stated 3.0 Olive NC NC 

Hendra 
1990 (225) 145/85 Yes Not stated 3.0 Olive NC NC 

 NS = Not stated, NC = No change 
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Figure 1.02 The independent and additive effects of weight loss and a daily fish meal on 24-hr 
blood pressure in overweight treated hypertensive men and women.  
Open symbols represent baseline blood pressure. Closed symbols represent post-intervention data. 
Bao et al 1998 (288).  
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1.9.7 Vascular function 

Fish oils have restored endothelial function in patients with or at risk of coronary heart 

disease, (Table 1.13) although in subjects with normal vascular function they have 

generally had little effect (291). Fish oil supplementation might be of particular benefit to 

Type 2 diabetic subjects who typically exhibit impairment in both endothelium-dependent 

and endothelium- independent function (48,292), as well as increased levels of vWf (292).  

Table 1.13 Changes in endothelial function in controlled and uncontrolled fish oil studies with 
various subject types.  
 

Study Subjects 
(n)1

Study 
design Weeks n-3 

(g/d) Method Outcome 

CONTROLLED STUDIES 

Goodfellow 
(2000) (293) 

Hyper- 
cholesterolaemic 

(15) 
Parallel 16 4.0 FMD of the 

brachial artery ↑ (p<.05) 

Seljeflot 
1998 (294) 

Hyperlipidaemic 
male smokers  Parallel 6  4.8 vWf ↓ (p<0.05) 

Kothny 
(1998) (295) 

CAD patients 
(9) Parallel Single 

dose 10.3  

FMD of the 
radial artery 

using A-mode 
ultrasound 

↔ 

Andreassen 
(1997) (296) 

Heart transplant 
recipients 

(28) 
X-over 26 3.4 Digital reactive 

hyperaemia2  ↑ (p<0.05)3

Yamamoto 
(1995) (297) 

Variant angina 
patients 

(12) 

Parallel 
(no 

placebo) 
16 1.8 

Coronary artery 
angiography 
using Ach 
infusions 

↑ (p<0.05)/ 
↑ (p<0.01) 
4/20 µg/ml  

Fleischhauer 
(1993) (298) 

Heart transplant 
recipients 

(7) 

Parallel 
(no 

placebo) 
3 5.0 

Coronary artery 
angiography 
using Ach 
infusions 

↑ (p<0.05)/ 
↑ (p<0.005) 

10-4/10-5 
mmol/l 

Chin  
(1993) (291) 

Healthy 
(11) Parallel 4 3.0 

VOP using Ach, 
SNP and 
reactive 

hyperaemia 

↔ 

McVeigh 
(1993) (228) 

Type 2 diabetes 
(23) X-over 6 weeks 3.0 VOP using Ach 

and GTN ↑ (p<0.01) 

UNCONTROLLED STUDIES 

Chin  
(1994) (299) 

Hyper-
cholesterolaemic 

(6) 
UC 4  5.9 

VOP 
using Ach and 

SNP 
↑ (p=0.01) 

Vekshtein 
(1989) (300)  

CAD patients 
(8) UC 26 4.8 

Coronary artery 
angiography 
using Ach 
infusions 

↑ (p<0.05) 

1 number of subjects receiving fish oil, 2in response to forearm ischaemia using skin laser Doppler perfusion, vWf 
= von Willebrand factor, Ach = Acetylcholine, GTN = glyceryl tri-nitrate, FMD = flow-mediated dilatation using 
B-mode ultrasound, VOP = Venous occlusion plethysmography, 3Increase relative to placebo group in perfusion 
debt repayment area.  
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N-3 fatty acids improved acetylcholine-induced endothelium-dependent relaxation of the 

forearm microcirculation in Type 2 diabetic subjects treated with 10g/day of MaxEPA for 6 

weeks (228). Acetylcholine-stimulated forearm blood flow following co-infusion of L-

NMMA, a stereospecific inhibitor of NO production or release, declined markedly, 

demonstrating the involvement of a NO dependent mechanism. A borderline significant 

reduction in basal blood flow was also observed following L-NMMA infusion alone 

suggesting improved basal release of NO.  

Fish oils also facilitate improved vascular function by several other mechanisms in 

addition to increasing the synthesis, release, activity, and/or half-life of NO. In early 

experimental studies conducted within this Department, fish oil ameliorated the impairment 

in endothelium-dependent relaxation to acetylcholine in Sprague-Dawley rats following 

one week of treatment with dexamethasone, and also decreased the sensitivity to 

noradrenaline (301). In humans, fish oil supplementation resulted in a dose-dependent 

suppressive action on vasoconstriction to noradrenaline and angiotensin II in the forearm 

resistance vessels of healthy subjects (302). This was attributed to an alteration of their 

prostanoid profile since the beneficial effect disappeared after the addition of indomethacin, 

which inhibits the formation of cyclo-oxygenase metabolites (291). Both fish oil (303) and 

EPA (304) decreased the production of thromboxane A2 in spontaneously hypertensive rats 

in addition to improving endothelial function (305). Together these results indicate a 

possible direct effect on vascular smooth muscle. Fish oils may also lead to the release of 

an endothelium-derived relaxing factor (EDRF) which is unrelated to NO. Boulanger et al. 

(306) observed increases in relaxation of canine aortic rings coated with endothelial cells 

exposed to EPA following endothelium-dependent stimulation with ADP, bradykinin, the 

calcium ionophore A23187, and nitric oxide. However, agonist-stimulated production of 

cyclic GMP (a marker of NO production) from endothelial cells was not affected, 

indicating non NO-mediated mechanisms such as EDRF enhanced endothelium-dependent 

relaxation. Other potential mechanisms include effects on platelet growth factors, inducible 

nitric oxide and inositol triphosphate, which is responsible for increases in intracellular 

calcium (305). 

 

1.9.8 Haemostasis  

Early observational studies in Eskimos demonstrating reduced platelet aggregation and 
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prolonged bleeding time suggested that n-3 fatty acids might improve haemostasis (307). 

Since then both animal (308) and human (309) trials have indicated an antithrombotic 

effect via a reduction in plaque lesions and vein-graft occlusions respectively. However it is 

still unclear which aspects of haemostasis are responsible for these improvements. Fish oil 

and population studies have tried to address this issue by assessing n-3 fatty acids effects 

on: 1) ex-vivo platelet aggregation, 2) markers of coagulation, 3) markers of fibrinolysis, 

and 4) markers of platelet and endothelial activation. 

 

A) Intervention studies 

1) Platelet aggregation  

The effect of n-3 fatty acid supplementation on ex-vivo platelet aggregation was reviewed 

by Knapp (310) who reported significant reductions of some form in 39 out of 57 studies. 

Consistent anti-aggregatory effects occurred when collagen was used as a platelet agonist, 

and slightly less consistent effects with ADP, epinephrine and thrombin. Malle and Kostner 

(311) documented similar observations with either decreases in aggregation, or decreased 

tendencies in the majority of studies. These also included platelet-activating factor (PAF) as 

an agonist. A dose of 2-3g/day of n-3 fatty acids appears to be sufficient to have a 

significant inhibitory effect (311), and dose-dependency may occur above this dose (312).  

Only a few controlled studies have assessed the effects of n-3 fatty acids on platelet 

aggregation amongst subjects with Type 2 diabetes (Table 1.14). As with non-diabetic 

studies, the responses were variable depending upon the agonist used but an anti-

aggregatory effect occurred with at least one agonist in each study. There did not appear to 

be any dose dependency with intakes ranging from 900mg/day (242) to 3g/day (225). 

 
Table 1.14 Changes in platelet aggregation in fish oil studies with Type 2 diabetic 
subjects 
 

Agonist 
Study 

Dose n-3 
fatty acids 

per day 
Spontaneous Collagen PAF ADP Epinephrine

Axelrod 
1994 (226) 2.5g  ↓ 

(p=0.02)    

Westerveld 
1993 (242) 

900 mg 
1800 mg 

 
 NC ↓ (53%) 

↓ (44%) 
NC 

↓ (29%)  

Hendra 1990 
(225) 3.0g ↓ (5%)1 NC  NC NC 

1 Mean of 10, 20, 30 and 60 minutes (decrease ranged from 4.3% to 5.7%)  
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Whilst intervention studies suggest that n-3 fatty acids are capable of exerting an anti-

thrombotic effect, caution should be used when extrapolating the results of ex-vivo studies 

to in-vivo events, where platelets also interact with endothelial cells, other blood elements 

and atherosclerotic plaque. There is also uncertainty as to the exact mechanism for the 

proposed antithrombotic effects of n-3 fatty acids. They have primarily been attributed to a 

decrease in the thromboxane A2 / thromboxane A3 ratio and an increase in prostacyclin I3, 

caused by EPA replacing arachidonic acid (AA) in platelet membrane phospholipids and 

also acting as a substrate for cyclo-oxygenase. However, the additive effects of aspirin and 

n-3 fatty acids on platelet aggregation (313) as well as the absence of an association 

between reduced aggregation and eicosanoid formation (314) suggests the involvement of 

additional mechanisms.   

 

2) Coagulation 

Fibrinogen is an important determinant of clot formation and has been shown to be an 

independent risk factor for coronary heart disease (CHD) (315,316). Early studies with n-3 

fatty acids suggested a reduction in fibrinogen levels following supplementation (317). 

However, large doses of fish oils and/or long periods of intervention (up to 7 years) were 

often employed and changes in dietary fat and other nutrients may have occurred. In a 

recent review, Knapp reported that only 4 reliable controlled studies demonstrated a 

reduction in fibrinogen, whilst 25 found no change (310). Plasma viscosity, which is 

influenced strongly by fibrinogen levels, was reduced in only one of three studies (310). 

Therefore, it appears unlikely that fish oils reliably lower fibrinogen. Factor VIIc, another 

major clotting factor and an independent risk factor for CHD (316), was unchanged in 

controlled trials with both untreated hypertensive patients (318), a group at increased risk of 

thrombosis (319), and healthy volunteers (320).  

Three controlled fish oil trials with Type 2 diabetic subjects found no change in 

fibrinogen (224,225,242) whilst factor VIIc remained unchanged in one study (224) and 

increased in another (225). No change in fibrinogen and a small but significant increase in 

Factor VIIc were observed amongst Type 2 diabetic subjects following a fish diet for 8 

weeks (321). This potentially thrombotic effect was prevented with a concomitant 

programme of regular exercise. 
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3) Fibrinolysis 

Early studies with n-3 fatty acids reported decreased PAI-1 antigen levels, a major inhibitor 

of fibrinolysis, and an independent risk factor for CAD, but these were not supported by 

later results (310). Indeed, 11 out of 21 studies have shown an increase in PAI-1 antigen 

(310). A significant 21% increase in PAI-1 antigen occurred in subjects with Type 2 

diabetes following n-3 fatty acid supplementation (224), although levels remained in the 

middle of the normal range. PAI-1 activity also increased (322) or remained unchanged 

(318) in long duration interventions (4-6 months) with non-diabetic subjects. Both Toft 

(318) and Haglund (323) have speculated that changes in PAI-1 antigen and activity 

following n-3 fatty acid supplementation may be induced by increased oxidative stress. In a 

study of patients with Type 1 and Type 2 diabetes, oxidative stress was positively 

associated with PAI-1 antigen (324). 

Whilst tissue plasminogen activator (tPA) is a major activator of fibrinolysis, it is 

positively associated with risk factors for atherosclerosis, and with the extent of 

atherosclerosis (325,326). TPA also predicts future risk for myocardial infarction 

(327,328). Studies of n-3 fatty acids with non-diabetic subjects have usually shown no 

change in tPA antigen (311,318). However, Type 2 diabetic subjects placed on a high fish 

intake diet and an aerobic exercise program for 8 weeks showed a potentially beneficial 

decrease in tPA antigen (321). Decreases in fasting glucose and increases in erythrocyte n-3 

fatty acid composition predicted the fall in tPA antigen independently of age and sex.  

 

4) Platelet and endothelial activation 

Endothelium-derived von Willebrand Factor (vWf) and platelet-derived P-selectin assist in 

initial platelet adhesion to the endothelium, and are released into plasma following 

endothelial and platelet activation (329,330). Both molecules are typically elevated in 

subjects with Type 2 diabetes (100,101). A significant reduction in vWf with fish oil 

supplementation has been observed in male smokers (294), healthy non-smokers (331) and 

individuals with Type 1 diabetes (332). P-selectin on the other hand has remained 

unchanged following 5.1g/day n-3 fatty acids for 6 months in patients with coronary heart 

disease (333) and 4.8g/day for 6 weeks in male smokers with hyperlipidaemia (294). 

However, baseline levels of P-selectin were normal in both study groups. 
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B) Population studies 

Two major population studies have assessed the influence of dietary n-3 fatty acids 

on markers of haemostasis. The Atherosclerosis Risk in Communities Study (ARIC) 

involving 15,000 participants showed negative associations between dietary intake of n-3 

fatty acids and both fibrinogen and vWf, but not factor VIIc (334). The associations were 

approximately twice as strong for EPA as they were for DHA and approximately 4 times as 

strong for DPA compared to EPA. The authors concede that the associations for DPA 

should be treated cautiously considering the wide confidence intervals and the low intake of 

DPA. Mean fish intake was however quite high (2 meals/week) with a relatively narrow 

range (0.9 to 2.4 meals/week for the lower and upper quartiles). In comparison, in the 

CARDIA study, which investigated a population with a much lower fish intake 

(approximately 10g/day), there was no association between either fish, EPA or DHA intake 

and fibrinogen or vWf (335). Differences between the 2 studies could also be related to 

food recall questionnaires (time period and number of items), as well as age and the lower 

levels of vWf and fibrinogen in the CARDIA study. 

 

Summary 

Whilst n-3 fatty acids exert a consistent anti-aggregatory action in both non-diabetic and 

diabetic populations, their effects on other aspects of haemostasis are more variable. There 

is a risk that PAI-1 antigen levels may increase, whilst tPA levels have usually remained 

unchanged. Fish oils reduce endothelial activation, but there is little evidence of any effect 

on factors involved in platelet activation and the clotting cascade in either diabetic or non-

diabetic subjects.  

 

1.9.9 Inflammation 

Pro-inflammatory cytokines such as interleukins (IL-1, IL-2, IL-6) and TNF-α influence 

the development of cardiovascular disease by several different mechanisms. They cause 

endothelial activation and dysfunction, enhanced production of free radicals, and 

myocardial injury and dysfunction (214). N-3 fatty acids have been shown to inhibit the 

production of IL-1, IL-2 and TNF-α both in-vitro and in-vivo (336-340). This may help 

explain why n-3 fatty acids are useful in inflammatory conditions such as ulcerative colitis, 

Crohn's disease, rheumatoid arthritis, septic shock and cancer, as well as acute myocardial 
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infarction and cardiovascular disease (214). It is well known that EPA inhibits leukotriene 

B4 (LTB4) production by competing with arachidonic acid for 5-lipoxygenase, and there is 

evidence that LTB4 plays a role in the induction of TNF-α/IL-1 in activated monocytes 

(65). Increases in mononuclear cell content of EPA caused an exponential decrease in TNF-

α and IL-1β synthesis from mononuclear cells in healthy volunteers administered 9g/day of 

fish oil for 4 weeks (213). Similarly, when EPA was administered as a supplement in 

combination with γ-linolenic to cancer patients for 6 months, serum IL-1, TNF-α and IL-6 

levels were reduced by 61%, 73% and 83% respectively (341). However in a controlled 

study of heart transplant patients over one year, 3.4 g/day of n-3 fatty acids caused 

increases in EPA in plasma which were associated with increases in TNF-α, whilst there 

was a borderline significant fall in the anti-inflammatory cytokine IL-10 (342).  

Endothelial activation is associated with the expression of adhesion molecules, 

attachment of leukocytes, and subsequent recruitment and infiltration of monocytes into the 

vascular wall. A reduction in adhesion molecule expression would therefore indicate a 

modulation of endothelial activation and inflammation. Attenuation in adhesion molecule 

expression using n-3 fatty acids has been reported in in-vitro studies (343). DHA in 

particular appears to decrease expression of vascular cell adhesion molecule-1 (VCAM-1) 

and decrease leukocyte rolling and adhesion to the endothelium (344). However, the results 

from in vivo studies have been less consistent. A decrease in adhesion molecules was 

observed in subjects with either diabetes or hypertriglyceridaemia following 7 months of 

supplementation, although not after 6 weeks (345). The diabetic subjects demonstrated a 

greater reduction in adhesion molecules than did those with hypertriglyceridaemia. A 

reduction in inflammation might lead to a reduction in oxidative stress, and an 

improvement in endothelial function following n-3 fatty acid supplementation (228).  

However some short-term studies have shown an increase in VCAM-1 and E-selectin 

(294,333). It was suggested that a pro-inflammatory response and an increased expression 

of adhesion molecules might result from an increased level of oxidation after n-3 fatty acid 

supplementation (333).  

 

1.9.10 Oxidative stress 

The conflicting opinions that exist regarding the effects of n-3 fatty acid supplementation 

upon oxidative stress in humans are in part a consequence of the wide variety of assays 
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used to assess lipid peroxidation. Most are either non-specific or involve the use of unstable 

metabolites. Thiobarbituric acid-reactive substances (TBARS) are frequently assayed as a 

measure of lipid peroxidation being an indirect measure of malondialdehyde (MDA), a 

product of lipid peroxidation. However TBARS are known to lack specificity, especially in 

biological systems and they also involve heat-generated artifacts. Direct measures of 

plasma MDA and particularly the more recently discovered F2-isoprostanes, are more 

specific markers of lipid peroxidation. F2-isoprostanes are prostaglandin-like products of 

non-enzymatic peroxidation of arachidonic acid. They have also been shown to correlate 

with conditions of increased lipid peroxidation in animals and humans (346) and as such 

are a recognised marker of lipid peroxidation. 

 Table 1.15 summarises the results of 8 controlled studies on the effects of n-3 fatty 

acid supplementation on plasma markers of oxidative stress. Half of the studies measured 

TBARS, which were mostly elevated following supplementation. In particular, McGrath et 

al (236) demonstrated an increase in TBARS in subjects with Type 2 diabetes. In contrast, 

despite similar doses of n-3 fatty acids and study duration, F2-isoprostanes decreased 

significantly in Type 2 diabetic subjects following a high fish diet for 8 weeks (347). F2-

isoprostanes were also unchanged in healthy post-menopausal women (348). Plasma MDA 

increased in two studies but was unchanged in two others. Long term supplementation with 

1.8 g/day of n-3 fatty acids decreased conjugated dienes in patients who had suffered a 

myocardial infarction (349).  

Researchers have also questioned whether the conflicting data might be due to the 

differences in antioxidants within the capsules since unsaturated fatty acids are known to be 

prone to oxidation. However Table 1.15 shows there is no clear trend, with most fish oil 

studies using similar albeit small amounts of antioxidant protection. Furthermore, one 

recent study demonstrated that even 400 IU of Vitamin E supplementation provided no 

protection against an increase in TBARS compared to no Vitamin E (350). Likewise, the 

reduction in F2-isoprostanes observed with a fish diet occurred despite no additional 

antioxidant protection (347). This lends to support to the theory that n-3 fatty acids may be 

antioxidant rather than pro-oxidant and that co-supplementation of antioxidants with fish 

oil supplements is not necessary. 
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Table 1.15 Changes in markers of oxidative stress in controlled fish oil studies with 
various subject types. 
 

Study Subjects n-3 
g/day Weeks Antioxidants  

Added Method Oxidative 
stress 

Higdon 2000 
(348) 

Post-
menopausal 

women 
3.4 5  8 mg Vit E 

F2-isoprostanes 
MDA 

TBARS 

↔ 
↔ 
↑ 

Wander 2000 
(350) 

Post-
menopausal 

women 
3.8 5  

0 mg Vit E 
100mg Vit E 
200 mg Vit E 
400 mg Vit E 

TBARS 
TBARS 
TBARS 
TBARS 

↑ 
↑ 
↑ 
↑ 

Mori 1999 
(347) Type 2 DM 3.6 8  None (fish 

diet) F2-Isoprostanes ↓ 

Gustafsson 
1998 (254) Healthy 2.1 4  52 mg Vit E + 

52 mg Vit C MDA ↔ 

Allard 1997 
(351) Healthy men 6.3 6  900IU Vit E 

MDA 
Lipid peroxide 

products 

↑ 
↔ 

Singh 1997 
(349) Acute MI 1.8 52 None Conjugated 

dienes ↓ 

McGrath 1996 
(236) Type 2 DM 3.0 6  10 Vit E TBARS ↑ 

Nelson 1993 
(352) 

Healthy 
Males 

2.1% 
calories 6  None TBARS 

MDA 
↑ 
↑ 

TBARS = Thiobarbituric acid-reactive substances; MDA = malondialdehyde; HL = Hyperlipidaemic; 
↑=significant increase, p<0.05; ↓ significant decrease, p<0.05; ↔ = no significant change  
 
1.9.11 Effects of n-3 fatty acids in humans - Summary 

In summary, n-3 fatty acids have diverse effects which are likely to have a beneficial 

impact on the risk of cardiovascular disease. Whilst these benefits are similar in both Type 

2 diabetic and non-diabetic subjects, there is still concern that fish oils may impair 

glycaemic control in subjects with Type 2 diabetes, although most controlled studies do not 

support this view. There is little evidence for any effect on insulin sensitivity in subjects 

with or without Type 2 diabetes.       

Beneficial effects of n-3 fatty acids in diabetic and non-diabetic subjects include a 

reduction in triglyceride levels of approximately 20-25%, a modest beneficial effect on 

HDL cholesterol levels and LDL particle size, reduced ex-vivo platelet aggregation 

particularly in response to collagen, and improved endothelial function. A reduction in 

blood pressure, particularly in hypertensive subjects may also occur with high doses, 

although these hypotensive effects may be weakened by concurrent use of anti-

hypertensive medication. The effects on aspects of haemostasis, such as fibrinolysis and 

platelet and endothelial activation are less clear. 
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Reductions in cell adhesion molecules and pro-inflammatory cytokines suggest that n-3 

fatty acids may reduce inflammation. This could reduce oxidative stress but various 

markers of lipid peroxidation have been observed to either increase, remain unchanged or 

decrease. These differences may be due to the use of non-specific assays. The more 

sensitive F2-isoprostane assay suggests that a reduction in oxidative stress is possible. 

 

1.10  Independent effects of purified EPA and DHA supplementation 

Until recently there had been few controlled studies in humans examining the 

independent effects of purified EPA and DHA on the risk of cardiovascular disease. This 

review will generally focus on controlled studies (Table 1.16) including placebo-controlled 

trials with either a parallel or crossover design. Whilst uncontrolled studies are also listed 

(Table 1.18), the review will not refer to them unless there is reason to do so, such as 

limited controlled data being available, or if they have a before and after design. Table 1.16 

details the design of controlled studies whilst Tables 1.17 and 1.19 describe the clinical 

characteristics of the subjects in the controlled and uncontrolled studies respectively. The 

major findings from these studies are discussed below.  

 

1.10.1 Plasma and platelet phospholipids  

The incorporation of fatty acids into platelet and plasma phospholipids occurs with a high 

degree of specificity depending upon the individual fatty acid. Together, EPA, DHA and 

DPA account for approximately 5% of all fatty acids in both plasma and platelet 

phospholipids (353,354). Levels of DHA are approximately three times higher than EPA, 

although smaller differences may occur amongst subjects not normally consuming fish or 

fish oil. DPA levels are slightly less than those of EPA in plasma phospholipids and slightly 

more than EPA in platelet phospholipids (354). The n-6 fatty acids AA and LA account for 

approximately 30% of all fatty acids in both plasma and platelet phospholipids (353,354).  

Increases in n-3 fatty acids in platelets and phospholipids following n-3 fatty acid 

supplementation are observed in phosphatidylcholine (PC) and phosphatidylethanolamine 

(PE), whereas changes in other phospholipids such as phosphatidylserine (PS), 

sphingomyelin and phosphatidyl-inositol are often smaller and less consistent (355,356). 
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Table 1.16 List of controlled human studies using purified EPA or DHA 
 

Study Study 
design Subject type n 

 No. 
of 

weeks 

Dose of 
EPA/DHA 

(g/day) 

Oil(s) used 
and form of 

oil 

Purity 
of oil 

% 

Placebo 
oil 

CONTROLLED STUDIES USING BOTH EPA AND DHA 
Nestel 2002 
(357) 

Parallel 
R, DB Dyslipidaemic 38 7 3 EPA-EE 

DHA-EE 
89 
714 Olive 

Mori 2000 
(358) 

Parallel 
R, DB 

Overweight 
hypercholesterol

aemic 
56 6 4 

4 
EPA-EE 
DHA-EE 

96 
92 Olive 

Grimsgaard 
1997 (359) 

Parallel 
R, DB Healthy 234 7 4 

4 
EPA-EE 

 DHA-EE 
95 
90 Corn 

Halvorsen 
1997 (360) 

Parallel 
R, DB Healthy 58 7 3.8 

3.6 
EPA-EE 
DHA-EE 

95 
90 Corn 

CONTROLLED STUDIES USING EPA 
Yamamoto 
1995 (297) 

Parallel 
R, NB Angina 22 16 1.8 EPA-

("Epadel") 100 None 

CONTROLLED STUDIES USING DHA 
Conquer 
1998 (361) 

Parallel 
NR, NB Healthy 22 6  0.75 and 1.5 DHA-TG 40 Corn 

Agren 1997 
(320) 

Parallel 
R, SB Healthy 282 15  1.68 DHA-TG 42 None 

Vidgren 
1997 (354) 

Parallel 
R, NB Healthy 52 14 1.68 DHA-TG 42 None 

Agren 1996 
(362) 

Parallel 
R, SB Healthy 28 15 1.68 DHA-TG 42 None 

Conquer 
1996 (353) 

Parallel 
R, DB 

Healthy 
vegetarians 24 6 1.62 DHA-TG 39 Vege-

table 
Hamazaki 
1996 (363) 

Parallel 
R, DB Healthy 24 13 1.5 – 1.83 DHA-? 491 Soybean 

R = randomised, NR = non-randomised, DB = double-blind, SB = single-blind, NB = non-blinded, EE = ethyl ester, TG = 
triglyceride 1Contained 6.7% EPA, 2Total number in DHA and control groups (fish and EPA+DHA fish oil groups not 
included) 3Depending upon bodyweight, 4Contained 4.1% EPA and 13.2% docosapentaenoic acid (DPA).  
 
Table 1.17 Baseline subject characteristics in controlled studies with EPA or DHA  
 

Study Age M/F BMI Weight (kg) 

CONTROLLED STUIDIES USING EPA AND DHA 

Nestel 2002 (357) 57 (EPA) 
55 (DHA) 21/17 - 80 

77 

Mori 2000 (358) 49 (EPA) 
49 (DHA) 56/0 29.0 

28.9 
89.1 
90.8 

Grimsgaard 1998 (364) 44 (EPA) 
43 (DHA) 224/0 25.6 

24.9 - 

Grimsgaard 1997 (359) 44 (EPA) 
43 (DHA)  224/0 25.6 

24.9 - 

Halvorsen 1997 (360) 44 (EPA) 
43 (DHA) 58/0 24.7 

25.1 - 

CONTROLLED STUDIES USING EPA 
Yamamoto 1995 (297) 61 17/5 - - 

CONTROLLED STUDIES USING DHA 
Conquer 1998 (361) 32 14/8 23.8 67.5 
Agren 1997 (320) 24 28/0 21.5 71 
Vidgren 1997 (354) 19 - 32 59/0 16.8 - 31.3 - 
Agren 1996 (362) 24 28/0 21.5 71 
Conquer 1996 (353) 30 12/12 23 67 
Hamazaki 1996 (363) 22 (21-30) 18/15 - - 
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Table 1.18 List of uncontrolled human studies using purified EPA or DHA 
 

Study 
Oil(s) used 
and form of 

oil  

Dose of 
EPA/DHA 

(g/day) 

Purity of 
oil 
% 

Subject type n No. of 
weeks 

UNCONTROLLED STUDIES USING BOTH EPA AND DHA 

Hansen 1998 (365) EPA-EE 
DHA-EE 

4 
4 

95 
90 Healthy 14 5  

Rambjor 19961 (366) EPA-EE 
 DHA-EE 

3 
3 

91 
83 Healthy 34 3 

Hirai 1989 (367) EPA-EE 
DHA-EE 

3.6 
3.6 

90 
90 

Hyperlipidaemic 
IIa/IIb 22/15 8 

Hirai 1987 (368) EPA-EE 
DHA-EE 

3.6 
3.6 

90 
90 Healthy 12 4 

von Schacky 1985 (314) EPA-EE 
DHA-EE 

6 
6 

83 
90 Healthy 7 1 

UNCONTROLLED STUDIES USING EPA 
Saito 1999 (369) EPA-EE 2.4 90 Hyperlipidaemic female 5 1 
Tagawa 1999 (370) EPA-EE 1.8  CAD 8 6 
Nakamura 1998 (371) EPA-EE 0.9/1.8 85 Type 2 10 1 
Harris 19971 (372) EPA-EE 3 91 Healthy 29 3 
Nishikawa1997 (373) EPA-EE 1.8 91 Type 2 12 2 
Shinozaki 1996 (374) EPA-EE 1.8 100 Vascular diseased 24 108 
Tsuruta 1996 (375) EPA-EE 1.8 91 Stenosis patients 25 8 
Miwa 1996 (376) EPA-EE 1.8  Type 2 10 17 

Saga 1994 (377) EPA-? 1.8 
0.9  Atherosclerotic 

/Thrombotic 34 12 

Westerveld 19933 (242) EPA-EE 0.9/1.8 94 Type 2 24 8 
Nozaki 1992 (378) EPA-EE 2.7  >90 Hypercholesterolaemic 14 26 
Homma 1991 (379) EPA-EE 2.7  >90 Hypercholesterolaemic 15 12 
Wojenski 19912 (380) EPA-EE 4 >90% Healthy 9 4 
Croset 19903 (381) EPA-TG 0.1 100(“pure”) Healthy 16 8 
Hamazaki 1990 (382) EPA-EE 1.8  90 Type 1/Type 2 16 24 

Hawthorne 1990 (383) EPA-EE 6.0 
18.0 

93 
93 

Healthy 
Healthy 

6 
6 

6 
6 

Kamido 1988 (384) EPA-EE 1.8 75 Atherosclerotic 11 4 - 10 
Tamura1987 (385) EPA-EE 1.8 or 2.74 75 Thrombotic diseases 62 16 
Lands 1985 (386) EPA-EE 1.8 or 2.7 75 Thrombotic diseases 40 4 
Tamura 1985 (387) EPA-EE 3.6 >75 Healthy 8 4 
Nagakawa 1983 (388) EPA-EE 2 67 Healthy 12 4 
Terano 19835 (389) EPA-EE 3.6 755 Healthy 8 4 

UNCONTROLLED STUDIES USING DHA 
Ferretti 19986 (390) DHA-TG 40 6 Healthy 11 13 

Conquer 1997 (391)  DHA-TG 1.62 39 Vegetarians & 
Omnivores 20 6  

Nelson 1997  
(Lipids)6 (392) DHA-TG 40 6 Healthy 10 12 

Nelson 1997 (Platelets)3 
(393) DHA-TG 40 6 Healthy 10 12 

Davidson 19973 (394) DHA-TG 40 1.25 and 2.5 Hyperlipidaemic 26 6 
Kobayashi 1987 (395) DHA-EE 3.6 90 Healthy 12 4 

1Serial (not parallel) crossover trial; treated as uncontrolled. 2Included placebo but not concurrently with EPA group, 
therefore treated as uncontrolled. 3Results measured vs baseline, not placebo, therefore treated as uncontrolled. 42.7g 
for subjects > 60 kg. 5Contained 10.4% DHA. 6Results measured vs baseline only, not placebo, (placebo group, n = 
4, not used for comparison). EE = ethyl ester, TG = triglyceride.  
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Table 1.19 Baseline subject characteristics in uncontrolled studies using EPA or DHA. 
 

Reference Age M/F BMI Weight 
UNCONTROLLED STUDIES USING EPA AND DHA 

Hansen 1998 (365) 36 (28-49) 14/0 25 (EPA) 
24.5 (DHA) 81 

Rambjor 1996 (366) 30 (EPA) 
31(DHA) 12/22 26 (EPA) 

24.5 (DHA) - 

Hirai 1989 (367) - 18/19 - - 
Hirai 1987 (368) - 12/0 - - 
von Schacky 1985 (314) 29 - 38 - - 58 - 82 

UNCONTROLLED STUDIES USING EPA 
Saito 1999 (369) 55 0/5 27.0 62.5 
Nakamura 1998 (371) 65 2/8   
Tagawa 1999 (370) 65 (58-71) 8/0   
Harris 1997 (372) 30 18/11 27 - 
Nishikawa1997 (373) -  - - - 
Shinozaki 1996 (374) 38 - 75 21/3 - - 
Tsuruta 1996 (375) 63 (36-78) 33/27 (16 obese) - 
Miwa 1996 (376) 32 – 66    
Saga 1994 (377) 43 - 86 26/8 - - 
Westerveld 1993 (242) 56 15/9 26.3 74.3 
Nozaki 1992 (378) 55 (36-65) 3/11 22.9 - 
Wojenski 1991 (380) 22 - 40 9/0 - - 
Homma 1991 (379) 55 7/8 23.5 - 
Croset 1990 (381) 86 - - - 
Hamazaki 1990 (382) 65 5/11 - - 
Hawthorne 1990 (383) 30 – 41 6/0   
Kamido 1988 (384) 22 - 70 7/4 - 54 
Tamura 1987 (385) 59 30/32 - - 
Lands 1985 (386) - - - - 
Tamura 1985 (387)  8/0   
Nagakawa 1983 (388) 61 8/4 - - 
Terano 1983 (389) 29 - 42 8/0 - 63 

UNCONTROLLED STUDIES USING  DHA 
Ferretti 1998 (390) 20 - 40 12/0 - 80-120% IBW 

Davidson 1997 (394) 61 (low DHA) 
58 (high DHA) 18/8  29 (low DHA) 

28 (high DHA) 
132% IBW  
128% IBW  

Nelson 1997 (393) 33 10/0 23.7 79 
Conquer 1997 (391) 27 10/10 22.5 67.5 
Kobayashi 1987 (395) -  - - - 

IBW = Ideal bodyweight  
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Incorporation of n-3 fatty acids into plasma and platelet phospholipids  

1) Supplementation with EPA 

In both controlled and uncontrolled studies, supplementation with purified EPA 

significantly increased EPA in plasma phospholipids by approximately 300% (Table 1.20). 

All studies used 3 - 4 g/day of EPA and were 5 - 7 weeks in duration. DPA was also 

increased by approximately 100 - 200 %, while DHA decreased in 2 of the 3 controlled 

studies (average 16%) but remained unchanged in the uncontrolled studies.  

In platelet phospholipids, EPA supplementation increased EPA several-fold and 

DPA by approximately 50%, whilst DHA decreased slightly (Table 1.20). These changes 

were associated with small but significant decreases in n-6 fatty acids, particularly AA. 

 

2) Supplementation with DHA 

Controlled studies of DHA supplementation have led to significant increases in plasma 

phospholipid DHA and EPA of approximately 150% and 50% respectively, whilst DPA has 

decreased by approximately 50% (Table 1.21). Thus, retro-conversion of DHA to EPA 

occurred. This effect does not appear related to study duration but a threshold dose may 

exist since no changes in EPA occurred with 0.75 and 1.5 g/day of DHA (361). Levels of 

LA in plasma phospholipids have generally remained unchanged whilst AA decreased by 

approximately 20%. 

