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Abstract: The cardioprotective effects of food rich in omega-3 ( -3) polyunsaturated fatty acids (PUFA) on cardiovascu-
lar risk has been of interest from the moment when a low rate of coronary heart disease was documented in the Eskimo 
population. The aim of the present review is to discuss recent studies documenting multidirectional action of -3 PUFA 
due to its pleiotropic properties. Experimental studies in cellular and animal models have extensively documented the fa-
vorable effects of -3 PUFA (eicosapentaenoic acid and docosahexaenoic acid) on: inflammatory processes, endothelial 
dysfunction, platelet aggregation and arrhythmogenesis. It was reported that antiarrhythmic effects of -3 PUFA resulted 
from stabilization of cardiomyocyte membrane and inhibition of ion channels. Moreover, PUFA possess several plei-
otropic properties i.e. anti-inflammatory, anti-atherogenic and antithrombotic. Anti-atherogenic effects (plaque stabiliza-
tion) of -3 PUFA have recently been demonstrated. It was documented (OCEAN study) that eicosapentaenoic acid from 
a source of highly purified ethyl esters is incorporated into plaques in a relatively short period of time and these higher 
concentrations of -3 PUFA may stabilize vulnerable atherosclerotic plaques. The anti-inflammatory effect of -3 PUFA 
is associated with reduction of levels of TNF-  and interleukin-6. Eicosapentaenoic acid and docosahexaenoic acid inhibit 
arachidonic acid metabolism to inflammatory eicosanoids.  
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1. INTRODUCTION  

 During the last 30 years it has been recognized that in-
habitants living in some seaside areas (especially in islands) 
experienced cardioprotective benefit of omega-3 ( -3) poly-
unsaturated fatty acid (PUFA) originating from fish-rich diet. 
For example, islanders from Greenland (Eskimoes) are char-
acterized by a particularly low frequency of cardiac death 
[1]. The low rate of death related to coronary artery disease, 
observed among the Eskimoes is intriguing, especially taken 
together with the fact of extremely high -3 PUFAs content 
in their diet, which was estimated to be as high as 400 
mg/day [2]. Similarly, low death rates were found in the 
Japanese, particularly in Okinawa island, where fish con-
sumption is twice as high as in mainland Japan [3]. 

 Comparing Eskimoes and Danes (living in the seaside 
territory, but not on the island), the former had lower levels 
of total cholesterol, low-density lipoprotein, triglycerides and 
higher high-density lipoprotein values [4]. These differences 
in the lipidogram can be explained by the fact that serum, 
obtained from Eskimoes, contained mainly omega-3 PUFAs, 
whereas the Danes had higher levels of -6 PUFAs [5], 
which probably is the result of dietary preferences. Interest-
ingly, in Eskimoes who migrated and subsequently lived in 
Denmark, domination of -6 PUFAs was similar as in native 
Danes. Thus, diet composition appeared to be a stronger fac-
tor than the genetic background.  

 In fish-rich diet, two acids belonging to the -3 PUFAs 
series i.e., eicosapentaenoic acid (EPA) and docosahexaenoic  
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acid (DHA) play the cardioprotective role. These encourag-
ing epidemiological observations prompted experimental 
studies. A group of Australian investigators reported that 
EPA and DHA prevented fatal cardiac arrhythmias in mon-
keys or rats with atherosclerosis developed from consuming 
a high saturated fat diet [6,7]. Therefore, -3 PUFA was 
considered as a therapeutic alternative for arrhythmia man-
agement in humans, potentially safer than drugs. Moreover, 
further studies showed that EPA and DHA possess several 
pleiotropic properties, i.e., anti-inflammatory, anti-athero-
genic, antithrombotic and antioxidant [8-14]. 
 The current paper reviews the mechanisms by which -3 
PUFAs develop pleiotropic effect on cardiovascular system. 
Therefore, we have performed MEDLINE search (1966-
April 2009) with terms: “omega-3 fatty acids” and “n-3 fatty 
acids”. 
2. STRUCTURAL CLASSIFICATION AND FUNC-
TION OF FATTY ACIDS  
 Fatty acids are classified by the length of the carbon 
chain (long chain, n-20 to 22; intermediate chain, n-18) and 
the number of double bonds (saturated, monounsaturated, 
polyunsaturated) [11].  
 Polyunsaturated fatty acids belong to 2 main classes: -6 
PUFA and -3 PUFA (Fig. 1). -6 PUFAs are found mainly 
in vegetable oil whereas -3 PUFAs in fish, fish-eating ani-
mals or flaxseeds [9]. For PUFA, location of the first double 
bond relative to the -CH3 or  (n-) end is given. From the 
therapeutic point of view, it is fundamental observation that 

