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INTRODUCTION

By cardiovascular disease (CVD) is meant in the following mainly
ischaemic CVD, i.e. coronary heart disease (CHD), cerebrovascular disease,
hypertension and peripheral vascular disease. Although the incidence of
CVD has shown some decline during the last decades in many countries, it
is still the most common cause of death in the middle-aged and elderly in
most Western societies. It is a major contributor to chronic debilitation
and has enormous economic consequences. In most industrialised countries
CVD is closely related to the life-style, and is therefore highly modifiable.
One example of populations with a low rate of ischaemic heart disease
(IHD) is that of the Mediterranean countries, where there is epidemiolog-
ical support for a protective role of monounsaturated fatty acids, e.g. oleic
acid. Other examples, highlighted in this thesis, are the Greenland Eskimos
and coastland Japanese, where the incidence of atherosclerosis and cardiac
death is low (92,108). Early epidemiological investigations in Eskimos
suggested that this was due to the high consumption of (n-3) fatty acids
from seafood (8). Since then a large number of epidemiological, clinical
and experimental studies on these fatty acids have been published.

RISK FACTORS FOR CARDIOVASCULAR DISEASE

' The aetiopathogenesis of ischaemic CVD is multifactorial and its
details are still unclear. It has been calculated that only about 30% of all
cardiovascular events can bé explained on the basis of the major "accept-
ed" risk factors (87). One review included 246 suggested coronary risk
factors (95), of which 46 were related to the diet. Some important risk
factors are listed below, and some of these, relevant for this thesis, are
commented on.

Positive family history Elevated homocysteine

Male sex Hypertension

Increasing age Cigarette smoking

Elevated total cholesterol Stress and type A personality
Elevated LDL cholesterol Diabetes mellitus
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Low HDL cholesterol Metabolic syndrome

High level of triglycerides Physical inactivity

Elevated lipoprotein (a) Obesity, mainly central
Elevated antithrombin III Increased serum uric acid
Elevated factor VII Increased serum calcium
Elevated fibrinogen High white cell count
Decreased fibrinolytic capacity Antibodies against Chlamydia

Total cholesterol and LDL cholesterol. There seems to be little
doubt that an elevated concentration of serum cholesterol, specifically LDL
cholesterol, increases the risk for CVD (176), although in recent years this
subject has been disputed. There is strong evidence in favour of a causal
relationship. The relation between CHD and serum cholesterol is contin-
uous, graded and curvilinear. The risk for CHD spans a very wide range of
serum cholesterol concentrations, increasing progressively from a concen-
tration of about 3.5 mmol/L, and becomes increasingly steep in the upper
part of the distribution. Elevated serum cholesterol levels are most often
the result of a diet rich in saturated fat and cholesterol. Saturated fatty
acids, except stearic acid and fatty acids shorter than 12 carbons, have
been shown to raise the serum cholesterol (122). A reduction of high chol-
esterol levels by dietary and pharmacological means also results in a re-
duction in CHD (94). Recently it has been reported that the relation bet-
ween serum cholesterol and mortality is a U-shaped one (37). However, the
difference between the effects of lowering cholesterol by drugs and by
diet and other life-style changes has been stressed. The importance of
oxidative modification of LDL cholesterol has recently received great
attention (178). Modified LDL particles lose the capacity for regulated
uptake by the LDL (B/E) receptor, and instead are taken up by macrophage
scavenger receptors, leading to an uncontrolled uptake of cholesterol in
these cells.

HDL cholesterol. There is an inverse relationship between HDL
cholesterol and the incidence of atherosclerotic CAD. This is thought to be
due mainly to reverse cholesterol transport caused by HDL, but also to
antioxidative properties of HDL preventing LDL modification and uptake of
LDL particles in monocytes and endothelial cells, and antithrombotic func-
tions with stimulation of the fibrinolytic system and inhibition of platelet
aggregation (23). The preventive effects are mainly attributable to the
HDL? fraction, which contains most Lp Al-lipoprotein particles with only
apolipoprotein Al. Examples of factors that increase HDL cholesterol are
physical activity, weight reduction, smoking cessation, oestrogens and
drugs of the fibrate group. There are also several reports on an HDL in-
creasing effect of very long chain (n-3) fatty acids (86), which are claimed
to lead to a significant size redistribution of HDL particles from smaller,
denser particles to larger ones; that is, the proportion of HDL) to HDL3
rises significantly (1,60).
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Triglycerides. The importance of triglycerides in serum as a risk
factor for IHD is somewhat controversial. Many studies have shown a uni-
variate association between an elevated serum triglyceride level and the
risk for IHD (6,73). After adjustment for other lipid values, however, in
particular HDL cholesterol, this association is often no longer statistically
significant (6,181). There are, however, several statistical properties
which will wrongly attenuate measures of association between triglyce-
ride levels and disease (6). Both the intraindividual and the interindividual
variation in triglyceride concentrations generally show larger variability
than those in other lipids. The strong inverse correlation between triglyce-
rides and HDL cholesterol also contributes to an underestimation of the
former as a risk factor. Recently the value of multiple lipid measurements
simultaneous with an assessment of their joint effect has been empha-
sized (7). The reason for the connection between triglycerides and IHD is
not well understood (71,84). First, triglyceride-rich lipoproteins, part-
icularly very low density lipoproteins (VLDL), may be atherogenic and
thrombogenic. Secondly, the metabolic consequences of hypertriglycerid-
aemia may account for the triglyceride-IHD relationship. These consequen-
ces include an increase in postprandial lipoproteins, large VLDL particles,
small, dense LDL particles, low levels of HDL cholesterol, and possibly a
procoagulant state.

Lipoprotein (a). An eclevated level of Lp (a) has recently been
suggested as an important independent risk factor for IHD (116). The
plasma levels of Lp (a) are genetically determined and there are only few
reports on successful ways of reducing them (28). Lp (a) has been shown to
compete with both plasminogen and tissue plasminogen activator (t-PA)
for fibrin binding, and the injurious effect may be partly exerted through
inhibition of the fibrinolytic system (49).

Haemostatic factors. In longitudinal studies in the population at
large and in atherosclerotic patients, an increased risk of major cardio-
vascular events has been found to be related to baseline abnormalities in
several coagulation, fibrinolytic and rheological variables, including the
concentrations of fibrinogen, factor VII, antithrobin III, von Willebrand
factor, factor VIII, plasminogen activator inhibitor, and plasma viscosity
(85).

Plasma fibrinogen. There is growing evidence to indicate that elevat-
ed plasma fibrinogen is an important independent risk factor for IHD (196).
This topic was very recently reviewed by Emst (54). Several epidemiolog-
ical studies have yielded longitudinal data identifying fibrinogen as a maj-
or cardiovascular risk factor. Cross-sectional results show strong asso-
ciations between fibrinogen and a variety of demographical variables and
cardiovascular risk factors or diseases. Clinical cchort studies indicate
that fibrinogen might also be a risk factor for the sequelae of cardiovasc-
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ular disease. Knowledge about the determinants of the plasma level of
fibrinogen in health and disease is as yet incomplete, as is our under-
standing of the mechanisms leading to the atherothrombogenic action of
fibrinogen.

Decreased fibrinolytic capacity. Defective fibrinolysis is mainly
caused by low activity of tPA or by an increased concentration of plas-
minogen activator inhibitor-1 (PAI-1) (137,197). In prospective studies
increased amounts of tPA antigen have been found to be associated with
the occurrence of future myocardial infarction (153). Increased PAl-1 has
been shown to be associated with IHD and peripheral vessel disease (83). In
a recent critical review of the relationship between impaired fibrinolysis
and myocardial infarction, Prins et al. (149) state that high levels of PAI-
1 are associated with an increased risk of reinfarction in survivors of a
first myocardial infarction. Whether this relationship is causal or coinci-
dental is unclear. The status of PAI-1 as a risk factor for arterial and
thrombotic disease has recently been reviewed (40). Whether an elevation
of PAI-1 is of pathological importance or is merely a marker of disease
remains to be established. The authors point out the need for large pro-
spective studies to determine the importance of PAI-1 as a prognostic
marker for disease. Preliminary prospective data from 231 apparently
healthy individuals provide strong evidence against PAI-1 abnormalities as
predictors of future myocardial infarction (152). Much attention has been
focused on circulating levels of components of the fibrinolytic system in
relation to disease. However, it has become clear that the essential reac-
tions that govern clot lysis occur at a cellular level (5). The implication of
these findings is that measurements of circulating components may barely
reflect events at the molecular and cellular level. Most endothelial PAI-1
is secreted to the abluminal side and, complexed with vitronectin, in part-
icular, it contributes to the proteolytic balance in the extracellular mat-
rix. It is still unclear whether the PAI-1 level in the blood represents
homeostatically regulated levels, maintained in order to contro! plasmino-
gen activation-mediated proteolysis in the circulation. Alternatively, the
circulating inhibitor could represent “spill-over” of inhibitors released
from cells for the purpose of regulating local pericellular proteolysis. The
relative contribution of plasma PAI-1 from endothelial cells, smooth
muscle cells, hepatocytes and possibly activated platelets is not known,
and neither is the origin of the eclevated PAI-1 level after consumption of
fish oil. There are suggestions that a possible source of increased PAI-1 is
the vessel wall. The regulation of PAL-1 synthesis is complex and most
studies have been carried out in vitro. Their relevance for the in vivo regu-
lation is largely unknown.

Homocysteine. Recently an even moderately elevated homocysteine
level in the plasma has been recognized as an important independent risk
factor for CVD (32). Increased homocysteine may be the result of genetic
defects in the metabolism of homocysteine, deficiences of vitamin Bg, fol-
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ic acid or vitamin B2, or a high intake of methionine (168). Recently .
there has been greatly increased interest in the very close relation bet-
ween the metabolism of methionine and arginine (123,127). With S-adeno-
syl-methionine (SAM) as a key substance, alteration in one part of the
system will, for example affect the synthesis of nitric oxide, creatine,
polyamines and the free radical scavenger glutathione. An increase in
homocysteine is believed to contribute to the pathogenesis of CVD, partly
through free radical mechanisms (119). It is also associated with a de-
crease in the formation of cysteine and its products, e.g. glutathione. In-
creased homocysteine may lead to a reversal of the hydrolysis of S-adeno-
syl-homocysteine, with consumption of adenosine and inhibition of trans-
methylation reactions involving SAM. Adenosine has a great number of
effects in metabolism and has been found to have a positive influence on
the liver handling of glucose. Transmethylation has numerous important
physiological functions; for example it increases membrane fluidity (127).
Administration of pyridoxine and folic acid has recently been shown to
lower the blood concentration of homocysteine (21).

Hypertension. Prospective studies have shown that high blood
pressure is positively and independently associated with a risk of stroke,
myocardial infarction, and mortality from all vascular causes (33). In the
Framingham Study and the Multiple Risk Factor Intervention Trial (MRFIT)
it was found that systolic blood pressure was more strongly related to CHD
than diastolic blood pressure. However, this difference was age-dependent
and under the age of 45 diastolic blood pressure was the stronger predict-
or. In the very recently published 25 years of follow-up of 50-year-old
men, only blood pressure was an independent risk factor for CHD during the
last 10 years in a multivariate analysis (193). In patients with malignant
hypertension drug therapy has been found to have very strong benefits in
the primary prevention of stroke and myocardial infarction. In mild-to-
moderate hypertension, drug therapy reduced the incidence of stroke, but
the question of benefits regarding CHD was somewhat controversial (33).
Increasing attention has recently been directed towards non-pharmaco-
logic interventions, with reduction in the intake of calories, sodium and
alcohol (177). Non-pharmacological interventions are now recommended as
a first step in the treatment of mild hypertension.

Diabetes. Diabetic patients are at increased risk for accelerated
atherosclerosis with macrovascular complications. In addition there is a
risk for diabetic microvascular disease, with thickened capillary basement
membranes and microancurysm formation in small capillaries and venules
(130). Hyperinsulinaemia and insulin resistance may be present many years
before the onset of non-insulin-dependent diabetes (NIDDM) and clearly
play an important role in its aetiology. Hyperinsulinaemia and/or insulin
resistance may be a key factor in the aetiology of associated glucose in-
tolerance, hyperlipidaemia, hypertension, central obesity, and atheroscle-
rosis. Data have consistently shown an excess risk of mortality in diabetic
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persons of both sexes. Generally CVD accounts for the majority of these
deaths.

Metabolic syndrome. The simultaneous occurrence of several risk
factors for CVD is well known. A syndrome consisting of insulin resist-
ance, hyperinsulinaemia, glucose intolerance, hypertension, dyslipidaemia,
hypofibrinolysis and obesity has been described (151). It has been given
several names, including metabolic syndrome, metabolic cardiovascular
syndrome, syndrome X and insulin resistance syndrome. Insulin resistance
in peripheral tissues with a secondary hyperinsulinaemia is believed to be
a major underlying mechanism.