In platelet phospholipids (Table 1.21), increases in DHA (approximately 150%) and 

decreases in DPA (approximately 50%) with DHA supplementation were similar to those in 

plasma phospholipids whilst EPA at least doubled in most studies. A small but significant 

decrease in platelet AA of approximately 10% has been observed in 3 controlled studies 

(353,354,358). 
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Table 1.20 Changes in plasma and platelet phospholipids in controlled and uncontrolled studies using EPA 

 

% Changes in plasma phospholipids % Changes in platelet phospholipids Reference Dose 
g/day Weeks 

EPA    DHA DPA AA LA  EPA   DHA DPA AA LA
CONTROLLED STUDIES USING EPA 

Mori 2000* (358) 4 6 ↑ 494   NC ↑ 87 ↓ 25 ↓ 21 ↑ 370 ↓ 28 ↑ 56 ↓ 15  
Grimsgaard 1997* (359) 4 7 ↑ 297  ↓ 15  ↑ 130  ↓ 18  ↓ 23      
Halvorsen 1997* (360) 3.8 7 ↑ 379  ↓ 18  ↑ 136  ↓ 24  ↓ 26      
MEAN1   ↑ 390 ↓ 16 ↑ 118 ↓ 22 ↓ 23 ↑ 370 ↓ 28 ↑ 56 ↓ 15  

UNCONTROLLED STUDIES USING EPA 
Hansen 1998* (365)  4 5  ↑ 251   NC ↑ 208 ↓ 15 ↓ 32      
Harris 1997 (372) 3 3 ↑ 2   NC    NC   NC      
Rambjor 1996*3 (366) 3 7 ↑ 344   NC  ↓ 17 ↓ 17      
Miwa 19966 (376) 1.8   17     ↑ 124  NC    NC  NC 
Wojenski 1991 (380)        4 4 ↑ 600 ↑ 7  ↓ 18 ↓ 15 
Croset 1990 (381) 0.1 8   NC   NC    NC   NC    NC  NC    NC  NC 
Kamido 1988 (384) 1.8 4 - 10      ↑ 70  NC ↑ 4 ↓ 4    

Tamura 1987 (385) 1.8 or 
2.7 16      ↑ 127  NC   NC  NC 

Hirai 1987* (368)        3.6 4 ↑ 5  NC ↑ 90   ↓ 5  
Tamura 19856 (387)        3.6 4 ↑ 100    ↓ 14  
von Schacky 1985*6,7 
(314) 6      1 ↑ 460   NC ↑ 190 ↑130  NC ↑60 

Nagakawa 19837 (388) 2 4 ↑ 105   NC     ↑ 60     NC  
Terano 1983 (389) 3.6     4   ↑ 128  NC    NC   NC 

MEAN1   ↑ 290 NC ↑ 199 ↓ 16 ↓ 24 ↑ 167 NC ↑ 75 NC  NC
∗Study used both EPA and DHA capsules, 1Mean value for studies where significant changes were reported; given as NC when this occurred with the majority 
of studies. 2p < 0.005, 3Changes given vs olive oil not baseline, 4p=0.01, 5 value not given, 6mean increase for phospholipids PC + PE, 7 approximate values from 
graph (p< 0.001), PE = phosphatidylethanolamine, PC = phosphatidylcholine. AA = arachidonic acid, LA = linoleic acid, DPA = docosapentaenoic acid. 
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Table 1.21 Changes in plasma and platelet phospholipids in controlled and uncontrolled studies using DHA 

 

% Changes in plasma phospholipids % Changes in platelet phospholipids Study 
  

Weeks Dose 
g/day EPA    DHA DPA AA LA EPA    DHA DPA AA LA

CONTROLLED STUDIES USING DHA 

Mori 2000* (358) 6 4.0 ↑ 52 ↑ 167 NC ↓ 22 ↓ 12 ↑ 54 ↑ 155 ↓ 34 ↓ 7  

Conquer 1998 (361) 6 0.75 
1.5 

NC 
NC 

↑ 167 
↑ 193 

↓ 32 
↓ 48 

NC 
↓ 16 

NC 
NC      

Grimsgaard 1997* (359) 7 4 ↑ 292 ↑ 69 ↓ 33 ↓ 15 ↓ 9      
Halvorsen 1997* (360) 7 3.6 ↑ 43 ↑ 87 ↓ 41 ↓ 17 NC      
Agren 1996 (362) 15 1.68 ↑ 453 ↑ 3003 ↓ 43        
Vidgren 1997 (354) 14 1.68 ↑ 36 ↑ 86 ↓ 50 ↓ 17 NC ↑ 71 ↑ 95 ↓ 36 ↓ 9 ↑ 11 
Conquer 1996 (353) 6 1.62 ↑ 128 ↑ 246 ↓ 53 ↓ 33 NC ↑ 176 ↑ 225 ↓ 58 ↓ 8 NC 
MEAN1   ↑ 56 ↑164 ↓ 43 ↓ 20 NC ↑ 100 ↑ 158 ↓ 43 ↓ 8 NC 

UNCONTROLLED STUDIES USING DHA 
Hansen 1998* (365) 4 5 ↑ 74 ↑ 93 NC        NC NC
Conquer 19974 (391) 
Conquer 19975 (391) 

1.62 
1.62 

6 
6 

↑ 59 
 ↑120 

↑ 245 
↑ 238 

↓ 46 
↓ 53 

↓ 19 
↓ 32 

↓ 15 
NC 

↑ 146 
↑ 160 

↑ 179 
↑ 209 

↓ 57 
↓ 61 

 NC 
↓8 

NC 
↑13 

Davidson 1997 (394) 2.5 6  ↑ 215         
Nelson 1997 (392) 6 12      ↑ 685 ↑ 256    
Nelson 1997 (393) 6 12 ↑ ↑ NC ↓ NC      

Hamazaki 1996 (363)   1.5 - 
1.8 13 ↑159 ↑ 101        NC ↓ 9 

Rambjor 1996*6 (366) 3 7 ↑133 ↑ 126         NC NC
Hirai 1987* (368) 3.6 4 ↑ 7 ↑ 7 NC     NC ↑ 608 ↑ 618 ↑ NC9 NC
Kobayashi 1987 (395) 3.6 4 ↑ 71 ↑ 26 ↓ 21 NC       
von Schacky 1985* (314) 6 1 ↑10 ↑11 ↓10      NC ↑12 ↓12

MEAN1   ↑103 ↑ 149 ↓ 40 NC    NC ↑ 263 ↑ 176 ↓ 59 NC NC
∗Study used both EPA capsules and DHA capsules, 1mean value for studies where significant changes were reported; given as NC when this occurred with the majority of 
studies, 2p=0.07 vs placebo, 3approximate figures from chart, 4values for omnivores, 5values for vegetarians, 6changes given vs olive oil not baseline, 7values not given, 
8mean increase for PC and PE, 9increase in PC only (27%) (NC in PE), 10p=0.05, 11p=0.01, 12p=0.001,  
PC = phosphatidylcholine, PE = phosphatidylethanolamine. 
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1.10.2 Plasma lipids and lipoproteins   

1) EPA supplementation 

Only 4 controlled studies have assessed the effects of purified EPA upon serum lipids 

and lipoproteins (Table 1.22). Triglycerides were reduced by 21% and 23% in mildly 

hyperlipidaemic subjects (357,358) and by 12% in healthy subjects using 4.0 g/d of n-3 

fatty acids for 7 weeks (359). A lower dose of 1.8g/day for 16 weeks in patients with 

angina was ineffective (297) despite similar triglyceride levels at baseline as the healthy 

subjects. The majority of uncontrolled studies (Table 1.23) have also shown a 

significant decrease in triglycerides, the mean fall being 24% (range of 14%-35%). 

EPA supplementation has had little effect on total cholesterol, LDL-C, and 

HDL-C levels, other than in one study (359) which observed a small but significant 

2.5% decrease in total cholesterol. (Table 1.22). Mori et al have shown that although 

HDL-C remains unchanged, HDL3-C may decrease (358). Uncontrolled studies have 

demonstrated larger decreases (approximately 10%) in total cholesterol and LDL-C, but 

again no change in HDL-C (Table 1.23).  

 

2) DHA supplementation 

DHA supplementation reduced triglycerides in 5 of the 7 published controlled studies 

by approximately 17 - 33% (Table 1.22), the largest decrease occurring with the highest 

baseline triglyceride level (1.6 mmol/l) (358). In those studies in which triglycerides 

were not changed, either the dose was relatively low (< 2g/day) (361) or triglyceride 

levels at baseline were normal (363). In uncontrolled studies most have shown a 

decrease in triglycerides (mean 21%) (Table 1.23).  

All controlled studies have reported no change in total cholesterol following 

purified DHA supplementation (Table 1.22). No change occurred in subjects with 

moderately elevated cholesterol (6.0 mmol/l) after 6 or 7 weeks using 4.0 g/day (359)or 

in studies ranging from 3 – 14 weeks duration using doses of 0.75 – 6.0 g/day in 

normocholesterolaemic subjects. LDL-C was unchanged in all but one study (358), 

which showed an 8% increase (Table 1.22).  HDL-C increased in 2 out of 6 controlled 

studies by approximately 4% (359) and 17% (353). Increases of between 19% and 37% 

in HDL2 were observed in two controlled studies (Tables 1.22). HDL3 cholesterol did 

not change in any study. 
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Table 1.22 Changes in plasma cholesterol and triglycerides in controlled studies using EPA or DHA 

 

  Baseline values % Changes from baseline 
Dose    Weeks Trig Cholesterol Trig Cholesterol Study 
g/day     Total Total  LDL HDL Total Total VLDL LDL HDL HDL2 HDL3

CONTROLLED STUDIES USNG EPA 
Nestel 2002* (357)         3.0 7 1.6 6.6   4.6 1.3 ↓ 23% NC NC NC  
Mori 2000* (358) 4.0 6 2.0 6.2 4.3 1.00 ↓ 21% NC     NC NC NC ↓ 3% 
Grimsgaard 1997∗   

(359) 4.0           7 1.2 6.0 1.34 ↓ 12% ↓2.5% NC NC

Yamamoto 1995 
(297) 1.8             16 1.3 4.7 1.1 3.0 NC  NC NC NC

CONTROLLED STUDIES USNG DHA 
Nestel 2002* (357)          3.0 7 2.0 6.6   4.6 1.2 ↓ 32% NC NC NC
Mori 2000* (358) 4.0 6 1.6 6.2 4.3 1.00 ↓ 33 NC  ↑8.7% NC ↑ 37% NC 
Grimsgaard 1997∗ 
(359) 4.0       7 1.2 6.0 1.36 ↓ 18 %  NC  NC ↑4.4% 

Conquer 1998  
(361) 

0.75 
1.50 6 1.4 

1.0 
4.4 
4.4 

2.66 
2.61 

1.11 
1.32 

NC 
NC 

 NC 
 NC  NC 

NC 
NC 
NC   

Agren 1996  
(362) 1.68      14 1.2 4.55 2.5 ↓ 17%  NC NC NC  ↑ 19% NC 

Conquer 1996  
(353) 1.62        6 1.0 3.6 2.0 1.20 ↓ 17%  NC  NC ↑ 17% 

Hamazaki 1996 
(363) 1.5-1.8             13 0.8 4.5 1.5 1.50 NC  NC NC NC

∗ Study used both EPA capsules and DHA capsules 

 



 

 

Table 1.23 Changes in plasma cholesterol and triglycerides in uncontrolled studies using EPA or DHA 

 Baseline Levels % Changes from baseline 
Weeks     Trigs Cholesterol Trigs CholesterolStudy Dose 

g/day 
       Total Total LDL HDL Total Total VLDL LDL HDL HDL2 HDL3

UNCONTROLLED STUDIES USING EPA 
Saito 1999 (369) 2.4 1 1.5 5.5   NC ↓15%1      
Tagawa 1999 (370) 1.8 6 1.7 205  37 NC NC   NC   
Nakamura 1998 (371) 0.9/1.8 12 1.8 5.7          1.34 NC NC NC
Hansen 1998∗ (365) 4.0             5 1.2 5.8 1.3 NC NC NC
Harris 1997 (372) 3.0 3 1.5 4.7 3.0 1.06 ↓2  ↓2 ↑3 ↑3   
Rambjor 1996∗ (366) 3.0      7 1.4 4.6 2.8 1.17 ↓ 15% NC ↓16% ↑ 6% ↑6% ↑ 13% NC 
Shinozaki 1996 (374) 1.8 108 2.7 6.8 16.8  ↓ 3 ↓ 3  ↓ 3    
Tsuruta 1996 (375) 1.8 8 1.6 2.7 1.8 0.6 ↓ 14% ↓6%  ↓ 8% NC   

Westerveld 1993 (242) 0.9 
1.8 8           2.1 6.3 4.2 NC NC NC ↑ 14% NC

Nozaki 1992 (378) 2.7 26 1.9 7.2 4.8 1.35 ↓ 16% ↓10% NC ↓ 16% NC  NC NC10

Wojenski 1991 (380) 4.0 4 1.2 5.0   ↓ 35 % ↓13%      NC
Homma 1991 (379) 2.7 12 1.9 6.3  1.2 ↓ 22% ↓6% ↓33% ↓ 19% NC   NC NC
Hamazaki 1990 (382)              1.8 24 1.2 4.8 NC NC

Hawthorne 1990 (383) 6 
18 

6 
6 

1.0 
0.7 

4.9 
4.5 

3.7 
3.3 

0.94 
0.87 

↓ 34% 
NC 

NC 
NC4

NC 
NC 

NC 
NC5

NC 
NC   

Croset 1990 (381) 0.1 8 0.9 4.5   NC ↓13%      

Hirai 1989∗ (367) 3.6       8 3.2b 6.4a 

6.4b 1.0b ↓ 28%b ↓6%b ↑10%b

Kamido 1988 (384) 1.8 4-10 1.5 6.2 4.1 1.4 NC ↓ 2  ↓ 3 NC   
Tamura 1987 (385) 1.8/2.7 16     ↓ 25% ↓7%      NC
Nagakawa 1983 (388) 2 4 1.61 5.21 3.41 1.81 ↓ 2 ↓ 1      NC NC
Terano 1983 (389) 3.6 4 1.25    ↓ 26% NC      NC

UNCONTROLLED STUDIES USING DHA 
Hansen 1998∗ (365) 4.0         5 1.0 5.3    1.4 NC NC NC

Davidson 1997 (394) 1.25 
2.5 6 2.8 

3.3  4.1 
4.1 

1.13 
1.03 

↓ 21 % 
↓ 18 % 

NC 
NC 

NC 
NC 

NC 
↑ 14% 

↑5.9 % 
↑6.2 %   

Nelson 1997 (392) 6.0 12 1.1 4.9 3.3 0.97 ↓ 26% NC     NC ↑ 8.6% 
Rambjor 1996∗1 (366) 3.0           3 1.2 4.3 2.6 1.18 NC NC NC NC NC ↑ 37% ↓ 8.5% 
Hirai 1989∗ 

(367) 3.6       8 2.9 b 6.3a

6.4b 1.1b ↓ 19%b ↓ 5%a 

↓ 5%b ↑ 13%b

∗Study used both EPA capsules and DHA capsules, 1approximate value from graph, 2p<0.01, 3p< 0.05, 4reported as significant decrease, but only relative to 6g/d period, 5reported as decrease,  
but only over 6 and 18 g/day periods combined, aType IIa hyperlipidaemics, bType IIb hyperlipidaemics. 
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 Table 1.24 Changes in platelet aggregation and prostaglandins in controlled and uncontrolled studies using EPA or DHA 
 

Aggregation Prostaglandins
TXB2

 
 
Study 

Dose 
g/day collagen   

 
ADP AA epinep- 

hrine Urine Blood
TXB3 PGI2 PGI3

CONTROLLED STUDIES USING DHA  
Agren 1997 (320) 1.68 NC NC        
Conquer 1996 (353) 1.62 NC11        NC13

UNCONTROLLED STUDIES USING EPA  

Nishikawa 1997 (373) 1.8        NC1 ↑ 
39%1

Miwa 1996 (376) 1.8 ↓ 23% ↓ 18%        

Westerveld 1993 (242) 0.9 or 1.8 NC 
NC ↓ 29%        

Wojenski 1991 (380) 4 ↓ 28%2 NC       ↓ 64% 
Croset 1990 (381)  0.1 NC NC ↓ 83% ↓ 74%      
Hirai 1987* (368) 3.6 ↓ 32%3 NC      NC ↓4 ↑4

Tamura 1987 (385) 1.8 or 2.7 ↓ 18%5 NC     NC6  ↓7

Von Schacky 1985* 
(314) 6 ↓8 NC        NC NC

Lands 1985 (386) 1.8 or 2.7 ↓23%12        ↓ 22%10

Nagakawa 1983 (388) 2 ↓ 9 ↓ 9  ↓ 8      
Terano 1983 (389) 3.6 ↓ 91% ↓ 56% NC ↓ 51%  ↓ 27% NC   

UNCONTROLLED STUDIES USING DHA  
Ferretti 1998 (390) 6     ↓ 35%   NC12  
Nelson 1997 (393) 6 NC NC NC       
Hirai 1987* (368) 3.6 ↓ 32% NC        NC NC NC
von Schacky 1985* (314) 6 ↓ 8 ↓ 8        NC NC

∗Study used both EPA capsules and DHA capsules, 1 Increase in number of diabetics in “normal healthy” range, 2For Platelet rich plasma (↓ for 
whole blood = 46%), 3 Mean of 0.5 and 1.0 µg/ml collagen, 4Using 1U/ml thrombin, 5Using 1µg/ml collagen, 6Transient decrease at 4 weeks and 
8 weeks, 7 Mean ↓ for collagen: 30%, average ↓ for epinephrine: 18%, 8p < 0.05, 9p < 0.001, 10 Mean of 1.0 and 1.5 µg/ml collagen, 11Using 
2mg/l collagen, 12 Measured as urinary metabolite 
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1.10.3 Platelet aggregation and haemostasis  

1) EPA supplementation 

There have been no controlled reports on the effects of purified EPA supplementation 

on platelet aggregation in humans. However, in uncontrolled studies, EPA has 

consistently reduced ex-vivo platelet aggregation to collagen by 20%-30%. These 

studies used ≥1.8 g/day of n-3 fatty acids over periods of 1 to 17 weeks of 

supplementation (Table 1.24). An early study by von Schacky et al. (314) reported a 

significant change after only 6 days using 6g/day EPA. Reductions in aggregation to 

ADP, epinephrine and arachidonic acid have been less consistent (Table 1.24). Two 

uncontrolled studies in subjects with Type 2 diabetes observed a reduction in platelet 

aggregation using collagen, ADP, and PAF (242,376). 

A number of uncontrolled studies in non-diabetic patients, have shown 

significant reductions in blood but not urinary thromboxane B2 ranging from 22% to 

64% (Table 1.24). Whilst no studies to date have assessed the effects of EPA on serum 

thromboxane B2 or urinary thromboxane B2 excretion in patients with Type 2 diabetes, 

an uncontrolled study reported a significant increase in serum levels of the anti-

agregatory prostaglandin PGI3 (373). Levels rose to above those in healthy subjects after 

only 2 weeks.  

 

2) DHA supplementation 

Two controlled studies have assessed the effects of DHA supplementation on platelet 

aggregation (Table 1.24). Using similar doses of 1.68g/day and 1.62g/day in healthy 

individuals, DHA failed to reduce collagen and ADP-induced aggregation (353) or 

collagen-stimulated TXB2 release (320,353). However, in uncontrolled studies using 

higher doses of DHA (3.6 and 6g/day) platelet aggregation to both collagen and ADP 

was reduced in healthy subjects (314,368). As with EPA, the aggregation responses to 

other agonists following DHA supplementation have been varied (Table 1.24). Recent 

in-vitro studies using rabbit blood have shown DHA to be more effective than EPA at 

inhibiting cyclo-oxygenase-1 activity (396). Thus the lack of effect of DHA in studies 

using doses of 1-2 g daily suggests that a threshold dose may exist.  

DHA given as 6g daily to healthy men for 90 days also produced a 35% 

reduction in urinary excretion of TXA2 measured as 11-dehydrothromboxane B2, whilst 

in a small control group that was not used for comparison, there was a 4% increase 
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(390). There was no change in PGI2 levels as measured by 24-hr excretion of 2,3-dinor-

6-oxo-prostaglandin F1α or TXA3 as measured by excretion of the metabolite 11-

dehydro-thromboxane B3.  

 Only a few studies have assessed the effects of either purified EPA or DHA on 

markers of haemostasis. As with many combined fish oil (EPA + DHA mixture) studies, 

no change was observed in plasma fibrinogen in two controlled DHA studies with 

healthy subjects using relatively low doses (320,353). Similarly, there was no change in 

PAI-1 activity with either DHA or EPA supplementation in a large double-blind placebo 

controlled trial with 224 healthy middle-aged men (365). In patients with a stenosis, 

EPA supplementation resulted in a potentially beneficial reduction in both PAI-1 

antigen (26%) and tPA antigen (18%) but there was no comparison with a control group 

(375).  

 

1.10.4 Blood pressure and endothelial function 

Most fish oils contain predominantly EPA. This and the established influence of EPA 

on the production of vasoactive prostaglandins led to the assumption that the 

hypotensive effects of fish oil were due to EPA rather than DHA. Additionally, EPA but 

not DHA in plasma phospholipids was seen to relate to blood pressure in hypertensive 

subjects (284), and a stronger association between increases in plasma phospholipids 

and reductions in blood pressure existed for EPA than for DHA (284). However in a 

meta-analysis of clinical trials assessing the effects of fish oils, a slightly greater dose-

response effect existed for DHA than for EPA content (-1.5/-0.77 mmHg vs -0.93/-0.53 

mmHg per gram) (278). In spontaneously hypertensive rats, whilst both EPA and DHA 

retarded the development of hypertension, purified DHA was more effective than either 

EPA+DHA or purified EPA (397).  

Four controlled studies have assessed the effects of purified EPA on blood 

pressure in humans (Table 1.25). No effects were observed in healthy subjects (364), 

those with dyslipidaemia (357) or patients with angina (297). In a direct comparison of 

purified EPA and DHA, DHA but not EPA significantly lowered both 24-hr ambulatory 

systolic and diastolic blood pressure in overweight subjects with hypercholesterolaemia 

(398). In this carefully controlled trial, fifty-six subjects were randomised to receive 

4g/day of purified EPA, DHA or olive oil as a placebo for 6 weeks. Only DHA



 

 
 
Table 1.25 Changes in blood pressure in controlled and uncontrolled studies using purified EPA and DHA  

 

Blood Pressure 

Baseline  Changes Study   

      

Subject Type Hypertensive 
Medication? 

Dose 
g/day 

Duration 
(weeks) 

Systolic Diastolic MAP Systolic Diastolic MAP

Heart 
rate 

(bpm) 

CONTROLLED STUDIES USING EPA 

Nestel 2002 (357) Dyslipidaemic No 3 7 126 74  NC NC  NC 

Mori 1999* (398) Overweight & 
↑ cholesterol Yes        4 6 1221 721 NC NC NC

Grimsgaard 1998 
(364) Healthy    No 4 7 123 78 93 NC NC NC ↑ 1.9  

Yamamoto 1995 
(297) Angina Yes (Ca2+ -

channel blockers) 1.8         16 96 NC NC

UNCONTROLLED STUDIES USING EPA 

Hamazaki 1990 (382) 
Diabetics with 

microalbuminuria 
(Type I and II) 

Yes 
 1.8         24 137 77 NC NC

Croset 1990 (381) Healthy Not stated 0.1 8 144 79  ↓ 16% NC   

CONTROLLED STUDIES USING DHA 

Nestel 2002 (357) Dyslipidaemic No 3 7 126 74  NC NC  NC 

Mori 1999* (398) Overweight & 
↑ cholesterol No   4 6 1281 741  ↓ 5.8 ↓ 3.3  ↓ 3.5 

Conquer 1998 (361) Healthy  0.75 
1.5 

6 
6 

 
73 

 
115  NC 

NC 
NC 
NC  NC 

NC 

Grimsgaard 1998 
(364) Healthy    No 4 7 121 76 91 NC NC NC ↓  2.2  

UNCONTROLLED STUDIES USING DHA 

Nelson 1997 (393) Healthy No 6 12 128 75.5  NC NC   

*Study contained both EPA and DHA groups, 124-hr ambulatory blood pressure.
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significantly reduced 24-hr and daytime (awake) blood pressure, which fell by 5.8/3.3 

mmHg and by 3.5/2.0 mmHg respectively relative to placebo (Figure 1.03). These effects 

were mirrored by improvements in endothelial and smooth muscle function in the forearm 

microcirculation with DHA but not EPA, as well as reduced vasoconstriction (399). 

However, other controlled DHA studies have failed to detect significant changes in clinic 

blood pressure following either 1.7g/day (361) or 4g/day (364) of DHA supplementation. 

Reasons for this might include the greater variance of clinic blood pressure, the lower dose 

(361), or the smaller number of subjects (361).  

Indirect evidence for a beneficial effect of DHA but not EPA on endothelial 

function was obtained by measuring serum and urinary nitrate output (372). Twenty-nine 

healthy volunteers were supplemented with either 64% pure fish oil concentrate (FOC) or 

91% pure EPA ethyl esters, providing 3g/day of EPA for 3 weeks. There was no change in 

creatinine-adjusted serum nitrate levels or nitrate excretion in the EPA group, whilst nitrate 

excretion in the FOC group increased significantly by 43%. However, results should be 

treated with caution since the study was not controlled and nitrates are formed not only by 

endothelial cells, but also from the air, food, drugs, macrophages, neutrophils, and bacteria 

in the urinary tract.  

Whist no controlled studies have demonstrated reductions in blood pressure with 

purified EPA (Table 1.25), improvements in endothelial function of the coronary arteries 

was observed in a controlled study of patients with variant angina (297). Four months of 

supplementation improved vasomotion at coronary sites exhibiting a slight vasoconstriction 

(297). However, at severely constricting sites, despite showing some improvement of 

vasomotion, EPA was unable to prevent the persistence of these vasospasms (297). A small 

uncontrolled report also demonstrated improved endothelial function of the peripheral 

microcirculation in patients with coronary artery disease (370). Intra-arterial infusions of L-

NMMA and substance-P demonstrated that endothelium-derived hyperpolarising factor 

(EDHF) in addition to nitric oxide might have been responsible. Both of these studies used 

relatively low doses of 1.8g/day of EPA. Blood pressure is also strongly influenced by 

arterial compliance (400,401), which in turn is influenced by endothelial function (402). 

EPA and DHA have improved compliance by 35% and 27% respectively in patients with 

dyslipidaemia after 7 weeks of supplementation (357). Whilst the effect was only 

significant with EPA, there was no significant difference in effects between EPA and DHA. 
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No changes in clinic blood pressure were observed but this was recorded only once during 

the measurement of compliance. 
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Figure 1.03 The independent effects of purified EPA and DHA on 24-hr ambulatory blood 
pressure in overweight hypercholesterolaemic men.  
DHA but not EPA significantly reduced 24-hr (-5.8/-3.3 mmHg) and awake blood pressure (-3.5/-
2.0 mmHg) relative to olive oil placebo. 

 

No controlled studies have assessed the effects of purified EPA or DHA on endothelial 

function in Type 2 diabetes. However, EPA decreased the glucose-mediated inhibition of 

NO production by human endothelial cells, suggesting that EPA might ameliorate the 

endothelial dysfunction associated with diabetes (403). Influences of prostanoids and NO 

on endothelial function have been seen in experimental studies with both EPA and DHA 

(404). 
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1.10.5 Glycaemic control 

Two controlled studies (239,242) and one uncontrolled study (371) have assessed the 

effects of purified EPA on glycaemic control in subjects with Type 2 diabetes. Studies 

ranged from 2-12 months in duration and used 0.9g/day (239) to 1.8 g/day (242,371). No 

changes were seen in glycaemic control as measured by HbA1c. However, a recent 

controlled study in this Department directly compared the effects of purified EPA with 

purified DHA in overweight subjects with hypercholesterolaemia using a higher dose of 

4g/day (358). There was a borderline significant increase in fasting glucose after 6 weeks of 

EPA supplementation (p=0.06 vs placebo) but no change with DHA supplementation 

(Figure 1.04). At the same time fasting serum insulin significantly increased relative to 

placebo in the DHA group but not in the EPA group (Figure 1.04). It remains to be 

determined whether similar doses of EPA and DHA have any significant effects on 

glycaemic control in subjects with Type 2 diabetes.    
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Figure 1.04 Mean changes in fasting glucose and insulin following supplementation with 
4g/day of olive oil, EPA or DHA for 6 weeks in overweight hypercholeserolaemic men.  
*P<0.05 vs olive oil, †p=0.06 vs olive oil. Mori et al. 2000 (358). 

 

1.10.6 Oxidative Stress 

As discussed in section 1.9.7 the effects of n-3 fatty acids on markers of oxidative stress are 

inconsistent due not only to the different methods employed but also to the differences in 

doses used. In the only controlled trial to-date, both purified EPA and DHA reduced F2-

isoprostanes in overweight hyperlipidaemic subjects (405). A short-term uncontrolled study 

observed no change in TBARS or plasma α-tocopherol in 5 women consuming 2.4 

grams/day of EPA ethyl ester for one week (369). 



 63

 

1.10.7 Inflammation 

There have been no human studies directly assessing the independent effects of purified 

EPA or DHA on markers of inflammation. However, in-vitro, DHA but not EPA decreased 

the expression of pro-inflammatory cytokines, cell-adhesion molecules and monocyte 

adhesion to endothelial cells (343). It remains to be determined whether or not DHA and 

EPA have differential effects on inflammatory mediators such as LTB4, pro-inflammatory 

cytokines and the expression of cell adhesion molecules in vivo.  

 

1.11 Review of the literature - Summary  

Subjects with Type 2 diabetes are at increased risk of cardiovascular disease, partly as a 

consequence of an increased presence of established cardiovascular risk factors. The 

beneficial effects of n-3 fatty acids from fish oil on cardiovascular risk factors are wide 

ranging and there is now increasing evidence that both EPA and DHA are biologically 

active in human metabolism. Whilst there are still few controlled human trials, data to date 

suggests that in sufficient amounts, DHA is at least as potent as EPA in its beneficial 

effects upon lipids, lipoproteins, blood pressure, endothelial function, platelet aggregation 

and inflammation. DHA may also prevent the deterioration in glycaemic control sometimes 

seen following n-3 fatty acid supplementation in subjects with Type 2 diabetes. Given the 

continuing controversy over this effect of n-3 fatty acid supplementation, and the potential 

for DHA to reduce cardiovascular risk, comparison of purified EPA and DHA in Type 2 

diabetic subjects is desirable. Since the majority of Type 2 diabetic individuals are 

hypertensive, and fish oil has previously lowered blood pressure in treated hypertensive 

non-diabetic individuals, we chose to study a group of subjects being treated for 

hypertension in addition to having Type 2 diabetes.  

 Whilst inflammation has been associated with the development of insulin resistance 

and diabetes, both of which are in turn associated with endothelial dysfunction, no studies 

to date have examined the association between inflammation and vascular function in Type 

2 diabetes. Likewise, vascular tone is modulated by the activation of endothelial cells, 

platelets and leukocytes which leads to the release of vWf, P-selectin and L-selectin 

respectively. An examination of possible associations between these markers of activation 

and markers of inflammation could therefore indicate possible causes or consequences of 

inflammation in these subjects.  
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This thesis describes studies that have addressed these issues in diabetic subjects with 

treated hypertension. Thus, studies were conducted to determine the effects of purified EPA 

and DHA on glycaemic control, blood pressure, heart rate, lipid metabolism, inflammation, 

oxidative stress and platelet, vascular and fibrinolytic function. This may help determine 

whether either EPA or DHA are more suitable for broader use in diabetic subjects with 

treated hypertension either as a nutritional supplement or as a food additive. In addition, 

possible associations between markers of inflammation and vascular function, and between 

markers of inflammation and markers of platelet, endothelial and leukocyte activation were 

examined. Results may indicate potential strategies for improving vascular dysfunction in 

Type 2 diabetes. 



 65

CHAPTER 2 METHODS 
 
2.1 Study designs 
 
Study 1: Effects of purified EPA and DHA from fish oil on cardiovascular risk factors in 

Type 2 diabetic patients with treated hypertension. 

 
This prospective experimental study was designed to assess the influences of purified n-3 

fatty acids on cardiovascular risk factors in type 2 diabetic patients with treated 

hypertension whose glycaemic control was good-to-moderate (HbA1c < 9%). The study was 

performed in a randomised double-blinded placebo-controlled fashion using a parallel 

design (Figure 2.01) enabling assessment of both independent and differential effects of 

EPA and DHA. Outcome measures were collected before (baseline) and at the end (weeks 

5 and 6) of the 6 week intervention period (post-intervention). 

 
Choice of study design 

A parallel study design with a control group was chosen in preference to a crossover 

design. The latter allows subjects to act as their own controls, producing smaller variability 

and increased sensitivity, thus enabling fewer subjects to be studied (406). However, a 

parallel design is more robust than a cross-over design in terms of the data being less 

affected by problems such as missing data, missed visits, and subject withdrawals. 

        EPA (4g/day) 

 

 

        DHA (4g/day) 

 

          Olive oil (4g/day)  

 
WEEK 
   -2          0                       + 3             +5           +7                     +9  
     SCREENIN  G        BASELINE                   INTERVENTION (6 weeks) 
 
Figure 2.01 Study 1 design 
 

Additionally, in a cross-over design there may be a carry-over of treatment effect from one 

period to the next so that the results obtained during the second treatment are affected by 

the effects of the first. Given that fish oil consumption is well known to lead to residual 
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effects which last for up to 2 months (407), as well as the potential for subject withdrawals, 

a parallel design was preferred. 

 
Sample size power calculations 

Adequate sample size was determined from previous departmental experience with fish 

oils. Thus, twenty subjects per group would provide at least 80% power (α = 0.05) to 

demonstrate a decrease in serum triglycerides by 0.5 mmol/l. As it turned out, the number 

of DHA capsules available was the limiting factor in the number of subjects eventually 

recruited.    

 
Precaution against bias and confounding 

To help ensure that bias and confounding factors were minimised the following precautions 

for the study were taken. 

 

1) Randomisation 

Subjects were randomised to treatment groups to provide a basis for testing the statistical 

significance of differences between the groups in each measured outcome. This reduces the 

effects of bias (either known or unknown) in assigning patients to treatment groups and also 

allows one to infer that the sample group of subjects is representative of the larger 

population. Subjects were stratified according to age and BMI, characteristics that could 

confound an observed association between the randomised groups. The block 

randomisation method was used to keep the number of subjects in the different groups 

closely balanced at all times. BMI was chosen in preference to gender as there were likely 

to be few females entering the study. BMI blocks spanned 3 kg/m2 and age blocks 5 years.  

 

2) Replication 

Measurements that were considered to be highly variable were performed twice at baseline 

and post-intervention. These included clinic blood pressure, serum lipids, serum glucose, 

C-peptide and insulin, collagen and PAF-stimulated platelet aggregations, and platelet 

TXB2 production after collagen stimulation. Due to time, cost and facility constraints, as 

well as consideration on the overall demands placed on subjects, other measures including 

brachial artery ultrasound, 24-hr ambulatory blood pressure, plasma isoprostanes, the pro-

inflammatory cytokines interleukin-6 (IL-6) and TNF-alpha (TNF-α), and the markers of 
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platelet and endothelial cell activation i.e. p-selectin and vWf, were only performed once 

pre and post-intervention.  

3) Non-compliance 

Three-day food recall records, capsule counts, plasma and platelet fatty acid phospholipids, 

and lifestyle questionnaires were utilised to help check on potential non-compliance and 

confounding during the assigned intervention of Study 1. 

 

Study 2: Inflammation and vascular function in subjects with Type 2 diabetes and 

hypertension. 

A case-control study design was used to examine whether associations between vascular 

function and inflammation and between inflammation and platelet, endothelial and 

leukocyte activation were also present in healthy non-diabetic controls matched for age, sex 

and BMI. This would help to establish if any significant associations amongst the diabetic 

subjects were likely to be due to the presence of diabetes or simply a result of age, gender 

and body fat. Measures for the Type 2 diabetic subjects were taken from those obtained at 

baseline in Study 1. 

 

2.2 Study Entry criteria 

The entry criteria used for recruiting the Type 2 diabetic subjects with treated hypertension 

used in the two studies are shown in Table 2.01. Volunteers treated with diet alone or with 

medication (oral/sulphonylureas/biguanides) were considered. Volunteers with recently 

diagnosed diabetes (< 3 months) were not considered for participation, in order to prevent 

potential confounding influences of recent lifestyle changes and/or medication for 

glycaemic control. Confirmation of diabetic status was based on the recently re-defined 

Australian definition of Type 2 diabetes in adults, which follow the new American Diabetic 

Association guidelines (see page 2). Thus subjects were either receiving regular treatment 

with oral hypoglycaemic medication and/or had a fasting serum glucose ≥ 7.0 mmol/l or a 

2-hr post-prandial serum glucose of ≥ 11.1 mmol/l. All subjects were advised to maintain 

usual antihypertensive medication throughout the intervention, unless they showed 

symptoms or SBP < 90 mmHg. Exclusion criteria are shown in Table 2.02. 
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2.3 Recruitment of subjects 

Recruitment took place between June 1998 and October 1999 with 5 separate intakes of 

volunteers. Various methods were used to recruit subjects including: 

1) Advertisements and feature articles in state and local newspapers (Appendix 2) 

2) Announcements and interviews on radio stations 

3) Advertisements placed in diabetic clinics and public libraries within the 

metropolitan area of Perth, Western Australia.  

 

2.4 Screening  

A) Telephone questionnaire 

A telephone-screening questionnaire (Appendix 3) was administered to potential volunteers 

who responded to the recruiting campaign. This ascertained initial suitability according to 

the entry criteria. At the same time a brief outline of the aims of the study and the tests 

involved were described. Approximately 1200 individuals were screened over the 

telephone during an 18-month period. Volunteers who appeared suitable were invited to 

attend for screening. 

B) Screening visits 

Two screening visits were performed at the UWA Royal Perth Department of Medicine 

Research Unit. Visit 1 consisted of: 

1. Explanation of the tests for screening visits 1 and 2 and signing of the screening consent 

forms (Appendix 5). 

2. Completion of an alcohol diary (Appendix 4) 

Alcohol consumption was recorded for the previous 7 days as well as for an average 

week. The 7-day recall questionnaire is one of the most accurate methods available 

being less subject to under-reporting than the interview method and having less random 

variability than shorter recall periods. Subjects indicated the type of alcohol consumed 

(including the brand name of the beverage) and the amount consumed according to the 

measure which they were most familiar with (i.e. glass, stubby, bottle). The 

consumption of ethanol per day was calculated by multiplying the volume consumed 

by the percentage alcohol content of each beverage, compiled from industry tables of 

known beverage alcohol content (Appendix 10).  
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Table 2.01 Entry criteria for treated hypertensive Type 2 diabetic subjects in studies 1 

and 2. 
 

SEX:  Male and female 

AGE: 40-75 years for men; postmenopausal -75 years for women 

CLINICAL STATUS: Essential hypertension (treated) 

Clinic BP (on 2 separate days (5 – 7 days apart) using a Dinamap 1846 

SX/P monitor, measured supine at 2 min intervals for 20 mins with 1st 

reading discarded). 

Average SBP > 115 mmHg and < 180 mmHg, DBP < 110 mmHg 

BODY MASS INDEX: < 35 kg/m2    

DIABETIC TREATMENT: Receiving treatment with diet and/or oral hypoglycaemic agents 

DIABETIC STATUS: Established (> 3 months), but controlled (diet and/or medication) 

DIABETIC CONTROL  HbA1c < 9% 

OTHER: Non-smokers. Females on HRT to continue for the duration of the study. If 

taking antioxidant vitamins - to continue for the duration of the study. 

Prepared to accept random assignment to experimental groups.  

 

Table 2.02 Exclusion criteria for treated hypertensive Type 2 diabetic subjects in studies 
1 and 2. 

 

Presence or past history of the following: 

 - recent (previous 3 months) symptomatic heart disease 

 - angina pectoris (unless controlled by medication) 

 - history of myocardial infarction or stroke in the previous 6 months 

 - major surgery within the last 3 months 

 - significant liver or renal disease (plasma creatinine >130 µmol/L, proteinuria > 1 g/24hr); 

Smokers and ex-smokers within the last 2 years 

Insulin therapy 

Regular non-steroidal anti-inflammatory drug therapy  (irregular use OK if not used during the study) 

Symptomatic autonomic neuropathy 

Drinkers averaging > 40g ethanol/day 

Fish oil supplements and/or > 2 fish meals per week 

Triglycerides > 7.5 mmol/l and/or cholesterol > 7.5 mmol/l 

Females who have had a hysterectomy were not excluded 

 

3. Height, weight and BMI 

Height and weight were measured using a fixed stadiometer and calibrated beam-type 
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2. Medical examination 

balance scales respectively. Height was measured to the nearest 0.5-cm with feet 

together, and weight to the nearest 0.01 kg after removal of shoes and personal 

belongings from pockets. BMI was then calculated using the formula weight/(height)2.  

4. Supine clinic blood pressure 

Blood pressure was recorded at visit one in a supine position every 2 minutes for 20 

minutes using the Dinamap 1846SX semi-automatic oscillometric recorder (Critikon 

Inc., Tampa, Florida, USA). The first reading at each visit was discarded and the 

remaining 10 readings were averaged to give the screening blood pressure for each 

visit. 

5. An overnight fasting blood sample (from 12:00 midnight) for assessment of glucose, 

HbA1c, cholesterol, triglycerides. This was performed after blood pressure recordings; 

volunteers had thus been in a supine position for 20 minutes.  

6. A small urine sample.  

Multistix 10 SG reagent strips (Bayer Diagnostics, Mulgrave, Victoria, Australia) were 

used for determination of urinary glucose, protein and any other apparent disorders 

(e.g. presence of blood, leukocytes). 