-3 PUFAs have got chemical structure similar to current 
anti-arrhythmic drugs. These agents consist of a long acyl 
hydrocarbon tail, more than 2 unsaturated carbon–carbon 
double bonds, and a free carboxyl group at one end [14]. 
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 As regards sources of PUFAs, long and intermediate-
chain fatty acids must be ingested as part of the diet, because 
they cannot be synthesized by humans and therefore they are 
referred to be essential. The two most biologically active -3 
PUFAs, i.e., EPA and DHA originate from an essential pre-
cursor molecule, -linolenic acid [13]. This is a multistep 
synthesis. Firstly, -linolenic acid is transported to the cells 
via specific fatty acid carrier and is converted by acyl-CoA 
synthases into thioesters. Then, these substances are used as 
substrates in cascade of reactions ( -oxidation, elongation, 
and desaturation) to synthesize lipids. At the final stage of 
this cascade, slow desaturation-elongation enzymatic process 
leads to generation of EPA and DHA. 

 Omega-6 PUFA is metabolized to form arachidonic acid, 
which maintains hemostatic balance in the system – how-
ever, only when released in small concentration. If -6 PU-
FAs is produced in large quantity, it can actively promote 
inflammatory process, trigger thrombosis and contribute in 
formation of atherosclerotic plaque [15].  

 Functionally, fatty acids form a powerful source of en-
ergy. They are the major energy source for the heart. Moreo-
ver, fatty acids are converted into bioactive eicosanoids (e.g., 
leukotrienes, prostaglandins, and thromboxanes). At the cell 
level, cardioprotective effects of -3 PUFAs are mediated by 
changes in membrane phospholipids structure, interference 
with eicosanoid intracellular signaling, and regulation of 
gene expression. 

3. COMPETITION AND OPPOSING EFFECTS OF 
OMEGA-6 AND OMEGA-3 PUFA 

 The anti-inflammatory effects of -3 PUFAs are thought 
to be partially mediated by reduced synthesis of proinflam-
matory molecules from -6 PUFAs [13]. This is a competi-
tive interrelation between both types of PUFAs, where -3 
positively counterbalances negative action of -6 PUFAs. 
Unfortunately, -6 fatty acids are the predominant PUFAs in 
diet. Foods commonly eaten in present times contain -6 to 

-3 ratio in unfavorably high level 10:1 to 20:1, although a 
more optimal ratio may be closer to 1:1 [11,13,16]. The 1:1 
ratio is difficult to achieve, since preferences of diet in cur-
rent civilization, but even higher 4:1 ratio is still desirable 
and beneficial, because in the secondary prevention of car-
diovascular disease, this reduced ratio (comparing to 20:1 

ratio) was associated with a 70% decrease in total mortality 
[16]. 