PATHOGENESIS OF ATHEROSCLEROSIS

Atherosclerosis is the main pathogenetic entity underlying ischae-
mic CVD. The pathogenesis of atherosclerosis is multifactorial and its
details are still only partly understood (156). The initiating lesions occur
very early in life. Recent findings even suggest that the pathogenesis of
CVD begins in utero (11). From an intimal thickening, the lesions may pro-
gress to fatty streaks, transitional plaques, advanced fibrolipid plaques
and complicated plaques (39). Atherosclerotic lesions are the consequence
of what is initially a defensive and repair phenomenon. The vascular syst-
em is continually subject to insult of varying degrees and, if the injury-
repair phenomenon is efficient, temporary arterial lesions may never lead
to problems or clinical sequelae. However, if repair associated with an
inflammatory process becomes excessive, then the excessive nature of the
proliferative response associated with this repair becomes the disease
entity (156). Several hypotheses for the pathogenesis have been proposed.
These include initial changes/injuries in the endothelium, monoclonal
proliferation of smooth muscle cells, changes in the oxidative status of
LDL, viral infection, neurological changes and early changes in the vessel
adventitia (39). There is general agreement that, at some point in the early
progression of the lesion, adherence of white cells and platelets occur at
the endothelial surface. Monocytes and lymfocytes enter the vessel wall,
releasing growth factors, cytokines and other chemoattractant agents.
Smooth muscle cells replicate as a result of the production of growth-
promoting factors. These proliferated cells then generate connective
tissue. Growth-regulatory factors, therefore, may play a critical role in
determining whether or not proliferation and lesion progression will occur.
All complex human atherosclerotic plaques contain lipid. This may be
extracellular, occurring as a pool of cholesteryl ester and non-esterified
and crystalline cholesterol, or it may be contained within lipid-laden
macrophages known as foam cells. Lipid is largely taken up by macrophages
as modified or oxidized LDL by scavenger receptors (178) and by bulk-
phase endocytosis of aggregated lipoproteins. The lipid is deposited in the
foam cells in the form of cholesteryl ester, converted from cholesterol by
the enzyme acyl CoA: cholesterol acyltransferase (ACAT). Cholesterol is
transported to the macrophage in the vessel wall mainly as LDL and re-
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moved by HDL. The balance between these two lipoproteins is important
determining the cholesteryl ester content of the plaque. The initiation of
oxidation of LDL in vivo is still controversal. All three of the major cell
types in the arterial wall, namely, monocyte-derived macrophages, smooth
muscle cells, and endothelial cells, are capable of modifying LDL. At least
three cellular mechanisms have been shown to operate in cell-induced oxi-
dative modification of LDL: generation of free radicals in the form of
superoxide anions, lipoxygenation by cellular lipoxygenase(s), and activity
of phospholipase A2 enzyme(s). The role of macrophage NO in the oxidative
modification of LDL is controversal. It has been demonstrated in vitro that
peroxynitrite is able to modify LDL oxidatively. Peroxynitrite is formed in
the reaction between NO and superoxide radical. On the other hand, Jessup
et al. (102) have proposed NO to protect the LDL particles against oxida-
tion. Oxidized LDL may participate in the atherogenic process by many
mechanisms. Besides being taken up by the scavengar receptor, it is
chemotactic for circulating monocytes and it inhibits the motility of
tissue macrophages. Most importantly, oxidized LDL, or soluble products
from it, are highly cytotoxic and may contribute to a generalized cell death
noted in the atherosclerotic plaque. Products of oxidized LDL, like 4-
hydroxynonenal and malondialdehyde, may alter gene expression of intimal
cells such as induction of monocyte chemotactic protein and colony-
stimulating factors and/or alteration of the expression of Platelet Derived
Growth Factor BB (PDGF-BB). Oxidized LDL has also been shown to be im-
munogenic, and can elicit autoantibody formation. Recently, oxidized LDL
has been shown to alter the vasomotor properties of coronary arteries by
inhibiting the release of nitric oxide and/or inducing the expression of the
vasoconstrictor endothelin. Of great importance is that several lines of
research have demonstrated that regression of atherosclerosis occurs and
that different types of intervention can promote this change (124).

SUDDEN CARDIAC DEATH

Sudden cardiac death, i.e. death within one hour after the onset of
symptoms, with or without myocardial infarction, is the most common
cause of death. In most cases rupture of an atherosclerotic plaque with
ensuing thrombosis is the precipitating event (56). Most ruptures are tiny,
occurring at the periphery of the fibrous cap that covers the lipid-rich
core, a point at which the cap is usually thinnest and most heavily infil-
trated with macrophage foam cells. The dynamic interplay between the
actual plaque vulnerability and external stresses, “triggers", probably
determines the particular moment and point of rupture. A vulnerable plaque
has a soft core of extracellular lipid, numerous macrophages in the peri-
phery, few smooth muscle cells and a thin collagen cap. It has been hypo-
thesized that release of proteolytic enzymes from the peripheral macro-
phages might contribute to the weakening of the collagen cap (56).

NITRIC OXIDE
Nitric oxide is an important molecular messenger, which is involved
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in endothelial-derived relaxing activity in blood vessels, antithrombotic
effects on platelets, neurotransmission and neuromodulation in the brain
and periphery, and mediation of cytotoxic actions of macrophages (89,123).
This latter function contributes to the defence against intracellular patho-
gens and tumour cells (90), at least in mice (68). There are at least three
types of NO synthases, constitutive ones in endothelial cells and in nervous
tissues and an inducible one in macrophages and many other cells (61). The
NO synthases may be inhibited by inhibitors with varying degrees of speci-
ficity, e.g. NG-monomethyl-L-arginine (L-NMMA) and L-canavanine. Vascu-
lar endothelium plays an important role in the modulation of vasomotor
tonus by releasing various vasodilator substances, including endothelial-
derived relaxing factors (EDRFs). one of which has been identified as NO,
and prostacyclin (Pgl2). NO in the endothelium is released through shear
stress and by vasodilators such as acetylcholine and bradykinin (123). Ab-
normal endothelinm-dependent vascular relaxation has been demonstrated
in patients with hypertension, atherosclerosis, hypercholesterolaemia and
diabetes (31,143). The NO synthase in macrophages is induced by lipopoly-
saccharide (LPS), interferon-y (IFN-y) and combinations of many other cyto-
kines, leading to production of high levels of NO for hours to days (61,123).
Besides exhibiting cytotoxic effects against microorganisms and tumour
cells, there are increasing numbers of reports on cytotoxic effects of
nitric oxide on normal host cells, contributing to inflammatory and auto-
immune states (106). NO has also been shown to release free iron from
ferritin. The role of macrophage NO in atherogenesis is controversial. By
combining with superoxide radical, forming peroxynitrite, NO has been
claimed to contribute to the oxidative modification of LDL cholesterol
(93). On the other hand, macrophage NO has also been reported to protect
against oxidative modification (102). It has been reported that nitric oxide
may exist in different redox-related forms. Very recently it has been
shown that the free radical form of NO may damage and kill cells, while NO
in the form of nitrosonium cation (NO*%) may protect cells (115). The bal-
ance between various redox forms of NO might thus explain some contro-
versies. It is believed that these different effects of the various redox-
related forms of NO can be utilized therapeutically.

FATTY ACIDS

Fatty acids are hydrocarbon chains with a methyl group in ome end,
the n end or omega (w) end, and a carboxyl group in the other (171). The
systematic numbering starts at the carboxyl end, whereas the most
commonly usgd nomenclature starts at the methyl end. Carbon atoms
numbers 2 and 3 from the carboxyl group are referred to as the a and §
carbons, respectively. The fatty acids may be saturated, containing no
double bonds, or unsaturated, containing one or more double bonds. The
position of the double bond is represented by the symbol A followed by a
number, i.e. A9 refers to a double bond between carbon atoms 9 and 10.
Unsaturated fatty acid consists of monosaturates, polyunsaturates (PUFAs)
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and eicosanoids. There are two classes of PUFAs, (n-3) and (n-6) PUFAs.

The parent substances for the (n-3) and the (n-6) series of PUFAs are
a-linolenic acid (ALA; 18:3 n-3) and linoleic acid (LA; 18:2 n-6), respectiv-
ely. Unlike members of the (n-9) family, they cannot be formed by animal
cells and are therefore classified as essential fatty acids (EFAs) (14). The
different series of unsaturated fatty acids are not interconvertible. The
biosynthesis of other polyunsaturated fatty acids from ALA and LA involv-
-es alternating oxidative desaturations and chain elongations. The synthesis
of (n-3) and (n-6) fatty acids is outlined in Figs. 1 and 2. The A6-desatu-
ration has been considered to be the rate-limiting step in PUFA biosynthe-
sis of hoth the (n-6) and (n-3) series, and the regulation of this reaction is
of particular interest (22). The concept of separate AS and A6-desaturase
activities is now well confirmed (22). However, the existence of a sepa-
rate A4-desaturase has again been questioned recently (187). There are
few data supporting the commonly accepted hypothesis of an acyl-CoA-
dependent A4-desaturase. An alternative pathway (Fig. 2) for the biosyn-
thesis of DHA has been proposed, whereby DPA is elongated to 24:5 (n-3),
which is desaturated by A6-desaturase to 24:6 (n-3), with subsequent
partial B-oxidation to DHA (retroconversion). This further strengthens the
importance of the A-6- desaturase. Cats and lions have been found to lack a
A6-desaturase. The activities of the desaturases, which are mainly located
in the endoplasmic reticulum, are modulated by nutritional and hormonal
factors (22,72):

Modulation by nutrients: The A6-desaturase activity is increased by protein
intake and decreased by many factors, e.g. linoleic and arachideonic acids,
triolein, (n-3) PUFAs, trans-trans (18:2 n-6) fatty acid, cholesterol, etha-
nol, zinc and fasting. The AS5-desaturase activity is increased by replace-
ment with saturated fatty acids or triolein, by starch intake and by protein
intake, and, is decreased by cholesterol and ethanol. Whether the activity
is increased by fasting or by linoleic and arachidonic acids is still under
discussion. PUFAs inhibit the desaturation of other fatty acids by compet-
ing at the A6 and AS5-desaturase level. It has been well demonstrated that
an increased intake of linoleic acid produces a decrease in the levels of
EPA and DHA in the adipose tissue of rats receiving 1% of their energy as
ALA. Conversely, an increased intake of ALA strongly decreases the content
of (n-6) PUFAs in the adipose tissue.

Modulation by hormones: A5 and A6-desaturase activities are stimulated by
insulin, but only A6-desaturase is stimulated by thyroxin. However, both
hyper- and hypothyroidism lead to a decrease in A6-desaturase activity
(72). Glucagon, epinephrine and glucocorticoids suppress A6-desaturase
activity, and glucagon and epinephrine have the same effect on AS5-desatu-
rase activity.

Modulation by ageing: 1t is generally accepted that A6-desaturase activity
declines with age. The onset of this decline varies from organ to organ.
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Fig 1.

Metabolic pathways for the desaturation and
elongation of (n-3) and (n-6) faltty acids.

(n-3) FATTY ACIDS (n-6) FATTY ACIDS
' '
a-Linolenic acid (18:3) Linoleic acid (18:2)
* A6-desaturase l
Octadecatetraenoic acid (18:4) v-Linolenic acid (18:3)
‘ Elongase ‘
Eicosatetraenoic acid (20:4) Dihomo ¥-linolenic acid (DGLA)(20:3)
¢ AS-desaturase i
Eicosapentaenoic acid (EPA)(20:5) Arachidonic acid (20:4)
t Elongase l
Docosapentaenoic acid (DPA)(22:5) Adrenic acid (22:4)
‘ A4-desaturase i

Docosahexaenoic acid (DHA)(22:6) Docosapentaenoic acid (22:5) ”



Fig. 2
Alternative pathways for the biosynthesis of
docosahexaenoic acid (DHA)(22:6 n-3).

A B

20:5 (n-3) 20:5 (n-3)
¢ Elongase * Elongase
22:5 (n-3) 22:5 (n-3)
‘ A4-desaturase ¢ Elongase
22:6 (n-3) 24:5 (n-3)
* A6-desaturase
24:6 (n-3)
B-oxidation
(Retroconversion)
22:6 (n-3)

This has been used as an argument for short-circuiting the A6-desaturase
by administering, for example, gamma-linolenic acid, EPA and DHA. On the
other hand, the cellular accumulation of ageing pigment (lipofuchsin) has
been reported to be due to the peroxidation of membrane PUFAs.

METABOLISM OF PUFAs

Most of the dietary long-chain PUFAs are transported in chylomicrons
from the intestine to the liver. Once inside the hepatocytes, the activated
fatty acids are either esterified directly into phospholipids and triglyce-
rides or desaturated/chain-elongated and then esterified, or oxidized
either in mitochondria or in peroxisomes (82). In addition to the mitochon-
drial fatty acid f-oxidation, by which fatty acids are completely degraded
to acetyl-CoA without accumulation of any detectable intermediates, the
existence of a partial oxidation system (retroconversion) of highly unsatu-
rated fatty acids has now been generally accepted. It has been suggested
that the balance between different PUFAs is regulated by chain elongation,
desaturation and also retroconversion (174). The yin-yan balance between
biosynthesis and retroconversion may probably differ from one tissue to
another, explaining the high level of 22:4 (n-6) in adrenal and endothelial
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cells, of 22:5 (n-6) in the testes and of 22:6 (n-3) in the central nervous
system and in the retina (82). A relatively new and interesting factor in
the regulation of the partitioning of intracellular fatty acids is Fatty Acid
Binding Proteins (FABP). The cytosol of nearly all tissues studied appears
to contain one or more proteins with a molecular weight of 12,000 to
14,000, that bind long-chain fatty acids or their CoA derivatives. These
proteins represent approximately 5% of the total protein content in cyto-
sol. The reactions incorporating PUFAs in the phospholipid fraction have a
distinctly lower Ky values than competing pathways such as fatty acid
oxidation and triglyceride synthesis. The intracellular partitioning of
PUFAs is dependent on the chain length and degree of unsaturation of the
substrate. In most investigations, regarding human and non-human primat-
es, EPA competes with linoleic acid rather than arachidonic acid for selec-
tive incorporation into similar positions on phospholipids (72). This is in
contrast to the findings in human platelets and various rat tissues. When
ingested, fatty acids such as EPA and DHA are incorporated into the sn-2
position in cell membrane phospholipids, displacing arachidonic acid.

EICOSANOIDS

These compounds, derived from eicosa- (20-C) polyenoic acids, com-
prise the prostanoids, leukotrienes, lipoxines and hydroxy fatty acids
(185). Prostanoids are cyclic derivatives formed by cyclooxygenase and
include prostaglandins, thromboxane and prostacyclin. Three different
eicosanoic fatty acids give rise to three groups of eicosanoids charact-
erized by the number of double bonds in the side chains, e.g. PGy, PG and
PG3. Variations in the substituent groups attached to the rings give rise to
different types in each series of prostaglandins and thromboxanes, labelled
A, B, etc. The leukotrienes are formed via the lipoxygenase pathway rather
than via cyclization of the fatty acid chain. First described in leucocytes,
they are characterized by the presence of three conjugated double bonds.
Arachidonic acid is the main PUFA that is oxygenated to various eicosa-
noids. In addition to arachidonic acid, dihomo-y-linolenic acid and EPA are
precursors for their own series of oxygenation products (69). Eicosanoids
display pronounced and varied biological activities and are in fact among
the most potent natural compounds ever found. A considerable part of the
"essentiality” of EFAs might be explained by the formation and activities
of these metabolites. Among their activities are effects on smooth muscle
contractility, blood pressure, glandular excretion, hormone secretion, plat-
elet aggregation, vessel tone, kidney function, cyclic nucleotide levels,
chemotaxis, immune response, lipolysis, cell growth and differentiation,
inflammatory response, etc. The PUFAs are usually esterified at the 2-
position of glycerophospholipids. The first step in the eicosanoid biosyn-
thesis is the release of the precursor fatty acid, usually by activation of
phospholipase Ap. The free fatty acid, for example arachidonic acid, is
subsequently oxygenated by the action of a fatty acid cyclooxygenase or
various lipoxygenases. Dihomo-y-linolenic acid and EPA may replace ara-
chidonic acid in various membranes. They also compete for the cyclooxy-
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genases and lipoxygenases. Eicosanoids produced from EPA, e.g. TxA3 and
LTB5, have lower activity than corresponding eicosanoids formed from
arachidonic acid. On the other hand the effect of Pgl3 is similar to that of
Pglp. EPA can in these ways modify (n-6) eicosanoid-mediated pathology
(69).