 

Volunteers who met all the inclusion criteria after screening visit 1 were invited to attend 

for screening visit 2. Visit 2 consisted of: 

1. Supine clinic blood pressure  

Measurements were performed according to the same protocol as visit 1 and the 

averages combined with visit 1 averages to give an average for the 2 visits.  

A complete medical examination was performed by an experienced physician and 

included a comprehensive review of the volunteer’s medical history and a complete 

physical examination. 

3. Study consent  

If the volunteer met the entry criteria for the study they were invited to participate, and 

given a detailed explanation of study objectives, procedures and time commitment involved 

and required to give written informed consent (Appendix 5). The Human Rights 

Committees of Royal Perth Hospital (RPH) and The University of Western Australia 

(UWA) approved the protocols for Study 1 (Appendix 7) and Study 2 (Appendix 8).  
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Volunteers who met all the inclusion criteria after screening visit 1 except for fasting 

glucose ≥ 7.0mmol/l were also invited to return for a 2nd visit following breakfast, which 

included in addition to the above, a 2-hr post-prandial glucose test. 

 

2.5 Nutritional and lifestyle assessment and capsule compliance 

Subjects were instructed not to change their usual diets, alcohol intake, level of physical 

activity and other lifestyle factors throughout the intervention period since these factors 

were potential confounding influences in the study. A 3-day weighed food record (2 week 

days and one weekend day) and a lifestyle questionnaire including history of illness, 

symptoms of heart disease, alcohol intake, medications, smoking and physical activity were 

completed at baseline and post-intervention (Appendix 4). Prior to the baseline period, 

subjects were given written and verbal instructions by a dietician or research nurse on the 

use of digital food scales (Salter Housewares Ltd., Kent, U.K.) which were loaned for the 

study duration. The recording of all foods, beverages, minerals and vitamins consumed 

during each 24-hour period was explained and documented in an information booklet 

(Appendix 11). Subjects were asked to provide a detailed description of each food item 

consumed during the 24-hr periods using the food record sheets provided (Appendix 12). 

Diet records were analysed using DIET/1 (version 4; Xyris, Brisbane, Australia), which is 

based on the Food Composition Database NUTTAB 1995A (408). This database package 

consists of over 2000 food items containing total kilojoule, fat (total, saturated, 

polyunsaturated and monounsaturated), protein, total carbohydrate, starch, sugars, alcohol, 

cholesterol, fibre, vitamins (A, B, C), thiamin, riboflavin, niacin, minerals, sodium, 

potassium, magnesium, calcium, phosphorus, iron and zinc content. Where information 

could not be obtained an alternative food or similar nutrient profile was coded. Foods were 

added if sufficient nutrient information was available, either from the food label or the 

manufacturer. For recipes prepared at home, individual ingredients were weighed and the 

cooked weight and serving size were also recorded (Appendix 13). These dishes were 

coded and added as recipes to the database. 

Dietary changes were assessed further by the measurement of urinary sodium, 

potassium, calcium, and creatinine excretion using 24-hour urine samples collected into 5-

litre containers with 5mls of acetic acid added as a preservative. Prior to collection, subjects 

received written and verbal instruction on its correct use. The collection was started on a 
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Subjects were routinely reminded by research staff about the importance of 

maintaining the same medication levels throughout the intervention. Any changes in normal 

medication or any illness was reported at each visit. Use of aspirin since the last visit 

excluded subjects from studies on the effects of collagen-induced platelet aggregation. The 

lifestyle questionnaires required subjects to report the frequency of use of non-prescribed 

medications (8 categories) as well as listing all prescribed and non-prescribed medications.  

day prior to a regular study visit and thus finished on the morning of that visit. 

Changes in alcohol intake and physical activity were recorded at each visit and weight was 

recorded each week during baseline and at weeks two, four, five and six of intervention. 

Both mean corpuscular volume (MCV) and γ-glutamyltranspeptidase (GGT) were assessed 

from blood samples taken at baseline and post-intervention as potential objective 

biomarkers of change in alcohol intake.  

Subjects received a new container of either EPA, DHA or placebo capsules every 2 

weeks during the intervention period. These contained sufficient capsules for between 14 

and 17 days, although the subjects were not informed of the exact quantity when they 

received the full containers. Any remaining capsules at the end of each 2-week period were 

returned and counted in order to help assess compliance. Total n-3 and total n-6 fatty acids 

measured in plasma and platelet phospholipids were also used to indicate capsule and 

dietary compliance. N-3 fatty acids included 20:5, 22:5, and 22:6 (see Fig 1.01), and n-6 

fatty acids included 18:2, 20:3, 20:4, and 22:4 (see Fig 1.01) (see section 2.12: laboratory 

based assays). 

 

2.6 Anthropometric data 

Height, body mass, BMI, waist-to-hip   

Height and body mass measurements were performed in the same manner as for screening 

at visit 1. Baseline body mass was defined as the mean weight at weeks 2 and 3, whilst 

weeks 8 and 9 were used for post-intervention body mass. Body composition was assessed 

by means of BMI and waist-to-hip ratio at baseline and post-intervention. In obese subjects, 

these measures are considered to be more appropriate than skinfold measurements when 

evaluating changes in body composition, since circumference measures have a lower 

reported inter-observer variability. BMI was calculated using the height obtained at 

screening visit 1 together with the mean weight at weeks 2 and 3 for baseline BMI and 
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3) Three measures were taken for each site and averaged. Hip and waist measures were 

taken in an alternating order. 

weeks 8 and 9 for post-intervention BMI. 

Hip and waist measurements were standardised by using the following procedures 

for all circumference measurements: 

1) The same observer was used for each subject at baseline and post-intervention. 

2) The observer was trained and had practiced on volunteers prior to the measurement of 

study participants. 

4) Both measures were taken with the subject standing in a relaxed position.  

5) All measures were performed with a 2 meter retractable and 0.5 cm wide flexible 

Lufkin W606PM steel tape and were taken to the nearest 0.1 cm.   

 

Hip circumference 

Subjects were asked to stand with gluteals relaxed. The girth was taken in a horizontal 

plane at the level of the largest circumference of the buttocks. 

 

Waist circumference 

The waist measurement was taken in the horizontal plane at the level of the natural waist, 

which is the narrowest part of the torso, the subject standing with feet shoulder width apart. 

In some subjects a noticeable waist narrowing may be difficult to identify. In these cases 

the smallest horizontal circumference is measured in the area between the ribs and iliac 

crest.  

 

2.7 Clinic blood pressure 

The Dinamap 1846SX 

The Dinamap 1846SX (Critikon Inc, Tampa, FL, USA) was used to measure all resting 

blood pressures. The unit is a semi-automatic recorder designed to measure systolic, 

diastolic and mean arterial pressure and heart rate. Repeated measures can be programmed 

to read at set intervals from one to 16 minutes. The Dinamap uses the oscillatory method to 

identify the minimum and peak amplitude of pressure fluctuations, which approximate to 

systolic and mean arterial pressure (409). Pulsatile blood flow through the brachial artery 

produces oscillations of the vessel wall, which are transferred to the arm cuff. Diastolic 
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pressure is derived using an algorithm. Any errors from motion artifact are detected and 

excluded using patented pulse amplitude averaging and error rejection programs.  

Three cuff sizes are supplied with the unit; child, standard and large for use with subjects 

with arm girths in excess of 33cm. The cuff automatically inflates to a pressure of 178 

mmHg on the first reading and thereafter to a pressure 30-40 mm Hg higher than the 

previous determination and deflates in steps of 3-6 mm Hg with a microprocessor 

controlling the cuff inflation-deflation cycle. The Dinamap 1846SX is able to determine 

systolic blood pressures between 30-245 mm Hg, diastolic 10-210 mmHg and heart rate 40-

200 beats/min. 

 

Accuracy and reliability of the Dinamap 

The use of a Dinamap automatic recorder enables reduction in measurement error through 

the elimination of observer bias and inter-observer variability. The device has no 

microphone or external transducer, thus overcoming the problem of exact cuff placement. 

In comparison studies of direct and in-direct measures of blood pressure performed both 

independently and by the manufacturer, the Dinamap has met AAMI requirements for 

accuracy (5 ± 8 mmHg) and reliability (410). However, the Dinamap generally 

overestimates systolic pressure and underestimates diastolic pressure compared to other 

indirect manual methods of measurement (411-413) as well as direct intra-arterial measures 

(414). In older subjects, Dinamap readings are higher for both systolic and diastolic 

pressure, possibly as a result of increased arterial stiffening (415). The latter may also 

account for the more pronounced differences between methods in subjects with diabetes 

(416). 

Whichever method of measurement is used, clinic blood pressures can vary 

markedly within a single session (417). However, multiple measurements would be 

expected to reduce this variance. In addition, in intervention studies such as the one 

described in this thesis, intra-subject changes are the primary end-point rather than absolute 

values.  

The device also has other advantages over manual blood pressure determination 

methods: 

1. It can be automatically set at predetermined intervals for repeated measures and thus 

eliminates the need for an assistant to be present. This promotes a rested state, as 
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subjects are not tempted to interact with staff. 

2. The Dinamap does not depend on the auscultation of Korotoff sounds and eliminates 

the controversy of the choice of phase (IV) and phase (V). 

3. It does not rely on the hearing acuity of the observer 

4. Print outs of systolic and diastolic pressures, and heart rates are provided 

 

Protocol for resting clinic blood pressure 

Clinic blood pressure was recorded for 20 minutes supine with readings taken at 2-minute 

intervals followed by 5 minutes standing with readings every 1-minute. Standing blood 

pressure was taken after the last supine reading with the subject having stood up slowly. In 

a standing position, the measurement arm was held at heart level, supported by pillows on 

the bed, with the other arm relaxed. The first measurement for each position was discarded. 

The remaining 5 measures for standing and 10 for supine were each averaged and recorded 

as the standing and supine clinic blood pressure respectively. Subjects attended for blood 

pressure measurements 3 times at baseline on consecutive weeks, with the second and third 

being used for analysis purposes. The mean of these 2 visits was used as baseline clinic 

blood pressure. The post-intervention clinic blood pressure was taken as the mean of blood 

pressures recorded in week 8 and week 9 of the study, i.e. weeks 5 and 6 of the 

intervention. Measurements were also performed during the second and fourth week of the 

intervention. The results were used to check that the subjects had not become hypotensive 

or hypertensive, but were not used for analysis purposes.  

Standard conditions for resting clinic blood pressure 

The following procedures wee employed for all clinic blood pressure determinations to 

minimise the sources of blood pressure variability: 

1. Measurements were made in separate, enclosed, air conditioned patient rooms with the 

temperature controlled at 22 ± 2 degrees C. 

2. The same room and recorder were used for all clinic blood pressure measurements for 

the duration of the study. 

3. Subjects were requested not to read or to sleep throughout measurements. 

4. All measurements were performed in the morning at approximately the same time. 

5. Subjects were instructed to refrain from alcohol, tea, coffee, or other caffeineated 
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beverages for at least 2 hours before blood pressure visits. These instructions were also 

written on appointment slips.  

6. A large cuff was used for subjects with an arm girth over 33cm. 

7. In both the supine and standing position the cuff was placed at heart level. 

8. The readings from the unit were out of the subject’s view so that they could not be 

monitored. 

9. The research environment and personnel were relaxed and friendly thereby reducing the 

potential for “white coat hypertension”. 

10. Blood sampling was not performed on the same days as clinic blood pressure 

measurements. 

 

2.8 Ambulatory blood pressure  

The use of ambulatory blood pressure monitoring (ABPM) has become more widespread in 

the past decade and it provides an important and practical measurement of blood pressure in 

intervention studies. Blood pressure is characterised by large spontaneous variations (418), 

due to factors such as physical activity, the sleep-wake cycle, eating and drinking, and 

mental stress. In many subjects, clinic blood pressure is a poor guide to the level of blood 

pressure at other times. Importantly, a large body of evidence indicates that target-organ 

damage associated with hypertension is more closely related to 24-hr or daytime average 

blood pressure than to clinic pressure (419). 

ABPM provides other advantages over clinic blood pressure and may also be a 

better measure of blood pressure (420). For example, ABPM is devoid of the "white coat" 

effect, eliminates inter-observer variability and observer bias and reduces regression to the 

mean. It also may reduce the study size because of the greater accuracy and statistical 

power from numerous readings (421). ABPM also allows monitoring during sleep although 

this may also be a disadvantage as sleep disturbance occurs in over 20% of subjects (422).  

  

The Accutracker II Monitor 

The Accutraker II monitor (Model 104, Suntech Medical Instruments, Raleigh, North 

Carolina, USA) was used to measure ambulatory blood pressure in Study 1. Measurements 

are made by the ausculatory method using electrocardiograph leads for R-wave gating to 

distinguish Korotoff sounds from noise artifact. Korotoff sounds phase I are used for 
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systolic blood pressure and phase V for diastolic. The Accutracker II has a silent motorised 

pump and is battery operated. The recorder has an inbuilt programme to identify problem 

readings and artefacts and assigns appropriate test codes. 

 

Validity and reliability of the Accutracker II Monitor 

Studies attempting to evaluate the accuracy and reliability of the Accutracker II have 

reported contradictory results. This may have resulted from the use of different validation 

protocols, assessment criteria, number of recordings and subjects, the number of observers 

and observations and different postures (423). In an attempt to clarify these findings, Taylor 

et al assessed accuracy and reliability using the validation criteria of both the Associations 

for the Advancement of Medical Instrumentation (AAMI) and the British Hypertension 

Society (BHS) (423).  Differences between observer readings using a sphygmomanometer 

and the device were within 5mmHg for 84% of systolic and 59% of diastolic readings. At 

least 95% of measurements fell within 3 mmHg of sphygmomanometer measurements 

before and after use. On the basis of these results, the unit fulfilled the AAMI criteria of 

accuracy, whilst using the BHS criteria, the accuracy of the unit was graded A and C for 

systolic and diastolic pressure respectively. Additionally, > 80% of the programmed 

inflations produced valid recordings in all 30 subjects. In a comparison with direct intra-

arterial measurements, the Accutracker was more accurate than clinic blood pressure and 

three other units (424). However, whilst systolic blood pressures are accurately recorded, 

diastolic pressures may be underestimated by approximately 3mmHg (413,420) perhaps as 

a result of being able to detect softer Korotoff sounds than can be detected using a 

sphygmomanometer. The manufacturer's accuracy is given as ± 2 mmHg between 0 and 

250 mm Hg. The reproducibility of the monitor has been demonstrated to be suitable for 

clinical trials especially in the waking hours (between 0800 and 1900) (425).  It is also as 

precise as both clinic and Dinamap pressures given an equal number of readings.  

    

Ambulatory blood pressure protocol 

Ambulatory blood pressure was monitored over 24 hours at baseline and at the end of 

intervention. The monitor was fitted at the same time of day for each visit and at least 24hrs 

after any vigorous exercise. The same appropriately sized cuff was worn on the non-

dominant arm for pre- and post-intervention. Subjects were asked to continue their normal 
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daily activities on the days on which they wore the monitor, but to keep the recording arm 

still during recordings whenever possible. The device was preprogrammed to record every 

30 minutes during the subject's predicted waking hours (daytime) and hourly during sleep 

(nighttime). There was one duplicate measurement programmed for each unacceptable 

measurement in the case of a possible artifact or a questionable systolic or diastolic blood 

pressure reading. Subjects documented actual bedtime and waking hours during the 

recording in order to allow more accurate analysis of the separate awake and asleep 

periods. Subjects also kept a simple diary recording their body position, physical activity 

and subjective feelings during each recording, as well as details of medication. Blood 

pressure records were not visible to the subjects. Recordings associated with a test code and 

those with a difference of <20mm Hg between systolic blood pressure (SBP) and diastolic 

blood pressure (DBP) were excluded from analysis. Subjects with < 70% valid readings 

over the 24-hr scan were excluded from analysis. Mean blood pressures and heart rates 

were calculated for the whole 24-hour period and separately for nighttime and daytime.  

 

2.9 Assessment of endothelial function 

Choice of brachial artery ultrasound as assessment technique 

Flow-mediated dilatation (FMD) and glyceryl-trinitrate mediated dilatation (GTNMD) of 

the brachial artery was used to assess endothelial-dependent and endothelial-independent 

function respectively. Endothelial function can be evaluated in the coronary circulation by 

quantitative coronary angiography and Doppler flow wire, and in the peripheral circulation 

with venous occlusion strain-gauge forearm plethysmography or brachial artery ultrasound. 

Use of coronary angiography is neither practical nor ethical for most intervention trials 

except for patients already undergoing cardiac catherisation. Forearm plethysmography 

with infusion of acetylcholine or metacholine (endothelium-dependent agonists) and L-

NMMA, a stereo-specific inhibitor of NO, is a widely used technique in clinical research 

and an easily accessible surrogate measure of coronary endothelial function. In patients 

with coronary disease, abnormal responses to intra-arterial infusions of acetylcholine were 

observed in both the coronary circulation and the forearm (426). However forearm 

plethysmography using endothelium-dependent drug infusions is costly, time-consuming, 

and invasive. Whilst forearm plethysmography without drug-infusion may also be used to 

assess endothelial function, NO accounts for only 20-30% of the hyperaemic response in 
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Subjects were required to fast for 6 hours prior to ultrasound studies since triglyceride-rich 

lipoproteins may impair endothelial function for up to 6 hours (436). Blood glucose was 

monitored in the diabetic subjects immediately prior to ultrasound using a home-monitor 

(Advantage, Roche Diagnostics, NSW, Australia) on the right hand, since acute 

hyperglycaemia is also known to impair endothelial function (99). Two-dimensional B-

mode ultrasound images of the lumen/arterial wall interface of the left-hand brachial artery 

were obtained in the distal third of the upper left arm using a high resolution 12 MHz linear 

array transducer (Aspen, Acuson instruments, Colorado, USA). Baseline scans assessing 

vessel diameter were recorded over 2 minutes.  Arterial flow velocity was measured using a 

pulsed Doppler signal at 700 to the vessel, with the range gate (1.5mm) in the centre of the 

artery. A rapid inflation/deflation pneumatic cuff, previously placed around the forearm 

immediately distal to the humeral epicondyle, was inflated to 200 mm Hg for 5 min before 

being deflated to induce FMD. Recordings commenced 30 sec prior to cuff deflation and 

continued for 3 mins after cuff deflation.  After 15 mins, a second baseline scan was 

recorded. This was followed by sublingual administration of glyceryl trinitrate (400 µg) and 

recording of images for a further 5 minutes. All images were recorded on super-VHS 

these resistance vessels (427) making it a poor measure of endothelium-dependent function 

alone. Conversely, several studies have now demonstrated that shear stress induced 

vasodilatation following reactive hyperaemia of the brachial artery is almost 100% NO-

mediated (428-430). Flow-mediated dilatation of the brachial artery (FMD) correlates well 

with coronary artery endothelial function in patients both with and without coronary artery 

disease (431) and several studies have now demonstrated excellent discriminatory and 

prognostic value for FMD. A recent study suggests that FMD may be a better predictor 

(sensitivity 93%, specificity 88%) of the presence of CAD (coronary vessel stenosis > 50%) 

than either carotid intima-media thickness or traditional CAD risk factors (432). In another 

study, abnormal FMD was shown to predict patients with coronary performance defects on 

exercising, with a sensitivity of 91% and a specificity of 95% (433), consistent with data 

from yet another report (434). Importantly, impaired FMD of the brachial artery has also 

demonstrated prognostic value (negative predictive value 85% and positive predictive value 

52%) in patients with chest pain over a 5 year follow up (435). 

 

Protocol for FMD and GTNMD 
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videotape (Sony MQSE 180), for retrospective analysis. Pre and post-intervention scans 

were performed at the same time of day to eliminate possible diurnal variation (437). 

Before commencement of ultrasound scans, an intra-operator reproducibility study was 

performed in 12 healthy volunteers from the department in order to assess intra-operator 

reproducibility. The protocol for the ultrasound scans was the same as that described above. 

Analysis of the ultrasound scans was performed manually with ultrasonic calipers using the 

lumen-intima interface on the near and far walls of the brachial artery (E-line to E-line) in a 

similar manner to previously reported studies (438). This is described in more detail in the 

software validation study in Chapter 3. The 12 subjects were aged 34 ± 7 (SD) yrs, with 

BMI 23.5 ± 3.0 kg/m2, SBP 115 ± 7 mmHg and DBP 64 ± 8 mmHg. No subjects had any 

significant systemic illness, and were not receiving medications. Subjects were assessed at 

the same time of day and under the same conditions of fasting or non-fasting: 10 of the 12 

subjects were in a fasted state or had had a light low-fat breakfast. Studies were performed 

between 11:00AM and 2:00PM except for the 2 non-fasting subjects who were tested in the 

afternoon on both occasions, approximately 2 hours after lunch. 

Analysis of ultrasound scans  

FMD and GTNMD analysis was performed using new edge-detection software, developed 

and validated by the Departments of Medicine, Cardiology and Medical Physics at Royal 

Perth Hospital (University of Western Australia). A detailed description of the validation of 

the software is contained in Chapter 3 of this thesis. Baseline volume flow was calculated 

manually by multiplying the mean velocity time integral of the Doppler flow signal for 3 

consecutive pulse waves, by the heart rate and vessel cross-sectional area. Peak hyperaemic 

response was calculated using 5 consecutive pulse waves between 5 and 15 seconds 

following cuff deflation, and dividing by baseline flow. 

 

Reproducibility studies 

1) Intra-operator reproducibility 

The mean (± SD) FMD for visits 1 and 2 were 6.2 ± 2.8 % and 6.7 ± 2.0 %, 

respectively. The combined mean (SD) was 6.4 ± 2.2 % and the mean (range) absolute 

difference between visits was  1.6 (0.2 - 4.0) %. The between visit CV for FMD was 21.4 

%. The mean (± SD) GTNMD for visits 1 and 2 were 17.2 ± 3.1 % and 16.7 ± 5.4 %, 

respectively. The combined mean (±SD) was 17.0 ± 3.9 % and the mean (range) absolute 
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difference between visits was 3.1 (0.7 - 7.2) %. The between visit CV for GTNMD was 

14.1 %. These results compare favourably with previously published reproducibility data 

using manual analysis (438,439).  

 

2) Software validation study (Chapter 3) 

Validation of the edge-detection and wall-tracking software program used in the analysis of 

ultrasounds in studies 1 and 2 consisted of a series of three studies that assessed 

1) Accuracy and resolving power 

2) Intra- and inter-observer reproducibility 

3) Intra-subject reproducibility using the edge-detection software 

These 3 studies are each described in Chapter 3.   

2.10 Protocol for blood measurements  

Overnight fasting venous blood samples were collected during the final two weeks of 

baseline and post-intervention. Fasting included the avoidance of all foods and beverages 

except water. All samples were collected in the recumbent position (10 minutes supine) 

using a 21-guage scalp vein needle inserted in an antecubital vein of the forearm by a 

trained research nurse.  Blood for various assays was collected into the appropriate 

Vacutainer® vacuumed blood collection tubes (Becton Dickinson, Rutherford, NJ, USA). 

 

2.11 Routine laboratory based assays: 

All measurements performed at baseline were repeated at post-intervention. Duplicate 

samples for serum glucose, glycated haemoglobin, insulin, C-peptide, lipids and 

lipoproteins were taken twice (separated by 7 days), at baseline and at the end of 

intervention. 

 

Haematological analysis  

Serum glucose was measured with an automated Technicon Axon Analyzer (Bayer 

Diagnostics, Sydney, Australia) by using a hexokinase method within 12 h of collection. 

The between batch precision for serum glucose at a level of 4.9 mmol/l was 3.1% and 2.4% 

at a level of 16.8 mmol/l. Serum insulin was measured by radioimmunoassay with an 

automated immunoassay analyzer (Tosoh Corporation, Tokyo, Japan). The CV for serum 
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insulin at 21 and 102 pmol/l was 14.0% and 8.0%, respectively. The precision in the range 

of 234-720 pmol/l was 7.0%. C-peptide was measured by solid-phase chemiluminescent 

assay (Diagnostic Products Corporation, Los Angeles). The CV for serum C-peptide at 0.56 

nmol/l and 2.75 nmol/l was 5.9% and 5.3% respectively. Glycated haemoglobin (HbA1c 

fraction) was measured using high-performance liquid chromatography (Bio Rad 

Laboratories, Sydney, NSW, Australia). The between batch precision for glycated 

haemoglobin is < 1.0%. Serum total cholesterol and triglycerides were determined 

enzymatically on the Cobas MIRA analyser (Roche Diagnostics, Basel, Switzerland) with 

reagents from Trace Scientific (Melbourne, Australia). The assay CV's were 2.2% at 4.2 

mmol/l and 1.4% at 10.5 mmol/l for total cholesterol, and 1.6% at 4.0 mmol/l and 2.5% at 

1.2 mmol/l for triglycerides. HDL cholesterol was determined on a heparin-manganese 

supernatant (440); the CV at 1.1 mmol/l was 1.9%. HDL2 and HDL3 cholesterol were 

determined by using a single precipitation procedure (441). LDL-cholesterol was calculated 

using the Friedewald formula (442), which is valid for triglyceride levels < 3.5 mmol/l. 

Serum for insulin, lipid and lipoprotein analyses was snap-frozen in liquid nitrogen and 

stored at –800C. Samples from baseline and at the end of intervention were measured in a 

single assay to minimize inter-assay variation.  

 

Biochemical analysis 

Routine biochemical measurements (serum creatinine, potassium, calcium, phosphate 

(inorganic phosphorus), gamma-glutamyltranspeptidase (GGT), uric acid, albumin, alkaline 

phosphatase) were assayed on the Technicon Axon analyser using Technicon reagents and 

methods (Bayer Diagnostics, Sydney, NSW, Australia). 

Full blood count 

A full blood count was carried out using the Technicon H1 analyser (Bayer Diagnostics, 

Sydney, NSW, Australia) by the Department of Haematology, RPH. The haematological 

profile included white blood cells, red blood cells, platelet count, mean platelet volume 

(MPV), mean corpuscular volume (MCV), MCHC, MCH, haemoglobin, haematocrit, 

lymphocytes, monocytes, basophils and neutrophils. 
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Since aggregation to collagen is largely thromboxane dependent and aspirin use inhibits 

thromboxane formation (443), collagen aggregation studies excluded patients on aspirin. 

Aggregation to platelet activating factor (PAF) is only partly dependent on thromboxane 

formation (443) were performed on all subjects and 

were analysed with and without aspirin users. Platelet aggregations in response to collagen 

and PAF were performed using five concentrations of each aggregant at final 

concentrations of 0.125, 0.25, 0.5, 1.0, and 2.0 µg/mL collagen (Chronolog 385, Chrono-

log Corp, Havertown, PA) and 0.05, 0.10, 0.25, 0.50, and 1.0 µmol/L PAF (Sigma, St. 

Louis, MO). Aggregation was measured as percentage light transmittance at 0.5-second 

intervals up to 5 minutes following addition of the aggregant. Areas under the aggregation 

Urinary electrolytes 

Urinary samples for the assay of sodium and potassium were assayed with flame emission 

spectrometry using the IL 943 Flame emission spectrometer (Instrumentation Laboratories, 

Milan, Italy). Urinary creatinine and calcium were analysed on the Technicon Axon 

analyser using Technicon reagents and methods (Bayer Diagnostics, Sydney, NSW, 

Australia). The Department of Biochemistry, Royal Perth Hospital, performed all urine 

analyses. 

 

2.12 Other laboratory based assays: 

Plasma and platelet phospholipid fatty acids  

Total n-3 fatty acids measured in plasma and platelet phospholipids included 20:5, 22:5, 

and 22:6, and n-6 fatty acids included 18:2, 20:3, 20:4, and 22:4. Plasma (1ml) and washed 

platelets prepared from blood collected into EDTA were extracted with 

chloroform:methanol (2:1 by volume, 5mL). The phospholipid fraction was obtained from 

total lipid extracts by thin-layer chromatography. Fatty acid methyl esters were prepared by 

treating phospholipid extracts with 4% H2SO4 (by volume) in methanol at 900C for 20 min 

and analyzed by gas-liquid chromatography with a model 5980A gas chromatograph 

equipped with a 3393A computing integrator (Hewlett-Packard, Rockville, MD). Peaks 

were identified by comparing them with a known standard mixture. Individual fatty acids 

were calculated as a relative percentage with the evaluated fatty acids set at 100%.  

  

Collagen and PAF-stimulated platelet aggregations 

 and therefore, PAF aggregation studies 
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plots over time were calculated for each method as described by Matthews et al. (444).  

TXB2 production during collagen-stimulated aggregation 

Platelet TXB2 release was measured from collagen-stimulated aggregations (aspirin users 

were excluded) with the four highest doses of collagen. Aliquots of platelet rich plasma 

(PRP) were removed 5 minutes after the addition of the aggregant and collected into PGE1 

and aspirin (final concentrations of 2.6 µmol/L and 9.2 mmol/L, respectively). The PRP 

was centrifuged at 12 000g for 2 minutes and stored at -800C until assayed for TXB2 (the 

degradation product of TXA2) by radioimmunoassay (445). All samples from each subject 

were assayed at the same time to minimise variation. The intra-assay CV was 6%. 

 

tPA and PAI-1 antigens, P-selectin, L-selectin, fibrinogen and vWf  

Plasma samples for fibrinogen and vWf were collected into a citrate containing 

Vacutainer®, spun at 4500rpm for 15 mins, and for tPA, vWf and P-selectin were collected 

into an EDTA containing Vacutainer® and spun at 3500rpm for 10 mins. Whole blood 

samples for L-selectin were collected into glass tubes, allowed to clot and then spun at 

3000rpm for 15 mins to obtain serum. All samples were stored at - 800C prior to analysis. 

Plasma tPA and PAI-1 antigen were measured by ELISA (TintElize, Biopool, Sweden). 

Normal ranges are 1-20 ng/ml and 4-43 ng/ml respectively. The intra-assay CV’s for tPA 

and PAI-1 are 5.5%% and 2.9% respectively. P-selectin and von Willebrand factor antigens 

were measured by ELISA (Bender Medical Systems, Vienna, Austria and Gradipore, 

Sydney, Australia respectively). Normal ranges are 111-292 ng/ml and 50 - 170% 

respectively. The intra-assay CV’s for vWf and P-selectin are 6.2% and 5.2% respectively. 

L-selectin was measured by ELISA (Bender Medical Systems). Normal range is 487-1096 

ng/ml. The intra-assay CV is 3.3%.  

 

C-reactive protein, TNF-α, and IL-6  

Samples for C-reactive protein (CRP) were collected into EDTA containing Vacutainer® 

tubes and spun at 3000rpm for 10 mins. Whole blood samples for TNF-α were collected 

into glass tubes, allowed to clot and then spun at 3000rpm for 15 mins to obtain serum. 

Samples for IL-6 were collected into citrate containing Vacutainer® tubes and spun at 

4500rpm for 15 mins. All samples were stored at - 800C prior to analysis. CRP was 

measured using a high sensitivity monoclonal antibody assay (Dade Behring Marburg 
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LDL particle size was determined using LDL isolated by vertical density-gradient ultra-

centrifugation of 4 mL plasma collected into EDTA (447). LDL particle diameter was 

determined by gradient gel-electrophoresis (448,449) using 3-13% non-denaturing native 

gels prepared in-house using ChemResearch 150 software and Tris pumps (Isco Inc., 

Lincoln, Nebraska, USA).  

and high-molecular weight standards (thyroglobulin, 17 nm; and ferritin, 12.2 nm, 

Pharmacia, Peapack, NJ). Gels were scanned by Tracktel video densitometry (Vision 

System Ltd, Adelaide, Australia) to provide a quantitative estimate of the dominant peak 

size. Particle diameter was obtained from a standard curve of the logarithm of the diameter 

of the standards against their positions on the scanned gel. Size of test samples was 

determined using a regression equation. The CV of a 26.1-nm quality-control sample run 

on every gel was 0.8%. 

 

GmbH, Marburg, Germany) with an inter-assay precision of 2.1–2.6% for values from 0.5 

to 14 mg/L. Normal range is < 3mg/L. Plasma fibrinogen was assayed by the thrombin time 

titration method described by Clauss (446) using a MLA electra 1600CHD coagulation 

analyser, the intra-assay CV for which is 2.2%. Normal range is 2.0–4.1 g/L. IL-6 was 

measured using a high sensitive quantitative sandwich enzyme immunoassay (R&D 

Systems Inc, Minneapolis, MN 55413 USA) with an inter-assay CV of 9.9-16.0 % for 

values from 8.16-0.56 pg/ml. Normal range is < 10 pg/ml. TNF-α was measured using a 

solid phase, two-site chemiluminescent immunometric assay with inter-assay CV of 5.3-

6.5% for values from 160-33 pg/mL. Normal range is <11 ng/L. 

 

LDL particle size 

 Markers used were 28-nm latex beads (Duke, Palo Alto, CA)

Urinary F2-isoprostanes isoprostanes 

Urinary F2-isoprostanes isoprostanes were measured as an in-vivo marker of oxidative 

stress. The details of the improved assay using stable isotope dilution capillary gas 

chromatography/electron capture negative ionization mass spectrometry was developed by 

this department and has recently been described in detail (346).  

 

2.13 Self-monitoring of blood glucose (SMBG)  

Self-monitoring of blood glucose is an important component in the management of diabetic 
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Although the majority of subjects reported familiarity with the practice of SMBG prior to 

the commencement of each study, all subjects attended a short education visit conducted by 

a senior diabetic nurse trained in the use of SMBG systems. These were conducted in the 

Department of Diabetes and Endocrinology at Royal Perth Hospital prior to commencing 

the intervention period of the study. Subjects who did not possess their own meter were 

provided with one for use during the study (Advantage, Castle Hill, NSW, Australia).  

control. Monitoring throughout the day provides information on the range of glucose levels 

that the patient experiences, which is more useful than a single fasting sample taken in the 

early morning. Self-monitoring of blood glucose was performed by participants to more 

carefully quantitate changes in glycaemic control during the intervention periods. It is 

generally accepted that SMBG systems when used according to the manufacturer’s 

guidelines can provide clinically accurate measures of blood glucose concentrations (450).  

 

Sources of variability 

The major source of variability with SMBG devices can be attributed to the operator. Errors 

in operating procedure include such factors as the appropriate size and application of the 

blood sample and coverage of the reagent strip, timing of testing procedure, blotting/wiping 

technique and strip insertion. The other major sources of operator-procedural error relate to 

the preparation of the system and management procedures. These include conducting 

regular calibration checks, using the correct and non-expired reagent strips, using the 

appropriate material to blot or wipe blood from the reagent strip, regular cleaning, 

replacement of batteries and appropriate transport and storage of the system. Recommended 

strategies to reduce user error in SMBG were recently published by the National Steering 

Committee for Quality Assurance in Capillary Blood Glucose Monitoring, a national group 

of experts in the USA (451). It was recommended that qualified instructors properly train 

all users. Appropriate training should include proper test techniques, system maintenance 

and quality control checks.  

 

Protocol for SMBG 

Information concerning the SMBG requirements of the study i.e. procedure, 

frequency and specific timing, was included in the information folder given to subjects after 

inclusion (Appendix 14). Research staff reminded subjects of these requirements 
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throughout the study. Subjects were encouraged to practice their SMBG techniques and 

become familiar with results recording on the sheets provided (Appendix 15), in the week 

leading up to the commencement of the intervention period. 

SMBG was performed 4 times per day and 4 days per week throughout the 

intervention periods. Any 4 days could be chosen and these could vary from week to week. 

Measurements were performed at the following specific times of the day: 

1. Fasting – upon waking and before the consumption of food or beverages 

2. Two hours before lunch 

3. Two hours after lunch 

4. Two hours after the evening meal 

The recording sheets were submitted to research staff at the completion of each week. 

Measurement day and time, were recorded as well as comments relating to irregularities in 

the test, abnormal eating, or exercise habits before that recording. 

        

Statistical analysis of SMBG 

Area under the curve was used to assess differences between baseline (mean of 3 weeks) 

and post-intervention (mean of weeks 1-6). Self-monitored blood glucose was assessed 

using GLM of the AUC. Curves were constructed of the mean value of each of the 4 daily 

glucose measurements for each subject for week 0 and weeks 1 to 6 during intervention. 

Week 0 was taken as the mean of the 3 weeks of the baseline period and the AUC analysis 

used all mean weekly values from weeks 0 to 6. Analysis was performed after adjustment 

for the time-of-glucose-measurement (i.e. fasting, 2hrs pre and post lunch, and 2hrs after 

dinner), baseline values (i.e. AUC during 3-weeks of baseline) and gender.  

2.14 Assessment of insulin sensitivity and insulin secretion 

The euglycaemic and hyperglycaemic clamps are recognised as the "gold standard" 

techniques for assessing insulin sensitivity and insulin secretion respectively (452). (250). 