 The predominantly bioactive among -6 PUFAs is ara-
chidonic acid (AA). Products of arachidonic acid metabolism 
include: prostaglandins, prostacycline, thromboxanes, leu-
kotrienes, lipoxins, and epoxygenase products. The -3 fatty 
acid EPA is a competitive substrate for the enzymes of AA 
acid cascade. This alternatively substituted EPA in cascade 
reaction results in different end-products in “healthy path-
way”, many of which functionally oppose the products, re-
sulting from AA metabolism [17]. In cellular structure, 
membrane -6 PUFA can be partially replaced with -3. 
When “friendly” EPA is available, “beneficial” thromboxane 
B3 with its few physiologic effects is produced, rather than 
thromboxane B2 - a potent vasoconstrictor and platelet acti-
vator. Available EPA further counteracts the adverse effects 
of thromboxane B2 through the synthesis of prostaglandins 
that, along with those manufactured from AA, inhibit platelet 
aggregation and promote vasodilatation [18]. Omega-3 
PUFA may also oppose -6 fatty acid metabolites by pro-
moting the production of predominantly inactive leukotriene 
B5 and competitively inhibiting the production of highly in-
flammatory leukotriene B4 from AA. Altering the balance of 
downstream products from -6 and -3 fatty acids could 
also influence the arrhythmia threshold, since almost all the 
prostaglandins produced from AA are proarrhythmic, 
whereas those produced from EPA are not [19].  

 Biochemical processes regulate delicate balance between 
-3 and -6 PUFAs, since these PUFAs are powerful regu-

lators of cellular functions with inflammatory, atherogenic 
and prothrombotic effects. 

4. ANTI-INFLAMMATORY EFFECT OF PUFA 

 PUFAs modulate the generation of eicosanoids from AA. 
EPA acts as a substrate for the generation of “alternative” 
eicosanoids. Accordingly, substitution by EPA results in the 
production of less inflammatory and chemotactic eicosanoids 
than those, derived from AA [20,21]. 

 DHA can reduce inflammatory signaling associated with 
increased cellular Ca2+ and activation of nuclear factor – 
kappa B (NF- B) in human neutrophils [22]. Activation of 
NF- B in neutrophils by intracellular Ca2+-dependent mecha-

Fig. (1). Chemical structure of PUFAs. 
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nisms also provides a potential rationale for linking Ca2+

inhibitory and anti-inflammatory properties of -3 PUFAs 
[22,23]. 
 Recently, in a series of experimental models as a short-
term studies, novel group of mediators has been identified, 
i.e., E-series resolvins, formed from EPA by cyclooxy-
genase-2 (COX-2). They appear to exert anti-inflammatory 
actions [24-30]. In addition, DHA-derived mediators, termed 
D-series resolvins, docosatrienes and neuroprotectins, also 
produced by COX-2, have been identified. They also appear 
to be anti-inflammatory [27-30]. Resolvin E1 is an oxidized 
derivative of EPA that reduces inflammation by suppressing 
the activation of NF- B and consequently the synthesis of 
inflammatory cytokines and chemokines. 
 In humans study, the beneficial effect of combined die-
tary intervention with -3 PUFA and plant sterols has been 
reported to reduce systemic inflammation in hyperlipidemic 
patients [31]. The authors suggest [31] that blunting inflam-
mation provides a potential defense mechanism by which the 
combination of -3 PUFA and plant sterols are cardioprotec-
tive. This combined dual therapy in a 3-week, randomized, 
double-blind, placebo-controlled study reduced the level of 
several inflammatory markers. Accordingly, high sensitivity 
C-reactive protein was reduced by 39%, tumor necrosis fac-
tor-  (TNF- ) by 10%, interleukin-6 by 10.7%, leukotriene 
B4 by 29.5% and adiponectin was beneficially increased by 
29.5%. 
 As previously stated, food commonly eaten at present 
contains an -6 to -3 ratio in unfavorably high level 10:1 to 
20:1, although a more optimal ratio may be closer to 1:1 
[11,13,16]. To test inflammatory status in differently com-
posed diets, the animal model of atherosclerosis (low-density 
lipoprotein receptor - knockout mice) was used. The authors 
[32] assessed the effect of different ratios of dietary -6 
PUFA to EPA+DHA ( -6:EPA+DHA) on atherogenesis and 
inflammatory response. The induction of atherogenesis was 
assessed in the following mice models: mice fed 32 weeks 
with high saturated fat diets without EPA and DHA or with 
omega-6:EPA+DHA at ratios of 20:1, 4:1 and 1:1. Mice fed 
with the lowest -6:EPA+DHA ratio diet had lower circulat-
ing concentrations of non-high-density lipoprotein choles-
terol (25%) and interleukin-6 (44%), compared to mice fed 
with only the high saturated fat -6 diet. Elicited peritoneal 
macrophage total cholesterol was 25% lower in model of 1:1 
diet, compared to only -6 high saturated fat fed mice. 
Monocyte chemotactive protein-1 mRNA levels and secre-
tion were 37% and 38% lower, respectively, in elicited peri-
toneal macrophage isolated from animals on 1:1 diet com-
pared, to -6 high saturated fat fed mice. mRNA levels of 
TNF-  were significantly lower in elicited peritoneal macro-
phage isolated from mice fed with 1:1 diet. 
 The anti-inflammatory effect of -3 PUFA has been 
documented recently not only in cardiovascular system but 
also in chronic inflammatory diseases, i.e., lupus erythema-
tosus, asthma and Crohn disease.  