LIPID PEROXIDATION

PUFAs in the lipid layers of biomembranes such as plasma mem-
branes, microsomes, mitochondria and lipoprotein are readily attacked by
oxidizing free radicals. The oxidative destruction of PUFAs, known as lipid
peroxidation, is particularly damaging, as it proceeds as a self-perpetuat-
ing chain rcaction. The gencral process of lipid peroxidation can be envis-
aged as in the scheme below, where LH is the target PUFA and R° the ini-
tiating, oxidizing radical.

LH+R* —— L*+RH (1) L*+0 — LOO* (2
LOO® + 'H—— LOOH + L™ (3) LOOH — LO°, LOO", aldehydes (4)

Oxidation of the PUFA generates a fatty acid radical (L°) that rapidly adds
oxygen to form a fatty acid peroxyl radical (LOO®). The peroxyl radicals are
the carriers of the chain reaction. They can oxidize further PUFA molecul-
es and initiate new chains, producing lipid hydroperoxides (LOOH) that can
break down to yet more radical species and to a wide range of compounds,
notably aldehydes such as malondialdehyde (MDA) and 4-hydroxynonenal.
These compounds can diffuse from the original site of attack and spread
the damage to other parts of the cell. Lipid peroxidation has been impli-
cated in a wide range of tissue injuries and diseases, including CVD (53).
However, it must be remembered that production of free radicals in the
cells is inevitable and they also have many physiological functions (44).
The body has well elaborated defence mechanisms against the deleterious
actions of free radicals. These are known as antioxidant defences and are
of two main categories: those whose role is to prevent the generation of
free radicals and those that intercept any that are generated. They exist in
both the aqueous and membrane compartments of cells and can be enzymes
or non-enzymes. Most free radical scavengers are not enzymes, however. In
cell membranes, the best characterized and possibly the most important is
a-tocopherol, the major member of the vitamin E family. This molecule is
known as a "chain-break-ing antioxidant”, as it functions to intercept lipid
peroxyl radicals (LOO") and so to terminate lipid peroxide chain reaction:

LOO® + o-tocopherol-OH ——— LOOH + o-tocopherol-O°  (5)

The resultant tocopheroxyl radical is relatively stable and, in normal circ-
umstances, insufficiently reactive to initiate lipid peroxidation itself.
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Other lipid-soluble chain-breaking antioxidants, such as ubiquinol . (Q10),
are as yet insufficiently characterized for their physiological importance
to be established. In the aqueous phase other compounds act as free radical
scavengers. Ascorbic acid (vitamin C) is an important antioxidant both
within cells and in the plasma. It has been shown to regenerate a-toco-
pherol from the tocopheroxyl radical, at least in vitro. Lipid peroxidation
is usually assayed as thiobarbituric acid-reactive substances (TBARS).
However, these assays are not specific for MDA as substances such as
glucose and bilirubin may also interfere. Separation of MDA chromogens
from other reaction products by fast performance liquid chromatography
(FPLC) makes the method much more specific.

THE FOOD CHAIN FOR (n-3) FATTY ACIDS

There are relatively few sources of (n-3) fatty acids in human food.
These PUFAs are derived from plants, seeds and phytoplankton. Seeds and
plants are the principal sources of ALA. Vegetable oils rich in linoleic acid
also contain small quantities of ALA. Canola oil (low erucic acid rapeseed
oil), turnip rapeseed oil and, especially, linseed oil contain larger amounts
of ALA. The very long chain fatty acids of the (n-3) family, EPA, DPA and
DHA, are synthesized by algae and phytoplankton as a result of photosyn-
thesis. These organisms are at the bottom of the marine food chain, so that
all marine life may ultimately be enriched with these fatty acids, which
may provide the required degree of unsaturation to allow cell membranes
to remain fluid in cold water. EPA is usually the major (n-3) fatty acid in
the plankton, whereas DHA is the major component of the fish tissues,
showing that most fish species are capable of elongating and desaturating
or selectively incorporating fatty acids in their lipids (34). There are great
variations in the fat content and composition both between and within fish
species, as a result of differences in their food, lipid-storing mechanisms,
water temperature and other factors (2).

ESSENTIALITY OF (n-3) FATTY ACIDS

The parent substance of (n-3) fatty acids, ALA, cannot be synthesized
in mammals. However, for a very long time ALA and the very long (n-3)
polyunsaturated fatty acids were not considered to be essential, because
they could not overcome all the symptoms of EFA deficiency and as their
absence from the diet did not readily lead to a deficiency syndrome (183).
Although the data are still limited. (n-3) fatty acids have now been estab-
lished as essential nutrients in humans, and (n-3) fatty acid deficiency has
been described both in adults and children (14). DHA has been established
as important for the normal development and function of the brain and
retina. It has been suggested that the precursor of DHA, ALA, may be an
inadequate substitute for DHA, as ALA may not be converted in sufficient
amounts to meet an infant’s needs (134).

FISH OILS
The results of different clinical and experimental studies on (n-3)
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fatty acids are often difficult to interpret. Sometimes lean or fatty fish
has been used, in other cases cod liver oil and in still others fish oils of
varying quality. Cod liver oil is produced from the liver of the cod. It
usually contains about 30% of w-3 fatty acid, mostly EPA and DHA, It also
contains large amounts of vitamin A and D and for many years has been
used to cure and prevent rickets and night blindness. Administration of
high doses of cod liver oil may produce vitamin A and D toxicity. Cod liver
oil often contains relatively high levels of dioxines and dibenzofuranes.
Fish oil is produced from the flesh of different fishes, usually fatty fishes
from the north Atlantic.

STABILITY OF FISH OILS

Unsaturated fatty acids rapidly undergo autooxidation at ambient and
even subambient temperatures if not protected. The high content of EPA,
DHA and other unsaturated fatty acids makes fish oil suspectible to oxi-
dative deterioration. Concern has also been expressed over the possible
inadvertent feeding of peroxides and aldehydes from autooxidized fish oils.
The stability of fish oils should be controlled by assaying peroxide and
anisidine values. In order to prevent rancidity of fish oils a mixture of a, y
and d-tocopherols and spice oils like rosemary is often used. «-tocopherol
is a relatively weak antioxidant in vitro and addition of a-tocopherol to
fish oil under bulk storage conditions may increase the oxidative deterio-
ration of the oil. However, for avoidance of lipid peroxidation in vivo «-
tocopherol is most important. For fish oil capsules the capsule is consid-
ered to give some protection. Fish oils in unopened bottles is usually over-
layered with nitrogen gas and should after opening be stored at +4° until
consumed.

DIGESTION AND ABSORPTION OF FISH OILS

Long-chain polyunsaturated (n-3) fatty acids are digested, absorbed
and transported in the same way as other long-chain fatty acids, with only
minor variations (131). One difference in their digestion, however, is their
resistance to lipolysis by pancreatic lipase. Low doses of fish oil admin-
istered as free fatty acids were more rapidly absorbed than fish oil given
as triglycerides, and ethyl esters were absorbed most slowly (50). Later
studies with use of larger amounts of (n-3) fatty acids and measurement
of absorption directly by analysing chylomicrons indicated that the tri-
glycerides of fish oil and the ethyl esters of fish oil were equally well
absorbed when given to human subjects (138). The free fatty acids and
monoglycerides produced are absorbed into the enterocytes of the small
intestine and normally are incorporated into chylomicron particles in the
smooth endoplasmic reticulum (131).

EARLY REPORTS ON EFFECTS OF FISH AND FISH OILS

Studies of Eskimo populations in northwest Greenland, where until
recent years the economy has depended on whaling, sealing and fishing,
have played a major role in raising the level of interest in dietary fish
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oils. Anecdotal reports suggested that myocardial infarction was rare in
this isolated population. Visitors to the region had also long been aware of
the frequent, prolonged episodes of epistaxis among the Eskimos (9). Kro-
mann et al. (108) reported on a 25-year study of mortality and morbidity
among approximately 1,800 Eskimos in the remote Upernavik district
carried out between 1950 and 1974. Instead of the anticipated 40 cases of
myocardial infarction, they found only one. In another study, the death rate
from myocardial infarction was estimated to be one-tenth of that of
Danish men (47). Beginning in 1970, a series of Danish expeditions to the
Umanak district of Greenland were led by Dyerberg and Bang (9, 47). Their
initial studies focused on plasma lipids, and the Eskimos were found to
have lower triglyceride and cholesterol levels than Danish controls. In
later studies the diet was analysed in detail, and it was found that the
Eskimos consumed about 7 g/day of (n-3) fatty acids; approximately 10
times the amount ingested by Danes (8). Dyerberg and Bang also performed
haemostatic studies in the Eskimos, which revealed a mild but definite
prolongation of the Ivy bleeding time, i.e. 8.1 min, compared with 4.8 in
Danes. They also reported that incorporation of (n-3) fatty acids into plat-
elets was associated with a decreased platelet aggregation response and a
reduction in the platelet count. Together with Moncada and Vane, Dyerberg
and Bang proposed a mechanism by which the (n-3) fatty acid EPA might
alter the prostanoids generated by platelets and vessel walls, whereby
thrombosis and possibly even atherosclerosis might be prevented. Their
initial studies were supported by studies of Fischer and Weber (58), who
demonstrated that: (1) the feeding of marine oils led to the formation of
relatively inactive thromboxane A3 (TxA3) in human platelets and also
reduced the formation of TxA2; and (2) that intake of dietary fish oil led to
the formation of prostaglandin I3 (Pgl3) with biological activity compar-
able to that of prostacyclin (PgI2) in humans. The Eskimo experiences have
led to a series of epidemiological studies from other populations relating
the fish content and (n-3) fatty acids in the diet to cardiovascular morb-
idity and mortality.

EFFECTS OF FISH OILS

EFFECTS ON BLOOD LIPIDS

Triglyceride-rich lipoproteins. The concentrations of serum tri-
glycerides and of the endogenously derived triglyceride-rich lipoproteins
VLDL and intermediate density lipoprotein (IDL), have in general been re-
ported to be lowered by ingestion of fish oil (86,133,146). Fish oils have
been effective in this respect in normal subjects and in patients with
common phenotypes of hyperlipidaemia, in which the VLDL and, therefore,
the triglyceride levels are raised. The minimal effective dose of (n-3)
fatty acids appears to be slightly more than 1 g/day. At intakes of more
than 2 g/day, the fall in VLDL averages 25% in normal subjects. The aver-
age reduction is greater in hypertriglyceridaemic subjects; it is approx-
imately 50% in those with type 4 or 5 phenotype and approximately 40% in
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those with type 2B. The degree of reduction is also related to the dosage
but approaches a maximum at between 5 and 10 g (n-3) fatty acids/day. In
patients with type 3 hyperlipidaemia, VLDL and chylomicron remnants are
reduced and B-VLDL cleared (133). In more severe forms of hypertriglycer-
idaemia, such as type 5 hyperlipoproteinaemia, in which both VLDL and
chylomicrons (or remnants) are present, excess (n-3) fatty acids can be
highly effective. It has been shown that postprandial lipaemia is lessened
after dietary fat intake if the background diet has been enriched with fish
oil (192). The degree and duration of the lipaemia were significantly re-
duced when fish oil was part of the background diet. In humans fish or fish
oils rich in EPA appear to be as effective as fish or fish oils rich in DHA.
Dietary fish oil also modifies the hypertriglyceridaemia that is normally
inducible by carbohydrate (86). The mechanism underlying the triglyceride-
lowering effect of (n-3) fatty acids is mainly a decrease in the hepatic
synthesis of triglycerides and VLDL particles (86,157). (n-3) fatty acids
are poor substrates for triglyceride-synthesizing enzymes, and (n-3) fatty
acids also inhibit esterification of other fatty acids. It has been demon-
strated that the last step in the synthesis of triglycerides, acyl-CoA:di-
acylglycerol acyltransferase, is especially affected by EPA, whereas phos-
phatidate phosphohydrolase appears to be unaffected. There is also evi-
dence from kinetic studies that fish oil increase the fractional catabolic
rate of VLDL (171). After three weeks of feeding (n-3) fatty acids to rats,
increased peroxisomal B-oxidation of fatty acids in the liver has also been
observed (45). The postprandial plasma concentration of free fatty acids
was markedly reduced in rats by feeding them fish oil. Intake of very-long-
chain (n-3) fatty acids in humans has also been found to decrease the
plasma concentration of free fatty acids (172).

Cholesterol-rich lipoproteins. The reports of fish oil effects on
total cholesterol and LDL cholesterol are somewhat conflicting. This issue
has been reviewed by Harris (86) and Sanders (158). The effects of fish oil
on cholesterol-rich lipoproteins is dependent on the type of patients, the
dose of fish oil and if (n-3) fatty acids replace saturated fatty acids or
not. In normal patients and in patients with type Ila hyperlipidaemia the
effects on total cholesterol and LDL cholesterol concentrations are small.
Nagakawa et al. used purified EPA with no other dictary change. They found
modest decreases in total cholesterol and LDL concentrations. In patients
with combined hyperlipidaemia and type IIb hyperlipidaemia cholesterol
concentration did not change, but LDL cholesterol concentration rose by 35-
7% (86). In patients with isolated hypertriglyceridaemia total cholesterol
decreased by 8% and LDL cholesterol increased by 30%. If saturated fatty
acids are held constant during the trials, the LDL may rise but when satu-
rated fatty acid were reduced, the LDL cholesterol tended to decrease (86).
In general, a high dose of fish oil (10 g w3) fatty acids daily may lower LDL
whereas lower doses do not.

HDL-cholesterol. After consumption of fish oil unchanged or in-
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creased levels of HDL cholesterol concentrations are usually reported (86,
158). In normal patients and in combined hyperlipidaemia and isolated 1
hypertriglyceridaemia a slight increase in HDL cholesterol is often report-
ed. The HDL2 to HDL3 ratio has been found to increase after consumption of

fish oil (17).

Lipoprotein (a). As mentioned earlier is the plasma level of Lp (a)
strongly genetically determined and there are only few reports on success-
ful ways of decreasing it (28). Earlier observations of a positive effect of
fish oil on Lp(a) were made after several months of consumption or in
hypertriglyceridaemic patients (64,88).

EFFECTS ON CARBOHYDRATE METABOLISM

There has been much concern about the potential deterioriation of
glucose homeostasis on consumption of fish oil. There are several reports
on a glucose-increasing effect of fish oils, especially when given to pat-
ients with type 1l diabetes or other persons with decreased glucose tole-
rance (65,186). This has been used as a reason for not recommending fish
oil to these categories. It has also been reported, however, that there is no
glucose increase in type II diabetics (148). There is some evidence that
fish oil enhances gluconeogenesis in the liver and increases insulin sensi-
tivity (148).