However, both techniques are both costly and labour intensive. Alternative methods have 

therefore been described but each of these also has limitations (Table 2.03). For example, 

both the frequently sampled intravenous glucose tolerance test analysed by the minimal 

model (453) and the modified minimal model with a reduced sampling schedule (454) 
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Table 2.03 Methods for the evaluation of insulin sensitivity 
   

Category    Test Method Disadvantages

Euglycemic Clamp (250) 

Priming dose of insulin over 10 mins 
+ continuous infusion for 2 hrs (approx 60 - 
200mU/kg/hr) 
Glucose: 2mg/kg/min → approx 8mg/kg/min  

High doses of insulin needed in Type 2 diabetic 
subjects 
Continuous blood glucose assessment   
Adjustment of glucose infusion rates Gold standards 

Hyperglycemic Clamp
(250)  

 from approx 40mg/kg/min → 6mg/kg/min 
Priming dose of glucose over 1st 15 mins 

+ maintenance dose for 2 hours (calculated every 5 mins)  
from approx 6mg/kg/min → 12mg/kg/min 

High glucose levels ( ↑ of 5-7 mmol/l ) 
Costly (17 insulin samples) 
Labour intensive 

OGTT (1) 
75g bolus oral glucose 
AUC measured for insulin and glucose between t=90-
120 mins 

Non steady state levels of insulin and glucose 
Poor reproducibility  

Glucose bolus 

CIGMA (455) 5mg/kg/min glucose for 60 minutes 
16 time points over 60 mins 

Fairly costly and labour intensive (7 samples in 
1st 10 mins) 
Computer analysis required 

MINMOD (453) 
Glucose bolus: 0.3g/kg over 1 minute 
25 time points over 180 mins 
ISI derived from computer model 

Risk of venous thrombosis 
Costly 
ISI not immediately available 

FSIVGTT (453) Similar but 30 time points! As for MINMOD 
Not suitable for Type 2 subjects 

Glucose 
infusions 

Insulin modified FSIVGTT 
(456)  

Glucose bolus +0.3g/kg over 2 mins 
+ 4mU/min/kg insulin bolus at 20-25 mins 
26 samples over 180 mins 

As for MINMOD 
Sometimes poor correlation with euglycaemic 
clamp in Type 2 subjects 

IGI with somatostatin 
(457) 

50mU/kg/hr insulin 
6mg/kg/hr glucose for 150 mins 
Somatostatin: 250µg/hr 

Requires somatostatin infusion 

IGI without somatostatin 
(251) 

50mU/kg/hr insulin 
6 mg/kg/min glucose for 150 mins 

Difficult to achieve SSBG 
Risk of hypoglycemia if insulin sensitive 

Insulin and 
glucose 

infusions 

LDIGIT (458) 

25mU/kg/hr 
4mg/kg/min glucose 
ISI calculated over final 30 mins 
C-peptide response provides β-cell sensitivity 

HGO may not be completely suppressed in Type 
2 diabetic subjects 

OGTT: Oral glucose tolerance test, CIGMA: Continuous infusion of glucose with model assessment, MINMOD: Intravenous glucose with minimal modelling analysis, FSIVGTT: 
Frequently sampled intravenous glucose tolerance test, IGI: Insulin and glucose infusion, LDIGIT: Low dose insulin glucose infusion test.  ISI: Insulin sensitivity Index. 
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require computer-assisted analysis of the glucose and insulin data sets. Both Harano et al 

(457) and Heine et al (251) have developed simplified insulin sensitivity tests, which use 

simpler protocols employing continuous infusion of glucose and insulin and they require 

fewer blood samples. However the Harano test employs simultaneous infusion of 

somatostatin to inhibit insulin release, and both suffer from the difficulty of achieving 

steady state glucose levels and the risk of hypoglycaemic episodes. The Low Dose Insulin 

and Glucose Infusion Test (LDIGIT) (458) is a modified version of the insulin and glucose 

infusion test developed by Heine et al. (251) employing slightly lower doses of both insulin 

and glucose (25 vs 50 mU/kg/hr and 4 vs 6 mg/kg/min respectively). Measures of insulin 

sensitivity and insulin secretion assessed via this method correlate well with the euglycemic 

and hyperglycemic clamp (r=0.90, p<0.0001 and r=0.82, p<0.001 respectively) (458).  

 

Protocol for LDIGIT 

A 20-gauge cannula was inserted into a large antecubital vein of the right arm for blood 

sampling. Another 20-gauge plastic cannula was placed in an antecubital vein of the left 

arm and used for the simultaneous infusions of glucose and insulin. Ten units (0.1mls) of 

Actrapid insulin (100IU/ml) were diluted with 39.9mls of Haemaccel and infused at a 

constant rate of 25mU insulin/kg/hr for 150 minutes using an Ivac 770 Syringe pump (Ivac 

corporation, San Diego, California) and a plastic connecting line. Dextrose was infused at a 

constant rate of 4mg/kg/min. A fasting blood sample was taken immediately before the test 

for glucose, insulin and C-peptide, and during the test further blood samples were collected 

at 5,10,15,60,120,125,130,135,140,145, and 150 mins. Normal saline at an infusion rate of 

8.0 mls/hr was used to flush the sampling cannula. Samples were collected into 2 ml 

vaccutainers, clotted, centrifuged at 3500 rpm for 15 mins at room temperature and serum 

stored at –800C for analysis of insulin, glucose and C-peptide.  

 

Calculation of insulin sensitivity index and insulin secretion 

The Insulin sensitivity Index (ISI) was calculated using the formula: 

ISI (ml/kg/min x pmol/l) x 103 =  GlucoseINF 

   GlucoseSS (mmol/l) x InsulinSS (pmol/l)  

where GlucoseINF is the glucose infusion rate (4 mg/kg/min), GlucoseSS the steady state 

glucose concentration during the last 30 minutes of the test, and InsulinSS the steady state 
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insulin concentration during the same period. The final units are formed using the 

conversion; one mol glucose = 180 grams, thus 1 mmol = 180mg. Insulin secretion (nmol/l 

x min) was evaluated using the incremental area under the serum C-peptide concentration 

curve during the first 15 minutes. 

 

Correction of insulin sensitivity index for hepatic glucose output 

 

 

Analysis of insulin sensitivity and insulin secretion using the LDIGIT assumes complete 

suppression of hepatic glucose output. Whilst this has been shown to be true in 

normoglycaemic and hyperglycaemic individuals (458), this is not necessarily the case in 

subjects with Type 2 diabetes. However, Reaven et al (459) have suggested that in this 

case, GlucoseSS is also likely to be high, and the renal threshold for glucose will be 

exceeded causing urinary loss to limit the rise in steady state glucose levels. The two 

mechanisms should therefore cancel each other (Piatti LM personal correspondence). In 

practice however, the authors of the LDIGIT suggest correction for glycosuria by 

measuring the volume of urine formed during the test and its glucose concentration. The 

example given below demonstrates that this normally only causes a small change in the 

steady state glucose values:

 

Modified steady state glucose level (SSGL) (mg/dl) 

= Real SSGL (mg/dl)  x        [glucose infusion] (mg/kg/min) 

        [glucose infusion - glucose loss in the urine] (mg/kg/min) 

where glucose loss in the urine is expressed in mg/kg/min. Glucose loss is calculated using 

the total urinary volume collected immediately after the test and the urinary glucose 

concentrations measured immediately prior to and after the test. 

For example: 

Body weight of the subject = 94kg 

Total urine lost during the test = 300 ml  

Difference in concentration of glucose before and after test  = 300mg/100ml 

SSGL: 10.0mmol/l 

300mg/100ml x 3 = 900 mg 

900mg/150 min = 6mg/min=0.064 mg/kg/min 

Modified SSGL = 10.0 x [4/(4-0.064)] mmol/l=10.16 mmol/l. 
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2.15 Statistical analysis 

Data was analysed using SPSS (SPSS Inc, Chicago) with general linear models (GLM) to 

assess the effects of EPA or DHA relative to olive oil after adjustment for baseline values. 

All variables were tested for normality using histograms and kolmogorov-smirnov 

statistics. Significance levels were adjusted for multiple comparisons by using the 

Bonferroni method. Differences were considered significant when p<0.05 between the 3 

groups and p<0.05 after Bonferroni adjustment. All significance levels are reported after 

adjustment for multiple comparisons. Values are reported as means ± SEM. Other 

measurements, procedures and statistical analysis used in this thesis are detailed in the 

relevant chapters. 
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CHAPTER 3  BRACHIAL ARTERY ULTRASOUND IMAGE-

ANALYSIS: SOFTWARE VALIDATION STUDY 
 

This preliminary study aimed to evaluate the accuracy and reproducibility of a 

computerised edge-detection and wall-tracking software program. The program was 

required for the subsequent intervention study; it allows measurement of arterial diameter 

for clinical studies of endothelial function of conduit vessels and was developed by the 

Departments of Medicine (University of Western Australia), Cardiology and Medical 

Physics (Royal Perth Hospital). The author was responsible for one of the 3 sets of observer 

measurements, all of the statistical analysis, and the presentation and interpretation of the 

data. 

 

3.1 Methods 

We carried out 3 studies to validate the analysis system. 

Study 1 - Phantom studies to determine accuracy and resolving power 

Study 2 - Comparison of software and manual systems of measurement. 

Study 3 - Clinical study of biological variability. 

 

Ultrasonographic images acquired on phantom models and during clinical assessment of 

post-ischaemic flow-mediated-dilatation (FMD) and GTN-mediated dilation (GTNMD) of 

the brachial artery were analysed using the software system.  The computer and ultrasound 

hardware and the software analysis system are described below. 

 

Hardware     

The computer system consisted of a Dual Pentium II 450MHz PC with 256MB RAM, 

G200 8MB AGP Matrox Millenium graphics card, and a 22GB hard disk running Windows 

NT4 SP5, used in conjunction with a standard National Instruments IMAQ-PCI-1407, 

single channel, 8 bit monochrome image acquisition board.  The board was accessed 

through a National Instruments NI-IMAQ 2.1 API, which handled all the necessary timing, 

gain control and memory transfers.  The PC’s internal serial port was used as the RS232 

interface for controlling the S-VHS JVC SR-3888E video recorder. High-resolution B-

mode ultrasound images were acquired (Acuson Aspen, Mountain View, Ca, USA) using a 
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12 MHz linear array probe. 

 

Software System (SS)     

LabVIEW™ 5.1 is an icon-based graphical programming language in which developers 

build software programs called virtual instruments (VI).  The IMAQ™ vision tool kit has its 

own specific set of VI’s to handle all the image acquisition and analysis aspects of the 

system. Ultrasound studies were recorded on an S-VHS videotape connected to the 

ultrasound machine and then played back on a separate S-VHS video recorder for analysis. 

The IMAQ-PCI-1407 card digitised the analog data back into a digital gray-scale image in 

real-time, and the software analysed the real-time data at approximately 16 frames per 

second. 

 

Edge-Detection Analysis    

To perform the analysis, the operator selects three regions of interest (Figure 3.01A).  The 

“ECG” region of interest is used for detecting each R-wave, which allows the recording of 

the vessel diameter to be synchronised with end diastole.  An algorithm based on the 

highest and lowest values within the ECG region of interest is employed, with visual 

feedback provided to the operator upon detection of each R-wave.  The “Calibration” 

region of interest allows the observer to convert the image size on the computer, measured 

in pixels, to the actual diameter of the artery (mm).  This is performed by drawing a box on 

the screen between two marks known to be 1 cm apart. Finally the operator identifies and 

selects the “Vessel” region of interest which is the clearest and most stable portion of the 

artery for automatic diameter analysis. An IMAQ™ automatic binary thresh-holding VI is 

used to convert the 256-grayscale image into black and white.  Each column of pixels 

within the region of interest is then analyzed to determine the longest sequence of binary 

zeros (i.e. black).  Once all columns have been processed they are sorted into numerical 

order and the median column length of binary zeros is then taken to be the diameter of the 

artery.  Depending on the size of the vessel region of interest chosen by the observer, 

approximately 200 to 400 individual pixel columns are used to create the overall diameter 

for each frame.  Using this diameter, a rectangle is then drawn corresponding to the overall 

internal vessel diameter, to provide visual feedback to the observer, who can verify that the 

system is accurately tracking the arterial walls during frame processing. Data corresponding 
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to end diastole (the peak of an R-wave), and/or continuous data (i.e. from every frame), can 

be stored for further analysis.   

 

Display of Results.    Once the study has been analyzed, the software plots a graph of the 

arterial diameter against time (Figure 3.01B). Cursors corresponding to each phase of the 

study (Figure 3.01B, vertical lines) e.g. baseline and reactive hyperaemia, are adjusted by 

the observer to match the specific times of the study.  The observer may remove clearly 

erroneous data points. The data set between the baseline cursors is averaged to create the 

baseline diameter.  FMD and GTNMD are calculated using the maximum diameter of a 

third order polynomial curve fitted to the raw data, and are expressed as the changes in 

diameter from baseline as a percentage of the baseline.  

 

3.2 Validation Studies 

Study 1: Phantom Studies employing software system 

Phantom studies were performed to determine the accuracy and resolving power of the 

software system. Three Perspex phantoms were constructed, employing a reeming tool, to 

diameters of 3.0 mm, 4.0 mm and 6.0 mm as determined by micrometry. Fluid flow 

through the tubes was obtained with saline solution and the aid of a haemodialysis pump; 

plastic sleeves attached the pump to the ends of each phantom. The diameters of the 

phantom were imaged directly using the imaging protocol described in study 3; images 

being optimised to obtain the greatest contrast between the Perspex and saline solution 

interfaces. A simultaneous ECG signal from a volunteer was recorded to enable R wave 

gating for analysis. Analysis was performed over a period of one minute by one observer 

using the software. Since artefactual borders are apparent when imaging vessels (460) in 

order to obtain an estimate of the true lumen diameter, the software was modified for this 

study to measure from the top of the near wall artefact to the top of the far wall artefact 

(460).  
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Figure 3.01 A: Still frame of image acquisition software with “ECG”, “Vessel” and “Calibration” region of interest (ROI) highlighted. B: The output 
screen: R-wave data points plotted against time. FMD and GTNMD are calculated by fitting a third order polynomial function to the data points. 
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Study 2: Comparison of software and manual systems of measurement. 

Twenty scans, stored on super-VHS videotape, were selected from our database of clinical 

studies, carried out as described in study 3. The scans were selected to cover a wide range 

of brachial artery diameters and responses to FMD and GTNMD. Three observers then 

analyzed each of the scans on two separate occasions separated by at least one week. Three 

methods of analysis were performed by each observer; two manual and one with the 

software. All measurements were performed in a blinded fashion. 

 

Software (SS) analysis   

Analysis of FMD and GTNMD of the brachial artery were performed using the edge-

detection software as described above. 

   

Manual analysis 

Measurements were taken at end-diastole (corresponding to an R- wave). In contrast to the 

software analysis where FMD diameter measurements were taken as the peak response 

after cuff deflation, measurements for FMD diameter commenced at the traditional manual 

analysis time-point of 60 seconds after cuff deflation, and GTNMD diameter at 300 

seconds after GTN administration (461). Ultrasonographic images with good intimal 

definition were chosen for both basal and stimulated responses. Two diameter 

measurements, within close proximity (approximately 2 – 8 mm apart) of the near-to-far 

intima-media interface (MM-line) (438) and of the near to the far intima-lumen interface 

(EE-line) were then obtained on two consecutive R waves. The four measurements were 

averaged and the percent increases from baseline diameter were calculated for both FMD 

and GTNMD.   

 

Study 3: Clinical study of biological variability using software analysis. 

Flow-mediated dilatation (FMD) and glyceryl-trinitrate-mediated dilatation (GTNMD) 

were assessed on 24 healthy volunteers on two occasions, 7 days apart. The 24 subjects 

were aged 55 ± 10 (SD) yrs, with BMI 26.9 ± 2.8 kg/m2, SBP 125 ± 14 mmHg, DBP 75 ± 9 

mmHg, total cholesterol 5.5 ± 0.9 mmol/l, LDL-cholesterol 3.6 ± 0.7 mmol/l, HDL 

cholesterol 1.3 ± 0.2 mmol/l and triglycerides 1.3 ± 0.9 mmol/l. 
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Clinical protocol for ultrasonographic measurement of endothelial function 

The detailed clinical protocol has been described elsewhere (85,438,462).  Briefly, subjects 

lay supine for 20 min before the first ultrasound scan was recorded with three-lead ECG 

monitoring. Ultrasound images of the brachial artery were obtained in the distal third of the 

upper arm. Ultrasonic parameters were set to optimise longitudinal, two-dimensional B-

mode images of the lumen/arterial wall interface with the focus zone positioned on the near 

wall. Once set, the operating parameters remained constant throughout each session while 

the probe was held by a stereotactic clamp and its precise location recorded for the repeat 

session. A rapid inflation/deflation pneumatic cuff, placed around the forearm immediately 

distal to the humeral epicondyles, was used to provide a stimulus for FMD. After the initial 

20 min resting period, baseline scans assessing vessel diameter were recorded over 2 min.  

The proximal forearm cuff was then inflated to 200 mm Hg for 5 min. Recordings 

commenced 30 sec prior to cuff deflation and continued for 3 mins after cuff deflation.  

After 15 mins, a second baseline scan was recorded.  This was followed by sublingual 

administration of glyceryl trinitrate (GTN; 400 µg).  Analysis of  studies was performed 

using the software system and the results were used to determine biological reproducibility 

and sample sizes required for use in clinical trial design.   

 

3.3 Statistical Methods 

Study 1: Phantom studies 

The accuracy or systematic error, of the software system in measuring the 3 phantom 

arteries was assessed by performing a t-test to determine if the mean of the measured 

diameters differed from the known diameters of each artery. The mean bias of the software 

was assessed by pooling the data of the 3 phantoms. The resolving power was calculated 

for each diameter as the standard deviation of replicate measurements over 1 min. The 

mean resolving power of the software was calculated as the mean of the resolving powers 

obtained from the 3 phantoms.  

 

Study 2: Method comparison study 

Bias  

Bland-Altmann plots of SS vs EE-line and SS vs MM-line data were constructed for 

baseline diameter, FMD and GTNMD, using the pooled data of the 3 observers’ 
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measurements. Systematic error was assessed as the mean difference between methods for 

each variable using a paired t-test. Proportional bias was examined using simple linear 

regression. Mean values using manual and software methods were also compared by 2-way 

(observer and method) repeated measures ANOVA for individual observer data and also by 

1-way (method) repeated measures ANOVA for pooled observer data.  

Variability 

Intra-observer variability was assessed using coefficients of variation (CV) for each of the 3 

observers. CV’s were calculated as the pooled SD for replicates ÷ mean (463). On each of 

their 3 sets of measurements (baseline diameter, FMD and GTNMD), a CV for each 

method was also calculated from the pooled results of the 3 observers. CV’s were 

compared using an F test of variance ratios. General linear models (SAS 6.12) were used to 

estimate the contributions of between-observer, between-subject, and random error to the 

total variance in the measures of baseline diameters, FMD and GTNMD for each of the 3 

methods. In these analyses we employed the mean of 2 measurements from each observer. 

 

Study 3: Clinical study 

Within-subject variability was assessed using the CV between visits for FMD and 

GTNMD. Sample size tables for FMD for clinical trials were calculated using MSDOS 

based software (464). The SD for determining sample size (σδ) was calculated using the SD 

of the mean of visit 1 and visit 2 (between subject variance) for parallel design, and the 

difference between visits (between visits within subject variance) for crossover design: 

For unpaired t-test σδ = √[2 x σ2 between (1-ρ) ] 

For paired t-test σδ = √2 x σ within 

where  σ between is the SD of between-subjects,  σ within is the SD of within-subjects; and ρ 

the Pearson coefficient for visit 1 and visit 2. Powers of 0.80 (α = 0.050) and 0.90 (α = 

0.050) were examined. 

  

3.4 Results 

Study 1: Phantom studies 

The means (SD) of the 3 phantom diameters measured by the software were 2.993 ± 0.009 

mm, 4.042 ± 0.009 mm and 5.976 ± 0.007 mm. The mean differences compared with 
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known values (software – known value) were -0.007 ± 0.008 mm (p<0.001), 0.042 ± 0.009 

mm (p<0.001) and -0.024 ± 0.007 mm (p<0.001) respectively. The overall mean bias 

between known and measured values was, therefore, 0.011 mm or 0.56% and the mean 

resolving power of the software was estimated as 8.3µm.  

 

Study 2: Method comparison study 

Bias 

The Bland-Altmann plots of SS vs EE-line and SS vs MM-line for baseline diameter, FMD 

and GTNMD are shown in Figure 3.02. The baseline diameter and the FMD were 

significantly lower (p<0.001) and higher (p<0.01) respectively for SS analysis vs MM-line 

analysis. GTNMD was significantly higher for both SS analysis vs EE-line analysis and SS 

analysis vs MM-line analysis (p<0.001 for both). Proportional bias between methods (by 

linear regression) was not statistically significant. Table 3.01 displays the mean and 

standard deviation data for baseline diameter, FMD and GTNMD measured by the 3 

methods for each observer and for all observers combined. Repeated measures ANOVA 

confirmed that the mean baseline diameters were significantly lower and the mean 

GTNMD significantly higher when measured with SS compared to MM-line, both for 

individual observers (p<0.01) and for all observers combined (p<0.01). Repeated measures 

ANOVA for the individual observers also showed that there was a borderline significantly 

greater FMD (p=0.055) when measured with SS compared to MM-line analysis. In these 

analyses there were no significant differences between SS and EE-line.  
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Figure 3.02 Bland-Altmann plots of baseline diameter (A and B), FMD (C and D) and GTNMD 
(E and F) for software (SS) vs EE-line and SS vs MM-line.  
Intermittent lines represent mean ± 2SD for estimated difference between methods. 
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Table 3.01 Comparison of mean values for baseline diameter, FMD and GTNMD using 
either the software (SS) or the 2 manual methods of analysis (EE-line and MM-line). 
 

 Method of analysis 

 Software EE-line MM-line 

Observer 1 

    Baseline diameter (mm) 

    FMD (%) 

    GTNMD (%) 

 

3.80 ± 0.59* 

5.00 ± 3.81†

19.32 ± 4.63* 

 

3.67 ± 0.59* 

4.39 ± 5.07 
18.54 ± 4.80* 

 

4.33 ± 0.67 

3.84 ± 5.04 
15.78 ± 4.52 

Observer 2 

    Baseline diameter (mm) 

    FMD (%) 

    GTNMD (%) 

 

3.78 ± 0.58* 

5.12 ± 3.83†

19.27 ± 4.63* 

 

3.83 ± 0.58* 

4.63 ± 4.03 
18.16 ± 4.40* 

 

4.43 ± 0.70 

3.26 ± 3.16 
15.09 ± 3.48 

Observer 3 

    Baseline diameter (mm) 

    FMD (%) 

    GTNMD (%) 

 

3.77 ± 0.59* 

5.32 ± 3.67†

19.24 ± 4.31* 

3.83 ± 0.52* 

15.2 ± 3.49 

    FMD (%) 

 

4.30 ± 3.41 
17.5 ± 4.98* 

 

4.31 ± 0.72 

4.11 ± 2.90 

Pooled data (all observers) 

    Baseline diameter (mm) 

    GTNMD (%) 

 

3.78 ± 0.59* 

5.15 ± 3.85 
19.28 ± 4.64* 

 

3.78 ± 0.55* 

4.44 ± 3.92 
18.07 ± 4.42†

 

4.36 ± 0.68 

3.73 ± 3.20 
15.36 ± 3.76 

Values are means (± SD). Units for FMD and GTMD are % change in diameter above  
baseline diameter.  
*Significantly different from MM-line manual analysis (P < 0.01). 
†Significantly different from MM-line manual analysis (P < 0.05). 
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Variability 

The intra-observer CV for baseline brachial artery diameter, FMD and GTNMD measured 

by the 3 methods, by each observer, and by all observers combined, are shown in Figures 

3.03A, 3.03B and 3.03C respectively. The intra-observer CV was significantly lower for  

 

Figure 3.03 Intra-observer coefficient of variations for A: baseline brachial artery diameter, B: 
FMD and C: GTNMD measured by the software (SS), and the 2 manual methods of analysis (EE-
line and MM-line), for each observer and all observers combined (pooled data).  
* Significantly different to corresponding analysis with software (p < 0.05). 

 

brachial artery baseline diameter and FMD with the software compared with both manual 

methods (p<0.05 for both). For GTNMD however, the pooled intra-observer CV was lower 

for SS compared with MM-line (p<0.05), but not for SS compared with EE-line. The 

average of the intra-observer CV’s measured by the software for brachial artery diameter, 
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EE-line 

FMD and GTNMD were 0.36%, 6.7% and 3.9% respectively and the pooled data intra-

observer CV’s were 0.16 %, 3.6 %, and 2.2 % respectively. For the EE-line the 

corresponding intra-observer CV’s were 1.15 %, 24.8 % and 6.9 %, and for the MM-line 

these values were 2.03 %, 32.5 % and 10.3 % respectively. Table 3.02 shows results of the 

variance components using general linear models. It can be seen that after accounting for 

the large between-subject variance, the between-observer and random error variance 

components for both brachial artery diameter and FMD were least for SS compared with 

the other methods.  For GTNMD, the combined between-observer and random error 

variance component was least for SS.  

Table 3.02 Estimated variance components (%) for measurement of baseline diameter, 
FMD and GTNMD using either the software (SS) or the 2 manual methods of analysis (EE-
line and MM-line). 
   Method  

Measure Source of variation SS MM-line 

Between observers 0.24 6.34 5.28 

Between subjects 99.71 93.55 94.63 
Baseline 

diameter 
Random error 0.05 0.11 0.09 

 Total 100.0 100.0 100.0 

 Between observers 1.7 6.3 4.0 

FMD Between subjects 89.0 79.2 56.1 

 Random error 9.3 14.5 39.9 

 Total 100.0 100.0 100.0 

 Between observers 0.0 0.0 8.2 

GTNMD Between subjects 88.0 66.4 82.9 

 Random error 12.0 33.6 8.9 

 Total 100.0 100.0 100.0 

Estimates were obtained using general linear models.   
 

Study 3: Clinical study. 

The mean (± SD) FMD for visit 1 and visit 2 was 6.6 ± 2.7 % and 6.4 ± 3.2 %, respectively. 

The combined mean (SD) was 6.5 ± 2.8 % and the mean (SD) absolute difference between 

visits was 1.6 ± 1.0 %. The between visit CV for FMD was 14.7% and the Pearson 

correlation coefficient 0.821. The mean (± SD) GTNMD for visit 1 and visit 2 was 19.2 ± 



 105 

 

8.5 % and 18.5 ± 9.0 % respectively. The combined mean (±SD) was 18.8 ± 8.4 % and the 

mean ± SD absolute difference between visits was 3.8 ± 3.3 %. The between visit CV for 

GTNMD was 17.6% and the Pearson correlation coefficient 0.836. Power calculations for 

sample sizes required to demonstrate significant changes in FMD for both crossover and 

parallel designed intervention studies are shown in Table 3.03.  For example, assuming a 

power of 80% (α = 0.05), a parallel designed study wou1d require 16 subjects in total to 

detect a 2.5% change in FMD over the study duration and 24 subjects to detect a 2% 

change, while 5 and 6 subjects, respectively, would be required in a cross-over design.   

 
Table 3.03 Estimated sample sizes required for crossover and parallel study designs in 
order to detect significant changes in FMD. 
 

Study design    

Parallel X-over 

Power α-error 
% improvement 

in FMD 
       Sample size 

80% 0.05 0.5 182 59 

80% 0.05 1.0 46 16 

80% 0.05 1.5 21 8 

80% 0.05 2.0 12 6 

80% 0.05 2.5 8 5 

80% 0.05 3.0 6 4 

80% 0.05 3.5 5 3 

80% 0.05 4.0 4 3 

90% 0.05 0.5 243 79 

90% 0.05 1.0 61 21 

90% 0.05 1.5 28 11 

90% 0.05 2.0 16 7 

90% 0.05 2.5 11 5 

90% 0.05 3.0 8 4 

90% 0.05 3.5 6 4 

90% 0.05 4.0 5 3 
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3.5 Discussion 

These studies have validated the edge-detection and wall tracking software system used for 

the analysis of the brachial artery ultrasound studies in this thesis, as being accurate and 

reproducible. The edge-detection software, which permits multiple measurements along the 

vessel wall, reduced observer error significantly and increases the precision of 

measurements. This allows clinical studies such as those described in this thesis to be 

capable of detecting significant changes or differences in endothelial function with 

substantially fewer subjects (Table 3.03). Relying upon visual inspection of single frames 

and placement of ultrasonic calipers is inappropriate for measurement of the brachial artery 

diameter response to increased flow that is generally in the order of 0.2 – 0.4 mm and is 

even less in the presence of impaired endothelial function.  

Previous reproducibility reports have not always been expressed appropriately. In a 

study of repeat scans on 21 subjects with repeat observations on 127 scans, Celermajer et 

al. (438) reported an inter-observer CV using nested ANOVA of 1.4% for MM-line manual 

analysis. However, FMD was expressed as a percentage of the baseline diameter, rather 

than as a percentage increase above baseline diameter. Expressed this way our intra-

observer CV’s using the software ranged from 0.2% to 0.45% for the 3 individual observers 

and from 0.95% to 1.15% using MM-line manual analysis. Whilst inter-observer variability 

is likely to be higher than intra-observer variability, especially when using non-automated 

methods of analysis, our nested ANOVA demonstrated that between observer variance 

contributed only a small degree to the total variance using the software.  

Previous reproducibility studies suggest that observer error for manual analysis of 

FMD may account for as much as 60% of the within-subject variation (438,439). The CV 

of 14.7% for between-visits in this study compares favourably with most other studies, 

which have used manual methods of measurement. Although CV’s as low as 2.3% and 

1.8% have been reported (438,439) these were again obtained by expressing FMD as a 

percentage of the baseline diameter. As discussed above, when FMD is expressed more 

appropriately as a percentage change, the CV’s in the studies quoted would have been 33% 

and 28% respectively (with mean FMD’s of 7.4% and 7.0%). Other recent studies have also 

reported apparently low but inappropriate CV’s (465,466).  Liang et al (467) reported a CV 

of 10.8% in a group of 30 healthy subjects with a larger mean FMD of 10.8%. However, 

this CV was for inter-subject rather than intra-subject variability. Using the repeatability 
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coefficients, the intra-subject CV could be calculated as 32%, similar to that reported by 

Celermajer (438).  

Several groups have used semi-automated methods for determining brachial artery 

diameter (466-470). However, most of the latter systems rely on initial manual 

identification of the near and far walls (468-470), and/or are not designed for continuous 

frame analysis which is necessary to determine the time-course of the response and the 

maximum dilatation. In addition, appropriate validation of these other methods against 

traditional manual analysis has either not been reported (466,468,469) and/or has only been 

assessed under resting conditions (466,470). The mean intra-observer CV’s for resting 

artery diameter at baseline of 0.36% measured using our software compares favourably 

with the intra-observer CV’s reported for other semi-automated baseline-diameter analyses 

of 2.9% (466), and 1.5% (470). Furthermore, baseline diameter reproducibility achieved 

with these previous semi-automated software programs (466,470) were worse than the EE-

line manual measurements achieved in our own validation study. Sonka et al. (467) recently 

published a report of a semi-automated system similar to our own but regression analysis 

between the resting arterial diameters measured by semi-automated and manual methods 

only suggested that they were not different. In addition, comparisons were only made 

during rest rather than hyperaemia. The importance of assessing reproducibility of FMD 

measurement rather than arterial diameters at rest alone is clear from the results of this 

study where there were large relative differences in the mean intra-observer CV’s for 

baseline and FMD using the software  (6.7% and 0.36% respectively).  

We estimated that in an intervention study, we would have a power of 80% to detect an 

absolute 2.5% change in FMD with only 8 subjects in each arm in a parallel design. This 

demonstrates that changes such as these or smaller should be detectable in the intervention 

study described in this thesis. This sample size is much smaller than that previously 

estimated of 45 (439) using manual analysis methods and FMD’s of a similar magnitude to 

those in this study, and also smaller than the sample size of 19 obtained with manual 

analysis and much larger FMD’s (467).  

Our software system had a mean bias of 11µm for the 3 phantoms employed and 

had a mean resolving power of 8.3µm. In practical terms, however, the resolving power is 

limited by the confines of the measurement system i.e. one screen pixel or 50µm. This 

resolving power compares favourably with the resolution of ultrasonic calipers of most 
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ultrasound machines (approximately 100µm). Study 2 indicated a measurement bias 

between the software and MM-line manual analysis for baseline diameter, FMD and 

GTNMD. This was expected, since the software measures the smaller EE-line diameter. 

Despite there being no differences in baseline diameter between the software and EE-line 

analyses, measures of both FMD and GTNMD tended to be higher with the software. This 

indicates that the software may be measuring a truer maximum than that obtained at the 

arbitrary pre-determined time points for manual analysis of 60 and 300 seconds, 

respectively. 

3.6 Conclusion 

This validation study demonstrates that the semi-automated edge-detection software for 

measurement of brachial artery diameter during studies of vasodilatation is more 

reproducible than manual methods and other semi-automated software techniques currently 

in common use. Provided ultrasound scans of similar quality to those in the within-subject 

reproducibility study are obtained, 8 subjects would be required in each group in the 

intervention study described in this thesis to demonstrate an absolute 2.5% change in FMD 

following intervention.  
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CHAPTER 4 THE DIFFERENTIAL EFFECTS OF PURIFIED EPA 

AND DHA FROM FISH OIL ON CARDIOVASCULAR RISK 

FACTORS IN TYPE 2 DIABETIC PATIENTS WITH TREATED 

HYPERTENSION 
 

4.1 Introduction 

As discussed in Chapter 1, controversy continues regarding the effects of fish oil on 

glycaemic control in Type 2 diabetic patients. Experimental, animal and clinical evidence 

suggests differential effects exist for highly purified EPA and DHA from fish oil on 

cardiovascular risk factors, but there are no published reports examining the independent 

effects of EPA and DHA supplementation on cardiovascular risk factors in Type 2 diabetic 

patients. Given the potential for DHA to reduce cardiovascular risk without altering 

glycaemic control, a comparison of purified EPA with purified DHA in Type 2 diabetic 

patients is desirable before such preparations are considered for broader use in this 

population. 

 

4.2 Aims 

This study was undertaken to assess and compare the independent effects of purified EPA 

and DHA on CVD risk factors in Type 2 diabetic patients with treated hypertension. 

Assessment included: 

1. Biochemical and haematological markers and urinary electrolytes 

Plasma and platelet phospholipid fatty acids 

Glycaemic control (fasting serum glucose, HbA1c, and self-monitored blood glucose). 

4. Fasting serum insulin and C-peptide 

Insulin sensitivity and stimulated insulin secretion 

Lipids and lipoproteins (total cholesterol, LDL-C, HDL-C, HDL2-C, HDL3-C, LDL 

particle size)  

7. Vascular function  

8. 24-hr ambulatory blood pressure and heart rate  

Clinic blood pressure and heart rate 

Ex-vivo platelet aggregation (in response to collagen and PAF stimulation) and platelet 

thromboxane A2 release.  
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12.

13.

 

4.3.2 Study design  

 

Oils used for intervention 

11. Platelet and endothelial activation (soluble P-selectin and vWf) 

 Fibrinolysis (plasma tPA and PAI-1 antigens) 

 Markers of oxidative stress (F2-isoprostanes) and inflammation (C-reactive protein,  

IL-6 and TNF-∝). 

 

4.3 Methods 

4.3.1 Subjects 

Non-smoking men and postmenopausal women, aged 40 – 75 years, with Type 2 diabetes 

mellitus (treated with oral hypoglycaemics, or fasting glucose > 7.0 mmol/l or non-fasting 

glucose >11.1 mmol/l) and on drug treatment for hypertension for at least 3 months, were 

recruited from the general community by media advertising. Details of the study entry 

criteria, advertising and screening procedures are described in Chapter 2. Fifty-nine of the 

144 screened subjects satisfied the entry criteria. The Royal Perth Hospital Ethics 

Committee approved the study and all subjects gave written consent.  

Baseline measurements were collected during a 3-week period, after which all subjects 

were stratified by gender, age and BMI. They were then randomly assigned to receive 

4g/day of EPA, DHA or olive oil placebo capsules with their evening meal for 6 weeks 

(Figure 4.01). Subjects and investigators were blinded to the treatment. Post-intervention 

measurements were performed during the last 2 weeks of the intervention. Subject 

compliance was assessed by capsule count and assessment of plasma and platelet fatty 

acids in phospholipids (see Chapter 2 for details). 

Capsules contained purified EPA ethyl ester (approx 96%), DHA ethyl ester (approx 92%) 

or olive oil (approx 75% oleic acid ethyl ester) and were provided by the Fish Oil Test 

Materials Program and the US National Institutes of Health (NIH) / Department of 

Commerce (DOC). DHA capsules contained only a negligible amount of EPA ethyl ester 

(approx 0.5%). The dose of 4g/day of n-3 fatty acids was chosen in preference to a lower 

dose as recommended by others (220,221), as the study aimed to evaluate the effects on 

blood pressure, in addition to improvements in lipids and other cardiovascular risk factors. 
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Sample size power calculations were performed using an MS-DOS based statistical power 

calculation program program (POWER) (464). Adequate sample size was determined from 

previous studies in the Department using fish oils (231,258,358). Thus, twenty subjects per 

group would provide at least 80% power (α = 0.05) to demonstrate a decrease in serum 

triglycerides of 0.5 mmol/l. 

All variables were tested for normality using histograms and Kolmogorov-Smirnov 

statistics. All data were analysed by using SPSS (SPSS Inc, Chicago). Values are reported 

as means ± SEM unless otherwise stated. Differences between groups at baseline were 

assessed by ANOVA. General linear models (GLM) were used to assess the effects of EPA 

or DHA relative to the olive oil group after adjustment for baseline values. All significance 

levels are reported after adjustment for multiple comparisons using the Bonferroni method. 

Doses of >3g/day are usually required to produce meaningful decreases in blood pressure 

(277,278) and have been successfully employed in our previous intervention studies 

(258,288,398). Olive oil was chosen as the placebo as it is the most commonly used oil for 

fish oil intervention studies (264,278). Large doses of olive oil (10g/day) have negligible 

effects on most lipoprotein fractions, with the possible exception of a slight (3%) increase 

in HDL-cholesterol (264). The latter was not apparent in our previous trial examining the 

effects of 4g/day of EPA or DHA versus olive oil on lipids and lipoproteins, in overweight 

hypercholesterolaemic men (358). 

  

Diet and lifestyle  

Subjects were instructed not to change their usual diet, alcohol intake, level of physical 

activity and other lifestyle factors throughout the intervention period. Details of nutritional 

and lifestyle assessment are provided in Chapter 2. Weight, alcohol intake, changes in 

physical activity and medication, and any illness were recorded each week during baseline 

and at weeks two, four, five and six of intervention.  

 

Measurements 

The timetable used for measurement procedures and blood collection is shown in Figure 

4.01. Full details of all measurement procedures are given in Chapter 2.  

 

Statistical analysis 
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Differences were considered significant when p<0.05 between the 3 groups and p<0.05 

after Bonferroni adjustment.  

Self-monitored blood glucose was assessed using GLM of the AUC. Curves were 

constructed from the mean value of the 4 daily glucose measurements from each subject for 

each week. Week 0 was taken as the mean of the 3 weeks of the baseline period and the 

AUC analysis used all mean weekly values from weeks 1 to 6.  

Platelet aggregation to collagen and PAF stimulation was assessed as the area under 

the curve (AUC), calculated as % light transmittance x time (seconds) for each subject and 

for each individual dose of aggregant. The overall aggregation response for each subject 

was then assessed using the AUC obtained from plotting each AUC for each dose. Units for 

overall responses were therefore (% x seconds x µg/ml) for collagen and (% x seconds x 

µM) for PAF. Platelet TXB2 release was calculated from AUC of TXB2 at 5 minutes 

(ng/ml) at each dose of collagen (µg/ml). 