5. ANTI-ATHEROSCLEROTIC AND VASOPROTEC-
TIVE EFFECT 

 The initiating incident that triggers occlusion of a blood 
vessel and a thrombotic clinical event is a rupture of unstable 

atheromatous plaque. Omega-3 PUFA may actively contrib-
ute to cellular mechanism of atherosclerosis development. 
This effect was investigated both in experimental models and 
human studies. 

 The molecular mechanisms responsible for the favorable 
modulator effect of -3 PUFA on atherosclerotic process 
have been extensively studied in experimental models [33]. 
On the cellular level, -3 PUFA decrease production of sev-
eral proatherosclerotic mediators: adhesion molecules [34], 
vascular smooth muscle cell growth factor [35], and chemo-
attractant molecules [36]. Consequently, -3 PUFA can 
blunt the destructive process of cell migration into the vessel 
wall intima that leads to atherosclerotic plaque formation. 
Furthermore, -3 PUFA might be able to protect endothelial 
layer, through attenuation of oxidative stress [10] - a power-
ful player in the development and progression of atheroscle-
rotic vascular lesions [37]. This vasoprotective antioxidant 
effect was documented in cultured endothelial cells, pre-
treated with -3 PUFA and subsequently stimulated by spe-
cific cytokines or lipopolysaccharide [38]. Pretreatment with 
DHA beneficially blunted the endothelial response to the 
pro-inflammatory stimulation in terms of vascular cell adhe-
sion molecule-1 (VCAM-1) cellular expression or release of 
macrophage colony stimulating factor (M-CSF). These ef-
fects were associated with decreased oxidative stress. Ac-
cordingly, PUFA supplementation studies providing 3.1 – 
8.4 g EPA+DHA/day have reported 30–55% decreases in the 
production of reactive oxygen species (superoxide or hydro-
gen peroxide) by stimulated human neutrophils [39-41].  

 Other studies demonstrated that preincubation with DHA 
decreases in a dose-dependent manner the cytokine-stimulated 
in vitro expression of VCAM-1 by endothelial cells [42] and 
decreases the adhesion of monocytes to endothelial cells 
[43]. Similar, albeit weaker responses were observed also 
when cells were pretreated with EPA [43]. In animal model 
of atherosclerosis, EPA may potentially reduce and stabilize 
atherosclerotic lesions through its anti-inflammatory effects 
[44]. 