EFFECTS ON BLOOD PRESSURE

There have been conflicting reports as to whether fish oil supple-
ments are of value in the treatment of high blood pressure. From results of
animal and clinical studies, it is theorized that the (n-3) fatty acids in
fish oil have hypotensive properties through stimulation of the prosta-
glandins that control sodium and water excretion, cause vasodilation by
inhibition of the vasoconstrictor thromboxane, regulate renin release, and
decrease the response to vasopressor hormones (105). Stimulation of
endothelial-dependent vasorelaxation by (n-3) fatty acids has also been
suggested as an additional mechanism (20). There are a number of plausible
explanations for the inconsistent findings. Many studies are based on small
samples and may lack the statistical power to detect a modest effect. The
blood pressure response to fish oil may vary depending on the (n-3) dose
and length of treatment, or may occur only in certain types of patients,
such as patients with hypertension or various CVD. In a large controlled
double-blind study from Tromse in Norway (25), 157 persons with mild
untreated hypertension received 6 g fish oil or corn oil daily for 10 weeks.
After confounding factors had been taken into account, the systolic press-
ure was lower in the fish oil group by 6.4 mm Hg and the diastolic by 2.8
mm Hg compared with the controls. In another double-blind cross-over
study using 6 g fish oil for 12 weeks in mildly hypertensive men, no signi-
ficant decrease was found (125).

EFFECTS ON HOMOCYSTEINE
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There have been very few investigations on the effect of PUFAs on
the level of plasma homocysteine, an independent risk factor for CVD.
Hypercholesterolaemic men have elevated levels of homocysteine in the
LDL and other lipoprotein fractions of the plasma (140). The plasma level
of homocysteine in rabbits was decreased by feeding them a diet contain-
ing corn oil, suggesting that homocysteine accumulation is suppressed by
PUFAs (120). Recently, administration of 12 g of fish oil daily for 3 weeks
was found to decrease the serum homocysteine concentration by 48% (141).

EFFECTS ON INFLAMMATION

Epidemiological studies in populations of coastal Eskimo, Japanese
and Dutch subjects have shown that a high intake of (n-3) fatty acids corr-
elates with a Jow incidence not only of cardiovascular disecase but also of
inflammatory and autoimmune diseases such as rheumatoid arthritis, pso-
riasis, asthma, inflammatory bowel diseases, type I diabetes mellitus,
thyrotoxicosis and multiple sclerosis (92,108). In many clinical studies a
decrease in signs and symptoms of psoriasis, atopic dermatitis, rheuma-
toid arthritis and ulcerative colitis has been observed after intake of diet-
ary fish oil supplements (107,171). Also, several experimental studies
have shown a diminished inflammatory reaction to administration of (n-3)
fatty acids. In mice given fish oil supplement, development of lupus neph-
ritis and induction of amyloidosis were significantly inhibited (154), and
in guinea pigs fed fish oil the survival after endotoxin administration was
increased (118).

It is well accepted that the fatty acid composition of the diet can in-
fluence the fatty acid composition of cellular constituents. The members
of the (n-3) and (n-6) PUFAs exhibit many complex interactions at several
levels (175). Both (n-3) and (n-6) PUFAs have been found to have anti-in-
flammatory actions (107,142,171). However, it has also been proposed that
many diseases, including inflammatory ones, in affluent countries are att-
ributable to an imbalance between (n-6) and (n-3) fatty acids, with too
great production of metabolites of arachidonic acid (AA) (20:4 n-6) (112).
Recently the interaction of free fatty acids with cytoplasmic and nuclear
steroid hormone receptors has received great attention (74,139). One type
of these receptors is called peroxisome proliferator-activated receptors
(PPARSs).

EFFECTS ON PLASMA FIBRINOGEN

Some authors have reported that fish oils have a favourable effect on
plasma fibrinogen (64,101), whereas others have found no such effect
(62,163,167). In a later study Dyerberg et al. noted a dose-dependent
decrease in fibrinogen when fish oil was given to 11 patients with primary
hypertriglyceridaemia (48). The discrepancies between different studies
may relate to the method of fibrinogen determination, as well as to the
dose of fish oil administered. The mechanism underlying the fibrinogen-
lowering effect of (n-3) fatty acids is not known, but it is believed to be
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related to decreased production of fibrinogen in the hepatocytes, as part of
a decreased acute phase protein production. (n-3) fatty acids are known to
diminish the production of cytokines in leucocytes and macrophages. An
effect through altered production of fibrin(ogen) degradation products is
also possible (67).

EFFECTS ON FIBRINOLY SIS

There are only few reports on the influence of (n-3) fatty acids on
fibrinolysis. The results are somewhat contradictory. In their Oslo study of
cardiovascular disease, Andersen et al (4) found an increased fibrino-lytic
potential after dietary intervention in healthy coronary high-risk individ-
uals. Part of this intervention consisted of an increased consumption of fat
fish. Barcelli et al. (10) administered 5 g of (n-3) fatty acids/day to nine
volunteers and noted a significant increase in the vascular plasminogen
activator and a decrease in its inhibitor. The methods were not, however,
those that are used today, the observation time was only 2 weeks and there
was no control group. Furthermore, of the nine participants, four were
women, and it is known that fibrinolysis varies considerably during the
menstrual cycle (169). Mehta et al. (121) noted a reduction in PAI-1 activ-
ity after administration of 6 g (n-3) fatty acids per day in the form of
Max-EPA in eight patients with coronary artery disease and in four healthy
volunteers. The changes were rather small and of the four volunteers, two
actually showed a small increase in PAI-1. Measurements of tPA and PAI-1
were made in serum and are therefore less reliable. Takimoto et al. admin-
istered 8.2 g of fish oil daily to 14 healthy volunteers, seven men and
seven women, for 30 days, and found a reduction in serum triglycerides but
no significant change in tPA or PAI-1. Again, variations during the mens-
trual cycle may have had some influence. Schmidt et al. (163) gave 4.5 g of
(n-3) fatty acids daily to 36 patients with angina pectoris for 12 weeks.
The fibrinolytic activity at rest, determined by the fibrin plate method,
showed a decrease after the intake of fish oil. PAI-1 activity did not
change. tPA activity and antigen were not assayed. In 76 healthy volun-
teers, Emeis et al. (51) noted a 71% increase in plasma PAI-1 activity
after daily intake of mackerel paste containing 4.7 g of EPA/DHA for 6
weeks. However, there was no change in euglobulin tissue plasminogen
activator activity, suggesting that the fibrinolytic capacity of the plasma
was not changed. Millertz et al. (128) administered 1.7 g of EPA/DHA per
day to 7 normal volunteers for 3 weeks, and observed a significant rise in
PAI-1 antigen. However, they give no information about special measures
to prevent platelet activation and three of the seven volunteers were
women. Fumeron et al. (60) found that 36 healthy volunteers showed an
increase in PAI-1 activity when eating fat-controlled diets. Administra-
tion of a single dose of 20 g (n-3) fatty acids in the evening to healthy
volunteers increased the PAI-1 activity in the plasma by 62% next morning
compared to the previous morning (129). At the same time the serum tri-
glyceride level decreased by 33%. Hornstra (96), in an excellent review,
has discussed the significance of fish and fish oil-enriched food for pre-
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vention of ischaemic cardiovascular disease. In view of the divergent re-
sults, he suggests that the use of fish-enriched diets by people with low
endogenous fibrinolytic activity should be discouraged until further re-

search has been carried out.

EFFECTS ON PLATELETS

Fish oil supplementation has been reported to increase the long-chain
(n-3) fatty acids in platelets, mainly at the expense of the (n-6) fatty
acids (18,59). (n-3) fatty acids alter platelet eicosanoid formation, re-
placing arachidonate-derived TxA) with the biologically inert TxA3. How-
ever, they are relatively inefficient approach to platelet inhibition and a
pronounced effect on platelet reactivity is not always demonstrated (18).

EFFECTS OF FISH OILS ON THE PRODUCTION OF NITRIC OXIDE
Endothelium-dependent vasorelaxation has been found to be dimin-
ished in patients with atherosclerosis, hypertension and diabetes (31). (n-
3) fatty acids have been shown to improve such vasorelaxation (20,111).
Whether this is due to an increase in NO production, a decrease in super-
oxide with prolonged half-life of NO, or some other mechanism remains
unclear. However, Bryant et al. (24) showed that the increased NO activity
in the rat aorta after intake of fish oil is not due to increased NO synth-
esis but may be a result of decreased breakdown of NO, since the formation
of superoxide radicals was decreased. It is thus possible that (n-3) fatty
acids may increase the activity of the constitutive NO in the endothelial
cells mainly by decreasing superoxide production. There are no published
reports on the effect of (n-3) fatty acids on the inducible NO production.

OTHER EFFECTS OF FISH OILS

Fish oil consumption usually increases the bleeding time, but in many
studies only a slight or no increase has been observed (96). The effects of
different doses of fish oils on the prolongation of bleeding time were in-
vestigated by Saynor et al (160). With 1.8 g EPA daily there was no such
prolongation. At 4 g daily the bleeding time increased and the platelet
count decreased without any adverse effects.

(n-3 ) fatty acids have been found to reduce plasma viscosity and
decrease erythrocyte deformability (53).

FISH OIL AND ATHEROSCLEROSIS

There is strong epidemiological evidence of a protective effect of (n-
3) fatty acids on atherogenesis (9,108). Kromhaut et al (109) reported an
inverse relationship between fish consumption and 20-year mortality from
CHD in their epidemiological study of the town of Zuptfen, Netherlands. A
recent study of coronary arteries from deceased Alaska Natives and non-
natives showed that the extent of raised lesions increased with age in both
groups, but the prevalence of raised lesions in native specimens was con-
sistently lower than that in non-natives (135). A very recent meta-analys-
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is of studies using fish oil after percutaneous transluminal coronary
angioplasty (PTCA) has shown that these oils are effective in reducing
restenosis (63). The optimal dose of (n-3) fatty acids after sucessful PTCA
appeared to be 4 to 5 g/day .

Most animal studies support the concept of an antiatheromatous act-
ion of (n-3) fatty acids. In dogs fed a diet high in saturated fatty acids and
cholesterol, supplementation with fish oil prevented the intimal hyperpla-
sia that was induced on venous allografts inserted into their arteries
(110). In a hyperlipidaemic swine model, dietary supplementation with cod
liver oil reduced the development of coronary atherosclerosis without any
significant changes in plasma lipid concentrations in the supplemented
animals compared with the controls (191). In a primate model, dietary sub-
stitution with (n-3) fatty acids inhibited atherogenesis in the aorta and in
the carotid and femoral arteries (38). With the rabbit atherogenesis model,
fish oil feeding resulted in enhancement of cholesterol-induced athero-
genesis  (182).

FISH OIL AND ANTIARRHYTHMIC EFFECTS

There are many experimental studies on the protective effect of (n-
3) fatty acids on the ventricular fibrillation so often induced by myocard-
ial ischaemia and infarction (30). Studies with isolated papillary muscles
from either rats or marmoset monkeys indicate much less susceptibility to
catecholamine-induced arrhytmia in the muscles from animals fed fish oil
supplements than from those on (n-6) or low-fat diets. Indomethacin
abolishes these effects in vitro, suggesting a mechanism operating via the
eicosanoids. Burr et al (26) studied the effects of dietary intervention in
the secondary prevention of myocardial infarction. A modest intake of
fatty fish two-to-three times per week (or 3 g fish oil daily) reduced all-
cause mortality by 29% over a 2-year period, possibly by preventing sudden
death from arrhytmia.

POTENTIALLY ADVERSE EFFECTS OF FISH AND FISH OILS

Concern has been raised about the potential toxicity or possible side
effects of prolonged consumption of fish and fish oil by humans. For this
reason, and pending further studies, the Food and Drug Administration
(FDA) states that available data do not provide a basis upon which a health
claim for (n-3) fatty acids against CHD can be authorized (57). This report
has been criticized as being much too negative (113).

Fish caught in polluted coastal waters and fish oils produced from
these fishes may contain appreciable amounts of toxic heavy metals,
chlorohydrocarbons and dioxines. Several of these substances are carcino-
genic. However, fish oil prepared by responsible producers has these toxic
substances removed during preparation, and in this sense they are safer as
a source of (n-3) fatty acids than some fish. In addition, most fish oils are
produced from fatty fishes in the rather clean water of the north Atlantic.

When consuming cod liver oil, but not fish oil, there may be a risk of
vitamin A and D toxicity.
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In some studies fish oil administration has been found to cause slight
gastrointestinal complaints such as oily belching after intake, and diarr-
hoea. However, in the reports from most studies no such complaints are
mentioned.

Potentially, intake of fish oils could increase the body weight. Intake
of 30 mL of fish oil could result in an increased energy intake of about
1050 KJ (248 Kcal) per day. This may represent an increase in total dietary
intake by 10%, with a concomitant increase in fat energy percent from 30%
to 36%. However, there are very few reports on weight gain after consump-
tion of fish oil. This indicates that the increcased energy intake from fish
oil is balanced by a reduced dietary intake of other food items or by in-
creased energy turnover.

Fish oils have been reported to produce an atherogenic lipid profile in
certain groups (99). The effect of (n-3) fatty acids on total cholesterol,
LDL cholesterol and apo-B are somewhat controversial, with reports on
increased, unchanged and decreased values. It has been proposed that the
effects of fish oils may be determined more by the changes in the intake of
saturated fatty acids than by the fatty acids in the fish oil (86). In some
subpopulations, e.g. persons with hyperlipidaemia and diabetes, fish oils
appear to increase LDL cholesterol when the saturated fat is kept constant.
It has also been suggested that after consumption of fish oil the LDL part-
icles are less atherogenic (144). In view of the positive effects of (n-3)
fatty acids on, for example serum triglycerides, VLDL cholesterol, fibrino-
gen, platelets, neutrophils and blood viscosity, the net effect of (n-3)
fatty acids is clearly beneficial (171). There are few long-term studies on
the effects of fish oils and it has been questioned if the initial decrease of
triglycerides really sustain (162). However, a recent report demonstrated
sustained triglyceride lowering after seven years (161).

(n-3) fatty acids have been claimed to deteriorate glucose control in
diabetics and other groups with reduced glucose tolerance (65,96,186).
This has been used as an argument against recommending fish oil to these
categories. It has been reported that (n-3) fatty acids increase hepatic
gluconeogenesis and glucose output. On the other hand an increased insulin
sensitivity has been reported (189). There are reports that an increased
content of vitamin E in the fish oil may counteract the increase in glucose
(188, Luostarinen, personal communication 1993). Patients with non-
insulin-dependent diabetes also, as a rule, exhibit other risk factors for
cardiovascular disease, including increased serum lipids, platelet reac-
tivity and blood pressure. Fish oil has a positive effect on several of these
factors and the net effect of fish oil should be positive.