Post-intervention changes in FMD and GTNMD were examined with and without 

adjustment for the change in baseline artery diameter between pre and post-intervention 

scans to account for differences in positioning of the ultrasound probe.  
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WEEK -2 -1 1 2 3 4 5 6 7 8 9

Height 
Weight X X X X X X X
Urine sample 
Medical exam 
Waist-to-hip ratio 
Dietary analysis 
Lifestyle assessment 
Clinic BP X X X X X X X X 
Venupuncture X X X X X
Brachial artery ultrasound 
24-hr ambulatory blood pressure 
LDIGIT 
F2-isoprostanes (24-hr urine)
SMBG X X X X X X X X X

    
      Figure 4.01 Timetable of measurement procedures and blood/urine collections for Study 1.  
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4.4 Results 

 

4.4.1 Study population 

Fifty-one of the 59 participants enrolled completed the study. Withdrawals related to 

changes in medication (n=5), time commitment (n=2) and illness unrelated to the protocol 

(n=1). The final analysis included 16, 17 and 18 subjects in the olive oil, EPA and DHA 

groups respectively. Counts of leftover capsules indicated 95%, 98% and 92% compliance 

amongst the 3 groups respectively with no significant differences between groups. The 

patient characteristics confirmed the groups were well matched for all entry criteria (Table 

4.01). There were no significant differences between groups in either the type or number of 

lipid- lowering, antihypertensive or oral hypoglycemic medications (Table 4.02). Overall, 

antihypertensive medication was: ACE inhibitors (55%), calcium channel blockers (39%), 

angiotensin II receptor antagonists (24%), β-blockers (18%), diuretics (14%) and alpha-

blockers (6%). One, two, or ≥ three hypertensive agents were used by 27%, 51% and 24% 

of the subject population, respectively. Subjects were also taking oral hypoglycemic agents 

in the form of biguanides (53%), sulphonylureas (49%) and alpha-2 glucosidase inhibitors 

(2 %), with none, one, or two or three agents used by 22%, 55% and 24% of the subject 

population, respectively. Statins or fibrates were taken by 31% and 6% of subjects 

respectively, with 63% using neither. Twenty-nine percent of the population received 

regular aspirin therapy. There were no differences amongst groups at baseline in any of the 

end-points except for self-monitored blood glucose and urinary potassium. These 

differences are detailed in the relevant sections.  
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Table 4.01 Baseline characteristics of study participants 
 

 

Characteristic 
Olive oil 

(n=16) 

EPA 

(n=17) 

DHA 

(n=18) 

Age (yrs) 61.5 ± 7.6 61.2 ± 9.6 60.9 ± 8.2 

Gender (Male/female)  

Glucose (mmol/l) 

 

4.5 ± 1.0 

12/4 14/3 13/5 

Duration of diagnosed diabetes (yrs) 6.9 ± 7.5 4.2 ± 0.9 4.5 ± 3.4 

Weight (kg) 88.9 ± 10.9 81.5 ± 16.0 91.4 ± 12.2 

BMI (kg/m2) 29.9 ± 4.0 27.9 ± 3.4 30.6 ± 3.1 

Waist-to-hip ratio   0.96 ± 0.11 0.92 ± 0.06 0.92 ± 0.05 

8.0 ± 1.6 7.5 ± 1.8 8.2 ± 1.0 

HbA1c (%) 7.1 ± 1.6 7.1 ± 1.0 7.5 ± 0.7 

Blood pressure (mmHg)   

      Systolic* 128 ± 16 133 ± 14 133 ± 13 

      Diastolic* 70 ± 8 73 ± 8 71 ± 8 

Serum lipids (mmol/l)    

      Cholesterol 4.6 ± 0.7 4.5 ± 0.7 

      LDL cholesterol  2.7 ± 0.5 2.7 ± 0.8 2.7 ± 0.5 

      HDL cholesterol  1.06 ± 0.22 1.21 ± 0.35 0.99 ± 0.20 

      Triglycerides 1.7 ± 0.6 1.3 ± 0.7 1.6 ± 0.6 

Values are expressed as mean ± SD. There were no significant differences between groups at 
baseline (ANOVA). *Average of 10 supine readings on 2 separate days in the clinic using a 
Dinamap 1846 SX/P monitor. 
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Table 4.02 Subject medication 
 

 

Medication 

Olive oil 

(n=16) 

EPA 

(n=17) 

DHA 

(n=18) 

Total 

(n = 51) 

Antihypertensive medication,      

         ACE inhibitors 7 11 10 28 

         Ca2+ channel blockers 

1 

   

11 

4 

0 

        Biguanides 12 

        Alpha-2 glucosidase inhibitors 1 1 

5 3 

        Statins 

8 6 6 20 

         Angiotensin II receptor antagonists 4 4 4 12 

         β-blockers 3 2 4 9 

         Diuretics 1 4 2 7 

         alpha-blockers 2 0 3 

Antihypertensives per subject, n  

         1 3 6 5 14 

         2 9 6 26 

         3 6 1 11 

         5 0 1 1 

Oral hypoglycaemics,      

6 9 27 

        Sulphonylureas 8 7 10 25 

0 0 

Oral hypoglycaemics/subject, n      

        0 3 11 

        1 6 11 11 28 

        2 7 1 3 11 

        3 0 0 1 1 

Lipid treatment     

6 5 5 16 

        Fibrates 1 1 1 3 

Lipid lowering drugs/subject, n     

        0 9 12 11 32 

        1 7 6 6 19 

There were no significant differences between groups (ANOVA). 



 117

 

4.4.2 Diet and lifestyle 

There were no significant differences between the groups in total energy, macronutrient or 

alcohol intake at baseline, and no significant changes took place during the intervention 

(Table 4.03). Analysis of lifestyle questionnaires revealed that medication and physical 

activity also remained unchanged in each group. The bodyweight changes of 0.15 ± 0.2, 

0.03 ± 0.23 and 0.5 ± 0.26 kg in the olive oil, EPA and DHA groups respectively were not 

significant.  

 

Table 4.03 Energy, nutrient and alcohol intake at baseline and post-intervention 
 

 

  

 

OLIVE OIL 

(n=16) 

EPA 

(n=17) 

DHA 

(n=18) 

Total energy intake (kJ/d) 
        Baseline 
        Post-intervention 

8496 ± 377 
8296 ± 494 

9097 ± 672 
9381 ± 642 

 
7973 ± 557 
7900 ± 473 

Total fat (% of energy) 
        Baseline 

 

        Post-intervention 

46.3 ± 4.0 

 31 ± 3 

        Post-intervention 

 
31.2 ± 2.3 
31.1 ± 2.7 

 
30.8 ± 3.1 
30.9 ± 2.9 

 
30.0 ± 2.7 
29.5 ± 3.0 

Fatty acids (% of energy) 
   Saturated fat       
        Baseline 
        Post-intervention 

 
 

11.3 ± 1.1 
12.0 ± 1.3 

 
 

12.3 ± 1.2 
12.2 ± 1.1  

 
 

12.1 ± 1.1 
11.8 ± 1.5 

   Monounsaturated fat 
        Baseline 
        Post-intervention 

11.6 ± 1.1 
11.8 ± 1.2 

 
11.7 ± 1.2 
11.8 ± 1.2 

 
11.5 ± 1.0 
10.8 ± 1.1 

   Polyunsaturated fat 
        Baseline 
        Post-intervention 

 
5.1 ± 0.6 
5.3 ± 0.6 

 
5.3 ± 0.8 
5.3 ± 0.6 

 
4.8 ± 0.6 
4.6 ± 0.5 

Protein (% of energy) 
        Baseline 

 
20.2 ± 1.1 
20.7 ± 2.0 

 
20.3 ± 1.4 
21.0 ± 1.6 

 
21.9 ± 1.7 
21.3 ± 1.0 

Carbohydrate (% of energy) 
        Baseline 
        Post-intervention 

 
47 ± 2.5 

45.6 ± 2.5 

 

45.7 ± 3.7 

 
45.9 ± 3.4 
47.7 ± 3.2 

Fibre (g/d) 
        Baseline 
        Post-intervention 

 
30 ± 2 
29 ± 2 

 
31 ± 3 
32 ± 3 

 
30 ± 3 

Alcohol intake (g/week)    
       Baseline 73 ± 28 66 ± 19 42 ± 16 
       Post-intervention 87 ± 34 73 ± 20 55 ± 15 

Values are expressed as mean ± SEM. There were no significant differences between  
groups at baseline and no significant changes during intervention. 
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4.4.3 Biochemcal and haematological markers  

Plasma biochemical and haematological indices at baseline and post-intervention are 

shown in Tables 4.04 and 4.05 respectively. There were no significant changes in any of 

the variables measured after adjustment for baseline values. 

Table 4.04 Serum biochemical indices at baseline and post-intervention 
 

 

 
OLIVE OIL 

(n=16) 

EPA 

(n=17) 

DHA 

(n=18) 

Serum uric acid  (mmol/l) 

        Baseline 

        Post-intervention 

 

0.38 ± 0.02 

0.37 ± 0.01 

 

0.35 ± 0.02 

0.33 ± 0.02 

 

0.38 ± 0.02 

0.36 ± 0.02 

Serum albumin  (g/l) 

        Baseline 

        Post-intervention 

 

43.3 ± 0.7 

42.3 ± 0.5 

 

42.7 ± 0.5 

42.6 ± 0.5 

 

42.6 ± 0.4 

41.9 ± 0.6 

Serum creatinine (µmol/l) 

        Baseline 

        Post-intervention 

 

88.5 ± 5.4 

85.8 ± 4.8 

 

88.9 ± 3.6 

85.7 ± 3.8 

 

89.7 ± 4.6 

85.2 ± 4.3 

Serum potassium (mmol/l) 

        Baseline 

        Post-intervention 

 

4.23 ± 0.08 

4.14 ± 0.07 

 

4.12 ± 0.38 

4.17 ± 0.10 

 

4.24 ± 0.08 

4.13 ± 0.10 

Serum alkaline phosphatase (µmol/l).  

        Baseline 

        Post-intervention 

 

85.4 ± 6.5 

82.9 ± 6.1 

 

77.6 ± 5.3 

71.7 ± 4.9 

 

72.5 ± 5.2 

67.5 ± 5.2 

Serum calcium (mmol/l) 

        Baseline 

        Post-intervention 

 

2.31 ± 0.02 

2.30 ± 0.02 

 

2.32 ± 0.02 

2.30 ± 0.02 

 

2.22 ± 0.06 

2.25 ± 0.02 

Serum phosphate (mmol/l) 

        Baseline 

        Post-intervention 

 

1.09 ± 0.04 

1.16 ± 0.04 

 

1.06 ± 0.04 

1.08 ± 0.04 

 

1.08 ± 0.03 

1.07 ± 0.04 

Values are Mean ± SEM. There were no significant differences between groups at baseline 
(ANOVA). No significant changes occurred during intervention relative to the olive oil group after 
adjustment for baseline values.  
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Table 4.05 Haematolgical indices in the olive oil, EPA and DHA groups at baseline 
and post-intervention 
 

 

 
OLIVE OIL 

(n=16) 

EPA 

(n=17) 

DHA 

(n=18) 

RBC (x 1012/l)  

        Baseline 

        Post-intervention 

 

4.56 ±  0.09  

4.47 ± 0.10 

 

4.70 ± 0.11 

4.67 ± 0.12 

 

4.81 ± 0.09 

4.70 ± 0.09 

WBC (x 109/l) 

        Baseline 

        Post-intervention 

 

5.96 ± 0.32 

5.95 ± 0.32 

8.6 ± 0.2 

86.9 ± 0.8 

 

6.45 ± 0.33 

6.16 ± 0.28 

 

5.85 ± 0.32 

5.72 ± 0.32 

Platelets (x 109/l} 

        Baseline 

        Post-intervention 

 

220 ± 14 

222 ± 18 

 

242 ± 67 

234 ± 17 

 

211 ± 12 

206 ± 11 

Mean platelet volume (fL) 

        Baseline 

        Post-intervention 

 

8.4 ± 0.4 

 

8.6 ± 0.2 

8.5 ± 0.2  

 

8.5 ± 0.2 

8.6 ± 0.4 

Mean cell volume (fL) 

        Baseline 

        Post-intervention 

 

88.9 ± 0.7 

89.4 ± 0.8 

 

88.9 ± 1.0 

89.4 ± 1.0 

 

87.2 ± 0.7 

Haemoglobin (g/l) 

        Baseline 

        Post-intervention 

 

140 ± 2 

137 ± 3 

 

144 ± 12 

143 ± 3 

 

145 ± 2 

141 ± 2 

Haematocrit (%) 

        Baseline 

        Post-intervention 

 

0.41 ± 0.01 

0.40 ± 0.01 

 

0.42 ± 0.01 

0.42 ± 0.01 

 

0.42 ± 0.01 

0.41 ± 0.01 

Values are Mean ± SEM. There were no significant differences between groups at baseline 
(ANOVA). No significant changes occurred during intervention relative to the olive oil group after 
adjustment for baseline values. 
 

4.4.4 Urinary electrolytes 

Complete 24 hr urine collections were performed by all subjects at baseline and post-

intervention except for one subject in the DHA group who was therefore excluded from the 

analysis. For all remaining subjects combined, the mean 24-hour urinary sodium and 

potassium excretion values at baseline were 153.0 ± 7.1 and 81.6 ± 3.5 mmol/24hrs, 
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respectively and there was no significantly difference between groups (Table 4.06). With 

general linear model analysis after adjustment for baseline, there were no significant 

treatment effects for post-intervention urinary sodium. Urinary potassium was significantly 

lower in the EPA group relative to the control group (p=0.046) at post-intervention and the 

difference remained significant after adjustments for age and sex together (p=0.03) or sex 

alone (p=0.026). Urinary creatinine excretion and the sodium/potassium and 

sodium/creatinine ratios were not significantly different between groups at baseline or at 

completion of the study (Table 4.06). 

 

Table 4.06 24-hour urinary sodium, potassium, and creatinine excretion at baseline and 
post-intervention 

 

 

OLIVE OIL 

(n=16) 

EPA 

(n=17) 

DHA 

(n=18) 

24-h Urinary Na+,  (mmol/24 h) 

        Baseline 

        Post-intervention 

 

136.7 ± 12.1 

169.3 ± 15.3 

 

166.2 ± 11.3 

180.6 ± 19.4 

 

155.2 ± 12.9 

178.1 ± 15.5 

24-h Urinary K+,  mmol/24 h 

        Baseline 

        Post-intervention 

 

72.2 ± 5.5 

Urinary Na+/K+

2.2 ± 0.2 

86.2 ± 6.7 

 

93.5 ± 6.6 

82.5 ± 7.5* 

 

78.5 ± 4.9 

91.3 ± 6.5 

Urinary creatinine, mmol/24h 

        Baseline 

        Post-intervention 

 

12.4 ± 0.8 

13.8 ± 0.8 

 

14.6 ± 1.0 

13.1 ± 1.1  

 

13.6 ± 0.7 

13.7 ± 0.8 

        Baseline 

        Post-intervention 

 

2.0 ± 0.2 

2.0 ± 0.1 

 

1.9 ± 0.1 

 

2.0 ± 0.2 

2.0 ± 0.1 

Urinary Na+/Creatinine 

        Baseline 

        Post-intervention 

 

11.3 ± 0.8 

12.0 ± 0.6 

 

12.0 ± 0.95 

14.2 ± 1.2 

 

11.8 ± 1.1 

13.1 ± 0.9 

Values are Mean ± SEM. There were no significant differences between groups at baseline 
(ANOVA). *Significantly different (p<0.05) vs olive oil. 
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4.4.5 Plasma and platelet phospholipid fatty acids 

The changes in total n-3 and n-6 plasma and platelet phospholipid fatty acid composition in 

each group indicated compliance with capsule intake (Figure 4.02). Following 

supplementation with EPA, total n-3 fatty acids increased in plasma phospholipids by 

117% (p<0.001), whilst total n-6 fatty acids decreased by 23% (p<0.001). DHA increased 

total n-3 fatty acids by 80% (p<0.001), and decreased total n-6 fatty acids by 14% 

(p<0.001). In platelet phospholipids, EPA increased total n-3 fatty acids by 75% (p<0.001) 

and decreased total n-6 fatty acids by 16% (p<0.001), whilst DHA increased total n-3 fatty 

acids by 25% (p<0.001) without significantly changing n-6 fatty acids (5% decrease, 

p=0.128). 
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Changes are expressed as a percentage of the total fatty acids in the membranes. A general linear 
model was used to assess treatment effects on post-intervention values adjusted for baseline values. 
†Significantly different from the oliv il group: P < 0.0001. 

Figure 4.02 Mean (± SEM) changes from baseline to the end of intervention in total n-3 
(20:5 + 22:5 + 22:6) and total n-6 (20:3 + 20:4 + 22:4) fatty acids in plasma and platelet 
membrane phospholipids, in the olive oil (n=16), EPA (n=17) and DHA (n=18) groups.  
e o
  
†
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Individual plasma phospholipid fatty acids 

Individual platelet phospholipid fatty acids 

 At baseline, EPA accounted for 0.94 ± 0.04 %, 0.94 ± 0.07 % and 0.96 ± 0.06 % of 

platelet phospholipid fatty acids in the olive oil, EPA and DHA groups respectively. DHA 

was present as 2.3 ± 0.1 %, 2.3 ± 0.2  % and 2.3 ± 0.2 % of fatty acids and DPA as 4.2 ± 

0.2 %, 4.5 ± 0.1 % and 4.3 ± 0.1 % in the olive oil, EPA, and DHA groups respectively. 

Figure 4.04 shows the absolute percentage changes in the individual fatty acids in platelet 

phospholipids in each group following intervention. EPA supplementation increased 

platelet phospholipid EPA by 400% (P<0.01) and DPA by 59% (P<0.01), and reduced 

DHA by 26% (P<0.01). DHA supplementation increased DHA by 121% (P<0.01) and 

EPA by 53% (P<0.05), and reduced DPA by 33% (P<0.01). AA decreased in both the EPA 

(18%; P<0.01) and DHA groups (7%; P<0.01) (P<0.01 between groups). There were no 

significant changes in fatty acid composition in the olive oil group. 

At baseline, EPA accounted for 1.9 ± 0.1 %, 1.6 ± 0.2 % and 1.7 ± 0.2 % of plasma 

phospholipid fatty acids in the olive oil, EPA and DHA groups respectively. DHA was 

present as 4.9 ± 0.2 %, 4.3 ± 0.3  % and 4.3 ± 0.4 % of fatty acids and DPA as 3.2 ± 0.1 %, 

3.1 ± 0.1 % and 3.1 ± 0.2 % in the olive oil, EPA, and DHA groups respectively. Figure 

4.03 shows the absolute percentage changes in the individual fatty acids in plasma 

phospholipids in each group following intervention. There were no significant changes in 

fatty acid composition in the control group. EPA supplementation increased EPA by 540% 

(P<0.01) and docosapentaenoic acid (DPA; 22:5n-3) by 69% (P<0.01) without 

significantly changing DHA  (7% decrease, NS). In the DHA group, DHA and EPA 

increased by 156% (P<0.01) and 64% (P<0.01) respectively, whereas DPA decreased by 

17% (P<0.01). 
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F gure 4.03 Mean (± SEM) changes from baseline to the end of intervention in plasma phospholipid fatty acids, in the olive oil (n=16), EPA (n=17), and 
DHA (n=18) groups. ANOVA was used to assess treatment effects. * Significantly different from the olive oil group, P<0.01. † Significantly different from the 
EPA group, P < 0.01.  
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      ∆ Platelet phospholipid fatty acids 
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igure 4.04 Mean (± SEM) changes from baseline to the end of intervention in platelet phospholipid fatty acids, in the olive oil (n=16), EPA 
n=17), and DHA (n=18) groups. ANOVA was used to assess treatment effects. * Significantly different from the olive oil group, P<0.01. † 
ignificantly different from the EPA group, P < 0.01. 
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4.4.6 Glycaemic control  

 

There were no significant differences in fasting glucose and HbA1c between the 3 groups at 

baseline (Table 4.07). At the end of the intervention, fasting glucose was significantly 

higher in both the EPA and the DHA groups relative to baseline (p<0.001 and p<0.005 

respectively). Relative to the olive oil group, fasting glucose was increased by 19% (1.40 

mmol/l) (p=0.002) and 12% (0.98 mmol/l) (p=0.002) in the EPA and DHA groups, 

respectively, after adjustment for baseline values (Figure 4.05 and Table 4.07). The 

increases remained significant after further adjustment for age, sex and BMI. Neither EPA 

nor DHA had any significant effects on HbA1c (Table 4.07) relative to the olive oil group. 
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Figure 4.05 Mean (± SEM) changes from baseline to the end of intervention in fasting glucose, 
in the olive oil (n=16), EPA (n=17) and DHA (n=18) groups.  
General linear modelling was used to assess treatment effects on post-intervention values adjusted 
for baseline values. *p=0.002 vs  olive oil. 
 

Self-monitoring of Blood Glucose 

The mean of the four daily self-monitored blood glucose levels at baseline (weeks 1 to 3) 

were 7.8 ± 0.2, 8.0 ± 0.2, and 8.6 ± 0.2 mmol/l in the olive oil, EPA and DHA groups 

respectively. The mean for the DHA group was significantly higher than the mean for the 

olive oil group (p=0.04). This difference remained significant after adjustment for gender 

and time-of-glucose measurement (p=0.02). Following intervention, the mean glucose area 

under the curve (Figure 4.06) showed a trend towards higher values after EPA 

supplementation (p=0.09) compared to olive oil after adjustment for area under the curve 

at baseline, gender, and time of glucose measurement. There was no significant change 
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after DHA supplementation. Figure 4.06 also demonstrates that the average increases in 

the EPA and DHA groups peaked at week 3 but had returned to baseline values by week 6. 
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A general linear model using area under the curve (from week 0 to week 6) was used to assess 
treatment effects adjusted for baseline values and time of glucose measurement. P=0.09 for 
differences between EPA and olive oil and p=0.47 for differences between DHA and olive oil after 
adjustment for baseline values, gender and time of glucose measurement. 

Table 4.07 shows the mean values for fasting insulin and C-peptide at baseline and post-

intervention. Neither EPA nor DHA had any significant effects on fasting insulin or C-

peptide relative to the olive oil group (Table 4.07). 

 

4.4.8 Insulin sensitivity and stimulated insulin secretion (LDIGIT) 

The CV (mean ± SE) for the 7 glucose samples throughout glucoseSS during the low-dose 

insulin glucose infusion test (LDIGIT) for the 3 groups was 3.64 ± 0.56% at baseline and 

3.54 ± 0.70% post intervention. The CV (mean ± SE) for insulin throughout insulinSS for 

the 3 groups was 11.61 ± 1.46% at baseline and 11.04 ± 1.56% post intervention. Table 

Figure 4.06 Mean (± SEM) changes from baseline ("week 0") throughout intervention (weeks 
1 to 6) in mean self-monitored blood glucose in the olive oil (n = 15), EPA (n = 17), and DHA (n = 
18) groups. 

 

 

4.4.7 Fasting serum insulin and C-peptide 
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4.07 shows the mean values for insulin sensitivity and stimulated insulin secretion obtained 

using LDIGIT at baseline and post-intervention. After intervention, there were no 

significant differences in glucoseSS, insulinSS, insulin sensitivity index (ISI) or stimulated 

insulin secretion from baseline within each group. There were also no significant changes 

in the ISI or insulin secretion during the intervention in the EPA or DHA groups, relative 

to the olive oil group.  

 
Table 4.07  Glycaemic control, insulin, insulin sensitivity and insulin production, at 
baseline and post-intervention and the effects of treatment. 
 

Treatment effect (P-value) 1 
 

OLIVE 
OIL 

(n=16) 

EPA 
(n=17) 

DHA 
(n=18) 

EPA DHA 

Fasting glucose (mmol/l) 
        Baseline 
        Post-intervention 

 
7.96 ± 0.40 
7.55 ± 0.34 

 
7.46 ± 0.44 
8.49 ± 0.53 

 
8.25 ± 0.23 
8.80 ± 0.29 

 
1.40 ± 0.29 

(0.002) 

 
0.98 ± 0.29 

(0.002) 
Fasting insulin (mU/l) 
        Baseline 
        Post-intervention 

 
14.57 ± 1.94 
13.69 ± 1.92 

 
14.16 ± 1.76 
13.84 ± 1.72 

 
16.54 ± 2.11 
15.98 ± 1.67 

 
-0.47 ± 1.29 

(NS) 

 

 
0.03 ± 0.15 

 

        Post-intervention 

 
55.0 ± 3.2 

63.7 ± 7.9 
 

0.50 ± 0.91 
(NS) 

 

(NS) 

0.75 ± 1.28 
(NS) 

Fasting C-peptide (nmol/l) 
        Baseline 
        Post-intervention 

 
1.14 ± 0.11 
0.99 ± 0.06 

 
0.95 ± 0.10 

0.93 ± 0.09 

 
1.19 ± 0.13 
1.11 ± 0.09 

 
0.05 ± 0.08 

(NS) 

 
0.09 ± 0.08 

(NS) 
HbA1c (%) 
        Baseline 
        Post-intervention 

 
7.14 ± 0.15 
7.04 ± 0.15 

 
7.14 ± 0.25 
7.21 ± 0.26 

 
7.48 ± 0.17 
7.33 ± 0.20 

 
0.18 ± 0.14 

(NS) (NS) 
 
Low-dose insulin glucose infusion test (LDIGIT)     

GlucoseSS  
        Baseline 
        Post-intervention 

(n=13) 
 

12.9 ± 0.6 
13.4 ± 0.5 

(n=14) 
 

11.5 ± 0.9 
12.6 ± 1.0 

(n=15) 
 

12.9 ± 0.7 
12.6 ± 0.8 

 
 

0.3 ± 0.7 
(NS) 

 
 

-0.8 ± 0.7 
(NS) 

InsulinSS
        Baseline 

57.4 ± 5.4 

 
61.4 ± 10.3 
55.3 ± 7.9 

 
60.8 ± 4.6 

 
-8.0 ± 5.6 

(NS) 

 
0.9 ± 5.7 

(NS) 
Insulin Sensitivity Index 2
        Baseline 
        Post-intervention 

 
4.70 ± 0.53 
4.39 ± 0.43 

 
7.22 ± 1.72 
6.41 ± 1.32 

 
4.46 ± 0.51 
4.89 ± 0.64 

0.65 ± 0.87 

Insulin secretion 3
        Baseline 
        Post-intervention 

 
-0.28 ± 0.43 
1.08 ± 0.94 

 
0.32 ± 0.61 
0.63 ± 0.49 

 
0.65 ± 0.73 
0.93 ± 0.54 

 
-0.54 ± 0.94 

(NS) 

 
-0.32 ± 0.93 

(NS) 
 

Values are expressed as mean ± SEM. There were no significant differences between groups at 
baseline (ANOVA). 1Data represent the change and P values for each of the 2 treatment groups 
relative to the olive oil group after adjustment for baseline values.  
2 Normal range = 22.6-50.2 (mL/kg/min) x 10-3 /(pmol/L).  
3∆ AUC (C-peptide) in 1st 15 mins of LDIGIT. Normal range = 0.58-5.7 nmol/l. min. Minus sign 
indicates C-peptide levels decreased during first 15 minutes of the LDIGT 



 128

 

4.4.9 Lipids and lipoproteins  

The mean values for serum lipids and lipoproteins for each group at baseline and post-

intervention are shown in Table 4.08. Fasting triglycerides at baseline were all < 3.5 

mmol/l, implying reliable assessment of LDL cholesterol using the Friedewald formula 

(29). At baseline, HDL2-cholesterol was significantly lower in the DHA group compared 

to the EPA group (P< 0.05). There were no other significant differences between the 3 

groups at baseline for other lipid variables. After adjustment for baseline values, fasting 

triglycerides decreased significantly by 19% with EPA supplementation (p=0.022) and by 

15% with DHA supplementation relative to the placebo group (p=0.022) (Table 4.08 and 

Figure 4.08). Neither EPA nor DHA had effects on serum total cholesterol, LDL-

cholesterol or the LDL/HDL- cholesterol ratio. While there were also no significant 

changes in total HDL-cholesterol, HDL2-cholesterol increased by 16% (p=0.026) and 22% 

(p=0.05) and HDL3-cholesterol fell by 11% (p=0.026) and 6% (p=0.33) in the EPA and 

DHA groups respectively relative to the olive oil group (Table 4.08 and Figure 4.08). 

 

LDL particle size 

At baseline there were no significant differences in LDL particle size between the olive oil, 

EPA and DHA groups (Table 4.08). Amongst all subjects, LDL particle size was inversely 

associated with serum triglycerides (r=-0.47, p<0.001), and positively associated with 

HDL cholesterol (r=0.49, p<0.001), HDL2 cholesterol (r=0.50, p<0.001), HDL3 cholesterol 

(r=0.32, p=0.02) and age (r=0.28, p=0.048). There was no significant association between 

LDL particle size and serum insulin (r=-0.25, p=0.08), serum glucose (r=-0.18, p=0.21) or 

insulin sensitivity assessed using HOMA (471) (r=-0.18, p=0.21). In multivariate analysis, 

serum triglycerides (b=-0.31, sem=0.11, adjusted r2=0.21, p=0.007) and HDL cholesterol 

(b=0.80, sem=0.26, adjusted r2=0.12, p=0.003) were independent predictors of LDL 

particle size. Relative to placebo, LDL particle size was not significantly changed by EPA 

supplementation (0.12 ± 0.10 nm, p=0.49) but significantly increased (0.26 ± 0.10 nm, 

p=0.02) with DHA (Table 4.05 and Figure 4.07). Amongst all subjects, the change in LDL 

particle size was inversely associated with the change in triglyceride levels (r=-0.30, 

p=0.04) but there were no other significant correlations with the change in LDL particle 

size. 
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Table 4.08 Fasting serum lipids and lipoproteins at baseline and post intervention and 
the effects of treatment. 
 

Treatment effect (P value) 1 
 

OLIVE 
OIL 

(n=16) 

 
EPA 

(n=17) 

 
DHA 

(n=18) EPA DHA 

Cholesterol (mmol/l) 
        Baseline 
        Post-intervention 

 
4.57 ±  0.17  
4.61 ± 0.17 

 
4.48 ± 0.25 
4.42 ± 0.21 

 
4.49 ± 0.15 

 

(NS) 4.55 ± 0.18 
- 0.12 ± 0.13 

(NS) 

 
0.01 ± 0.13 

Triglycerides (mmol/l)  

        Post-intervention 

 
1.74 ± 0.15 
1.68 ± 0.14 

 
-0.25 ± 0.09 

(0.022) 

 
-0.24 ± 0.09 

(0.022) 
 

2.77 ± 0.11 2.68 ± 0.19 

 

  

        Baseline 
 

1.34 ± 0.18 
1.11 ± 0.14 

 
1.62 ± 0.14 
1.35 ± 0.13 

LDL-C (mmol/l) 
        Baseline 
        Post-intervention 

2.71 ± 0.12 
 

2.66 ± 0.20 
 

2.74 ± 0.13 
2.88 ± 0.14 

 
-0.04 ± 0.10 

(NS) 
0.08 ± 0.10 

(NS) 
HDL-C (mmol/l) 
        Baseline 
        Post-intervention 

 
1.06 ± 0.06 
1.07 ± 0.06 

 
1.21 ± 0.09 
1.22 ± 0.09  

 
0.99 ± 0.05 
1.03 ± 0.05 

 
-0.01 ± 0.03 

(NS) 

 
0.03 ± 0.03 

(NS) 
HDL2-C (mmol/l) 
        Baseline 
        Post-intervention 

 
0.38 ± 0.04 
0.38 ± 0.04 

0.49 ± 0.07 
0.56 ± 0.08 

 
0.32 ± 0.03* 
0.38 ± 0.04 

 
0.08 ± 0.03 

(0.026) 
0.07 ± 0.03 

(0.05) 
HDL3-C (mmol/l) 
        Baseline 
        Post-intervention 

 
0.68 ± 0.02 
0.69 ± 0.03 

 
0.73 ± 0.03 
0.66 ± 0.03 

 
0.67 ± 0.03 
0.65 ± 0.03 

 
-0.08 ± 0.03 

(0.026) 

 
-0.04 ± 0.03 

(NS) 
LDL particle size (nmol) 
        Baseline 
        Post-intervention 

 
25.69 ± 0.13 
25.71 ± 0.13 

 
26.00 ± 0.16 
25.86 ± 0.16 

 
25.74 ± 0.14 
26.02 ± 0.13 

 
-0.12 ± 0.10 

(NS) 

 
0.26 ± 0.10 

(0.02) 
 

Values are expressed as mean ± SEM. *Significantly lower in the DHA group (P<0.05) (ANOVA). 
Post-intervention values were not adjusted.  
1 Data represent the change and p-values for each of the 2 treatment groups relative to the olive oil 
group.  
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Figure 4.07 Mean (± SEM) changes from baseline to the end of intervention in LDL particle 
size, in the olive oil (OO) (n=16), EPA (n=17) and DHA (n=18) groups. 
*Significantly different from the olive oil group (p=0.02). General linear modelling was used to 
assess treatment effects on post-intervention values adjusted for baseline values. 
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Figure 4.08 Mean (± SEM) changes from baseline to the end of intervention in serum 
triglycerides, serum total cholesterol, LDL cholesterol, serum HDL, HDL2, and HDL3 cholesterol 
in the olive oil (OO) (n=16), EPA (n=17) and DHA (n=18) groups.  
A general linear model was used to assess treatment effects on post-intervention values adjusted for 
baseline values. Significantly different from the olive oil group: *p<0.05, † p=0.05. 
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4.4.10 Ambulatory blood pressure and heart rate 

The mean values for 24-hour BP and heart rate for each group at baseline and post-

intervention are shown in Table 4.09 and Figures 4.09 and 4.10. One subject in the DHA 

group did not perform post-intervention testing as he suffered a mild stroke just prior to the 

end of the study. Three individuals (one in each group) were removed from the final 

analysis due to insufficient valid readings (<70%) over the 24-hr period either at baseline 

or post-intervention. There were no significant differences between groups at baseline for 

SBP, DBP or heart rate. Relative to the olive oil group, there were no significant changes 

in 24-hr SBP or DBP in either the EPA or DHA groups. There were also no significant 

differences between the groups in awake or asleep SBP and DBP. Similar results were 

obtained after adjustment for changes in alcohol intake during intervention. There were 

non-significant falls in 24-hr, awake and asleep heart rate with both EPA and DHA 

supplementation compared to placebo.  
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Table 4.09 Mean 24-h, daytime, and nighttime BP and heart rate (HR) at baseline and 
post-intervention and the effects of treatment.  
 

Treatment effect (P-value) 1 
 

OLIVE OIL 
(n=15) 

EPA 
(n=16) 

DHA 
(n=16) 

EPA DHA 

Mean 24-h SBP, mm Hg 
        Baseline 
        Post-intervention 

 
137.8 ± 3.7 
134.1 ± 2.8 

 
136.8 ± 4.3 
134.8 ± 3.5 

 
138.6 ± 4.3 
140.7 ± 4.4 

 
 

1.3 ± 3.5 
(NS) 

 
 

6.0 ± 3.5 
(NS) 

Mean 24-h DBP, mm Hg 
        Baseline 
        Post-intervention 

 
73.4 ± 1.7 
72.1 ± 1.4 

 
74.8 ± 2.2 
73.6 ± 1.8 

 
71.5 ± 2.1 
71.9 ± 1.9 

 
 

0.6 ± 1.7 
(NS) 

 
 

0.9 ± 1.7 
(NS) 

Mean 24-h HR, bpm 
        Baseline 
        Post-intervention 

 
72.1 ± 2.5 
72.2 ± 2.4 

 
72.0 ± 3.4 
71.2 ± 3.1 

 
72.1± 2.4 
70.7 ± 2.4 

 
 

-0.9 ± 2.6 
(NS) 

 
 

-1.5 ± 2.6 
(NS) 

Daytime SBP, mm Hg 
        Baseline 
        Post-intervention 

 
142.2 ± 3.7 
138.4 ± 2.5 

 
142.0 ± 4.6 
140.0 ± 3.7 

 
142.8 ± 4.7 
143.7 ± 4.4 

 
 

1.7 ± 3.8 
(NS) 

 
 

4.9 ± 3.8 
(NS) 

Daytime DBP, mm Hg 
        Baseline 
        Post-intervention 

 
77.2 ± 1.8 
74.9 ± 1.4 

 
77.9 ± 2.4 
76.3 ± 1.9 

 
74.7 ± 2.4 
74.5 ± 2.1 

 
 

1.0 ± 1.8 
(NS) 

 
 

1.0 ± 1.8 
(NS) 

Daytime HR, bpm  
        Baseline 
        Post-intervention 

 
74.6 ± 2.7 
75.0 ± 2.4 

 
75.4 ± 3.5 
74.1 ± 3.4 

 
75.5 ± 2.7 
73.1 ± 2.6 

 
 

-1.5 ± 2.7 
(NS) 

 
 

-2.5 ± 2.7 
(NS) 

Nighttime SBP, mm Hg 
        Baseline 
        Post-intervention 

 
128.1 ± 4.4 
124.9 ± 3.8 

 
125.9 ± 4.5 
123.0 ± 3.0 

 
129.6 ± 4.0 
133.7 ± 5.2 

 
 

-0.2 ± 4.0 
(NS) 

 
 

7.8 ± 4.0 
(NS) 

Nighttime DBP, mm Hg 
        Baseline 
        Post-intervention 

 
65.1 ± 1.9 
65.9 ± 1.8 

 
68.0 ± 2.2 
67.4 ± 2.1 

 
65.0 ± 2.0 
66.1 ± 1.8 

 
 

0.1 ± 2.3 
(NS) 

 
 

0.2 ± 2.3 
(NS) 

Nighttime HR, bpm 
        Baseline 
        Post-intervention 

 
66.0 ± 2.7 
66.5 ± 2.7 

 
65.6 ± 3.9 
64.7 ± 2.6 

 
65.4 ± 2.2 
65.3 ± 2.4 

 
 

-1.5 ± 2.9 
(NS) 

 
 

-0.8 ± 2.9 
(NS) 

Values are expressed as mean ± SEM. There were no significant differences between groups at 
baseline (ANOVA). BP and HR were recorded every 30 minutes during waking hours (daytime) 
and hourly during sleep (nighttime). 1Data represent the change and p-values for each of the 2 
treatment groups relative to the olive oil group after adjustment for baseline values. 
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igure 4.09 Mean 24-hr ambulatory blood pressures at baseline and post-intervention in the 
live oil (n=16), EPA (n=17) and DHA (n=18) groups.  
pen symbols = baseline, closed symbols = post-intervention. There were no significant changes 

elative to the olive oil group during intervention after adjustment for baseline values. 
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Figure 4.10 Mean 24-hr ambulatory heart rates at baseline and post-intervention in the olive oil 
(n=16), EPA (n=17) and DHA (n=18) groups.  
Open symbols = baseline, closed symbols = post-intervention. There were no significant changes 
relative to the olive oil group during intervention after adjustment for baseline values. 
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4.4.11 Clinic blood pressure and heart rate 

The mean values for clinic standing and supine SBP and DBP for each group at baseline 

and post-intervention are shown in Table 4.10. There were no significant differences 

between groups at baseline for either standing or supine SBP or DBP. After adjustment for 

baseline values there were no significant differences in post-intervention values between 

groups for either standing or supine SBP or DBP (Figure 4.11 and Table 4.10). These 

results remained unchanged after further adjustment for age, sex and BMI. The mean 

values for standing and supine clinic heart rate for each group at baseline and post-

intervention are shown in Table 4.10. Supplementation with DHA significantly reduced 

standing heart rate (-5.8 ± 1.9, p=0.01) and caused a tendency towards a reduction in 

supine heart rate (-3.9 ± 1.8, p=0.08) compared to olive oil after adjustment for baseline 

values. The drop in supine heart rate with DHA was significant compared to EPA 

(p=0.036). In the EPA group there was no significant changes in either supine or standing 

heart rate. These results remained unchanged after adjustments for age and sex. 