The effect of fish and fish oil on fibrinolysis is somewhat contro-
versal. However, most studies show an impaired fibrinolytic capacity. Es-
pecially there is usually an increase in PAI-1 activity and antigen. Ham-
sten et al (83) found increased level of PAI-1 in young survivors of myo-
cardial infarction. Whether an elevation of PAI-1 is of pathogenetic value
or is merely a marker of disease remains to be established (40). Prelimi-
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nary prospective data from 231 apparently healthy individuals provided
strong evidence against PAI-1 abnormalities as predictors of future myo-
cardial infarction (152). Of interest is that Eskimos, known to have a low
incidence of IHD, show elevated plasma PAI-1 activity (164).

Other matters of concern are the risk of excessive bleeding and the
possible increase in stroke on consumption of fatty fish or fish oil. Eski-
mos have been said to have frequent epistaxis and easy bruisability (47).
Mild to moderate thrombocytopenia has also been found in the Eskimos.
There are some reports that ingestion of high doses of salmon oil can pro-
duce thrombocytopenia (66). However, after the intake of more purified
preparations of fish oils currently used, thrombocytopenia has not been
reported. Fish consumption consistently produces an increase in bleeding
time (184). Fish oil consumption usually increases the bleeding time, but
in many studies only a slight or no increase has been observed. This
appears to be largely a matter of the dose of fish oil taken (165). During
consumption of fatty fish, other factors, e.g. selenium, may contribute to
an increased bleeding time. Kromann et al. (108) reported an increased
occurrence of stroke among Greenland Eskimos. It should be noted, how-
ever, that the type of CNS events (e.g. thrombotic, haemorrhagic) in these
subjects has not been well characterized. In contrast, a decreased inci-
dence of stroke was found in a Japanese fishing village (92). There is no
evidence that bleeding is a predictor of a risk of haemorrhage and in hum-
ans there has been no report of clinical bleeding, even after operation in
subjects who were taking fish oil supplements (41). Administration of EPA
to spontaneosly hypertensive rats was recently reported to increase the
incidence of cerebral haemorrhage (198).

In a rodent model (n-3) fatty acids promoted tumour growth regard-
less of how the tumour was initiated (1150). However, there are many
reports on an anticarcinogenic effect of (n-3) fatty acids (104).

Concern has also been expressed over the possible inadvertent feed-
ing of peroxides and aldehydes from autooxidized fish oils. The stability of
fish oils should be controlled by assaying peroxide and anisidine values. In
order to prevent rancidity of fish oils a mixture of «, vy and d-tocopherols
and spice oils like rosemary is often used. Administration of polyunsatu-
rated fatty acids decreases the concentration of vitamin E in the body (15)
and may lead to increased lipid peroxidation with enhanced formation of
products such as malondialdehyde and 4-hydroxynonenal (55). This might
lead to an increased oxidative modification of the LDL particles contribut-
ing to an accelerated atherogenesis. Susceptibility to oxidative damage of
fatty acids increases proportionally to the degree of unsaturation of the
fatty acids, and the (n-3) fatty acids are among the most unsaturated fatty
acids in the diet. Theoretically, when these fatty acids are resident in LDL,
they are more likely to be oxidized by the many oxygen free radicals pro-
duced within our bodies and thus render the LDL atherogen. Recently incu-
bation of LDL particles with EPA, however, was found not to increase its
susceptibility to oxidation (132). Oxidation of LDL particles may also be
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prevented by supplementation of suitable lipid soluble antioxidants, mainly
vitamin E. '

(n-3) fatty acids have been found to decrease the production of
leukotrienes, several cytokines, superoxide, and platelet activating factor
(PAF) by monocytes and neutrophils (52). This is believed to have an anti-
inflammatory effect, which might benefit individuals with autoimmune or
similar diseases. However, they may have a potential to reduce the immune
status and inflammatory responses unduly. To date there has been no evi-
dence of increased infections or antibiotic resistance in individuals taking
(n-3) fatty acid supplements (113). In a mouse model dietary fish oil in-
creased the mortality in animals challenged with Salmonella typhimurium
(29). However, in other mouse models fish oil increased the resistance to
Klebsiella pneumoniae and Plasmodium berghei infections (16). Interest-
ingly, supplementation with antioxidants has been shown to greatly reduce
the (n-3)-induced killing of Plasmodiae, indicating involvement of lipid
peroxides in the killing.

RESULTS

In order to facilitate comparisons, the effects of fish oil, or other oils, on
different parameters have been compiled in tables. The following abbrev-
iations have been used:

The oils used were soy bean oil (SBO), Eskimo-3 (E-3=SPFO), highly puri-
fied fish oil (HPFO) and a mixture of fish oil and evening primrose oil 50:50
(E-36).

The supplementations (Suppl.) were 0.3 1U of vitamin E per g oil (a), 1.5 IU
of vitamin E per g oil (b), 80 mg of pyridoxine and 10 mg of folic acid daily
(¢) and 25 mg of pyridoxine and 0.4 mg of folic acid daily (d).

The length of the treatment (Time) and of the washout period (W.0.) in
weeks is given.

The pretreatment values (Before) and the percentual change (Change) (%)
are given, as is the degree of significance of the change before and after
the treatment (*=p<0.05, **=p<(.01, ***=p<0.001).

Effects of fish oils and a mixture of fish oil and evening
primrose oil on plasma phosphoelipid fatty acid composition.

In one study (75), EPA increased by 490% and 300% and DHA increased by
47% and 35% after administration of 30 and 15 mL, respectively, of
ESKIMO-3. The EPA/arachidonic acid ratio increased by 637% and 363%
after administration of 30 and 15 mL, respectively, of ESKIMO-3. In
another study (80), after intake of fish oil there was a considerable
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increase in long-chain PUFAs of the (n-3) series (20:5 EPA and 22:6 DHA)
and a concomitant decrease in (n-6) fatty acids (18:2, 20:3 and 20:4) '
(p<0.001 for all). The EPA/arachidonic acid ratio increased from 0.2 to 1.2
(p<0.001) and the EPA/DHA ratio from 0.4 to 1.2 (p<0.001). After intake of
fish oil/evening primrose oil the decreases in (n-6) fatty acids and the
changes in fatty acid quotients were considerably smaller. Oleic acid (18:1
n-9) significantly decreased by 14% (p<0.001) and 23% (p<0.001) after
treatment with fish oil alone and fish oil/levening primrose oil, respec-
tively. After fish oil, 20:3 (n-6) decreased by 57% (p<0.001) while the
decrease after the oil mixture was only 8%.

Effects on serum triglycerides (mmol/L).

When fish oil was administered at a dose of 15 mL daily for 6 months there
was a continous decrease in serum triglycerides (75). At the end of the 6-
months period, the triglyceride level had decreased by 64% (p<0.01).

Reference OQil Suppl. Time W.o. Before Change
75 30 mL SBO a 4 - 1.8%1.6 +3%

75 15 mL E-3 a 4 2 1.9+1.6 -32%
75 30 mL E-3 a 4 2 1.8+1.7 -43%*
76 30 mL E-3 a 4 2 2.0+£1.9 -45%*
76 30 mL HPFO a 4 2 3.0+1.9 -43 % **
77 (80) 30 mL E-3 a 3 2 2.611.6 21%
77 (80) 30 mL E-3 b 3 2 3.442.9 -48 % **
78 30 mL E-3 b 4 5 1.7+£0.8 -32%**
78 30 mL E-3 b,c 4 5 2.1+1.3 -48 % **
79 30 mL E-3 b,d 4 5 1.8+£0.7 -36%**
79 30 mL E-36 b,d 4 5 1.94+0.3 -29%*

In one study (77), the decrease in serum triglycerides was more pro-
nounced with the vitamin E-rich oil as compared to the vitamin E-poor oil
(p<0.01).

In the long-term study (80), triglycerides in serum were decreased
{p<0.05) at all time points, and most of the decrease occurred during the
first 3 months.

The rebound increase in serum triglycerides after 2 weeks of wash-
out in one study (77) was 26%. The corresponding rebound increases after 5
weeks of wash-out were 10% and 8% respectively (78,79).

Effects on serum total cholesterol (mmol/L).

When fish oil was administered at a dose of 15 mL daily for 6 months there
was a continous small decrease in serum total cholesterol (75). At the end
of the 6-month period, the total cholesterol level had decreased by 8%
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(p<0.001).

Reference Qil Suppl. Time W.o. Before Change
75 30 mL SBO a 4 - 5.0+0.9 +1%
75 15 mL E-3 a 4 2 5.1+¢1.0 -6%
75 30 mL E-3 a 4 2 5.2+0.9 -10%*
76 30 mL E-3 a 4 2 5.5+£1.0 -6%*
76 30 mL HPFO a 4 2 5.5+1.2 -3%
77 30 mL E-3 a 3 2 5.610 +0%
77 30 mL E-3 b 3 2 5.7%1 -1%
78 30 mL E-3 b 4 5 5.3+0.9 +1%
78 30 mL E-3 b,c 4 5 5.2+1.0 -4 %
79 30 mL E-3 b,d 4 5 5.4x1.1 2%
79 30 mL E-36 b,d 4 5 5.6%1.1 -5%

The differences in the decreases in serum total cholesterol between
administration of 15 and 30 mL of fish oil in one study (75), and between
administration of 30 mL of SPFO (ESKIMO-3) and HPFO in another study
(76), are not statistically significant.

Effects on calculated serum LDL cholesterol (mmol/L).

Reference Qil Suppl. Time W.o. Before Change
76 30 mL E-3 a 4 2 3.5£0.9 -1%
76 30 mL HPFO a 4 2 3.510.8 +3%
78 30 mL E-3 b 4 5 3.440.7 +7%
78 30 mL E-3 b,c 4 5 3.5+0.7 +2%
79 30 mL E-3 b,d 4 5 3.51+0.9 +7%
79 30 mL E-36 b,d 4 5 3.7£1.1 1%

Effects on apolipoprotein B (g/L).

Reference Qil Suppl. Time W.o. Before Change
77 30 mL E-3 a 3 2 1.27+0.33 +2%
77 30 mL E-3 b 3 2 1.28+0.32 0%

Effects on serum HDL cholesterol (mmol/L).

After treatment with 15 mL of fish oil daily for up to 6 months, the
changes were not statistically significant (75).
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Reference Qil Suppl Time W.o. Before Change
75 30 mL SBO a 4 - 1.2+0.3 +3%

75 IS mL E-3 a 4 2 1.3+0.4 +16%
75 30 mL E-3 a 4 2 1.210.4 +21%**
76 30 mL E-3 a 4 2 1.240.4 +17%**
76 30 mL HPFO a 4 2 1.0+0.3 +4%

77 30 mL E-3 a 3 2 1.0x0.3 +11%**
77 30 mL E-3 b 3 2 1.0£0.3 +9%*
78 30 mL E-3 b 4 5 1.2£0.3 +12%*
78 30 mL E-3 b.c 4 5 1.1£0.2 +1Q% **
79 30 mL E-3 b,d 4 5 1.1+0.2 +6%

79 30 mL E-36 b,d 4 5 1.1£0.3 +5%
Effects on the atherogenic index.

After treatment with 15 mL of fish oil daily for up to 6 months in one
study (75), the changes were not statistically significant.

Reference Qil Suppl. Time W.o. Before Change
75 30 mL SBO a 4 - 4,14£2.3 3%

75 15 mL E-3 a 4 2 4.2+£2.0 -18%
75 30 mL E-3 a 4 2 4.0+2.3 22%**
76 30 mL E-3 a 4 2 4.3+£2.6 -22%%*
76 30 ml. HPFO a 4 2 4.5+¢1.2 -9%

77 30 mL E-3 a 3 2 5.0£1.7 -11%**
77 30 mL E-3 b 3 2 5.242.2 11 %**
78 30 mL E-3 b 4 5 3.6x1.2 -12%*
78 30 mL E-3 b,c 4 5 3.8%1.3 -24%*
79 30 mL E-3 b,d 4 5 4.1+1.3 -6%

79 30 mL E-36 b,d 4 5 4.3%£1.3 -11%*
Effects on lipoprotein (a) (mg/mL).

Reference Qil Suppl. Time W.o. Before Change
76 30 mL E-3 a 4 2 123+118 -19%*
76 30 mL. HPFO a 4 2 1001124 -4 %

77 (80) 30 mL E-3 a 3 2 128+149 -2%

77 (80) 30 mL E-3 b 3 2 124135  +3%

In a long-term study (80), the plasma concentration of Lp(a) was de-
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creased (p<0.05) at 3 months and this decrease persisted over the 12
months of follow-up.

Effects on plasma glucose (mmolil).

Reference Qil Suppl. Time W.o. Before Change
76 30 mL E-3 a 4 2 6.9+£2.5 +4%

76 30 mL HPFO a 4 2 7.1£2.9 +11%***
77 30 mL E-3 a 3 2 7.0+£2.7 +9 G **
77 30 mL E-3 b 3 2 6.9%+3.0 +11%***
78 30 mL E-3 b 4 5 5.140.6 +10%*
78 30 mL E-3 b,c 4 5 5.1£0.5 +4%

79 30 mL E-3 b,d 4 5 5.940.7 +4%

79 30 mL E-36 b,d 4 5 5.9+0.6 H0%

Effects on serum insulin (uU/mL)

Paper 0il Suppl. Time W.o0. Before Change
78 30 mL E-3 a 3 2 13.0+11.9 H%
78 30 mL E-3 b 3 2 12.6+12.2 -7%
79 30 mL E-3 b,d 4 5 7.3%5.8 -4%
79 30 mL E-36 b,d 4 5 7.2%3.9 +2%

Effeects on systolic blood pressure (mm Hg)

Reference Qil Suppl. Time W.o. Before Change
75 30 mL SBO a 4 - 127+10 -1%
75 15 mL E-3 a 4 2 126+8 -5%*
75 30 mL E-3 a 4 2 12749 -5%*

After consumption of 15 mL of fish oil for up to 6 months in one study
(75), there was no significant reduction of the systolic blood pressure.