Table 4.10 Supine and standing clinic BP and heart rate (HR) at baseline and post-
intervention and the effects of treatment. 
 

Treatment effect (P value)1 OLIVE OIL 
(n=16) 

EPA 
(n=17) 

DHA 
(n=18) 

EPA DHA 
Supine SBP, mm Hg 
        Baseline 
        Post-intervention 

 
128.2 ± 3.9 
128.8 ± 3.6 

 
133.3 ± 3.3 
133.6 ± 3.5 

 
132.5 ± 3.4 
134.5 ± 3.5 

 
0.8 ± 3.1 

(NS) 

 
2.2 ± 3.0 

(NS) 
Supine DBP, mm Hg 
        Baseline 
        Post-intervention 

 
70.2 ± 2.1 
71.0 ± 2.1 

 
73.2 ± 1.9 
73.1 ± 2.0 

 
70.8 ± 1.9 
70.4 ± 2.2 

 
-0.5 ± 1.7 

(NS) 

 
-1.1 ± 1.7 

(NS) 
Supine HR, bpm 
        Baseline 
        Post-intervention 

 
68.0 ± 2.2 
69.1 ± 2.1 

 

125.9 ± 3.4 

72.2 ± 2.5 

 
66.8 ± 3.2 
68.5 ± 3.5 

 
65.1 ± 1.9 
62.5 ± 2.3 

 
0.5 ± 1.9 

(NS) 
 

-3.9 ± 1.8 
(0.08) 

 
Standing SBP, mm Hg 
        Baseline 
        Post-intervention 

 

124.8 ± 2.9 

 
124.4 ± 3.2 
125.4 ± 3.3 

 
131.6 ± 3.0 
133.8 ± 3.6 

 
1.6 ± 3.4 

(NS) 

 
4.8 ± 3.4 

(NS) 
Standing DBP, mm Hg 
        Baseline 
        Post-intervention 

 
72.4 ± 1.4 
72.1 ± 1.6 

 
72.4 ± 1.9 
71.9 ± 2.2 

 
71.8 ± 2.5 

 
-0.2 ± 1.6 

(NS) 

 
0.5 ± 1.6 

(NS) 
Standing HR, bpm  
        Baseline 
        Post-intervention 

 
75.3 ± 3.3 
78.1 ± 3.2 

 
75.2 ± 3.6 
74.6 ± 3.7 

 
71.1 ± 2.2 
68.3 ± 2.7 

 
-3.4 ± 2.0 

(NS) 

 
-5.8 ± 1.9 

(0.01) 
Values are expressed as mean ± SEM. There were no significant differences between groups at 
baseline (ANOVA). 1Data represent the change and p-values for each of the 2 treatment groups 
relative to the olive oil group after adjustment for baseline values. Supine BP and HR were 
recorded 10 times at 2 minute intervals and standing BP and HR were recorded 5 times at 1 
minute intervals, each on 2 separate visits and the recordings were each averaged. 
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Figure 4.11 Mean (± SEM) changes from baseline to the end of intervention in supine and 
standing systolic blood pressure (SBP), diastolic blood pressure (DBP), and heart rate, in the olive 
oil (OO) (n=16), EPA (n=17) and DHA (n=18) groups. 
A general linear model was used to assess treatment effects on post-intervention values adjusted for 
baseline values. †Significantly different from the olive oil group: p=0.01. 
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4.4.12 Ex-vivo platelet aggregation and thromboxane release (TXB2) 

 

Aggregation to collagen was examined in subjects not receiving regular aspirin. Thus, 14, 

11 and 11 individuals were studied in the olive oil, EPA and DHA groups respectively, 

whilst aggregation to PAF was examined in all individuals. There were no significant 

differences between groups at baseline in platelet aggregation response to either collagen 

or PAF (AUC) or in platelet-derived TXB2 release (Figures 4.12 and 4.13).  

 

i) Platelet aggregation to Collagen 

Collagen-stimulated platelet aggregation was dose-dependent (Figure 4.12). At baseline, 

age (b=-470, sem=170, adjusted r2=0.19, p=0.01) was the only independent predictor of 

responses to collagen-induced aggregation, whilst plasma DHA (b=-1605, sem=884, 

adjusted r2=0.09, p=0.05) was a borderline independent predictor. Together they accounted 

for 24.7% of the variance in collagen-induced aggregation. Following intervention, 

aggregation was reduced in the DHA group relative to olive oil (16.9%, p=0.054), whereas 

there was no treatment effect in the EPA group (0.0%, p=0.97). Combining the results of 

all 3 groups, a decrease in collagen-induced aggregation was associated with increased 

DHA in platelet phospholipids following intervention (b=-1242, sem=537, adjusted 

r2=0.12, p=0.05). 

 

ii) Platelet aggregation to PAF 

Post-intervention platelet aggregation responses to PAF were not significantly different 

between groups (Figure 4.12). Results were similar when aspirin users in the olive oil 

(n=2), EPA (n=6) and DHA (n=7) groups were excluded from analysis. 

Platelet-derived thromboxane release (TXB2) 

TXB2 release (AUC) during collagen-induced platelet aggregation was a significantly 

reduced in the DHA group relative to the olive oil group (-18.8%, p=0.03) (Figure 4.13). 

Changes in platelet TXB2 predicted changes in collagen-induced aggregation (b=83.6, 

sem=13.5, adjusted r2=0.54, p<0.001), particularly for DHA (b=90.7,sem=17.4,adjusted 

r2=0.75, p=0.001). Changes in both plasma and platelet DHA were predictors of the 

changes in TXB2 release (b=-7.8, sem=2.6, adjusted r2=22.6%, p=0.005 and b=-16.0, 

sem=5.1, adjusted r2=24.1, p=0.004 respectively), independently of age, sex and BMI.   
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4.4.13 Platelet activation and endothelial activation 

 

There were no significant differences in P-selectin or vWf between the 3 groups at baseline 

(Table 4.11). There were small non-significant falls in P-selectin in both the EPA group 

and DHA groups compared to placebo (Figure 4.14). No significant changes in vWf 

occurred in either the EPA or DHA groups relative to placebo following intervention 

(Table 4.11 and 4.4.13). vWf antigen was inversely associated with DHA in platelet 

phospholipids at baseline (b= -15.4, sem=6.1, adjusted r2=0.07, p=0.01), independently of 

age, sex and BMI. Similar decreases in vWf occurred in all 3 groups during intervention 

and there were thus no significant changes in either the EPA or DHA group compared to 

olive oil. 

 
 vwf

-12

-10

-8

-6

-4

-2

0

%

  OO        EPA        DHA

 P-selectin 

-20

-15

-10

-5

0

5

10

15

ng/ml

  OO        EPA        DHA

 

 

 

 

 

 

 

 

 
Figure 4.14 Mean (± SEM) changes from baseline to the end of intervention in P-selectin and 
vWf, in the olive oil (OO) (n=16), EPA (n=17) and DHA (n=18) groups.  
No significant changes occurred relative to the olive oil group after adjustment for baseline values. 
 
4.4.14 PAI-1 and tPA antigens  

There were no significant differences in PAI-1 and tPA antigens or the tPA/PAI-1 ratio 

between the 3 groups at baseline. No significant changes occurred in either the EPA or 

DHA groups relative to placebo (Table 4.11 and Figure 4.15). However, there was a non-

significant increase in PAI-1 in the DHA group relative to the olive oil group (31.0%, 

p=0.08). This was not associated with the changes in serum triglycerides. Combining the 

two active treatment groups caused a borderline significant increase in PAI-1 antigen in 

comparison with olive oil (23.5%, p=0.055). 
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Table 4.11 Markers of fibrinolytic function, platelet and endothelial activation, and 
vascular function at baseline and post-intervention and the effects of treatment. 
 

Treatment effect (P value)1 OLIVE 
OIL 

(n=16) 

EPA 
(n=17) 

DHA 
(n=18) EPA DHA 

Fibrinolytic factors      
PAI-1 antigen (ng/ml) 
        Baseline 
        Post-intervention 

 
32.6 ± 5.6 
29.9 ± 4.4 

 
31.7 ± 4.9 
34.6 ± 5.2 

 
26.7 ± 2.9 
34.1 ± 2.7 

 
 

5.3 ± 4.0 
(NS) 

 
 

8.3 ± 4.0 
(NS) 

tPA antigen (ng/ml) 
        Baseline 
        Post-intervention 

 
10.6 ± 0.9 
9.7 ± 0.8 

 
10.8 ± 1.0 
9.5 ± 0.9 

 
10.3 ± 0.9 
10.1 ± 0.8 

 
 

-0.3 ± 0.6 
(NS) 

 
 

0.7 ± 0.6 
(NS) 

tPA/PAI-1  
        Baseline 
        Post-intervention 

 
 0.53 ± 0.10  
 0.43 ± 0.08 

 
 0.47 ± 0.07 
 0.38 ± 0.07 

 
 0.43 ± 0.04 
0.31 ± 0.02 

 
 

 -0.02 ± 0.06
(NS) 

 
 

 -0.06 ± 0.06 
(NS) 

Endothelial/platelet  
activation 

     

vWf (%) 
        Baseline 
        Post-intervention 

 
89.6 ± 6.6 
85.3 ± 7.6 

 
94.4 ± 7.9 
90.6 ± 7.5 

 
87.3 ± 6.4 
80.6 ± 6.5 

 
 

1.2 ± 5.9 
(NS) 

 
 

-2.8 ± 5.8 
(NS) 

P-selectin (ng/ml) 
        Baseline 
        Post-intervention 

 
66.2 ± 6.7 
69.2 ± 6.2 

 
69.9 ± 11.5 
65.2 ± 8.5 

 
61.6 ± 5.0 
53.8 ± 5.7 

 
 

-7.0 ± 8.3 
(NS) 

 
 

-13.3 ± 8.0 
(NS) 

Endothelial function (n=8) (n=10) (n=12)   
Basal blood flow 
(ml3/minx10-1) 
        Baseline 
        Post-intervention 

 
 

 130 ± 16  
129 ± 17  

 
  

140 ± 17  
132 ± 19  

 
 

161 ± 33 
132 ± 22 

 

 529 ± 50 

  

  

 
  
 

1 ± 26  
(NS) 

 
  

-7 ± 28   
(NS) 

Reactive hyperaemia (%) 
        Baseline 
        Post-intervention 

 

 450 ± 41  

 
514 ± 79  
553 ± 65  

 
553 ± 101  
516 ± 90  

 
 

104 ± 90   

 
 

58 ± 94  
    (NS) (NS) 
Flow-mediated dilatation (%) 
        Baseline 
        Post-intervention 

 
3.5 ± 0.9 
4.3 ± 0.6 

 
3.1 ± 0.6 
3.3 ± 0.6 

 
5.3 ± 1.3 
3.4 ± 0.8 

 

-1.0 ± 0.82

(NS) 

 

-1.3 ± 0.8 2

(NS) 
Response to GTN (%) 
        Baseline 
        Post-intervention 

 
11.8 ± 1.6 
9.7 ± 1.3 

 
11.3 ± 1.1 
12.5 ± 1.7 

 
10.6 ± 2.0 
8.2 ± 2.1 

 

2.4 ± 1.6 2

(NS) 

 

-0.2 ± 1.5 2

(NS) 
Values are expressed as mean ± SEM. 1after adjustment for baseline values, 2adjusted for baseline values and  
change in baseline artery diameter. 
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At baseline there were no between group differences in reactive hyperaemia, flow-

mediated dilatation (FMD), glyceryl-trinitrate mediated dilatation (GTNMD) (Table 4.11) 

or plasma glucose levels prior to ultrasound (data not shown) in the subset of 30 subjects 

used to assess vascular function. There were no significant changes following intervention 

(Table 4.11 and Figure 4.16), with or without adjustment for change in resting artery 

diameter.  
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Figure 4.15 Mean (± SEM) changes from baseline to the end of intervention in tPA and PAI-1 
antigens, in the olive oil (OO) (n=16), EPA (n=17) and DHA (n=18) groups.  
No significant changes occurred relative to the olive oil group after adjustment for baseline values. 
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Figure 4.16 A: Individual responses at baseline and post intervention in FMD and GTNMD, 
and B: Mean changes in FMD and GTNMD from baseline to the end of intervention, in the olive 
oil (n=8), EPA (n=12) and DHA (n=10) groups.  
No significant changes occurred relative to olive oil (placebo).  

 

 

 

4.4.16 Urinary F2-isoprostanes 

There were no significant differences in urinary F2-isoprostanes between the 3 groups at 

baseline (Table 4.12). Following intervention, there was a significant reduction in urinary 

F2-isoprostanes by 19% in the EPA group (p=0.034) and by 20% in the DHA group 

(p=0.028) relative to placebo (Figures 4.17 and 4.18 and Table 4.12). 

Relationships with urinary F2-isoprostanes  

At baseline, for all subjects combined, F2-isoprostanes were associated with BMI (r=0.382, 

p=0.006), fasting glucose (r=0.31, p=0.029) and HbA1c. In multivariate regression, fasting 

glucose (b=458, SEM=206, r2=0.258, p=0.32) and HbA1c (b=1008, SEM=378, r2=0.295, 

p=0.011) were both independent predictors of F2-isoprostanes independently of age, 
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4.4.17 Markers of inflammation 

gender and BMI. F2-isoprostanes were not significantly associated with duration of 

diabetes, serum insulin, serum lipids (total cholesterol, triglycerides, LDL-C, HDL-C, 

HDL2-C, HDL3-C), markers of inflammation (IL-6, TNF-∝, and CRP), or either plasma or 

platelet fatty acid levels of 20:4 n-6, 20:5 n-3, 22:6 n-3, total n-6 or total n-3.  

 Changes in F2-isoprostanes following intervention were positively associated with 

change in HbA1c (b=1386, SEM=487, r2=0.282, p=0.007) independently of treatment 

group, and with the change in TNF-∝ independent of age, gender, BMI and treatment 

group.  

 

Data for IL-6, TNF-∝, and C-reactive protein (CRP) were non-normally distributed at 

baseline and post-intervention and were therefore log-transformed before analysis. There 

were no significant differences between groups at baseline for any of these parameters and 

there were also no significant changes in either the EPA or DHA groups relative to placebo 

following intervention (Table 4.12). However there was a non-significant trend for TNF-α 

to decrease with both EPA and DHA.   

 

Table 4.12 Markers of inflammation and oxidative stress at baseline and post-
intervention and the effects of treatment. 
 

Treatment effect1  
(P value) 

 
 OLIVE OIL 

(n=16) 
EPA 

(n=17) 
DHA 

(n=17) 
EPA DHA 

Inflammatory markers1     
IL-6 (pg/ml) 
        Baseline 
        Post-intervention 

 
1.76 (1.39-2.23) 
1.96 (1.54-2.50) 

 
1.75 (1.40-2.20) 
1.78 (1.52-2.09) 

 
2.22 (1.46-3.38) 
2.15 (1.48-3.12) 

 
 

NS 

 
 

NS 
TNF-∝ (pg/ml) 

1.37 (0.83-2.25) 

 

        Baseline 
        Post-intervention 

 
15.4 (10.3-22.8) 
14.3 (10.5-19.4) 

 
24.4 (17.7-22.8) 
19.7 (14.3-27.2) 

 
20.5 (14.3-29.4) 
13.8 (9.2-20.6) 

 
 

NS 

 
 

NS 
CRP (mg/l) 
        Baseline 
        Post-intervention 

 
1.25 (0.73-2.13) 

 
1.46 (0.87-2.47) 
1.30 (0.77-2.22) 

 
2.81 (1.86-4.23) 
2.66 (1.71-4.12) 

 
 

NS 

 
 

NS 
     
Oxidative stress    Treatment effect 

Urinary F2-isoprostanes (pmol/24 hrs)  (P value)1

        Baseline 
        Post-intervention 

5027 ± 496 
5346 ± 516 

5730 ± 519 
4739 ± 537 

6670 ± 670 
5326 ± 458 

1101 ± 444 
(p=0.034) 

1176 ± 459 
(p=0.028) 

1after adjustment for baseline values. 2IL-6, TNF-∝, and CRP were log-transformed: values are 
Geometric mean (95% CI). Values for F2-isoprostanes are mean ± SEM. 
NS = non-significant.  



   145

 

-8000
-7000
-6000
-5000
-4000
-3000
-2000
-1000

0
1000
2000

pmol/day

 O

s 
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Figure 4.18 Mean (± SEM) chan
isoprostanes, in the olive oil (n=16), E
*Significantly different (p<0.05) vs
treatment effects on post-intervention
∆ F2-isoprostane
live oil EPA      DHA 

from baseline to the end of intervention in urinary F2-
PA (n=17) and DHA (n=17) groups. Horizontal bar indicates 

 *
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 oil EPA     DHA 

ges from baseline to the end of intervention in urinary F2-
PA (n=17) and DHA (n=17) groups.  
 olive oil. General linear modelling was used to assess 
 values adjusted for baseline values. 
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4.5 Discussion 

This is the first randomised placebo-controlled study to compare the short-term effects of 

supplementation with purified EPA or DHA on glycaemic control and CVD risk factors in 

subjects with Type 2 diabetes and hypertension. The study demonstrated that purified EPA 

and DHA have significant differential effects on several important CVD risk factors and 

adverse effects on glycaemic control. Both oils had beneficial effects on serum 

triglycerides and HDL2-cholesterol, whilst DHA but not EPA, decreased LDL particle size 

and decreased standing heart rate, and EPA significantly decreased HDL3-cholesterol. 

Neither EPA or DHA significantly affected other serum lipids and lipoproteins. Both oils 

significantly increased fasting glucose, with EPA also showing a trend towards increased 

self-monitored blood glucose, although the effect appeared transient. Neither EPA or DHA 

had significant effects on fasting insulin or C-peptide, insulin sensitivity, or stimulated 

insulin release. There were no significant effects on 24-hr ambulatory or clinic blood 

pressure following EPA or DHA, although DHA significantly reduced standing clinic heart 

rate. DHA but not EPA also reduced collagen-induced platelet aggregation and 

thromboxane release whilst neither EPA or DHA supplementation affected PAF-induced 

platelet aggregation. Vascular and fibrinolytic function, vWf, P-selectin, and in-vivo pro-

inflammatory cytokines were not affected by EPA or DHA. Despite the inverse 

relationship between glycated haemoglobin and urinary F2-isoprostanes, and the 

deterioration in glycaemic control, both oils reduced urinary F2-isoprostanes, a marker of 

in-vivo oxidative stress. 

 

4.5.1 Glycaemic control 

Our finding of mild impairment of glycaemic control is supported by reports of a 

significant increase in fasting glucose relative to placebo using fish (244) or fish oils (223). 

Furthermore, work from this Department has previously shown a significant increase in 

both glycated haemoglobin and self-blood glucose monitoring in overweight Type 2 

diabetic patients following a fish diet supplying 3.65g/day of n-3 fatty acids for 8 weeks 

(231). We have also recently reported a trend (p=0.06) towards increased fasting glucose in 

overweight, mildly hyperlipidaemic men given 4g daily of purified EPA but not in those 

given DHA (358). In each of these studies, including this thesis, careful assessment of 

patients’ dietary intake was determined using 3-day diet records. Additionally, subjects 
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were withdrawn from the current study upon changes in medication.  

The disparate findings concerning effects on glycaemic control in Type 2 diabetic 

patients may be related to the dose of n-3 fatty acids (220). Two early uncontrolled trials 

with adverse effects (217,218) were notable for the large doses used (5.5 g/d and 8g/d 

respectively), whereas the doses used in controlled studies have generally been lower (3.3 

± 1.4 g/day) (220). Differences between trials also exist in oral diabetic medication, 

degrees of obesity and/or insulin resistance, the presence of other conditions such as 

hypertension, which may also affect insulin sensitivity, and the lack of control of subjects’ 

diets during intervention. Additionally, most controlled studies have been of longer 

duration than ours (approximately 12 weeks), raising the possibility that the increase in 

blood glucose may be transient. In support of this, self- monitored blood glucose rose in 

both the EPA and DHA groups in the present study in the first 3 weeks, before returning to 

baseline values. Previous studies have also shown a transient rise in fasting glucose (225) 

and glycated haemoglobin (216). Nonetheless, in the present study fasting glucose 

remained elevated at 6 weeks. 

 

4.5.2 Insulin sensitivity and secretion 

Despite an increase in fasting glucose, there were no changes in either insulin sensitivity or 

insulin secretion. This concurs with other controlled studies in either Type 2 diabetic (227) 

or non-diabetic subjects using fish oil (257). Only uncontrolled fish oil studies have 

reported an improvement in insulin sensitivity (246) or decreased stimulated insulin 

secretion (217). Controlled studies have also shown no effect on fasting insulin or C-

peptide in diabetic populations (245,472). However, in hyperlipidaemic subjects, with mild 

hyperinsulinaemia, 6 months of fish oil at a dose of 3.4 g/day caused a significant decrease 

in fasting insulin (248).  

In view of the lack of significant changes in peripheral insulin sensitivity and 

insulin secretion, an increase in hepatic glucose output seems to be the most plausible 

explanation for the worsening of glycaemic control seen in this study. Hepatic glucose 

production is highly correlated with the degree of fasting hyperglycaemia in obese Type 2 

diabetes (473). Although no changes in hepatic insulin sensitivity has occurred in other 

controlled studies with Type 2 diabetic patients (227,230,238), glycaemic control was also 

unaffected. In contrast, hepatic glucose output increased in parallel with fasting glucose in 
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an uncontrolled report (217). Friday et al concluded that the rise in fasting glucose seen in 

their study (218) was also due to increased hepatic insulin resistance leading to increased 

hepatic glucose output, since no change occurred in fasting insulin, post-prandial insulin or 

glucose disposal. These authors also suggested that increases in hepatic glucose output 

would be higher in the more obese subjects since increases in fasting glucose was 

associated with being overweight. In the present study however, there were no associations 

between either fasting glucose or changes in fasting glucose, with BMI or waist-to-hip 

ratio. 

The triglyceride-lowering effect of n-3 fatty acids is well-established (265) and 

may be related to an increase in hepatic glucose output. An increase in peroxisome-

proliferator-activated receptor alpha (PPAR-α) with EPA supplementation leads to 

increased hepatic uptake and oxidation of free fatty acids in vitro (207), as well as 

increased skeletal muscle fatty acid oxidation (209). The consequent decrease in free fatty 

acid availability should lead to decreased triglyceride synthesis, while an increase in 

hepatic free fatty acid oxidation could both increase hepatic gluconeogenesis (474), and 

also decrease glucose oxidation via the Randle glucose-fatty acid cycle (475). Puhakainen 

et al. explored the possibility of fish oil causing an increase in fatty acid oxidation in Type 

2 diabetic subjects (238). Increased lipolysis and glycerol gluconeogenesis did result in an 

increase in free fatty acid supply, but this simply increased re-esterification to adipose 

tissue rather than increasing fatty acid oxidation. These results do not however preclude 

the possibility that n-3 fatty acids increase free fatty acid oxidation since there were also no 

changes in fasting glucose. Increases in hepatic mitochondrial β-oxidation occurred with 

EPA but not DHA after both fatty acids elevated PPAR-α in rat hepatocytes (207). This 

may explain the greater tendency of EPA to increase fasting glucose in our earlier study 

(358) and self-monitored blood glucose in this study. However, caution should be used 

when extrapolating data from animal studies and it still remains to be determined as to 

whether n-3 fatty acids affect PPAR-α in humans. 

 

4.5.3 Lipids 

The decrease in triglycerides, without changes in total, LDL- or HDL- cholesterol are in 

accordance with most previous fish oil studies using Type 2 diabetic patients (476). In non-

diabetic subjects, purified EPA and DHA have also lowered triglycerides (358,359), 
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without significantly changing total cholesterol. Whilst HDL2- and HDL3-cholesterol have 

usually remained unchanged in Type 2 diabetic subjects following n-3 fatty acid 

supplementation (230), we observed a significant increase in HDL2 cholesterol with both 

EPA and DHA representing an anti-atherogenic shift in HDL particle size. DHA, but not 

EPA supplementation also caused a beneficial increase in LDL particle size. These data 

support our previous study in overweight hypercholesterolemic subjects, in which DHA 

also increased HDL2-cholesterol and LDL-particle size (358). Similarly, HDL3-cholesterol 

was reduced by EPA both in this and our previous study (358), and there was also a trend 

towards a reduction with DHA in both studies. 

LDL particle size is recognised as an important non-traditional cardiovascular risk 

factor, and one that may explain some of the previously unidentified risk in subjects who 

develop heart disease (477). Whilst the increase in LDL particle size with DHA of 0.26 nm 

in this study appears relatively small, a significant difference in size of only 1.02 nm was 

found between middle-aged healthy men with no risk factors, and similar men exhibiting 

the metabolic syndrome (478). The mean LDL particle size in that group of high-risk 

subjects (25.78 nm) was almost identical to the mean particle size at baseline of our 

subjects in the DHA group. LDL particle size has also been shown to be inversely 

correlated with sub-clinical atherosclerosis as measured by intima-media thickening (478).  

The predominant variables associated with LDL particle size are triglycerides (479) 

and HDL cholesterol (480), and changes in these variables are also the predominant 

predictors of change in LDL size (481). Larger studies have suggested that insulin 

resistance (137) and glycaemic control (482) are also associated with LDL size. However, 

in this study only triglycerides and HDL cholesterol were associated with LDL size at 

baseline, and only the reduction of serum triglycerides was associated with the increase in 

LDL size. Supplementation with fish oil has demonstrated a consistent 

hypotriglyceridaemic action in humans (265), as well as an increase in LDL particle size in 

individuals without diabetes (274,275). A reduction in lipoprotein lipase activity in Type 2 

diabetes reduces the lipolysis of triglyceride-rich particles, contributing to elevated 

triglycerides and increased catabolism of HDL2-cholesterol (483). The differential effects 

on LDL particle size following EPA and DHA in this study cannot however be explained 

by the reduction in triglycerides alone since both EPA and DHA reduced triglycerides by a 

similar extent relative to placebo (19% and 15% respectively). Additionally, the 
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association between the change in LDL size and triglycerides was only weak.  

Lipolysis of triglyceride-rich particles via cholesterol-ester transfer protein (CETP) 

and hepatic lipase (HL) are also major determinants of both LDL (484) and HDL particle 

size (472). Type 2 diabetes and insulin resistance are associated with enhanced mass 

transfer of lipid exchange via CETP and HL activity (483). Nozaki et al found a significant 

increase in the HDL2/HDL3 ratio after supplementation with purified EPA and at the same 

time CETP was significantly reduced (378), although the authors did not describe a 

correlation. Since a reduction in CETP activity would lead to an increase in the LDL size 

as well as the HDL2/HDL3 ratio, these data are suggestive of a greater reduction of CETP 

activity with DHA compared to EPA. Alternatively, a greater inhibition of HL activity 

with DHA compared to EPA could have occurred. However, insulin sensitivity, which is 

related to HL activity, was unchanged in both groups. HL activity was also unchanged in a 

group of Type 2 diabetic subjects receiving 2.5 g/day of n-3 fatty acids for 6 months (276) 

although in this small study, LDL particle size was also unchanged. 

Many of our subjects were receiving pharmacological agents including fibrates that 

may increase LDL particle size (485), and beta-blockers, which may decrease LDL size 

(486). However, subjects were well matched between groups in terms of medication, 

which remained unchanged throughout the intervention. Physical activity, diet, alcohol and 

weight, which all influence LDL size, were also carefully monitored and remained 

unchanged. 

 

4.5.4 Vascular function 

There is considerable evidence supporting a beneficial effect of n-3 fatty acids on vascular 

function (305). Both purified EPA (297) and DHA (399) have proved beneficial in this 

respect. Whilst release of nitric-oxide is the main factor affecting flow-mediated dilatation 

in conduit vessels (429), fish oils also exert effects on vascular function by additional 

mechanisms including changes in the release of ADP, endothelium-derived 

hyperpolarising factor and prostanoids (305). However, we found no significant changes in 

vascular function in this study. Discrepancies between this study and others using purified 

fatty acids may relate to the examination of different vessels (coronary artery (297) and 

forearm microcirculation (399)) and different patient populations. Previous studies also 

employed infusions of vasoactive agents to assess endothelial and smooth muscle function 
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rather than our non-invasive method of assessment using ultrasound. The state of insulin 

resistance in our subjects, concurrent diabetes and hypertension, possible long-term 

vascular damage and the medication they were receiving might have limited potential 

improvements in endothelial function. Insulin sensitivity is known to be associated with 

endothelial function and many anti-hypertensive (487,488) and hypoglycaemic agents such 

as metformin (489) affect endothelial function and/or arterial compliance (401). McVeigh 

et al demonstrated improved endothelial function and arterial compliance in subjects with 

Type 2 diabetes following fish oil supplementation (228,240). However, patients with 

either current hypertension or a history of hypertension were excluded from the study. The 

degree of insulin resistance and/or vascular damage in the selected subjects might thereby 

have been less than that in our study. In addition, few of the non-hypertensive Type 2 

diabetic subjects would have been receiving ACE-inhibitors which aid in restoring both 

endothelial function (487) and arterial compliance (401). 

 

4.5.5 Blood pressure 

In contrast to our previous report in which DHA, but not EPA, significantly reduced 24-hr 

ambulatory blood pressure in overweight mildly hypercholesterolaemic men (398), neither 

EPA nor DHA reduced blood pressure in this study. Indeed, there was a trend towards an 

increase in 24-hr ambulatory blood pressure with DHA. This may have been related to the 

lack of effect on endothelial function as improvements in vascular function with DHA 

(399) coincided with reductions in blood pressure in our previous study. Other possible 

explanations for the lack of antihypertensive effect include concomitant use of other 

pharmacological agents, adequacy of glycaemic control, increased blood pressure 

variability resulting in inadequate statistical power, and the choice of olive oil as placebo.  

Most intervention studies demonstrating a beneficial effect of fish oil on blood 

pressure have included untreated hypertensive subjects (278). In studies using treated 

hypertensives, many (279,280,280-282,282,397,397) although not all (283,490) have been 

negative despite using doses of between 4.5 and 15 g/day of n-3 fatty acids. This may in 

part also relate to recording techniques such as manual sphygmomanometry being unable 

to detect the relatively modest reductions in blood pressure with fish oil supplementation 

(280). Reductions have sometimes been detected with 24-hr blood pressure monitoring but 

not clinic blood pressure (491,492). This Department has demonstrated that a fish diet 
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providing 3.65g/day of n-3 fatty acids reduced ambulatory blood pressures in treated 

hypertensives (288), suggesting that antihypertensive drug therapy per se should not 

obscure the response to n-3's.  

Many of our subjects were receiving ACE-inhibitors and/or calcium channel 

blockers as part of their treatment for hypertension. Howe et al. observed no additional 

effect of fish oil on blood pressure in hypertensives treated with ACE-inhibitors (279). 

Calcium channel blockers may prevent or even reverse the effectiveness of DHA, 

especially in subjects with insulin resistance and hypertension who are known to have 

abnormal cellular Ca2+ metabolism (493). Increased intracellular free Ca2+ is seen in 

hypertensive rat aorta (494) and DHA has been shown to suppress Ca2+ mobilization into 

smooth muscle cells in SHRSP rats (495,496) thereby possibly preventing the development 

of hypertension in these animals. In humans, a fall in blood pressure coincided with a fall 

in intracellular free Ca2+ after fish oil supplementation (497). Group numbers were too 

small to assess the effects on blood pressure of those either on or off calcium channel 

blockers and no other significant group/drug interactions were observed amongst any of 

the other anti-hypertensive drugs.  

Impairments in glycaemic control in diabetic patients following fish oil 

supplementation may prevent the hypotensive effects of fish oil either via an increase in 

oxidative stress or thromboxane production. Increases in oxidative stress caused by 

hyperglycaemia may lead to a decrease in available endothelial nitric oxide and endothelial 

dysfunction (32,99). This is unlikely to have occurred in our study since there was a 

significant decrease in urinary F2-isoprostanes and endothelial function was unchanged. 

Alternatively, the increased production of thromboxane normally present in Type diabetes 

(498) may have increased further with the increases in fasting glucose (78).  

Despite the use of 24-hr blood pressure monitoring, the large variances in systolic 

blood pressure compared to our previous studies (288,398) reduced our statistical power. 

Consequently, sample sizes of 59 and 88 subjects in the EPA and DHA groups would have 

been required to demonstrate a change of 6 mmHg in systolic BP with a power of 80% at 

the p=0.05 level of significance. 

Finally, the choice of "placebo oil" for studies of n-3 fatty acids can be 

problematical. Inclusion of olive oil into the diet of diabetic patients has been claimed to 

improve blood pressure (499), arterial compliance (500), and fasting glucose (166) 
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compared to a diet rich in n-6 fatty acids. Whilst doses in these studies were substantially 

higher than the 4g/day used in this study, a greater reduction of 2.3 mmHg in systolic 

blood pressure was seen on average in fish oil supplementation studies using n-6 

polyunsaturated fatty acids as the placebo compared to olive oil (278). Thus, the small 

daily dose of olive oil may have contributed to the slight falls in both blood pressure and 

glucose observed in the olive oil group, thereby accentuating the relative rise in blood 

pressure seen with DHA. However, this Department has previously demonstrated 

significant blood pressure reductions with purified DHA compared with olive oil, albeit in 

non-diabetic subjects (398)  

 

4.5.6 Heart rate 

The recent GISSI Prevenzione trial (190) demonstrated that even at low doses, (1 g/day), 

n-3 fatty acids can decrease the risk of sudden cardiac death by 45%, possibly by 

stabilizing myocardial membranes and reducing susceptibility to ventricular arrhythmias 

(191). This effect may be related to the reduction in heart rate usually found with fish and 

fish oils (288). In the present study there was a significant decrease in standing heart rate 

following DHA but not EPA supplementation and a trend towards lower heart rates with 

DHA during 24-hr ambulatory monitoring and supine clinic heart rate. This supports our 

previous data demonstrating a significant reduction in 24-hr, daytime and nighttime heart 

rate with DHA, but not EPA supplementation, in overweight hypercholesterolaemic 

subjects (398). Similar effects were seen in a controlled comparison of EPA and DHA in 

healthy subjects in which DHA but not EPA reduced clinic heart rate, the fall being 

associated with an increase in DHA in serum phospholipids (364). DHA is the major n-3 

fatty acid incorporated into myocardial membranes following fish oil supplementation 

(501) and has been demonstrated to be more effective than EPA in reducing ischaemia-

induced cardiac arrhythmias (397).  

 

4.5.7 Inflammation and oxidative stress 

Oxidative stress, measured as F2-isoprostanes, was reduced with both EPA and DHA 

supplementation, consistent with our previous report using purified EPA and DHA 

amongst overweight hypercholesterolaemic subjects (405), and also a fish diet given to 

Type 2 diabetic patients (347). Inconsistencies in the literature regarding the effects of fish 
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oil on oxidative stress may be due to the use of non-specific assays. In contrast, there is 

now good evidence that F2-isoprostanes provide a reliable measure of in vivo oxidative 

stress having been reported to correlate well with conditions of increased lipid 

peroxidation in animals and humans (346).  

Fasting glucose and HbA1c were both independent predictors of F2-isoprostanes at 

baseline, thus confirming previous data (77), and the change in HbA1c was positively 

associated with the change in F2-isoprostanes. However, a reduction in F2-isoprostanes 

occurred despite the significant impairment in fasting glucose following intervention and 

no change in HbA1c. A similar impairment in glycaemic control and reduction in F2-

isoprostanes was seen in our previous study with Type 2 diabetic subjects after an 

increased dietary fish intake (231). Clearly, the negative effects of glycaemic control on 

oxidative stress appear to be outweighed by other mechanisms causing either a reduction in 

oxidative stress or an increase in antioxidant defenses.  

Patients with Type 2 diabetes and/or hypertension both exhibit increased levels of 

oxidative stress and inflammation (66,502) and recent evidence indicates that these are in 

turn strongly influenced by the activation of peripheral polymorphonuclear leukocytes 

(503). Such stimulation causes a respiratory burst of reactive oxygen species, including 

hydrogen peroxide (H2O2) and superoxide (O2
-), as well as leukocyte necrosis and 

recruitment thereby contributing to chronic inflammation. Immune cell activation may 

occur via increases in the pro-inflammatory cytokines IL-6 and TNF-α (504) and in this 

study we observed a positive and independent association between changes in TNF-α and 

changes in urinary F2-isoprostanes. The decreases in urinary F2-isoprostanes may therefore 

have in part been due to decreases in pro-inflammatory cytokines and subsequent 

decreased leukocyte activation. In support of this possibility, although changes in TNF-α 

were non-significant, they were positively associated with the decreases in AA in both 

platelet and plasma phospholipids. AA acts as a substrate for the production of PGE2 and 

LTB4, both considered to be potent pro-inflammatory eicosanoids. LTB4 induces leukocyte 

chemotaxis, adherence to endothelial cells, and increases in TNF-α and IL-1β (Kelley 

2001). Daily supplementation with 4g of purified EPA for 8 weeks reduced AA in 

leukocyte phospholipids, PGE2 and LTB4 generation, and leukocyte chemotaxis, whilst 

increasing the generation of the far less inflammatory LTB5 (505).  

Reductions in in-vitro cytokine production including IL-6 and TNF-α of 
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approximately 25% to 75% have often been observed in fish oil supplementation studies 

(213,338,339,506) and these have been associated with reductions in AA and/or changes in 

prostaglandin synthesis. Little in-vivo data is available, but the administration of 4.8 g/day 

of EPA, DHA and γ-linolenic to cancer patients caused large reductions in serum levels of 

IL-1β, TNF-α and IL-6 of 61%, 73% and 83% respectively (341). EPA, and particularly 

DHA are both capable of modifying leukotriene synthesis (507), with DHA possibly acting 

via inhibition of lipoxygenase (508). In healthy volunteers administered 9g/day of fish oil 

for 4 weeks, increases in mononuclear cell content of EPA caused an exponential decrease 

in TNF-α and IL-1β synthesis from mononuclear cells (213). Similarly, long-term 

supplementation with purified DHA reduced the production of LTB4 as well as secretion of 

IL-1β and TNF-α by mononuclear cells (509).  