Effects on diastolic blood pressure (mm Hg)

Reference Qil Suppl. Time W.o. Before Change
75 30 mL SBO a 4 - 8013 -2%
75 15 mL E-3 a 4 2 80+12 5%
75 30 mL E-3 a 4 2 79+12 -1%

After consumption of 15 mL fish oil daily for 6 months diastolic blood
pressure had declined by 9% (p<0.05) (75).
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Effects on bleeding time (min)

Reference Qil Suppl. Time W.o. Before Change
75 30 mL SBO a 4 - 4.8+1.5 +38%
15 15 mL E-3 a 4 2 4.7+1.3 +8%
75 30 mL E-3 a 4 2 4.7+1.2 +10%

Effects on malondialdehyde in plasma (umol/L)

Reference Oil Suppl. Time W.o. Before Change
76 30 mL E-3 a 4 2 0.6%0.2 +54%**
76 30 mL HPFO a 4 2 0.410.1 +8YGpr*
717 30 mL E-3 a 3 2 0.6+0.4 +122%*
77 30 mL E-3 b 3 2 0.710.3 +6%

78 30 mL E-3 b 4 5 0.5+0.2 +30%

78 30 mL E-3 b,c 4 5 0.4+0.2 +23%

Effects on 4-hydroxynonenal in plasma and in methanol-extract-
ed plasma (umol/L)

The concentration of 4-HNE in plasma and in methanol-extracted plasma
was below the detection limit both before and after treatment (79).

Effects on vitamin E (mg/L)

Reference Qil Suppl. Time W.o0. Before Change
77 30 mL E-3 a 3 2 13.6%£3.6 -9 % **
77 30 mL E-3 b 3 2 13.7+2.9 -1%

Effects on homocysteine in plasma (umol/L)

Reference Qil Suppl. Time W.o, Before Change
78 30 mL E-3 b 4 5 3.8+1.1 +6%

78 30 mL E-3 b.c 4 5 4.6x1.4 -30%**
79 30 mL E-3 b,d 4 5 8.8+3.0 -4 %

79 30 mL E-36 b.d 4 5 10.0+£3.0 -10%*

It is to be noted that the assays of homocysteine in plasma in our two
studies (78,79), were carried out with a similar method but in different
laboratories. The reason for the lower values in the first study is not
known. The decrease in plasma homocysteine after administraton of 30 mL
of fish oil supplemented with 80 mg of pyridoxine and 10 mg of folic acid
was significant compared with that after administration of fish oil alone
(p<0.001) (78). In the other study (79), both oils were supplemented with
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25 mg of pyridoxine and 0.4 mg of folic acid. There was no significant
difference between the two groups.

Effects on pyridexal 5°-phosphate in plasma (nmol(L)

Reference OQil Suppl. Time W.o. Before Change
78 30 mL E-3 b 4 5 76.8450.2 -22%
78 30 mL E-3 b.,c 4 5 62.7134.8 +196%***

Effects on folic acid in serum (nmol/L)

Reference Oil Suppi. Time W.o. Before Change
78 30 mL E-3 b 4 5 24.5%16.2 -1%
78 30 mL E-3 b.c 4 5 16.5£10.1 +223%***

Effects on plasma fibrinogen (g/L)

Reference 0Qil Suppl. Time W.o. Before Change
75 30 mL SBO a 4 3.7+0.9 -5%

75 15 mL E-3 a 4 2 3.610.8 +1%

75 30 mL E-3 a 4 2 3.720.8 ~9%**
76 30 mL E-3 a 4 2 3.7x0.9 -10%**
76 30 mL HPFO a 4 2 3.7£3.4 -T1%*
77 30 mL E-3 a 3 2 3.1£0.4 -3%

77 30 mL E-3 b 3 2 3.312.9 1L %%
78 30 mL E-3 b 4 5 3.3+0.7 -6%

78 30 mL E-3 b,c 4 5 2.810.6 -15%*
79 30 mL E-3 b.d 4 5 2.9+1.0 -10%*
79 30 mL E-36 b.d 4 5 3.0x0.6 -8%*

After intake of 15 mL fish oil daily for 6 months there was a 23% decrease
in plasma fibrinogen (p<0.05). After intake of 15 mL of fish oil daily up to
12 months, plasma fibrinogen levels were decreased by 17%, 20%, 17% and
17% at 3, 6, 9 and 12 months of fish oil intake (p<0.05 vs pretreatment
values).

Effects on fibrinolytic parameters:
Effects on tPA activity

Reference Oil Subst. Time W.o. Before Change
78 30 mL E-3 b 4 5 0.66£0.46 -50%**
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78 30 mL E-3 b,c 4 5 0.57+£0.59 -26%
Effects on tPA antigen (ng/mL)

Reference Oil Suppl. Time W.0. Before Change
78 30 mL E-3 b 4 5 6.313.2 +8%
78 30 mL E-3 b,c 4 5 5.912.8 +4%
79 30 mL E-3 b,d 4 5 6.81+2.5 -1%
79 30 mL E-36 b.d 4 5 6.712.1 +3%
80 30 mL E-3 a 3 2 9. g+£32.5 +4%
80 30 mL E-3 b 3 2 9.6+2.8 +7%

Over a 12 month period of consumption of 15 mL of fish oil plasma tPA
antigen levels decreased 16% at 3 months, 17% at 6 months, 19% at 9

months and 35% at 12 months (all p<0.05) (80).

Effects on PAI-1 activity (AU/mL)

Reference Qil Suppl. Time W.o. Before Change
78 30 mL E-3 b 4 5 2712172 +35%
78 30 mL E-3 b,c 4 5 31.4£18.1 +34%
79 30 ml E-3 b,d 4 5 24.5+12.9 +50%*
79 30 mL E-36 b,d 4 5 25.3+11.5 +23%
80 30 mL E-3 a 3 2 46.3£18.1 +25%
80 30 mL E-3 b 3 2 49.81£29.2 +15%

Plasma PAI-1 activity over a 12 month period of consumption of 15 mL of
fish oil increased 26% at 3 months, 28% at 6 months, 51% at 9 months and

78% at 12 months (80).

Effects on PAI-1 antigen (ng/mL)

Reference Qil Suppl. Time W.o. Before Change
78 30 mL E-3 b 4 5 39.4+32.5 +68%**
78 30 mL E-3 b.c 4 5 39.9+33.4 +43%
79 30 mL E-3 b.,d 4 S 24.9%16.1 +49%*
79 30 mL E-36 b,d 4 5 29.7€20.1 +1%

80 30 mL E-3 a 3 2 51.2£27.0 +63%*
80 30 mL E-3 b 3 2 60.7+£38.2 +18%

Over a 12 month period of consumption of 15 mL of fish oil plasma PAI-1
antigen increased in all subjects (mean increase of 32%, 37%, 93% and
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105% at 3, 6, 9 and 12 months, respectively, all p<0.05 vs pretreatment
values (80).

Effects of EPA and SOD on the production of nitrite in the
stimulated J774,2 murine macrophage cells (umol/L)

The mean nitrite concentration from six experiments, each using 1.5
x 100 cells, was calculated. Unstimulated macrophages produced 96 + 1.8
uM of nitrite (Fig. 3, A). Stimulation of the macrophages with IFN-y and
LPS markedly increased the production of nitrite by 517% to 59.2 £ 5.8 uM
(p<0.001) (Fig. 3, B). Addition of SOD (40 U/mL) to stimulated macrophages
further increased the nitrite production to 71.2 £ 6.0 uM (Fig. 3, C). Comp-
ared to unstimulated cells this was an increase in nitrite concentration by
642% (p<0.001). When EPA/albumin was administered 6 h before the start
of the stimulation, the nitrite concentration was 48.0 + 4.9 uM (Fig. 3; D).
Compared to stimulated cells without addition of EPA/albumin this was a
decrease in nitrite concentration by 19% (p<0.01). Macrophages incubated
with EPA/albumin at the start of the stimulation produced 37.8 3.5 uM of
nitrite (Fig. 3, E). Compared to stimulated cells without addition of EPA/-
albumin this was a decrease in nitrate concentration by 38% (p<0.001).
Administration of SOD, 20 uM and 40 uM, together with EPA/albumin, in-
creased the concentration of nitrite (Fig. 3, F,G). Compared to stimulated
cells in the presence of 40 uM SOD, stimulated cells in the presence of 40
puM SOD and EPA/albumin produced 22% less nitrite (p<0.001). Incubation
with albumin alone did not influence the nitrite production (data not
shown).

Stimulation of differentiated U937 cells with IFN-y/LPS did not
result in any production of NO. Variations of the concentrations of gluta-
mine and arginine, supplementation with tetrahydrobiopterin and varying
sequences of stimulation, different concentrations of the stimulants, and
different durations of stimulation up to 96 h did not influence the results.

Effects of EPA and SOD on cell viability in the stimulated J774,2
murine macrophage cells

Unstimulated macrophages showed a viability of 91% with trypan
blue exclusion (Fig. 4, A). After stimulation with IFN-y and LPS for 40 h the
viability decreased markedly to 44% (p<0.001) (Fig.4, B). Stimulation in the
presence of the NO-synthase inhibitor L-canavanine (5 mM) increased the
viability to 88% (Fig. 4, C). Cells incubated with 50 uM EPA/albumin at the
start of the stimulation exhibited a viability of 71% (Fig. 4, D). Compared
to stimulated cells in the absence of EPA/albumin this was an increased
viability by 61% (p<0.001). After addition of SOD, 20 U/mL and 40 U/mL,
the viability was increased to 77% and 83% respectively (Fig. 4, EF).
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DISCUSSION

The fish oils used in these studies were tolerated well by all sub-
jects without any adverse effects during the experimental period. A few
reported slight oily belching during the hour after intake of the fish oil.
This was easily corrected by measures such as taking the fish oil together
with certain foods. There were no unplanned drop-outs during the experi-
ments.

ESKIMO-3, like most other fish oils, is available both in bottles and
in small capsules. Reasons for using capsules has been to partially avoid an
oily taste and to provide some protection aginst oxidation by the capsule
material. However, the fish oil used in our experiments has been stabilized
by addition of a mixture of tocopherols and of spices such as rosemary. The
fish oil bottles were stored in a refrigerator at 2-6°C and the oil was pro-
vided in bottles containing 105 mL. In the studies using 30 mL the last
portion was therefore consumed on the fourth day. The quality of the oil
was registrated regularly by means of peroxide and anisidine values and it
was found to be very stable. By adding taste substances such as lime, the
oily taste has been strongly diminished. A capsule usually contains 0.5 g or
1.0 g of oil. In order to get 30 mL, about 28 one-gram capsules therefore
have to be consumed. Difficulty in taking the capsules is fairly common,
and we therefore chose to use fish oil in bottles.

Effects of fish oil on fatty acids in plasma phospholipids and
blood lipids

After intake of fish oil for 4 weeks (75,76,79), there was a consider-
able increase in long-chain PUFAs of the (n-3) series (20:5 EPA and 22:6
DHA) in plasma phospholipids and a concomitant decrease in (n-6) fatty
acids (18:2, 20:3 and 20:4). In one study (79), the EPA/arachidonic acid
ratio increased from 0.2 to 1.2 (p<0.001) and the EPA/DHA ratio from 0.4 to
1.2 (p<0.001). After intake of fish oil/evening primrose oil for 4 weeks the
decreases in (n-6) fatty acids and the changes in fatty acid quotients were
considerable smaller. The members of the two different series of PUFAs
exhibit many complex interactions at several levels. They have different
affinities for enzymes regulating the production of prostanoids and leuko-
trienes. The different PUFAs also compete for the desaturase enzymes,
with (n-3) fatty acids generally having greater affinities. Recently, the
interaction of free fatty acids with intracellular steroid receptors has
received great attention (139).

The effect of fish oil on serum triglycerides in our studies was very
strong and the decrease ranged from 32% to 48% after intake of 15 or 30
mL fish oil daily for 3-4 weeks. The effect was dose-dependent. During
consumption of 15 mL of fish oil daily for up to 12 months, the serum tri-
glycerides were lower at all time points, and most of the decrease occurr-
ed during the first three months. The result of this long-term study (80)
confirms the report by Saynor et al (161) that the triglyceride-lowering
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effect of fish oil is sustained. The fish oil containing 1.5 IU vitamin E/g oil
decreased serum triglycerides more than that containing 0.3 IU vitamin Elg
oil (48% vs 21%, p<0.01) (77). In another study (79) fish oil and fish oil/-
evening primrose oil decreased triglycerides by 36% and 29% respectively.
These changes correspond well to the decrease in triglycerides seen in one
of our studies (75), with use of 30 and 15 mL, respectively, of fish oil and
the effect of fish oil/evening primrose oil on triglycerides is thus probab-
ly due to its content of (n-3) fatty acids. There was a positive correlation
between plasma PAI-1 or antigen and serum triglycerides in the baseline
state (r=0.70, p<0.01) (80). However, this relationship was no longer evi-
dent after fish oil treatment.

The effect of fish oil on serum total cholesterol in our trials was
fairly weak. When in one study (75), fish oil was administered at a dose of
15 mL for 6 months, there was, however, a continuous decrease in chole-
sterol. At the end of the 6-month period, total cholesterol had decreased
by 8% (p<0.001). When 30 mL of fish oil was given for 4 weeks there was a
10% decrease (p<0.05) (paper I). In another study (76), administration of 30
mL of fish oil (SPFO=Eskimo-3) decreased total cholesterol by 6% (p<0.05).
In all other trials the changes were statistically non-significant. In the
literature there are numerous experimental and clinical reports on un-
changed, increased or decreased serum total cholesterol levels. According
to Harris (86) the result is strongly dependent on the concomitant intake
of saturated fat. When the intake of saturated fat is kept constant, no
change in total cholesterol is to be expected. The type of patients and the
duration of the treatment also have an impact.

The effect of fish oil on the calculated LDL cholesterol in our stud-
ies was also fairly small and statistically non-significant. The changes
ranged from a decrease by 7% in one study (76) to an increase by 7% in two
studies (78,79). In patients with hypertriglyceridaemia and type IIb hyper-
lipidaemia, fish oil fairly often produces a slight to moderate increase in
LDL cholesterol. This seemingly proatherogenic lipid change has sometimes
been used as an argument for not giving fish oil to these patients. However.
there are reports linking smaller, more dense LDL particles with an in-
creased risk of coronary heart disease (145). Recently, evidence has been
presented that fish oil increases the size of the LDL particles in hypertri-
glyceridaemic patients (144). Even if in some patients fish oil increases
the level of LDL cholesterol, this effect might be counteracted by the posi-
tive change in the LDL particle size.

The effect of administraton of 30 mL of fish oil daily for 3-4 weeks
on HDL cholestrol was an increase ranging from 4% to 21% in the various
studies. In one of our studies (76), consumption of 30 mL of SPFO (=ESKI-
MO-3) daily for 4 weeks resulted in a 17% (p<0.01) increase in HDL chole-
sterol, while consumption of 30 mL of HPFO daily only resulted in an in-
crease by 4%. It is suggested that highly purified fish oil may not have
better effects than semipurified fish oil concentrate, possibly because of
loss of active component(s) during the purification procedure.

The effect of administration of 30 mL fish oil daily for 3-4 weeks on
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the atherogenic index was a decrease ranging from 9% to 24% in the vari-
ous studies. Again, consumption of 30 mL of SPFO daily for 4 weeks had a
stronger effect than 30 mL of HPFO (p<0.01) (76). Intake of 30 mL fish oil
supplemented with 80 mg pyridoxine and 10 mg folic acid daily for 4
weeks decreased the atherogenic index more than fish oil alone (p<0.05)
(78). A combination of fish oil and evening primrose oil had a more favour-
able effect on the atherogenic index than fish oil alone (p<0.05) (79).

Effects of fish oil on carbohydrate metabolism.

There has been much concern about the potential deterioriation of
glucose homeostasis on consumption of fish oil. There are several reports
on a glucose-increasing effect of fish oils, especially when given to pat-
ients with type Il diabetes or other persons with decreased glucose tole-
rance (65,186). This has been used as a reason for not recommending fish
oil to these categories. It has also been found, however, that there is no
glucose increase in type Il diabetics (148). In one study (78), we found a
tendency to a smaller increase in blood glucose when 80 mg pyridoxine and
10 mg folic acid were added to the fish oil. In another study (79), 25 mg
pyridoxine and 0.4 mg folic acid were given together with both oils, re-
sulting in only a minor (4%) increase in plasma glucose after administra-
tion of the fish oil alone, whereas intake of fish oil/evening primrose oil
produced no change at all. Intake of fish oil led to a non-significant 4%
decrease in serum insulin, and fish oil/evening primrose oil produced a
corresponding 2% increase in insulin. Elevated insulin and increased insulin
resistance have been shown to be a risk factor for ischaemic heart disease
(179). There is some evidence that fish oil increases the gluconeogenesis
in the liver and increases insulin sensitivity (148). Variations in insulin
sensitivity have been found to be related to differences in the membrane
content of long-chain polyunsaturated fatty acids (19). Thus the ratio of
20:4 to 20:3 in skeletal muscle tissue, an index for AS-desaturase activity,
was directly correlated to insulin sensitivity (19). We have calculated this
index from plasma phospholipid fatty acids. Interestingly, this index in-
creased by 96% after intake of fish oil alone, but was unchanged after in-
take of the oil mixture, which might indicate an advantage of (n-3) fatty
over (n-6) fatty acids regarding their effect on insulin sensitivity. Fish oil
has positive effects on several other risk factors present in diabetics.
Possibly supplementation with pyridoxine and folic acid and a higher con-
centration of vitamin E in the fish oil may reduce the risk of deterioriation
of glucose homeostasis. The question as to whether fish oil should be given
to type Il diabetics has not yet been settled. There is a need for well-con-
trolled long-term studies with small doses of (n-3) fatty acids to clarify
these questions.

Effects of fish oil on lipid peroxidation

Administration of PUFAs decreases the concentration of vitamin E in
the body, thereby increasing the risk of oxidative damage and lipid peroxi-
dation. Lipid peroxides such as malondialdehyde and 4-hydroxynonenal are
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believed to contribute to the oxidative modification of LDL cholesterol,
with increased uptake in the vessel wall (103). In one study (77), we found
that consumption of 30 mL of fish oil containing 0.3 IU vitamin E/g oil
daily for 3 weeks decreased serum vitamin E concentration by 9% and in-
creased plasma malondialdehyde by 122%. Ingestion of fish oil containing
1.5 IU vitamin E/g oil for 3 weeks prevented these changes. In anaother
study (79), we assayed 4-hydroxynonenal in whole plasma and in methanol-
extracted plasma, and the values remained below the detection limit. It
has been suggested that 4-hydroxynonenal may be a potentially more im-
portant substance than malondialdehyde in the oxidative modification of
LDL cholesterol (103); but it is more lipophilic than malondialdehyde and is
therefore found in very low concentrations in plasma.

When administering fish oil it is of utmost importance firstly not to
give a fish oil already containing lipid peroxides and aldehydes, and
secondly that the fish oil should contain enough vitamin E to avoid a de-
crease in the serum vitamin E concentration and an increase in plasma
malondialdehyde. We have found that for the fish oil usually used in our
studies, ESKIMO-3, a vitamin E content of 1.5 IU/g oil seems to be optimal.

Effects of fish oil on plasma homocysteine

In one study (78), fish oil was found to have no effect on the plasma
homocysteine concentrations. Fish oil supplemented with 80 mg of pyri-
doxine and 10 mg of folic acid reduced the plasma homocysteine level by
30%, an effect mainly due to the vitamins (78). In another study (79), in-
terestingly, fish oil/evening primrose oil produced a 10% (p<0.05) decrease
in the plasma homocysteine concentration. In 11 out of 12 subjects homo-
cysteine decreased with this treatment. In the twelfth volunteer, the plas-
ma homocysteine was greatly increased before treatment, probably be-
cause of some defect in the homocysteine metabolism. In this study both
the fish oil and the fish oil/evening primrose oil mixture were supple-
mented with 25 mg of pyridoxine and 0.4 mg of folic acid. It is mainly the
folic acid that is known to be able to reduce homocysteine. However, us-
ually higher doses of folic acid is then required. It is therefore probable
that the oil mixture is mainly responsible for the reduction in plasma
homocysteine. Recently was found that administration of 12 g of fish oil
daily for 3 weeks decreased serum homocysteine by 48% in hyperlipidaem-
ic men (141). Hypercholesterolacmic men have been found to have elevated
levels of homocysteine in the LDL and other lipoprotein fractions of
plasma.

Effects of fish oil on bleeding time

In one study (75), there was no significant increase in bleeding time
after consumption of 15 or 30 mL of fish oil for 4 weeks. However, in most
studies an increased bleeding time has been observed after fish and fish
oil consumption (171,184). The bleeding time is determined mainly by the
number and reactivity of the platelets and their interaction with the vess-
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el wall. During consumption of (n-3) fatty acids, the number of platelets
usually declines slightly, and the platelet reactivity to agonists is often
depressed (155), and fibrinogen, which contributes to the homeostatic plug
as fibrin, is often reduced (75-80,101). It has recently been reported that
inhalation of NO prolongs the bleeding time (100). (n-3) fatty acids have
been shown to enhance blood vessel NO activity, possibly contributing to
the increased bleeding time after consumption of fish and fish oil. An in-
creased PAI-1 concentration is usually seen after ingestion of (n-3) fatty
acids. This could be a compensatory mechanism for maintaining haemo-
stasis, without which there would be an increased risk of bleeding.

Effects of fish oil on blood pressure

In one study (75), the systolic blood pressure was reduced by 5%
(p<0.05) after intake of 15 and 30 mL of fish oil daily for 4 weeks. After
consumption of 15 mL of fish oil there was a statistically significant
decrease in diastolic blood pressure by 9% (p<0.05) after 6 months. Reports
have been conflicting as to whether fish oil supplements are of value in
the treatment of high blood pressure. In a very recent meta-analysis of 31
placebo-controlled trials, the effect of fish oil on blood pressure was ex-
amined (126). It was concluded that there is a dose-response effect of fish
0il on blood pressure of -0.66/-0.35 mm Hg/gram (n-3) fatty acids for
systolic and diastolic blood pressure respectively. The hypotensive effect
may be strongest in hypertensive subjects and those with clinical athero-
sclerotic disease or hypercholesterolaecmia. Even if the effect of fish oil
on blood pressure is modest, its use may still have broader importance.
First, in addition to the effect on blood pressure fish oil may also have
effects on many other risk factors for CVD. Secondly, low doses of fish oil
have no adverse effects and can also be used adjunctively with low doses
of antihypertensive drugs, reducing the risk of adverse effects of these
drugs.

Effects of fish oil on fibrinogen

In view of the strong relationship between increased fibrinogen and
IHD (54), the consistent decrease in plasma fibrinogen levels in response
to fish oil in most of our studies is of great interest. Intake of vitamin E-
rich oil (1.5 IU/g oil) resulted in a significant (11%) reduction in plasma
fibrinogen, whereas vitamin E-poor fish oil (0.3 IU/g oil) had no such
effect (p<0.01 vs vitamin E-rich oil). In one study (78), the plasma fibrino-
gen decreased by 15% (p<0.01) after intake of the vitamin B-supplemented
fish oil and by 6% (n.s.) after intake of the other fish oil. This effect diff-
ered significantly between the two treatments (p<0.05). Why the increased
content of vitamin E and the supplementation with pyridoxine and folic
acid resulted in a larger decrease in plasma fibrinogen is not known. How-
ever, vitamin E protects PUFAs from oxidation and pyridoxine has been re-
ported to interact with the metabolism of unsaturated fatty acids (35). Our
results confirm the observations of some investigators (48,101,64). Oth-
ers, however, found no change in fibrinogen levels with dietary fish oil
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intake (62,163,167). The discrepancies between different studies may be
partly due to the method of fibrinogen determination used, as well as to ’
the dose of fish oil given. We measured fibrinogen in plasma as clottable
fibrinogen by the method of Nilsson and Olow (136). Knowledge about the
determinants of the plasma level of fibrinogen in health and disease is as
yet incomplete, as is our understanding of the mechanisms leading to the
atherothrombogenic action of fibrinogen. Fibrinogen strongly affects blood
coagulation, blood rheology and platelet aggregation; in addition fibrinogen
and its metabolites have direct effects on the vascular wall. Finally, fib-
rinogen is a prominent acute phase protein. The consistent lowering of
plasma fibrinogen in our studies might therefore contribute to the anti-
atherothrombogenic action of fish oil.

Effects of fish oil on fibrinolytic parameters

In most of our studies administration of fish oil increased PAI-1
antigen. There was also a trend against an increase in PAI-1 activity. tPA
antigen did not change after intake of fish oil for 3 weeks (81). After con-
sumption of 15 mL fish oil up to 12 months (81) there was a moderate
decrease in tPA-antigen. When consuming 30 mL of fish oil daily for 4
weeks (78), tPA activity increased by 50% (p<0.01), while the correspond-
ing decrease with the vitamin B-supplemented fish oil was only 26%. The
significance of an increased level of PAI-1 activity or antigen levels in
general and after consumption of fish or fish oil is not known. In this re-
gard, it is noteworthy that Eskimos who have a low incidence of IHD also
have increased levels of PAI-1 activity (164). We suggest that the increase
in PAI-1 may be a compensatory reaction to a tendency towards increased
bleeding during (n-3) fatty acid consumption, without which primary
haemostasis would be impaired.

Effects of EPA on nitric oxide production and cell viability
Endothelium-dependent vasorelaxation has been found to be reduced
in patients with atherosclerosis, hypertension and diabetes (31). (n-3)
fatty acids have been shown to improve endothelium-dependent vasorelax-
ation (20,111). Whether this is due to an increase in NO production, a de-
crease in superoxide with prolonged half-life of NO or some other mecha-
nism remains unclear. However, Bryant et al. (24) showed that the increas-
ed NO activity in rat aorta after intake of fish oil is not due to increased
NO synthesis but can be due to decreased breakdown of NO since the forma-
tion of superoxide radicals was decreased. It is thus possible that (n-3)
fatty acids may increase the activity of the constitutive NO in the endo-
thelial cells mainly by decreasing superoxide production. There are no pub-
lished reports on the effect of (n-3) fatty acids on the inducible NO pro-
duction. We have shown that addition of EPA to the murine macrophage cell
line J774,2 decreases NO activity, assayed as nitrite, when the cells were
stimulated with IFN-y and LPS (81). EPA also improved the viability of the
stimulated macrophages. The cell viability after stimulation for 40 hours
without EPA was only 44%, while the viability of stimulated cells in the
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presence of EPA was 71%. A decrease in NO activity can occur either
through diminished production of NO or through increased inactivation of
NO, mainly by increased production of superoxide radicals. As (n-3) fatty
acids are known to decrease and not to increase superoxide formation, the
effect of EPA in the present investigation should mainly be due to decreas-
ed NO production. Furthermore, it has been reported that although stimu-
lated monocytes mainly produce superoxide, when maturated to macro-
phages they mainly produce NO (117). Many of the demonstrated actions of
(n-3) fatty acids in macrophages are believed to be due to an altered pro-
duction of eicosanoids, cytokines such as interleukin-1, platelet activating
factor, and tumour necrosis factor. The role of NO production in macro-
phages in the pathogenesis of atherosclerosis is controversial. Hogg et al
(93) have found that peroxynitrite, produced when NO reacts with super-
oxide, modifies LDL particles oxidatively. On the other hand, Jessup et al
(102) have proposed that NO protects LDL particles against oxidative modi-
fication. Very recently it has been shown that NO in the free radical form
of NO may damage and kill cells, while NO in the form of nitrosonium cat-
ion (NO*) may protect cells (115). The production of NO in the stimulated
J774,2 cells was inhibited by L-canavanine, an inhibitor of NO synthase. L-
canavanine also diminished cell death of the stimulated cells. It is of very
great interest that L-canavanine is also a known inducer of heat shock
proteins (HSPs), also called stress proteins (194). These very conserved
proteins are synthesized after various forms of stress such as heating,
hypoxia, acidosis and after treatment with agents such as L-canavanine,
ethanol, glutamine and cadmium. They are believed to be involved in the
protection of cells from deleterious effects of various stresses. It is also
urgent to investigate whether other inhibitors of NO synthase, e.g. L-MNNA,
will induce heat shock proteins and whether EPA and other polyunsaturated
fatty acids induce these proteins. We propose that the effects of EPA on NO
activity and on cell viability may contribute to the antiatherogenic and
inflammatory effects of (n-3) fatty acids.

(n-3) fatty acids and plaque vulnerability

The most common precipitating event in heart attacks and cardiac
death is rupture of an atherosclerotic plaque. The rupture site is usually in
the periphery of the plaque, where many macrophage foam cells are found
(56). It has been hypothesized that release of proteolytic enzymes from the
macrophages might contribute to the weakening of the collagen plaque cap.
It has been demonstrated in vitro that macrophages from animals or cells
supplemented with (n-3) fatty acids release less proteolytic enzymes
when stimulated. If these in vitro findings are also applicable in vivo,
plaque macrophages with a larger amount of (n-3) fatty acids will release
a smaller amount of proteolytic enzymes, resulting in a potentially lower
risk of plaque rupturec. A vulnerable plaque also has a large soft core of ex-
tracellular lipid. This lipid is believed to come from killed foam cells. It
has recently been reported that macrophages exposed to NO are killed, ex-
hibiting a DNA fragmentation patten characteristic of apoptosis (3,159). In
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one study (81), we demonstrated that addition of EPA to the macrophage
cell line J774,2 decreased NO activity and improved viability.

Commments on the potentially adverse effects of fish oils in the
present studies and in general

The fish oils used in the present studies were tolerated well by all
subjects and no adverse effects were noted.