In addition to reductions in inflammation, decreases in O2
- generation from 

leukocytes have also been observed after fish oil supplementation (510,511). Human 

leukocytes incubated with EPA or DHA reduced O2
- generation compared to incubation 

with AA, and the decrease was abolished by prior leukocyte treatment with indomethacin 

or aspirin suggesting that a prostaglandin-dependent pathway was responsible for the 

effects. Decreases in O2
- generation have been observed to occur alongside decreases in 

AA in leukocyte phospholipids and LTB4 generation (512). Together, these data could help 

explain the reduction in F2-isoprostanes seen in this and other fish (347) and fish oil studies 

(405) as well as the association between the changes in TNF-α and AA seen in this study.  

Whilst we did not observe a significant reduction in IL-6, TNF-α, or C-reactive 

protein in this study, there was a reduction in TNF-α of approximately 25% in both the 

EPA and DHA groups compared to the placebo group. Due to the relatively large variances 

in TNF-α, a 90% reduction would have been required to demonstrate significance with 

80% power in this study. In addition, incorporation of EPA into human leukocytes and the 

attendant alterations in the lipoxygenation of AA may take 2 to 3 months to achieve 

maximal effect. Thus, reduction in the generation of LTB4 and PGE2 with purified EPA 

supplementation was seen to be far greater at 8 weeks than at 4 weeks (505). Similarly, 

reductions in the in-vitro secretion of IL-1β and TNF-α of approximately 40-45% after 

feeding DHA-rich oil to healthy subjects were significant at 3 months but not at 2 months 

(509). The large decreases in serum cytokines in cancer patients following 

supplementation with fish oil and γ-linolenic acid occurred steadily throughout the 6 
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months with falls in IL-1β and TNF-α only becoming significant after 4 months (341). No 

significant changes had occurred after one month. 

An alternative explanation for the association between the changes in markers of 

oxidative stress and inflammation is that reduced oxidative stress led to a reduction in 

inflammation. This study and other data from this Department demonstrates that fish (347) 

or fish oil supplementation (405) consistently reduces F2-isoprostanes, a specific in-vivo 

marker of oxidative stress. Oxidative stress contributes to hyperglycaemic-induced 

increases in IL-6 and TNF-α, particularly in patients with impaired glucose tolerance and 

diabetes (513). Whilst the high polyunsaturated fatty acid content of n-3 fatty acids might 

expose membrane phospholipids to enhanced peroxidation and the formation of 

hydroperoxides, n-3 fatty acids can also reduce oxidative stress. For example, they inhibit 

phospholipase A2, a pro-oxidant enzyme (514), and enhance the efficiency of the 

antioxidant defense system by increasing the expression of hepatic genes related to the 

antioxidant system such as catalase, glutathione peroxidase and copper/zinc superoxide 

dismutase (515-517). These increases, which occur with both EPA and DHA (518), may 

simply counteract an increase in oxidative stress (519) or alternatively actually reduce 

oxidative stress and hence inflammation.  

 

4.5.8 Platelet aggregation and thromboxane release 

The reduction in collagen-induced aggregation with DHA appeared to be mediated largely 

by changes in TXB2 release during collagen-stimulation since there was a strong 

association between the changes in each, particularly amongst subjects who received DHA. 

AA in platelet phospholipids in the EPA and DHA groups was reduced by approximately 

18% and 7% respectively, a similar amount to our previous study (358). The significant 

decrease in TXB2 release with DHA, but not EPA, therefore occurred despite a greater fall 

in platelet AA in the EPA group implying that the reductions in aggregation and TXB2 

release cannot be fully explained by reduced AA in platelet phospholipids. Likewise, 

liberation of AA from membrane phospholipids was unaffected after the addition of EPA 

or DHA to washed platelets in a recent experimental study, implying no change in 

phospholipase A2 activity (396). 

Controlled studies using lower doses of 1.68g/day and 1.62g/day of DHA failed to 

reduce collagen-induced aggregation (320,353). Both studies involved healthy subjects 
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who might be expected to have normal platelet function. However, higher doses of DHA 

(6g/day) have reduced platelet aggregation to both collagen and ADP in a short-term 

uncontrolled study using healthy subjects (314). DHA given as 6g daily to healthy men for 

90 days also produced a reduction in urinary excretion of TXB2 (390). It was suggested 

that DHA might be sufficiently similar in structure to AA to act as a competitive inhibitor 

of cyclo-oxygenase. In-vitro studies have since demonstrated DHA to be more effective 

than EPA or DPA at inhibiting cyclo-oxygenase-1 activity (396). Hence, while increased 

dietary EPA is converted to TXA3, which is less thrombotic than TXA2, DHA may reduce 

total thromboxane formation. The lack of effect of DHA in previous studies using doses of 

1-2 g daily suggests that a higher dose of DHA may be necessary to inhibit cyclo-

oxygenase. Experimental data also suggests that DPA is superior in suppressing TXA2 

formation by platelets exposed to collagen, AA or thrombin, and may be a more effective 

inhibitor of collagen and AA-stimulated platelet aggregation than either EPA or DHA 

(396). Although EPA significantly increased DPA in platelet phospholipids by 59% and 

DHA decreased DPA by 33%, these changes do not appear to have been large enough to 

have influenced platelet aggregation. Alternative mechanisms via which DHA might 

inhibit collagen-induced platelet aggregation include the inhibition of TXA2 synthetase or 

inhibition of TXA2 receptor function (520,521). 

Neither DHA or EPA affected PAF-induced aggregation. As this pathway is less 

dependent on cyclo-oxygenase than collagen-induced aggregation (443), an inhibitory 

effect of DHA on cyclo-oxygenase could also accord with a failure to observe changes in 

PAF-induced aggregation with DHA. The sensitivity of our subjects' platelets to PAF 

limited us to examining changes at the top of the dose-response curve making detection of 

changes and threshold effects more difficult. Significant changes may have occurred with 

either oil at lower doses.   

While supplementation with DHA leads to a small, albeit significant, increase in 

EPA concentration, the effects of DHA cannot be attributed to retro-conversion of DHA to 

EPA as the latter was ineffective in our patients. However, we acknowledge that this study 

did not include a comparison with fish oil containing both EPA and DHA which may act in 

synergy. Whereas 1.68g/d of DHA failed to reduce collagen-stimulated platelet 

aggregation compared to placebo (320), in the same study a fish diet containing only 

0.38g/d EPA + 0.67g/d DHA, and a fish oil containing 1.33 g/d EPA and 0.95g/d DHA, 
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It is possible that the number and type of anti-hypertensive treatments that our 

subjects were receiving, many of which are known to improve platelet function (522,523) 

may have confounded the results by reducing the scope for improvements. In particular 

they may have accounted for the lack of effect of EPA on both collagen and PAF-induced 

aggregation, despite the significant association between EPA in platelet phospholipids and 

PAF-induced aggregation at baseline. In addition, diabetic subjects are also known to be 

more resistant to changes in aggregation (445).  

were both effective. It remains to be determined if a high dose of DHA is more or less 

effective than a combination of EPA and DHA in reducing platelet aggregation.   

 

4.5.9 Fibrinolysis 

PAI-1 and tPA are both raised in patients with IHD (524) and are also associated with 

increased IMT (525). PAI-1 tended to increase with either EPA or DHA, and this increase 

was associated with a decrease in plasma phospholipid AA. Our results therefore appear to 

be in line with previous studies that have shown either no change or a slight but significant 

increase in PAI-1 antigen levels with fish oil supplementation (310). Whilst this 

Department has previously demonstrated that a fish diet can reduce tPA antigen without 

altering PAI-1 antigen in Type 2 diabetic subjects (321), we observed no significant 

changes in either tPA antigen, or the tPA/PAI-1 ratio, a risk marker for stroke (526). Thus, 

individually, neither EPA or DHA appear to affect either tPA or PAI-1 antigen and any 

effects of fish oil on fibrinolytic function may relate to either synergistic effects of EPA 

and DHA, or their effects on tPA and PAI-1 activity which have been studied in less detail. 

 

4.5.10 Platelet and endothelial activation 

Endothelium-derived vWf and platelet-derived P-selectin assist in initial platelet adhesion 

to the endothelium. Both are released into plasma following endothelial and platelet 

activation and both are typically elevated in Type 2 diabetes (100,101). An inverse 

association between habitual n-3 intake and vWf has been observed (334) and in this study 

DHA in platelet phospholipids was inversely associated with vWf antigen. Higher levels of 

platelet DHA would therefore be expected to reduce the potential for platelet adhesion and 

aggregation. A reduction in vWf with fish oil supplementation has occurred in several 

different subject populations (331) including individuals with diabetes (332) and 
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hyperlipidaemic male smokers (294), subjects likely to exhibit increased platelet 

aggregability. In this study, no significant changes occurred in either vWf or P-selectin, 

which also remained unchanged in patients with coronary heart disease following 5.1g/d n-

3 fatty acids for 6 months (333). However, as in this study, P-selectin was below the 

normal range, which may have reduced the likelihood of detecting a fall with n-3 

supplementation.  

We also observed an inverse association between P-selectin and DPA in plasma 

phospholipids. Since DPA demonstrated more potential than either EPA or DHA as an 

inhibitor of platelet aggregation formation in ex-vivo animal studies (396), DPA may also 

be an effective antithrombotic agent. 

 

4.6 Summary 

In summary, this study showed that over 6 weeks 4 grams daily of either EPA or DHA 

reduced serum triglycerides and increased HDL2-cholesterol. Additionally, DHA increased 

LDL particle size and reduced collagen-induced platelet aggregation and thromboxane 

release. A significant decrease in clinic heart rate and a trend towards a reduction in 24-hr 

ambulatory heart rate with DHA added support to present evidence that DHA may be more 

important than EPA regarding the anti-arrhythmic effects of fish oil. As in our previous 

fish diet and EPA and DHA supplementation studies, both oils reduced urinary F2-

isoprostanes indicating a reduction in oxidative stress and there was a non-significant trend 

towards a reduction in the pro-inflammatory cytokine TNF-α. Long term supplementation 

with EPA and DPA may also have inhibitory effects on platelet function since there were 

significant inverse associations between these fatty acids and PAF-induced aggregation 

and P-selectin respectively. Counterbalancing the potentially beneficial effects of both 

EPA and DHA was the mild impairment of glycaemic control in these moderately obese 

Type 2 diabetic patients with treated hypertension. The most likely explanation for this 

appears to be an increase in hepatic glucose output since both insulin sensitivity and 

insulin secretion remained unchanged. However hepatic glucose output was not directly 

assessed and this therefore requires confirmation. There were no significant effects of 

either oil on clinic or 24-hr ambulatory blood pressure, vascular function measured by 

flow-mediated and glyceryl tri-nitrate mediated dilatation, markers of fibrinolysis, and 

endothelial activation. Despite reductions in thromboxane release and platelet aggregation 
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4.7 Conclusion 

with DHA, neither oil reduced P-selectin, a marker of platelet activation. 

 

The results from this study suggest that short-term moderate dose supplementation with 

either purified EPA or DHA offer similar benefits in terms of lowering triglycerides, 

improving HDL-cholesterol sub-fraction profile, and reducing oxidative stress in subjects 

with Type 2 diabetes and hypertension. However, DHA offers more potential as an anti-

thrombotic agent than EPA in these subjects by virtue of its beneficial effects in reducing 

collagen-induced platelet aggregation and thromboxane production, and increasing LDL 

particle size. DHA but not EPA also caused a slight reduction in heart rate, confirming 

previous data, and possibly related to the greater antiarrhythmic effects of DHA compared 

with EPA. In conjunction with possible longer-term anti-inflammatory effects, these 

results indicate that DHA may be useful in the treatment of Type 2 diabetic subjects with 

treated hypertension and more important than EPA in its therapeutic potential, and as a 

food additive, for these subjects.  

However, neither purified EPA nor DHA at a dose of 4g/day offered any 

substantial advantages to fish or mixed fish oil supplements in relation to effects on 

glycaemic control, the overall lipid profile, blood pressure or vascular function in this 

group of subjects. In this regard, the overall benefits and risks of fish oils still need to be 

assessed in longer-term studies in which major morbidity and mortality are the primary 

outcome measures. Different doses also need to be trialled, particularly for this group of 

subjects as lower doses may still have important benefits without affecting glycaemic 

control. 
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CHAPTER 5 INFLAMMATION AND VASCULAR FUNCTION IN 

TYPE 2 DIABETIC SUBJECTS WITH TREATED HYPERTENSION 
 

5.1 Introduction 

Men and women with Type 2 diabetes typically exhibit impaired endothelium-dependent 

and endothelium-independent arterial function (527) thereby increasing their risk of 

cardiovascular disease (528,529). Vascular dysfunction in these subjects may partially be 

explained by co-existent dyslipidaemia, insulin resistance and increased oxidative stress 

(530), but there is a need to explore other influences. 

Strong evidence now suggests that the immune system and heightened 

inflammatory responses play a fundamental role in the development of vasculopathy (68). 

Inflammatory markers including total leukocyte count (531), C-reactive protein (CRP) (60) 

and fibrinogen (532), have all been identified as independent predictors of cardiovascular 

disease and mortality. Pro-inflammatory cytokines, including interleukin-6 (IL-6) and 

tumor necrosis factor-alpha (TNF-α) have been found in the sub-endothelial space in the 

early stages of atherosclerosis along with various leukocytes (68). They also play a role in 

the regulation of vessel wall tone by affecting the release of nitric oxide and endothelin-1 

(69,533). An inflammatory response may thus also be related to the development of 

vascular dysfunction, where similar changes in vasoactive substances exist (534).  

An association between CRP elevation and endothelial dysfunction has been 

reported in patients with coronary heart disease (535) and also in healthy subjects (536). In 

addition, elevated CRP has been associated with reduced nitroglycerin-induced 

vasodilatation (537). Raised concentrations of inflammatory markers are seen in both 

diabetes (30,538) and hypertension (66), and moreover, have been found to be predictive 

of the development of Type 2 diabetes (539). (540)Inflammation may thus be either a 

cause or a consequence of endothelial dysfunction in Type 2 diabetes  

 

5.2 Aim  

The aim of this study was to therefore examine the association of vascular function with 

markers of inflammation in subjects with Type 2 diabetes and hypertension and to compare 

the associations with age-matched controls. We also examined the association between 

inflammatory markers (leukocyte count, CRP, fibrinogen, IL-6 and TNF-α) and those of 
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platelet, endothelial and leukocyte activation (P-selectin, vWf and L-selectin respectively) 

to assess potential causes or consequences of any underlying inflammation.  

 

5.3 Methods 

5.3.1 Subjects 

Subjects from the preceding intervention described in Chapter 4 in whom tests of 

endothelial function had been performed were selected. Healthy non-smoking males and 

females recruited from the general community by media advertising were used as age and 

sex-matched controls. Subjects in both groups were excluded if they had a recent or past 

history of symptomatic heart disease, urinary tract infections, a consumption of > 40g 

ethanol/day, or a BMI > 35 kg/m2. Diabetic subjects were also excluded if they had a 

history of myocardial infarction, stroke, or angina pectoris, recent (3 months) major 

surgery, used non-steroidal anti-inflammatory drugs irregularly, or had symptomatic 

autonomic neuropathy. Control subjects were also excluded if they were receiving any 

medication or taking dietary supplements, if there was a recent history of injury or illness, 

or a recent or past history of diabetes, liver, renal, or gastrointestinal disease. The ethics 

committee of the Royal Perth Hospital approved the study, and all subjects gave written 

informed consent (Appendices 5 and 6). All procedures followed were in accordance with 

institutional guidelines. 

 

5.3.2 Study design 

The study was performed in a case-control manner with control and diabetic subjects being 

matched for age and gender.  

 

Blood sampling and laboratory assays 

Fasting overnight blood samples were collected on two visits for serum glucose and 

insulin, HbA1c, triglycerides, total cholesterol, LDL cholesterol, HDL cholesterol, and 

leukocyte count and assayed immediately as described in Chapter 2. Plasma samples for 

leukocyte count, CRP, IL-6, fibrinogen and P-selectin, and serum samples for L-selectin 

and TNF-α were collected once, stored at -800C and assayed as described in Chapter 2. 
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Data were analysed by using SPSS (SPSS Inc, Chicago) with independent t-tests to assess 

the differences between groups. Differences were considered significant when p<0.05. All 

variables were tested for normality using histograms and Kolmogorov-Smirnov statistics. 

Linear regression was used to assess univariate and multivariate relationships using a 

significance level of p<0.05. Power calculations indicated that a correlation coefficient 

equal to 0.5 would be recognised as significantly different from zero with 80% power 

using 29 subjects (541). FMD and GTNMD were used as dependent variables and age, 

gender, BMI, fasting glucose, serum lipids and lipoproteins, systolic and diastolic BP, 

markers of cell activation (vWf, P-selectin and L-selectin) and inflammatory markers 

(leukocyte count, CRP, fibrinogen, TNF-α, IL-6), were tested as independent variables. 

Relationships between markers of cell activation and inflammation were examined using 

Pearson correlation coefficients with 2-tailed tests of significance. Values are reported as 

mean ± SD. FMD and GTNMD responses were calculated as the percent increases from 

baseline diameter. 

 

5.4.1 Study population 

Twenty-four male and 6 female hypertensive Type 2 diabetic subjects, and 12 male and 5 

female healthy controls were recruited for the study. One male diabetic subject was 

excluded from the results, as values for leukocyte count were not obtained. Subject 

characteristics are shown in Table 5.01. Systolic BP, fasting glucose and insulin were 

significantly higher (p<0.05, p<0.001 and p<0.001 respectively), while total and LDL 

cholesterol were significantly lower (p<0.001 for both), in the hypertensive Type 2 

diabetic group compared with controls. None of the controls used either anti-hypertensive 

Brachial artery ultrasound 

Flow-mediated dilatation (FMD) and glyceryl-trinitrate mediated dilatation (GTNMD) 

were used to assess endothelial-dependent and endothelial-independent function 

respectively in the subset of diabetic subjects from Chapter 4 (8, 12 and 10 from the olive 

oil, EPA and DHA groups respectively), and all of the control subjects. The technical 

aspects of the ultrasound procedure are described in Chapters 2 and 3. 

 

Statistical analysis 

5.4 Results 
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or lipid lowering medication. Amongst the hypertensive diabetic subjects, antihypertensive 

medication comprised: ACE inhibitors (n=17), Ca2+ channel blockers (n=11), angiotensin 

II receptor antagonists (n=6), β-blockers (n=6), diuretics (n=6) and alpha-blockers (n=2). 

One, two, or three or more hypertensive agents were used by 8, 14 and 7 subjects, 

respectively. Diabetic subjects were also taking oral hypoglycaemic agents in the form of 

biguanides (n=17), sulphonylureas (n=14) and alpha-2 glucosidase inhibitors (n=1), with 

zero, one, two, or three agents used by 4, 19, 5, and 1 subjects, respectively. Statins were 

taken by 10 subjects and fibrates by 1 subject, with none using both. A total of 9 and 7 

patients were using regular aspirin or non-steroidal anti-inflammatory agents (NSAID's) 

respectively.  

 

Table 5.01 Characteristics of study participants

 

Characteristic 

Diabetics 

(n = 29) 

Controls 

(n = 17) 

Gender (M/F)  23/6 12/5 

Age, (yrs) 

27.6 ± 3.3 

Fasting insulin (mU/l)  

62 ± 9 61.1 ± 7.0 

BMI, (kg/m2) 30 ± 4.1 

Cholesterol, (mmol/l) 4.4 ± 0.7 5.8 ± 0.7††

LDL Cholesterol, (mmol/l) 2.6 ± 0.6 4.0 ± 0.5††

HDL Cholesterol, (mmol/l) 1.1 ± 0.3 1.3 ± 0.2 

Triglycerides, (mmol/l) 1.5 ± 0.7 1.2 ± 0.5 

Systolic BP (mmHg) 135 ± 16 124 ± 16†

Diastolic BP (mmHg) 72 ± 9 73 ± 9 

Fasting glucose (mmol/l) 7.7 ± 1.6 5.1 ± 0.4††

14.5 ± 7.1 6.6 ± 1.7††

Values are expressed as mean ± SD. 
Between group differences: †, p<0.05; ††, p<0.001 
 

5.4.2 Vascular function and markers of inflammation and cell activation 

Table 5.02 shows the markers of vascular function, inflammation and cell activation in the 

two populations. There was a trend towards an impairment in FMD in the diabetic group 

compared with the control subjects (p=0.07) and GTNMD was significantly lower 
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(p=0.04) amongst the diabetic subjects compared to controls. There were no significant 

differences in either FMD or GTNMD for the use of any particular medication, including 

aspirin and NSAID's within Type 2 diabetic subjects. CRP, TNF-α and fibrinogen were all 

significantly higher in the Type 2 diabetic group than in the control group (p=0.03, 

p<0.001 and p<0.001 respectively). A similar but non-significant trend for mean leukocyte 

count and plasma IL-6 levels was evident in the diabetic group. There were no significant 

differences in vWf in the diabetic group compared with controls, with both groups being 

within the normal range. Mean values of P-selectin were significantly lower in the diabetic 

group compared with those in the control group (p<0.001) and were below the normal 

range. Soluble L- selectin was above the normal range in both groups with no significant 

difference between groups. 

Table 5.02 Vascular function and markers of inflammation and cell activation

Characteristic 
Diabetics 

(n = 29) 

Controls 

(n = 17) 

Vascular function    

Baseline volume flow (ml/min) 151 ± 76 137 ± 69 

Peak hyperemic response (%) 472 ± 234 562 ± 215 

Flow mediated dilatation (%) 3.9 ± 3.0 5.5 ± 2.4 

GTN mediated-dilatation  (%) 11.4 ± 4.8 15.4 ± 7.1†

Markers of inflammation 

Leukocyte count (x 109/l) 

 

6.5 ± 1.4 

116 ± 46††

 

6.0 ± 1.2 

C-reactive protein (mg/l) 2.7 ± 2.6 1.4 ± 1.1†

Plasma fibrinogen (g/l) 3.4 ± 0.7 2.7 ± 0.3††

TNF-alpha (pg/ml) 20.9 ± 13.4 2.5 ± 1.7††

IL-6 (pg/ml) 2.0 ± 1.2 1.6 ± 1.0 

Markers of cell activation   

vWf (%) 96.6 ± 31.5 92.1 ± 47.5 

P-selectin (ng/ml) 58 ± 21 

L-selectin (ng/ml) 1366 ± 247 1484 ± 275 

Values are expressed as mean ± SD. Between group differences: †, p<0.05; ††, p<0.001 
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Univariate and Multivariate models of FMD  

Amongst the Type 2 diabetic subjects, but not controls, FMD was inversely correlated with 

leukocyte count (r=-0.48, p=0.009) (Figure 5.01A) and vWf (r=-0.35, p=0.06), and 

positively related to female gender (r=0.36, p=0.05). Stepwise multivariate regression 

analysis with age and gender included in the model a priori, revealed that FMD was 

inversely associated with leukocyte count (p=0.01) amongst the Type 2 diabetic subjects 

(Table 5.03). In the control group, FMD was inversely associated with age (r=-0.3, 

p=0.02). There were no significant associations between FMD and total cholesterol, LDL-

cholesterol, HDL-cholesterol or triglycerides in either the control or Type 2 diabetic group.  

 

Univariate and Multivariate models of GTNMD  

Amongst the Type 2 diabetic subjects, but not controls, GTNMD was inversely correlated 

with age (r=-0.52, p=0.004), leukocyte count (r=-0.58, p=0.001) (Figure 5.01B), IL-6 (r=-

0.33, p=0.08) and vWf (r=-0.47, p=0.009) and positively related to female gender (r=0.41, 

p=0.03). Use of aspirin was negatively correlated with GTNMD (r=0.39, p=0.04). 

Stepwise multivariate regression analysis with age and gender included in the model a 

priori, showed that GTNMD was inversely associated with age (p=0.01), leukocyte count 

(p<0.001) and IL-6 (p=0.03), and positively associated with female gender (p=0.01) 

amongst the Type 2 diabetic subjects (Table 5.03). There were no significant associations 

between GTNMD and total cholesterol, LDL-cholesterol, HDL-cholesterol or triglycerides 

in the Type 2 diabetic group. There was a significant positive correlation between 

GTNMD and triglycerides (r=0.30, p=0.01) amongst the control subjects. However, this 

relationship was not significant after adjustment for age and gender.  

 

5.4.3 Markers of cell activation and  inflammation 

In the diabetic subjects, but not amongst controls, vWf was correlated with leukocyte count 

(r=0.38, p=0.04), whilst P-selectin correlated with fibrinogen (r=0.58, p=0.001). 

 

5.5 Discussion 

This study examined the association of measures of endothelium-dependent and 

endothelium-independent function, with markers of inflammation in Type 2 diabetic 

subjects, and age and gender-matched controls. We also examined the relationship 
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Table 5.03 Stepwise multivariate regression models for FMD and GTNMD amongst 
Type 2 diabetic subjects  
 SE ∆ adjusted r2 p-value 

FMD     

     Age (yrs) 0.004 0.06 -0.02 0.95 

     Gender (0=M, 1=F) 2.3 1.2 0.09 0.07 

     Leukocyte count (x109/L) -0.9 0.4 0.17 0.01 

GTNMD     

     Age (yrs) -0.2 0.06 0.24 0.01 

     Gender (0=M, 1=F) 3.5 1.2 0.09 0.01 

     Leukocyte count (x109/L) -1.8 0.4 0.23 <0.001 

     IL-6 (pg/ml) -1.4 0.4 0.12 0.03 

Values are expressed as regression coefficient (B) and the standard error of B (SE).  
∆ adjusted r2 represents the contribution of each term to the explained variance in FMD and 
GTNMD. 
 

between markers of inflammation and cell activation. In agreement with previous studies, 

FMD and GTNMD were both impaired in the Type 2 diabetic patients compared with the 

control group (527,528). It is therefore not possible to establish in this study whether there 

were specific changes in endothelial function in contradistinction to vascular smooth 

muscle. A novel finding was that leukocyte count was a strong predictor of both FMD and 

GTNMD amongst the diabetic patients independent of age and sex. In addition, the pro-

inflammatory cytokine IL-6 was a predictor of GTNMD independent of age, sex and 

leukocyte count. 

 

5.5.1 Predictors of vascular function 

Whilst smoking, risk factor score, older age, male gender and larger vessel size were 

demonstrated to be independent predictors of endothelial dysfunction in clinically healthy 

subjects (527), these factors accounted for only 40% of total variability. Neither 

cholesterol nor blood pressure were significant predictors on their own. Similarly, vessel 

size was the only independent predictor of the response to nitroglycerin and explained just 

21% of the total variability (527). In agreement with these findings, age was the only 

significant predictor of FMD amongst control subjects in this study, and there were no 

significant associations with the main lipid parameters or blood pressure. It is conceivable 
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therefore that improvement in endothelial function following statin therapy is a result of a 

reduction in inflammation (542) rather than cholesterol. Leukocyte count was the strongest 

independent predictor of both FMD and GTNMD amongst the diabetic subjects, 

accounting for 17% and 23% of the variance in FMD and GTNMD respectively. This 

strong association may have accounted for the loss of association between FMD and age 

present in the general population.  

 

5.5.2 Markers of inflammation 

The higher levels of inflammatory markers in our hypertensive diabetic subjects suggested 

an underlying inflammatory state, in line with previous studies (30,538). Leukocyte count 

has been shown to be a predictor of the development of Type 2 diabetes (539), and is 

associated with the progression of carotid atherosclerosis (543) and an increased incidence 

of CHD (544). White cell count is a global marker of inflammation but was only non-

significantly higher amongst the diabetic subjects compared to controls. However, the 

acute phase reactants CRP and fibrinogen were significantly elevated in the diabetic group, 

perhaps as an indirect result of the elevated levels of TNF-alpha and IL-6. The lack of any 

association with leukocyte count and vascular function amongst control subjects may relate 

to an absence of inflammation in this group. 

 

5.5.3 Markers of endothelial and platelet activation 

Endothelial cells, platelets and leukocytes are all involved in the modulation of vascular 

tone (545). We assessed makers of activation in these cells and related them to our markers 

of inflammation. In the diabetic group, there was a strong positive association between 

white cell count and vWf, a marker of endothelial cell-activation. Together with the 

inverse relationships between vWf and both FMD and GTNMD, this supports the notion 

that the impaired vascular function may be a by-product of endothelial activation, which 

might increase oxidative stress and reduce the availability of endothelial nitric oxide. 

Endothelial activation may in-turn be the result of an elevation in TNF-alpha (69), or 

alternatively, an enhanced activation of cellular adhesion molecules in the hypertensive 

patients (546) promoting monocyte infiltration of the endothelial layer. P-selectin, a 

marker of platelet and endothelial activation, was significantly lower amongst 
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tic patients compared to the controls, even though diabetic patients are known to have 

sed platelet activation (547). Statin therapy is known to lower P-selectin levels (548) 

ne-third of diabetic subjects were receiving treatment. However the interaction of P-

in with statins in this study was not significant. In addition to blocking thromboxane 

ction and reducing platelet aggregation, aspirin also reduces PAI-1, C-reactive 

in (105) and von Willebrand factor (549). However, there were no differences in these 
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variables or P-selectin between the nine diabetic subjects receiving aspirin therapy and 

those who did not. The lower P-selectin levels may instead therefore be related to 

persistent activation leading to exhaustion of the platelet and down regulation of P-selectin. 

Since the latter has recently been shown to have anti-inflammatory properties (550), this 

may have reduced the anti-inflammatory capacity of the diabetic subjects (551,552). P-

selectin was positively correlated with fibrinogen in the diabetic group, suggesting that the 

inflammation present may have been associated with platelet activation in addition to 

endothelial activation. L-selectin, a marker of leukocyte activation was elevated compared 

to the normal range in both groups, but there were no significant correlations between L-

selectin and inflammatory markers.  

 

5.5.4 Summary and conclusion 

This study found an association between inflammatory markers and impaired vascular 

function in hypertensive Type 2 diabetic patients. The positive associations of white cell 

count with vWf, and of fibrinogen with P-selectin, raise the possibility that any 

inflammatory state may in part be associated with endothelial and platelet activation 

resulting from the presence of diabetes or hypertension. We were not able to establish 

causality within this cross-sectional study. However, previous research has shown white 

cell count and other inflammatory markers to be predictors of developing Type 2 diabetes 

(539,540). Inflammatory markers are also strongly related to insulin resistance and 

endothelial dysfunction in healthy subjects (553,554). Reducing CRP in coronary heart 

disease patients restores endothelial function (555). These data and ours suggest the 

relationship between inflammatory markers and FMD/GTNMD could be causal rather than 

casual. It is conceivable that the antihypertensive therapy and statins received by some of 

the diabetic subjects confounded the outcomes of the present study. However, since many 

of these agents have been shown to improve endothelial function (556,557), reduce 

inflammation (557) and also have anti-platelet (523) and anti-oxidant effects (558), any 

confounding is anticipated to have reduced rather than enhanced the capacity of the present 

study to find significant associations. Assessing whether improvements in vascular 

function occur in concert with the reductions in inflammation seen with lipid and glucose-

lowering therapies in Type 2 diabetic subjects (559,560), may help determine whether or 

not these inflammatory markers are mediators of vascular dysfunction. 
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CHAPTER 6 SUMMARY, CONCLUSIONS, AND FUTURE 

DIRECTIONS  
 

6.1 Summary 

The results of the first study in this thesis demonstrate that both purified EPA and purified 

DHA have significant beneficial effects on cardiovascular risk factors in individuals with 

Type 2 diabetes and hypertension. Both oils improved the subjects' lipid profile following 

short-term supplementation. Also, as in our previous studies, using either a fish diet (347), 

or supplementation with EPA or DHA (358), both oils reduced urinary F2-isoprostanes 

suggesting a reduction in oxidative stress. DHA also reduced platelet aggregation thereby 

helping to further reduce the risk of atherothrombosis. However, these benefits were 

potentially offset by a significant deterioration in glycaemic control, supporting several 

controlled and uncontrolled fish and fish oil studies in Type 2 diabetic subjects. In 

addition, whilst n-3 fatty acids from fish oil, and in particular DHA, have previously 

effected reductions in blood pressure (398) and improvements in vascular function (399), 

these were not apparent in this group of treated hypertensive diabetic patients with either 

EPA or DHA.  

 The results of the second study in this thesis confirmed that individuals with Type 2 

diabetes and hypertension have a heightened inflammatory condition as demonstrated by 

elevations in several markers of inflammation including C-reactive protein, the pro-

inflammatory cytokine TNF-α, and fibrinogen. In addition, associations existed between 

markers of inflammation and measures of vascular function, and between endothelial and 

platelet activation.       

 

6.2 Conclusions 

Study 1 allowed for the inclusion of Type 2 diabetic subjects receiving drug therapy for 

hypertension and if necessary lipid lowering therapy and oral hypoglycaemic agents. These 

treatments may have limited our conclusions regarding the effects of the two n-3 fatty 

acids since the treatments can themselves affect many of the variables measured. For 

example, either of the two fatty acids ability to effect changes in blood pressure and 

vascular function may have been reduced by anti-hypertensives (487), insulin sensitisers 

(489) and/or lipid-lowering therapy (161). Our conclusions are also limited by the selection 
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bias of our study population based on the inclusion and exclusion criteria, namely Type 2 

diabetic individuals with moderate glycaemic control and without macrovascular disease 

or microvascular complications.  The inclusion criteria did however allow us to determine 

the usefulness of supplementing Type 2 diabetic individuals with purified n-3 fatty acids 

against a background of diabetic treatment. These findings are therefore of practical 

importance as the individuals included in the study represent a large proportion of the 

diabetic population.   

Numerous studies have assessed the effects of fish oil on glycaemic control and 

other cardiovascular risk factors in Type 2 diabetic patients, and several controlled studies 

have now assessed the independent effects of EPA and DHA in non-diabetic individuals. 

However, no studies prior to this have directly compared the effects of EPA and DHA in 

Type 2 diabetic individuals. In view of recent data, DHA appeared to offer the potential to 

reduce cardiovascular risk in a manner similar to EPA, but without the impairment in 

glycaemic control observed in several previous fish oil trials with Type 2 diabetic patients. 

In addition, this study reports on the effects of the two n-3 fatty acids over a wide range of 

cardiovascular risk factors, allowing us to comment on the likely overall benefit to 

cardiovascular health of these two oils, rather than making inappropriate conclusions based 

upon selective measures.  

Our results are supportive of purified fish oil studies with non-diabetic individuals 

demonstrating that not only EPA, but also DHA, both have important metabolic effects 

which are likely to help in the prevention of cardiovascular disease or its management. In 

addition, our results indicate that with regard to the treatment of Type 2 diabetic subjects 

with treated hypertension, DHA may be more important than EPA in its therapeutic 

potential. Previous studies with EPA and DHA suggested that this might be the case. Thus, 

DHA proved to be more effective than EPA in reducing blood pressure (398) and 

improving vascular function (399) in overweight individuals not being treated for 

hypertension, and DHA was more effective than EPA in preventing hypertension and 

cardiac arrhythmias in spontaneously hypertensive rats (397). For individuals who 

normally consume little fish, an increased intake of DHA can be provided either in 

supplement form or as a food additive. The food industry is presently attempting to fortify 

many common foodstuffs such as bread, milk, and eggs with n-3 fatty acids, with a recent 

tendency towards either purified EPA or DHA rather than both. With this in mind, our 
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findings are of particular importance to food manufacturers and individuals alike.  

  The associations observed in Study 2 complement previous research. White cell 

count has been shown to be an independent predictor of the development of insulin 

resistance and Type 2 diabetes (539,540) and other inflammatory markers have been 

strongly related to insulin resistance and endothelial dysfunction in healthy subjects 

(553,554). Our cross-sectional study cannot however ascertain the directionality of the 

associations between inflammation and vascular dysfunction nor between inflammation 

and endothelial and platelet activation.  

  

6.3 Future directions 

The purified EPA and DHA study was conducted over a relatively short period (6-weeks) 

allowing us to closely monitor any lifestyle, medication and dietary changes that may have 

occurred. Regular contact with the subjects, and assessment of capsule compliance over 

this period also helped to ensure that there were no changes in lifestyle and diet. 

Consequently we can be confident that the findings of this study represent the short-term 

effects of the two fish oils. However in order to make conclusions regarding the long-term 

effects of the two oils, a long-term prospective study is required.  

Two secondary prevention studies in individuals without diabetes have now 

demonstrated the efficacy of fish oils or a fish diet in reducing cardiovascular related 

endpoints (189,190). Given the reduction in platelet aggregation, the increase in LDL 

particle size, and the decrease in standing clinic heart rate seen with DHA but not with 

EPA in this study, these results support a greater anti-thrombotic and anti-arrhythmic effect 

for DHA than for EPA. This is important since the early separation in survival curves in 

the DART and GISSI trials are suggestive that the major benefits of fish oils may be 

related to these mechanisms. Together these data suggest that DHA may therefore have the 

greatest potential for reducing long-term cardiovascular related end-points including major 

morbidity and mortality. A long-term or larger study could also establish whether or not 

some of the non-significant trends for reductions in pro-inflammatory cytokines seen in 

Study 1 translate into a real benefit. Similarly, the limited number of subjects may have 

reduced our statistical power and prevented us from finding significant changes in blood 

pressure and vascular function that have previously been demonstrated in fish, fish oil and 

purified fish oil studies. Any prospective study should therefore ideally be large enough to 
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assess the effects on these variables as secondary end-points.  

Doses of n-3 fatty acids similar to that used in this study are usually required to 

effect significant reductions in blood pressure. However, this study and others (231,358) 

now clearly show that doses as high as these can also cause a deterioration in glycaemic 

control in individuals with Type 2 diabetes. Our self-monitored blood glucose data suggest 

however that this may only be a transient phenomenon. Hence a long-term study with 

different doses of fish oil, and regular monitoring of glycaemic control, could add 

important information to the debate on the safety of fish oils in Type 2 diabetes. In regard 

to dose, a recent review article has suggested that up to 3g/day appears likely to be safe yet 

beneficial (221), perhaps capable of effecting a decrease in macrovascular end-points 

without a decrease in glycaemic control and/or an increase in microvascular complications. 

In addition to dose, the degree of obesity and initial glycaemic control, and/or the use of 

oral hypoglycaemic agents may also affect glycaemic outcomes. Allowing heterogeneity of 

subjects in terms of these variables would therefore be preferable provided sufficient 

subjects were available for sub-group analysis. Inclusion of individuals receiving 

medication either for their diabetes or for related disorders such as dyslipidaemia and 

hypertension as in this study would also be necessary if the findings of the study are to 

have practical significance. Most of the diabetic population receive either hypoglycaemic, 

lipid-lowering, anti-thrombotic or anti-hypertensive therapy.    

Different types of fish oil also need to be assessed. A direct comparison of fish oil 

with both EPA and DHA would help determine if either n-3 fatty acid alone is superior or 

whether synergistic effects of EPA, DHA, and indeed DPA exist. Since DPA has been 

demonstrated to be more effective than either EPA or DHA in reducing collagen-induced 

thromboxane reduction and aggregation in ex-vivo animal experiments (396), a 

comparison with this individual fatty acid would also be advantageous, especially 

considering the high atherothrombotic risk in Type 2 diabetic individuals.  

The most likely explanation for the increase in fasting glucose with both EPA and 

DHA appears to be an increase in hepatic glucose output since both insulin sensitivity and 

insulin secretion remained unchanged. However, hepatic glucose output was not directly 

assessed and this therefore requires confirmation with either the euglycaemic or 

hyperglycaemic clamp techniques and the use of stable-isotope glucose tracers. Thus, a 

short-term intervention study could help identify the causes of the deterioration in 
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glycaemic control seen in this study, whilst a prolonged intervention is also required to 

determine any long term effects of either EPA or DHA on insulin sensitivity, insulin 

secretion and glycaemic control. 

Our results from study 2 and previous research demonstrating that reducing CRP in 

coronary heart disease patients restores endothelial function (555) suggests that the 

relationship between inflammatory markers and FMD/GTNMD could be causal rather than 

casual. Assessing whether improvements in vascular function occur in concert with the 

reductions in inflammation seen with lipid and glucose-lowering therapies in Type 2 

diabetic subjects (559,560) would help determine whether or not these inflammatory 

markers are mediators of vascular dysfunction. Prospective studies in young healthy 

individuals without diabetes or vascular dysfunction, but who include a broad range of 

levels of underlying systemic inflammation are required to establish if inflammation causes 

endothelial dysfunction and insulin resistance/diabetes. 
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edge-detection software system. J Appl Physiol 2001;91:929-937. 

 
2. Woodman RJ, Watts GF, Puddey IB, Burke V, Mori TA, Hodgson JM, Beilin LJ. Leukocyte 

count and vascular function in type 2 diabetic subjects with treated 
Hypertension. Atherosclerosis 2002;163:175-181. 

 
3. Woodman RJ, Mori TA, Burke V, Puddey IB, Watts GF, Beilin LJ. Effects of purified 

eicosapentaenoic acid and docosahexaenoic acid on glycemic control, blood pressure and 
serum lipids in treated-hypertensive type 2 diabetic patients. Am J Clin Nutr 2002;76:1007-
1015. 

 
4. Woodman RJ, Mori TA, Burke V, Puddey IB, Barden A, Watts GF, Beilin LJ. Effects of 

purified eicosapentaenoic acid and docosahexaenoic acid on platelet, fibrinolytic and vascular 
function in hypertensive Type 2 diabetic patients. Atherosclerosis 2002;166:85-93. 

 
5. Woodman RJ, Watts GF. More on clinical aspects of endothelial function: improving 

measurement and prognostic value (Letter). Med Sci Monitor 2002; 8 (5): LE9-LE10. 
 
6. Woodman RJ, Mori TA, Burke V, Puddey IB, Watts GF, Best JD, Beilin LJ. Docosahexaenoic 

acid but not eicosapentaenoic acid increases LDL particle size in treated-hypertensive Type 2 
diabetic patients (Letter). Diabetes Care 2003; 26(1): 253. 

 
7. Mori TA, Woodman RJ, Burke V, Puddey IB, Croft ID, Beilin LJ. Effect of eicosapentaenoic 

acid and docosahexaenoic acid on oxidative stress and inflammatory markers, in treated-
hypertensive Type 2 diabetic subjects. Free Radical Biomed 2003; 35: (in press). 

 
 
Presentations at National and International Scientific meetings 

2001 
 
Fremantle,  Australian Atherosclerosis Society - Annual Scientific Meeting. 
WA   Young Investigator of the Year Finalist. Oral Presentation: 

Differential effects of eicosapentaenoic acid and docosahexaenoic acid on platelet, 
vascular and fibrinolytic function in treated hypertensive Type 2 diabetic patients. 

 
Perth, WA University of Western Australia Department of Medicine - Annual Scientific 

Meeting. Oral Presentation: 
Leukocyte count is an independent predictor of flow-mediated dilatation and 
smooth muscle function in patients with treated hypertensive Type 2 diabetes. 

 
Perth, WA Royal Perth Hospital, Young Investigator of The Year Finals. Oral Presentation: 

Leukocyte count is an independent predictor of flow-mediated dilatation and 
smooth muscle function in patients with treated hypertensive Type 2 diabetes. 

 
Milan, Italy European Society for Hypertension. Annual Scientific Conference. 
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 Oral presentation: 

 

Leukocyte count is an independent predictor of flow-mediated dilatation and 
smooth muscle function in treated hypertensive Type 2 diabetes. 
 

Milan, Italy European Society for Hypertension. Annual Scientific Conference. 
Oral presentation: 
Effects of purified eicosapentaenoic acid and docosahexaenoic acid on serum 
lipids, glycaemic control and blood pressure in hypertensive Type 2 diabetics. 

 
Perth, WA Keogh Institute, Sir Charles Gardiner Hospital, Perth. 
  Invited speaker 
  Endothelial function Assessment - Techniques and reproducibility.  

2000 
 
Adelaide,  Australian Atherosclerosis Society - Annual Scientific Meeting. 
SA   Young Investigator of the Year Finalist. Oral Presentation: 

Effects of purified eicosapentaenoic acid and docosahexaenoic acid on serum 
lipids and glycaemic control in hypertensive Type 2 diabetics. 

 

 
Fremantle,  University of Western Australia Department of Medicine Annual Conference. 
WA  Poster Presentation: 

Adverse effects of purified eicosapentaenoic acid and docosahexaenoic acid on 
glycaemic control in treated hypertensive patients with Type 2 diabetes. 

 
Perth, WA Royal Perth Hospital, Young Investigator of the Year Finals. Oral Presentation: 

Adverse effects of purified eicosapentaenoic acid and docosahexaenoic acid on 
glycaemic control in treated hypertensive patients with Type 2 diabetes. 

1999 
 

 
RESEARCH AWARDS

Melbourne, High Blood Pressure Research Council of Australia (HBPRCA) 21st Annual 
VIC  Scientific meeting. Poster presentation. 
 Improved image analysis of brachial artery ultrasound using new edge-detection 

software. 
 
Perth, WA  Royal Perth Hospital, Young Investigator of the Year Finals. Oral presentation. 

Improved image analysis of brachial artery ultrasound using new edge-detection 
software. 

 
 
1999  Royal Perth Hospital, Young Investigator of the Year, 2nd prize: 
  Improved image analysis of brachial artery ultrasound using new edge-detection 

software 
 
1999 High Blood Pressure Research Council of Australia (HBPRCA),  
 Robert Vandongen Travel Award for best Young Investigator presentation from 

Western Australia.  
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Appendix 2 Media advertisements for Subject Recruitment 

 

The West Australian    The West Australian  
     11th March 1998              18th  March 1998    

 

      

      

 

 

 

 

The West Australian 
 16th November 1998 
 

 

 

         

        

 
The Sunday Times               The Sunday Times 
  5th April 1998             12th July 1998 
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Southern Gazette Community News  April 27th - May 3rd 1999 

 

 

 

 

 

       

         

 

         

 

     The West Australian 13th April 1999 

 

 

 

The West Australian  
  4th September 1999 

  

 

       

The West Australian 26th August 1999 
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Date:______________________    Source:_________________________ 
Name:____________________________________________________________ 

 
       Comments

Appendix 3 Telephone Screening Questionnaire 
University of Western Australia Department of Medicine (RPH) 

Address_______________________________________________PC_________ 
Telephone: (9am-5pm)____________________  After Hours_________________ 
DOB________________________  Age:  ______________________ 
Gender: M / F Occupation________________________________________________________ 
Height:______ft_____ins   OR ________cm BMI (Wt/Ht2)__________ 
Weight:______st_____pds  OR  ________kgs 
 
Are you a Type 2 Diabetic?                    YES NO 
Are you taking insulin?      YES NO 
Is your Diabetes controlled by diet or medication?   Diet medication 
What year were you first diagnosed as a diabetic? __________________________ 
Are your blood sugar levels controlled at the moment?   YES NO 
Are you a smoker?       YES NO 
Do you have high Blood Pressure?     YES NO 
Are you taking blood pressure lowering medication?   YES NO 
Are you taking cholesterol-lowering medication?    YES NO 
Are you taking aspirin regularly?     YES NO 
(For Women) Are you postmenopausal?    YES NO 
(For Women) Are you on HRT?      YES NO 
Are you taking fish oil capsules?     YES NO 
If yes, what type?____________ and how frequently?    
How often do you eat fish a week?________________________ 
Have you ever had or has your Doctor ever told you that you have any of the following health problems? 

  Treatment
Heart Trouble or chest pain  YES NO 

 
Are you taking any medications (capsules or tablets), or natural supplements (Vitamins, Primrose oil)?    YES       NO   
 ______________________________________________________________________________________

Major Surgery   YES NO 
Stroke    YES NO 
Neuropathy   YES NO 
Retinopathy   YES NO 
Asthma    YES NO 
Epilepsy    YES NO 
Arthritis    YES NO 
Kidney Disease   YES NO 
Liver Disease   YES NO 

 
Do you possess your own blood glucose monitor?     YES NO 
How often do you check your glucose level with your monitor?____________________________________ 

Screening appointment arranged?

 
How many alcoholic drinks do you consume per day / per week?____________________________________ 
 
Are you available from April to July 1998 OR August to November 1998? 
The study will run for 9 weeks.  Are you prepared to attend our department 12 times during the study period?   
         YES NO 
 
Will you be able to take capsules with one component of oil for 6 weeks?  YES NO 
 
On one of these visits you will be required to participate in a procedure which will take three hours and is designed to 
examine how these oils may affect your blood glucose and insulin levels.   
Would you be prepared to take part?      YES NO 
If you are not required for this study, are you interested in being contacted about any studies the department may have in 
the future         YES NO 

      YES NO 
Date:_________________________ Time:____________________________ 
Subject told to fast for screening visit?      YES NO 
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Appendix 4 Lifestyle screening questionnaire 

 

1. What is your name?________________________________________ 

N.B. ALL INFORMATION WILL REMAIN STRICTLY CONFIDENTIAL 
 

    ID 

 
University Department of Medicine Royal Perth Hospital 

 
Lifestyle Questionnaire 

 
Thank you for your interest in participating in this research project. Could you please complete the following 
questionnaire and return it to the supervising research staff member. 
 
The questionnaire should take approximately 15 minutes to complete. 
Please take your time and answer all questions as truthfully as possible. 
 

2. Your date of birth:   Day______Month______Year_______ 
3. What is your present age (as of last birthday): ___________Years 
4. Today's date: _____________________ 
 

5. USE OF NON-PRESCRIBED MEDICINES
 
 How often, on average do you take the following? 
 (circle the appropriate response of each category A to H) 
 

 Rarely/Never 1-3 times per 
month 

1-3 times per 
week 

4-6 times per 
week 

At least 
once a day 

A. Painkillers (e.g. Aspirin, 
Bex) 

1 2 3 4 5 

B. Tranquilisers (eg Valium) 1 2 3 4 5 
C. Medicine for indigestion 
(eg Quickeze, Enos) 

1 2 3 4 5 

D. Vitamin Tablets 1 2 3 4 5 
 
E. Sleeping Pill 1 2 3 4 5 
 
F. Salt tablets 1 2 3 4 5 
 
G. Trimolets (or other weight 
reducing tablets) 

1 2 3 4 5 

H. Any other medicine not 
prescribed by a doctor 

1 2 3 4 5 

 
6. PLEASE LIST ALL PRESCRIBED AND NON-PRESCRIBED MEDICATIONS THAT YOU 

ARE PRESENTLY TAKING. (Include all medicines purchased from the chemist or health food 
shop). Please indicate the dose and frequency of these medications if known 

 
___________________________________________________________________________··· 
___________________________________________________________________________··· 
 
7. HAVE YOU EVER BEEN TOLD BY A DOCTOR THAT YOU HAVE ANY OF THE 

FOLLOWING COMPLAINTS? (Please circle the appropriate response) YES NO 
 
A. Has your doctor ever said you have heart trouble?   Y        N 
B.  Do you frequently have pains in your heart and   Y        N 
 chest? 
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C. Do you often feel faint or have spells of    Y        N 
 severe dizziness? 
D. Has a doctor ever said you blood pressure   Y        N 
 was too high? 
 If yes, are you on any treatment for your blood pressure?   Y        N 
E. Has your doctor ever told you that you are over weight?   Y        N 
 If yes, are you on any special diet?   Y        N    
F. Has your doctor ever told you that you have high cholesterol?   Y        N    
G. Has your doctor ever told you that you have liver or kidney problems?   Y        N    
 
If you answered YES to questions A to G please explain the details.  Please include any treatment you have 
received 
___________________________________________________________________________________··· 
___________________________________________________________________________________··· 
 YOUR DRINKING DETAILS 
8. HOW FREQUENTLY DO YOU USUALLY DRINK THE FOLLOWING ALCOHOL-
 CONTAINING BEVERAGES?  (Please circle the appropriate response) 
 

 Every Day 5-7 times per 
week 

1-4 times per 
week 

1-4 times per 
month 

Less than once per 
month 

A.  Beer 
 

1 2 3 4 5 

B.  Wine 
 

1 2 3 4 5 

C.  Spirits 
 

1 2 3 4 5 

 
9. FOR HOW LONG HAVE YOU CONSUMED THE AMOUNT OF ALCOHOL-CONTAINING 

BEVERAGES YOU NOW CONSUME? 
  
 For less than one year 1 
 1-2 years 2 
 2-5 years 3 
 More than 5 years 4 
 
10. ON WHICH DAY (S) WERE ALCOHOL-CONTAINING BEVERAGES CONSUMED IN THE 

PREVIOUS WEEK? Also indicate an average week. 
 (Please circle the appropriate response) 
 
Circle the appropriate numbers 

for a) and b) 
a) LAST WEEK b) ON AN AVERAGE 

WEEK 
MONDAY 1 2 
TUESDAY 1 2 
WEDNESDAY 1 2 
THURSDAY 1 2 
FRIDAY 1 2 
SATURDAY 1 2 
SUNDAY 1 2 
 
11. PLEASE WRITE THE DETAILS OF THE PREVIOUS WEEK'S DRINKING IN THE TABLE 

BELOW. Please indicate as accurately as possible, the type and amount of beverage consumed 
last week and for an average week. Please provide alcohol content (percentage alcohol), if 
known or brand name of the beverage. 

EXAMPLE: 
Type:      Beer: Swan Gold, Toohey's Red etc 
 Wine: Sherry, Moselle, Claret etc 
 Spirits: Gin, Whisky etc. 
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Amount consumed:  Indicate the number of bottles or stubby's, glasses, cans, nip etc. whichever measure 
you are most familiar with. If possible please indicate the glass size. 

DAY DATE LAST WEEK AN AVERAGE WEEK 
 

Example: 
Monday 

05/03/93 2 cans of Swan Gold 
3 glasses of Brown Bros. 

Moselle (Cask) 

2 cans of Swan Gold 
1 Nip of Jim Beam Bourbon 

  ··· ··· 
  ··· ··· 
  ··· ··· 
  ··· ··· 
  ··· ··· 
  ··· ··· 

  ··· ··· 
   OFFICE USE ONLY 
   TOTAL LAST WEEK ··· 
   TOTAL AVERAGE WEEK ··· 
 YOUR SMOKING HISTORY
 
12. DO YOU NOW SMOKE CIGARETTES, CIGARS, PIPES OR OTHER SUBSTANCES AT 

ALL? 

 Circle the number next to the correct answer. 
                 YES_____1   NO_____2 
If NO proceed to Question 18 

14. If YES, when did you cease? 
 Circle the number next to the correct answer. 
  Less than 3 months ago 1 
  3 - 6 months 2 

               Circle the number next to the correct answer. 
       YES_____1   NO_____2 
 
13. HAVE YOU EVER SMOKED ANY OF THE ABOVE? 

 

  > 6 mo  < 1 yr 3 
  > 1 yr 4 
15. HOW MANY DID YOU USUALLY SMOKE  
  _______cigarettes per day 
 or _______ounces tobacco, per week 
 or _______grams tobacco, per week  
 
YOUR LEVEL OF PHYSICAL ACTIVITY 
16. What is your occupation?  _____________________________ 
17. In your opinion are you more physically active or less physically active that most people of your 

age? 
  Much more active…………………….1 
  A little more active…………………   2 

  Daily…………………………………..1 

  Weekly………………………… ……..3 

  About average  ……………………….3 
  A little less active…………………….4 
  Much less active……………………  
18. How often do you exercise? 

  A few times a week…………… ….….2 

  Monthly………………………… ……4 
  Rare………………………………  …..5 
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Appendix 5 Subject Information sheet and Consent forms for Study 1 

Purpose of the study: 

 
UNIVERSITY OF WESTERN AUSTRALIA DEPARTMENT OF MEDICINE 

 
Subject Information sheet 

 
How EPA and DHA Found in Fish Oils, Affect Blood Pressure, Blood Fats and Glucose, in Diabetics 

 Omega-3 fatty acids of marine origin have potentially protective effects on heart disease by altering 
blood clotting, blood fats and blood vessel wall function. The two major omega-3 fatty acids are 
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), and they are found in varying proportions in 
dietary fish and fish oils. There is evidence that these fatty acids may have different benefits, but this has not 
been fully examined in patients with non-insulin dependent diabetes (NIDDM). Some studies of omega-3 
fatty acids in NIDDM patients, however, have shown potentially adverse effects on blood glucose levels. 
This study aims to assess and compare the independent effects of the two fatty acids on glucose control, 
blood clotting, blood fats and blood pressure. The study will provide a better understanding of the way fish 
oils prevent heart disease. It will also clarify which of DHA or EPA is most important for diet, dietary 
supplements, or food additives, for the prevention of heart disease in people with NIDDM. 
Subjects and Groups: 
 Approximately 60 volunteers will be required for this 9-week study. All subjects will advised to 
maintain their usual diets during the baseline and intervention periods. Dietary intake will be monitored by a 
dietitian. If you choose to take part, you will be randomly allocated (ie. by chance) to one of 3 groups of 
equal numbers and will be asked to take 4 capsules per day of either: EPA, DHA or olive oil, for 6 weeks. 
Procedures: 
 At the beginning of the study you will be required to attend the University Department of Medicine 
Research Unit at Royal Perth Hospital (Murray St) for 2 visits over a one week period. Visits will take 
approx. 30-45 minutes. 
You will also be asked to:
1. provide a small blood sample (~10ml - 2 teaspoons) at one visit for the measurement of blood glucose 

and variables associated with liver and kidney function. A blood donation at the blood bank is ~500 ml. 
This procedure may cause mild discomfort and bruising; 

2. have measurements of weight and blood pressure taken at each visit; 
3. complete a lifestyle questionnaire and have your height recorded on one occasion. 
 
During the next 3 weeks you will attend the Department for 6 visits during which you will: 
1. have measurements of blood pressure and body weight taken at two visits (45 mins each); 
2. be required to wear a blood pressure recorder for a 24 hr period on one occasion; 
3. be required to provide a 24hr urine collection sample 
4. have an ECG recorded on one occasion 
5. complete a detailed diet and alcohol record on one occasion; 
6. after having fasted (water is allowed) for 12 hours, provide a small blood sample (~90ml) at two visits 

(30-45 mins each); 
7. on one occasion you will be asked to attend the Radiology Department of Royal Perth Hospital. You will 

lie still on a bed and the size of the main artery in the arm will be measured using a small probe placed 
over the skin (i.e. as for an ultrasound measurement). We will repeat the measurements after inflating a 
blood pressure cuff over the arm for 4 minutes and after administering a spray of nitrate under the 
tongue. The nitrate spray is a long established treatment for dilating blood vessels and may occasionally 
cause headache of very short duration. This procedure will take approximately 45 minutes; 

8. on one of the visits you will be required to participate in the following study which is designed to 
examine how EPA and DHA may affect blood glucose and insulin levels (approx 3 hours). 
 In order to do this, you will need to fast (water is allowed) for 12 hours prior to the study which will 
be carried out in this Department. You will need to take time off work and we can provide a medical 
certificate if necessary. A fine bore needle will be inserted into the vein of one arm. Insulin and glucose 
will be administered at a constant rate (dependent on bodyweight) through the needle to raise blood 
insulin and glucose levels to higher levels (approximately 70µU/ml and 15-16 mmol/l respectively). The 
test will last for 150 mins and throughout a small blood sample will be taken periodically using a fine 
bore needle placed in a vein of the other arm. There may be a mild discomfort when the needles are 
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initially inserted in the veins and a risk of mild bruising after it is removed. 
9. then be randomly allocated to one of 3 treatment groups taking 4 capsules/day  (4g/day) of either EPA, 

DHA or olive oil in conjunction with your normal diet. Your diet will be slightly modified in total fat 
intake to allow for the inclusion of 4g/day of fat given as oil. The duration of the diet is 6 weeks. 

During weeks 5-6 of this period all measurements as outlined in 1-8 above will be repeated. You will be 
provided with a light meal after each of your fasting visits to the department. 
 

Study 1 Consent Form 1 
 
1. I have read a summary of the study and its nature has been fully explained to me. I consent to take part. 
2. I understand that I will be required to maintain my usual diet throughout the 10 weeks of the study. During 
this period a dietitian will monitor my dietary intake. I will be randomly allocated (ie. by chance) to one of 3 
treatment groups taking 4 capsules/day (4g/day) of EPA, DHA or olive oil, for 6 weeks. 
3. At the beginning of the study I will be required to attend the University Department of Medicine Research 
Unit at Royal Perth Hospital twice during one week. Each visit will take approximately 30-45 minutes. 

I will be asked to: 
A.1 at each visit have measurements of blood pressure and body weight taken;  
A.2 at one visit provide a small blood sample (~10ml - 2 teaspoons). A blood donation at the blood bank 

is ~500 ml. This procedure may cause mild discomfort and bruising; 
A.3 on one occasion complete a lifestyle questionnaire and have my height recorded. 
 During the next 3 weeks I will return to the Department for 6 visits during which I will: 
B.1 have measurements of blood pressure and body weight taken at two visits (45 mins each); 
B.2 be required to wear a blood pressure recorder for a 24 hr period on one occasion;  
B.3 on one occasion complete a detailed diet and alcohol record; 
B.4.   be required to provide a 24hr urine collection sample 
B.5.   have an ECG recorded on one occasion 
B.6 after having fasted (water is allowed) for 12 hours, provide a small blood sample (~90ml) at two 

visits (30-45 mins each); 
B.7 on one occasion be asked to attend the Radiology Department of Royal Perth Hospital. I will lie still 
on a bed and the size of the main artery in my arm will be measured using a small probe placed over the skin 
(i.e. as for an ultrasound measurement). Measurements will be repeated after inflating a blood pressure cuff 
over my arm for 4 minutes and after administering a spray of nitrate under my tongue (45 min); 
B.8 on one of the visits you will be required to participate in the following study which is designed to 
examine how EPA and DHA may affect blood glucose and insulin levels (approx 3 hours). 
In order to do this, you will need to fast (water is allowed) for 12 hours prior to the study which will be 
carried out in this Department. You will need to take time off work and we can provide a medical certificate 
if necessary. A fine bore needle will be inserted into the vein of one arm. Insulin and glucose will be 
administered at a constant rate (dependent on bodyweight) through the needle to raise blood insulin and 
glucose levels to higher levels (approximately 70µU/ml and 15-16 mmol/l respectively). The test will last for 
150 mins and throughout, a small blood sample will be taken periodically using a fine bore needle placed in a 
vein of the other arm. There may be a mild discomfort when the needles are initially inserted in the veins and 
a risk of mild bruising after it is removed. A urine sample will also be required before and after the test. 
B.9   then be randomly allocated to one of 3 treatment groups taking 4 capsules/day  (4g/day) of either 
EPA, DHA or olive oil in conjunction with my normal diet. My diet will be slightly modified in total fat 
intake to allow for the inclusion of 4g/day of fat given as oil. The duration of the diet is 6 weeks. 

During weeks 5-6 of this period all measurements as outlined in B.1-8 above will be repeated. 
I will be provided with a light meal after each of my fasting visits to the department. I am free to withdraw 
from the study at any time and any medical treatment needed during the trial will not be affected. All 
personal information collected in this study will be kept strictly confidential, and the data gathered may be 
published provided my name or other identifying information is not used. The Ethics Committee of the Royal 
Perth Hospital have given approval for this study. Any questions concerning the study can be directed to 
Professor Lawrie Beilin, Associate Professor Ian Puddey or Dr Trevor Mori of the Department of Medicine, 
Royal Perth Hospital on Telephone: 9224 0258. 
 
------------------------------------- ------------------------------------  
Signature of Participant  Signature of Investigator Date 
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Signature.....................................................................................Date............................... 

APPENDIX 5 continued.  
UNIVERSITY OF WESTERN AUSTRALIA - DEPARTMENT OF MEDICINE 

 
SUBJECT INFORMATION SHEET FOR THE COLLECTION OF BLOOD 

FOR DNA EXTRACTION 
 

STUDIES INVESTIGATING THE POSSIBLE CAUSE AND LINKS BETWEEN HIGH 
BLOOD PRESSURE, HIGH BLOOD FAT LEVELS, GLUCOSE CONTROL AND 

FACTORS AFFECTING BLOOD CLOT FORMATION 
 
It is well recognized that high blood pressure, abnormal blood fat levels, elevated concentrations of blood 
glucose and clotting factors, are all important components contributing to an increased incidence of 
cardiovascular disease in diabetics. This study proposes to collect genetic material (DNA) in order to identify 
candidate genes that may be responsible for possible links between high blood pressure, high blood fat and 
glucose levels, and factors affecting blood clot formation, with dietary omega-3 fatty acids from fish. The 
identification of these genes may help formulate new strategies for the treatment of these conditions. 
 
As a volunteer you will be required to give one small sample of blood (about 9 ml) for DNA analysis. The 
DNA will be stored in a DNA Bank in accordance with the National Health and Medical Research Council of 
Australia (NH&MRC) guidelines for the use of genetic registers in medical research. 
 
All information about volunteers will be kept strictly confidential and the names of volunteers will not be 
divulged without written permission. The Ethics Committee of the Royal Perth Hospital have given approval 
for this study. Any concerns regarding the project can be directed to Clinical Professor JA Millar, 
Chairperson, Ethics Committee, c/- Clinical Services, Royal Perth Hospital, Wellington Street, Perth WA 
6001. Any questions concerning the study can be directed to Professor Lawrie Beilin, Associate Professor 
Ian Puddey or Dr Trevor Mori of the Department of Medicine, Royal Perth Hospital on Telephone: 9224 
0258. 
 

Study 1 Consent for blood taking and DNA banking for clinical research 
 

I,......................................................................................................................................... 
(of address)........................................................................................................................ 
hereby consent to 9 ml of blood being taken and donate that blood absolutely for testing and research. In 
making my donation of blood to this research project I understand that: 
(a) The blood (which in this consent form, includes it constituents and any genetic material (DNA) 

derived from the blood) will be used only in relation to the following purposes: 
 the above clinical research purpose; and 
 any future research or other purposes approved by the Ethics Committee of the Royal Perth Hospital, 

which may include purposes specifically related to myself or my family; 
(b) a sample of blood will be stored in a blood or DNA bank to enable future testing; 
(c) this storage will be conducted in accordance with the National Health and Medical Research Council's 

(NH&MRC*) guidelines for the use of Genetic Registers in Medical Research. 
(d) if a research worker wishes to obtain additional information or samples from me, my name will not be 

divulged to that researcher without my written permission; and 
(e) although all due care will be taken the chief investigators of this project will not be liable for any loss 

of the blood or stored DNA which could inadvertently occur. 
 
SUBJECT 
I have read the information above and any questions I had, have been answered to my satisfaction. 
Signature.....................................................................................Date............................... 
INVESTIGATOR 

This form has been approved by the Royal Perth Hospital Ethics Committee. *The NH&MRC advises the 
Australian community and Commonwealth and State Governments on standards of individual and public 
health, and supports research to improve those standards. 
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Appendix 6 Consent form for control subjects in Study 2   
 

University of Western Australia - Department of Medicine 
 

CONSENT FORM 
 

Effects of black tea on heart disease risk factors 
 

I have read a summary of the study and its nature has been fully explained to me. I consent to take part. I 
understand that the study will be performed over a total of 12 weeks.  During the entire 12 week period I will 
be required to stop intake of caffeine containing beverages and food, including tea, coffee, chocolate drinks, 
and cola, and of ‘herbal teas’.  In the first four weeks I will consume five cups (250 ml) per day of hot water.  
I will have baseline measurements taken during the third and forth weeks of this four-week period.  I will 
then be randomly allocated (i.e. by chance) to:  
(1) continue with five cups per day of hot water for four weeks then change to drinking five cups per day of 

black tea for a further 4 weeks, or  
(2) to change to five cups per day of black tea for four weeks then back to five cups per day of hot water for 

a further four weeks.  I will have measurements taken during the last two weeks of each four-week water 
or black tea drinking periods.  Apart from changes to the intake of caffeine containing beverages, my 
dietary intake will remain normal throughout the study. 

At an initial screening visit, after an overnight fast I will be required to attend the University Department of 
Medicine (UDM) Research Unit at Royal Perth Hospital (RPH).  A small blood sample (5ml) will be taken 
for measurement of blood cholesterol concentrations. 
 During the study, after an overnight fast I will be required to attend UDM Research Unit at RPH a 
total of six visits – two at the end of each of the four-week periods. The first two visits will take 
approximately five hours.  The next four visits will take approximately two hours.  I will observe the 
following pre test instructions: (i) No alcohol for 24 hours before your appointment; (ii) No vigorous exercise 
or food on the morning of the appointment. 
At all six visits, on the days of the experiments I will be asked to: 
Have non-invasive measurement of blood vessel relaxation performed using ultrasound.  During this 
measurement I will have nitrate sprayed under my tounge.  Nitrate is a long established treatment for dilating 
blood vessels, which may occasionally cause headache for very short duration. These measurements will take 
about one-hour each. AND 
Have a blood sample taken (80 ml).  The blood sample may cause mild bruising and temporary discomfort. 
AND 
At the first two visits only I will be also asked to: 
Have a high-fat dairy drink. AND 
Drink three cups of either hot water or black tea at regular intervals during the next 3 hours. AND 
Have a blood sample (40ml) approximately 3 to 4 hours after drinking the high fat drink. AND 
Provide a small urine sample (about 100 ml) before and 3 to 4 hours after consuming the high-fat dairy drink. 
AND 
At the end of each four-week period you will also be asked to: 
Provide a 24 hour urine sample. 
If at any time I wish to withdraw from the study, I am free to do so without influencing my medical care.  All 
personal information collected in this study will be kept strictly confidential, and the data gathered may be 
published provided my name or other identifying information is not used.  The ethics committee of Royal 
Perth Hospital have given approval for this study.  Any concerns regarding the project can be directed to 
Professor A Millar, Chairperson, Ethics Committee, C/O Medical Administration, Royal Perth Hospital.  
Any questions concerning the study can be directed to Professor Lawrie Beilin or Dr Jonathan Hodgson of 
the Department of Medicine, Royal Perth Hospital on Telephone: 9224 0267.  
________________________________  _________________________________ ____________                 
Name of participant    Signature of Participant   Date  
__________________________________________ ______________ 
Signature of Investigator    Date 
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Appendix 7 Committee for Human Rights Approval for Study 1  
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Appendix 8 Committee for Human Rights Approval for Study 2  
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Appendix 9 Study 1 Individual Visit Questionnaire 
 

University Department of Medicine 
Royal Perth Hospital 

 
Visiting Questionnaire 

 
Name____________________________   ID______ 
 
 
Date________________    Time______________ 

 
Visit No_______________ 

 
 

ARE YOU FASTING        YES  /  NO 
 
LAST MEAL TIME:___________________ 

 
HAVE YOU TAKEN ANY ASPIRIN IN THE LAST WEEK  YES  /  NO 

 
SPECIFY:__________________________  TIME TAKEN:________ 
 
ANY ILLNESS SINCE LAST VISIT     YES  /  NO 

 
ANY OTHER MEDICATION TAKEN SINCE LAST VISIT  YES  /  NO 

 
SPECIFY:__________________________  TIME TAKEN:________ 

 
HAVE YOU CONSUMED ANY ALCOHOL IN THE LAST 24 HOURS    YES  /  NO 
 
SPECIFY ANY CHANGES IN YOUR EXERCISE LEVEL ____________ YES  /  NO 

 
SPECIFY ANY PROBLEMS WITH THE STUDY  __________________ YES  /  NO 

 

 



 220

Appendix 10 Alcohol coding sheets  
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Appendix 11 Diet record instructions  
 

UWA Department of Medicine 
 

Food Record Book 
 

HOW TO USE THIS BOOK 
You have been given this book to show how you will record, measure and write down everything that you eat and drink, 
including water for a period of 24 hours on a day selected by the research staff. This booklet will highlight the procedures 
that you will need to follow when completing a food record. 
 
If further instruction is required, please don't hesitate to ask the research staff. 
 
The food record forms will be issued by the research co-ordinator throughout the study duration. 
Please read the instructions before you begin and follow the guidelines carefully. 
 

 
INSTRUCTIONS FOR KEEPING A 24-HOUR FOOD RECORD 

 
1. On the day marked on your food record form please record everything you eat and drink from waking in the 

morning until going to bed in the evening. This includes alcohol and any medicines or tablets you take. 
2. Try and record what you have eaten as soon as you eat it so that nothing is forgotten. 
3. It is important that on the days you keep a food record, you record what you actually ate on that day, not what you 

think you should have eaten. 
4. To fill out the food record we would like you to describe as fully as possible each food item and estimate as 

accurately as possible the amount eaten or drunk. 
5. To describe food eaten, be specific as possible. 
 For example, DO NOT write 'steak'' or 'bread'.  Try to describe the food in detail:  
  eg: T-bone steak without fat or bone 
 Pre-sliced wholemeal bread   'Country Split' 
6. Use a separate line for each food item. 
 For example, DO NOT write 'cheese and tomato sandwich' on one line 
 Instead write: 
 Pre-sliced wholemeal bread 'Country Spread' 
 Fresh tomato 
 Cheddar Cheese, Watsonia, fully matured 
 Polyunsaturated margarine 'Flora' 
7. Please weigh all non-standard food items on the food scales. 
 For example:   60gm frozen peas, 200gm chicken (no skin or bone), 90gm boiled potato (with skin). 
Standard items may be described in the following way: 
 Eg: 1 Cherry Ripe chocolate bar 
  2 slices of 'Vogel' wholemeal bread. 
8. If you are unable to weigh the food item, please describe it in sufficient detail so that its weight can be estimated: 
 Eg: Mills and Ware's light fruitcake - 1 slice 50mm X 50mm X 13mm. 
 Kellogg's Cornflakes - 1 cup (240ml) 
 
9. Please record whether the food item was weighed before or after it was cooked, where it was prepared and the 

approximate time it was eaten.  Also indicate the method of cooking, eg: boiled, roasted, fried. 
10. If you follow a recipe for a dish, please include this recipe with your food record. Weigh and record each ingredient 

of the record, the weight of the total dish prepared and the weight of each portion eaten. 
11. If you are unsure how to record a food, write it down in a way you will remember and check with the food record 

collector. 
 

HINTS TO MAKE IT EASIER 
1. If you eat or drink a mixed item in exactly the same way on different occasions, eg: cup of coffee or a cheese and 

tomato sandwich you can weigh the individual items once and then record 'same as before' when you eat it again. 
2. You may find it more convenient to set aside a container of margarine or milk for your use only. Then if you weigh 

the item at the beginning and at the end of the day, the difference is how much you used on that day. 
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Appendix 12 24-hr food record form  
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Appendix 13 Food recipe record form  
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Appendix 14 Self monitoring of blood glucose instructions  
 

Self Blood Glucose Monitoring 
 
 The blood glucose (sugar) level is the best guide for checking the control of diabetes. Measuring 
your blood glucose level will help in balancing food, medication and exercise. Only by measuring blood 
glucose levels can you be aware that your blood glucose level is high enough to damage tissues. Self-blood 
glucose monitoring helps you prevent complications. 
 Since you have used your blood glucose monitor before you may be familiar with the procedures 
involved in performing such tests. Step by step instructions are provided with your monitor to assist you with 
the accurate monitoring of your blood glucose levels. 

 Remember: 
 
• The drop of blood must be big enough to cover the pads on the stix. 
 
• It is important to follow the timing instructions carefully to obtain an accurate result. 
 
 If you are still uncomfortable with this procedure, be sure that you let me know and I will arrange 
some help for you. 
 
ASSISTANCE: 
 
 We are fortunate to have Mrs Beryl Marsh, the sister from the Diabetic Clinic at Royal Perth 
Hospital to assist us with overseeing the correct procedures for the Self-Blood Glucose Monitoring. 
We will ask everybody to take the opportunity to visit Beryl before the study commences to ensure that there 
are no serious problems with the Blood Glucose monitoring and that monitoring technique meets our specific 
requirements. 
 This service is free of charge and needs to be arranged on an individual basis with Beryl. Her 
contact number at the clinic is 9224 - 3234.  This visit generally takes approximately 5-10 mins. 
 
When do you want me to perform the tests? 
 
 For the purpose of this study, we ask you to perform self-monitoring on four days of the week. On 
these days you will be asked to perform 4 separate blood-glucose checks. These will be as follows: 
 
1. First thing in the morning after an overnight sleep (Fasting) 
2. One two hours before lunch 
3. One two hours after lunch 
4.    One two hours after dinner 
 Please see an example on the next page. 
 
Recording: 
 
 Although your monitor may be capable of storing all self-test results, we have provided you with a 
result sheet upon which you can write down your blood glucose result at the time. It would assist us if you 
can write the date and the time you performed the test and also any special comments you had concerning 
that test. If possible, try to keep a record of the values for your own information. 
When do I hand my result sheet in? 
• You will be asked to submit your result sheet at the end of each week. 
 
When do I start? 
 You will be asked to commence your monitoring during Week 1 of the Baseline Period. We will 
instruct you when to commence. Please don't hesitate to ask the project staff if you have any concerns about 
the self-blood glucose monitoring requirements. It is important that you are familiar with the procedures as 
soon as possible. 
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Appendix 15 Self-monitoring of blood glucose recording sheet  
 

Name: ____________________________________________ ID No. __________ 
Week Commencing___________________                 Week Ending______________________________ 

 

Date      Day Measurement Time Glucose Reading Comments

  Fasting   

  2hrs Before Lunch   

  2hrs After Lunch   

  2hrs After Dinner   

     Fasting

  2hrs Before Lunch   

  2hrs After Lunch   

  2hrs After Dinner   

  Fasting   

  2hrs Before Lunch   

  2hrs After Lunch   

  2hrs After Dinner   

     Fasting

  2hrs Before Lunch   

  2hrs After Lunch   

  2hrs After Dinner   
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