The possible negative effects of a rebound increase in, for example,
triglycerides and fibrinogen after stopping intake of high doses of (n-3)
fatty acids has not been stressed previously. In persons with increased
risk factors for CVD the rebound change can potentially contribute to
vascular complications. It is important to advice such persons to de-
crease the intake of the fish oil gradually, and also to give them life-style
advice. In the present studies the participants were regularly informed
about their laboratory values during the trials. After the completion of the
trials they were carefully informed both orally and in writing about all
results and they were given health advice. In the event of any urgency they
were recommended to contact specialists.

The potentially adverse effects of fish oils have been discussed in a
previous section. The fish oils used in our studies had a dioxin content be-
low the detection level (less than 0.74 pg/kg). The oil had been stabilized
against oxidation by natural antioxidants and in frequent assays the per-
oxide and anisidine values were low. This minimizes the risk of inadvert-
ent feeding of peroxides and aldehydes from auto-oxidized fish oils. No
increase in body weight was recorded after the various studies. This indi-
cated that the increased energy intake from the fish oil was balanced by a
reduced dietary intake of other food items or by increased energy turnover.
Fish oils have sometimes been reported to produce an atherogenic lipid
profile in certain groups. There were no statistically significant increases
in serum total cholesterol or calculated serum LDL cholesterol in our stud-
ies. In two studies (75,76), 30 mL of ESKIMO-3 daily resulted in a signifi-
cant decrease in total cholesterol after 4 weeks. When in one study (75),
ESKIMO-3 was administered at a dose of 15 mL daily, the total cholesterol
was decreased by 8% (p<0.001) after 6 months. In most of our studies there
was a slight to moderate increase in plasma glucose. In one study (78),
there was a tendency to a smaller rise in plasma glucose with the vitamin
B-supplemented fish oil. Most of our studies showed an increase in PAI-1
activity and antigen. The significance of an increased level of plasma PAI-
1 after consumption of fish oil is not clear. Increased levels of PAI-1 have
been shown to be associated with IHD and peripheral vascular disease (84).
It is unclear whether this relationship is causal or coincidental.

Eskimos, who have a low incidence of IHD, also have elevated levels
of PAI-1 activity (164). We suggest that the increase in PAI-1 may be a
compensatory reaction to a tendency towards increased bleeding during
consumption of (n-3) fatty acids, without which primary haemostasis
would be impaired. In most studies by other authors a slight to moderate
increase in bleeding time has been found after intake of fish oil. In one of
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our studies (75), there was no significant increase in bleeding time. Intake
of 30 mL of fish oil containing 0.3 IU/g of vitamin E daily for 3 weeks (77).
resulted in an increase in MDA by 122% (p<0.05) and a decrease in serum
vitamin E by 9% (p<0.01). By intake of a fish oil containing 1.5 IU/g of vita-
min E these changes were prevented.

Limitations of the studies

In most of the studies relatively small groups of subjects, usually
12-15 volunteers, were investigated. The use of larger groups would poss-
ibly have revealed more pronounced differences between the treatments.

In some studies premenopausal women participated. It has been de-
monstrated that some laboratory values, e.g. fibrinolytic parameters, can
vary greatly during the menstruation cycle (169). The number of premeno-
pausal women in the studies, however, was small. Most tests were per-
formed with an interval of 4 weeks and most of the premenopausal women
reported regular menstruation cycles of 4 weeks. The influence of mens-
trual variations in the total studies is therefore probably negligible.

No dietary records from the subjects were used. However, there are
several reports on the limited value of most short-term dietary recalls
(46). Furthermore, the participants were carefully instructed not to delib-
erately change their diets during the experimental period. They were also
asked to record and report any significant changes in their diets and way
of living.

Compliance was generally determined on the basis of information
given by the subjects, who were told to report the amount of fish oil left
after the treatment periods. In studies 1, II and V assays of fatty acids in
plasma phospholipids were regularly performed and these gave information
about compliance. Determination of fatty acids in plasma phospholipids has
been claimed to be the best measure of intake of (n-3) fatty acids (170).
By using a group of stable, very well-motivated subjects, often directly or
indirectly linked to the institute, the compliance was probably very good.

In some studies (75,76,77) the washout period was only 2 weeks,
which is too short for normalization of the fatty acids in various compart-
ments. After a washout period of 2 weeks following a period on fish oil
there was still a slight but significant increase in both EPA and DHA, and a
fairly large decrease in arachidonic acid in plasma phospholipids. The turn-
over in different membrane compartments, however, may be slower. A
washout period of 5 weeks (78,79) gave very good restoration of the fatty
acids in plasma phospholipids. No evidence of a relation between treatment
and period was found in tests in these latter studies.

One study in which 13 subjects were given 15 mL of fish oil for 6
months (75) was uncontrolled. Also, the long-term study (80) was uncon-
trolled. Another study (75), in which 13 individuals were given 15 or 30 mL
of fish oil for 4 weeks, was single-blind. In one study (76), two different
groups of subjects were used. One group received SPFO or placebo oil and
the other was given HPFO or placebo oil. Use of parallel study groups may
have advantages over cross-over trials (91). However, it is important that
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the study groups are well matched.

The balance between (n-6) and (n-3) fatty acids in human
nutrition

The optimal ratio between the intake of (n-6) and (n-3) fatty acids
remains to be established. The current recommended ratio varies between
10 and 3 (97.171.195). The interaction between these two series of PUFAs
is complex and is still poorly understood. A better understanding of these
relationships might lead to an optimal formulation of dietary allowances
of fatty acids and possibly to an appropriate design of fatty acid mixtures
for various therapeutic purposes.

There is much support for the view that overactivity of some arachi-
donic acid pathways greatly contributes to many chronic diseases in afflu-
ent countries (34,112,171). With the introduction of agriculture and with
the industrial revolution, there was an increase in saturated fat and (n-6)
fatty acids in the diets and a decrease in (n-3) fatty acids. These dietary
changes together with smoking, hypertension, obesity, some forms of
stress and increasing physical inactivity are believed to have contributed
to the increase in many chronic diseases (112). It has also been proposed
that the best preparation of fatty acids might be one containing a combi-
nation of EPA/DHA and gamma-linolenic acid (98). This bypasses the sensi-
tive A6-desaturase, supplies important (n-3) fatty acids and inhibits the
production of arachidonic acid. Gamma-linolenic acid is elongated to di-
homo-gamma-linolenic acid, which is the precursor of anti-inflammatory
prostaglandins of the 1 series (97,98).

a-linolenic acid-rich food, (fatty) fish or fish oil?

There is epidemiological, clinical and experimental support for the
concept that (n-3) fatty acids have a protective effect against CVD, in-
flammatory diseases and possibly cancer. Through alternating desatura-
tions and elongations, the body has the capacity to transform the parent
compound of the (n-3) fatty acids, a-linolenic acid, to the very-long-chain
(n-3) fatty acids EPA and DHA. However, A-6-desaturase, the rate-limiting
enzyme in the formation of very-long-chain (n-3) fatty acid., has very low
activity in humans (22). This results in a slow conversion of a-linolenic
acid to EPA and DHA. Moreover, the A-6-desaturase activity is further in-
hibited with increasing age, by hyper- and hypothyroidism, by corticoster-
oids, in diabetes, by a high-cholesterol diet and by alcohol. In the neonatal
period the precursor role of a-linolenic acid and also of B-oxidation may be
important, especially in premature or low birth weight infants (36). With
respect to their lipid-lowering effect, a-linolenic acid and EPA appear to
have a similar effect, at least in younger people (173). This is different
from the blood-pressure low-ering effect, which is most pronounced dur-
ing diets rich in very-long-chain (n-3) fatty acids (173). It might be spec-
ulated that for the triglyceride-lowering potency the (n-3) position of the
double bonds or the degree of unsaturation is the determining chemical
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component, and for the blood pressure-lowering effect the chain length. An
increased supply of very-long-chain (n-3) fatty acids should therefore be
important. As a rule this should be provided by an increased intake of
mainly fatty fish. There is epidemiological evidence that an average intake
of only 30 g of fish daily will protect against CVD and mortality (109).
This amount of fish contains only very small amounts of EPA. It has been
proposed that even a very low intake of EPA will protect against CVD and
mortality. It has also been speculated that fish contains other substances,
yet to be defined, which also have a protective effect. In order to lower
increased serum triglycerides and elevated blood pressure and to alleviate
inflammatory diseases, a supply of larger amounts of very-long-chain (n-
3) fatty acids is necessary. To receive these amounts of (n-3) fatty acids,
a very high intake of fatty fish is required. In these situations administra-
tion of fish oil would be more practical. Moreover, a number of people for
various reasons do not like eating fish. Fish from certain areas may also
contain high levels of toxic heavy metals and dioxines. Fish oil may be tak-
en together with low doses of anti-inflammatory drugs, reducing the risk
of adverse drug effects. Another indication is in preterm and low birth
weight children. Administration of very-long-chain (n-3) fatty acids to
these children has been reported, for example, to improve visual acuity.
Until recently no medical therapy has been shown to reduce the rate of re-
stenosis following percutaneous transluminal coronary angioplasty (PTCA).
A very recent meta-analysis of studies using fish oil after PTCA has
shown that such oil is effective in reducing restenosis. The optimal dose
of (n-3) fatty acids after sucessful PTCA appeared to be 4 to 5 g/day.

Future prospects of fish and fish oil consumption

There is strong evidence that fatty fish, at least two weekly portions
(200-400 gr), or fish oil 0.5 gr/day, has a preventive effect on death due to
cardiovascular disease and on total mortality (26,42). In this case the
effect is probably not due to a change of well known risk factors such as
blood lipids, fibrinogen or blood pressure, but may be due to a direct action
on the heart (30). On the other hand, such a regimen does not appear to de-
crease the occurrence of myocardial infarction in which the abovemention-
ed risk factors seem to be involved. For this, larger amounts of fish oil are
necessary and intake of fish does not seem to be enough for such an effect.
The dose required for an effect on different risk factors seems to vary and
it also depends on the length of the treatment period. A dose of 5-10
ml/day seems to have no side effects and has been shown to have a good
effect in long term studies (161). Larger doses seem to be required, for
instance, if the fish oil is going to be used as the only treatment in hyper-
tension. In this case the treatment could result in some side effects, al-
though these would be less than in ordinary pharmacological treatment. It
is very important that the vitamin E dose is high enough to prevent an in-
crease in MDA and a decrease in the E-vitamin level in the blood. Further-
more, as a large dose of fish oil (eg. 30 ml/day) is very effective in de-
creasing triglycerides and fibrinogen, this treatment should not be stopped
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abruptly, because of the risk of a rebound effect with an increased tenden-
cy to coagulation. The negative effect on blood glucose seen with the larg-
er doses of fish oil may be prevented by addition of vitamins B and E and
the effect of PAI-1 may be counteracted by addition of (n-6) fatty acids.
However, the increase in PAI-1 might be beneficial by reducing the tenden-
cy to increased bleeding.

The question of which components in the natural fish oil have the bene-
ficial effect is not settled. It is probable that other components besides
the (n-3) fatty acids EPA and DHA are of importance. This is supported by
the fact that more concentrated fish oils seem to have less effect, at least
in some parameters (12).

Although natural fish oil seems to have great potential for the prevention
and treatment of cardiovascular disease, much more research in this field
is still necessary and seems to be a very urgent future task.

CONCLUSIONS

Ischaemic cardiovascular disease is still the most common cause of
death in most Western societies. Some populations, such as Eskimos and
coastland Japanese, are known to have a low incidence not only of cardio-
vascular disease but also of several inflammatory diseases. This is assum-
ed to be partly due to a high consumption of diets rich in (n-3) fatty acids.

The effects of a new fluid fish oil containing (n-3) fatty acids and
stabilized against oxidation on risk factors for cardiovascular disease
were determined in a long-term study for up to 12 months and in several
short-term double-blind cross-over studies.

Consumption of fish oil, 30 mL daily for 4 weeks, resulted in a very
large increase in the plasma phospholipid eicosapentaenoic and docosa-
hexaenoic acid concentrations and a 16-20% decrease in the concentration
of arachidonic acid. Serum triglycerides decreased strongly in all studies.
Fish oil with a higher content of vitamin E (1.5 IU/g oil) resulted in a
greater decrease in serum triglyceride than a fish oil with only 0.3 IU
vitamin E/g oil. HDL cholesterol was usually increased and the atherogenic
index decreased after intake of fish oil. The effects on serum total chole-
sterol and calculated serum LDL cholesterol were small. Plasma glucose
was slightly increased in most trials. This increase could be attenuated by
supplementation with pyridoxine and folic acid. Consumption of fish oil
with 0.3 IU vitamin E/g fish oil resulted in a 9% decrease in serum vitamin
E and increased plasma malondialdehyde by 122%. After intake of fish oil
with 1.5 IU vitamin E/g fish oil, serum vitamin E and plasma malondialde-
hyde remained normal. Plasma fibrinogen was reduced in most studies. In
most studies there was an increase in plasminogen activator inhibitor-1
antigen after intake of fish oil. After consumption of 15 mL of fish oil
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there was a progressive increase in plasminogen activator inhibitor-1
antigen (mean increase of 32%, 37%, 93% and 105% at 3, 6, 9 and 12
months, respectively, all p<0.05 vs pretreatment values). It is suggested
that the increase in plasminogen activator inhibitor-1 may be a compen-
satory reaction, without which primary haemostasis would be impaired.
The plasma level of lipoprotein (a) fell significantly after 3 months’
administration of 15 mL fish oil daily. The initial positive correlation
between triglycerides and plasminogen activator inhibitor-1 activity or
antigen was reversed after intake of fish oil.

Further purification of the fish oil resulted in less effect on several
parameters, e.g. HDL cholesterol, atherogenic index and lipoprotein (a),
suggesting loss of active components during the purification procedure.

A combination of fish oil and evening primrose oil (1:1), while pro-
ducing a relatively large decrease in serum triglycerides, also had a some-
what more favourable effect on the atherogenic index and caused no in-
crease in plasminogen activator inhibitor-1 antigen. The interactions bet-
ween (n-3) and (n-6) fatty acids warrant much further studies. This might
aid in the optimal formulation of recommended dietary allowances of fatty
acids and in the design of fatty acid mixtures for various therapeutic aims.

Addition of eicosapentaenoic acid to the murine macrophage cell line
J774,2 decreased the production of NO, assayed as nitrite, when the cells
were stimulated with interferon-y and lipopolysaccharide. In addition this
fatty acid improved the viability of stimulated cells. NO, but probably also
peroxynitrite and hydroxyl radicals, formed in the reaction between NO and
superoxide, contribute to the cell death.

The positive effect of consumption of fish oil on several risk factors
for cardiovascular diseases supports the assumption that an increased in-
take of (n-3) fatty acids is of value in the prevention of these diseases.
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