 In humans, the randomized, placebo-controlled OCEAN 
trial plays a major role [45]. This study includes only surro-
gate, but not clinical endpoints. It was conducted to examine 
the effects of highly purified -3 PUFA ethyl esters on the 
composition and stability of atherosclerotic plaques among 
patients undergoing carotid endarterectomies. Important and 
practical reasons for selecting this type of patient included 
the opportunity to obtain large quantities of plaque. In this 
methodologically perfect study 121 adult patients, whose 
surgery was not scheduled during the next 7 days, were ran-
domized to placebo or to 2 g/day of highly purified -3 
PUFA ethyl esters. Median duration of study therapy was 21 
days. The incorporation of -3 PUFA into excised plaque 
was assessed. Importantly, EPA was incorporated into 
plaques despite a relatively short period of treatment time. 
Uptake of EPA into plaques was substantial, more than dou-
bled from baseline (p<0.001). In contrast, the increase in 
levels of DHA was relatively small (<20% vs. placebo) and 
not statistically significant. Detailed analyses revealed that 
plaque EPA content correlated negatively with indices of 
plaque inflammation and stability. Accordingly, the findings 
indicated that the higher concentration of EPA in the plaque 
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is associated with less inflammation, fewer macrophages and 
enhanced structural stability due to thicker fibrous caps. Ac-
cordingly, matrix metalloproteinase (MMP) enzyme expres-
sion within the plaque samples was assessed since MMP 
enzymes have been implicated in lysis of plaque caps, lead-
ing to plaque instability, erosion or rupture. The significant 
reduction of levels of mRNA for MMP-7, MMP-9 and 
MMP-12 was observed after treatment with -3 PUFA ethyl 
esters. There was also evidence for a substantial decrease in 
expression of intercellular cell adhesion molecule-1 (ICAM-
1), which might contribute to a reduced plaque population of 
macrophages. Moreover, treatment with -3 PUFA ethyl 
esters was associated with reduced expression of mRNA for 
proinflammatory interleukin-6.  

 Endothelial dysfunction, defined as impaired endothe-
lium-dependent vasodilatation, plays a pivotal role in early 
stages of atherogenesis. Several studies demonstrated im-
proved endothelial function with a dose of EPA and/or DHA 
of least 3 g/day [46,47]. These effects of -3 fatty acids may 
be mediated through enhanced nitric oxide production [48]. 
An interesting issue is a potential link between biochemical 
and functional markers of endothelial dysfunction. In pa-
tients with peripheral arterial disease [49] -3 PUFAs 1 g 
b.i.d. for 3 months were added to the previous treatment. 
Endothelial function was assessed both biochemically (plasma 
soluble thrombomodulin) and functionally (brachial artery 
flow-mediated dilatation). Omega-3 PUFA beneficially re-
duced soluble thrombomodulin levels from the median value 
of 33.0 ng/mL to 17.0 ng/mL and improved brachial artery 
flow-mediated dilatation from 6.7% to 10.0%. The flow-
mediated vasodilatation by 10% is a functional marker of 
restored (normalized) vasodilator response, typical for healthy 
subjects.  

Influence on Lipemic Profile  

 Multipotential effect of -3 PUFA on lipid metabolism 
has been demonstrated [13]. EPA and DHA have been 
shown to increase intracellular degradation of apolipoprotein 
B-100 –containing lipoproteins [13]. This causes severe in-
hibition of secretion of very-low-density lipoprotein and 
thereby lowers plasma triglyceride levels. Combined EPA 
with DHA supplementation also appears to accelerate chy-
lomicron triglyceride clearance by increasing lipoprotein 
lipase activity [50] and conversion of very-low-density to 
low-density lipoprotein [51], decreasing low-density lipopro-
tein synthesis, and reducing postprandial lipemia [52]. In 
clinical practice EPA and DHA are useful for treating severe 
hypertriglyceridemia and the beneficial effect is dose-
dependent. In two different protocols of treatment with 4 
g/day of -3 PUFA for 1 month versus 1 g/day for 6 months 
[53] triglycerides were decreased by 23% exclusively with 
the high-dose. In contrast, total and low-density lipoprotein 
cholesterol were not significantly affected by -3 PUFA in 
both studies.  

 The hypolipidemic, anti-atherogenic, anti-inflammatory 
effects of -3 PUFA may be enhanced by taurine [54]. 

Hypotensive and Anti-Diabetic Effect  

 In rat model with hypertension mediated by angiotensin 
II [55], the data suggest that -3 PUFA may reduce hyper-

tension via rennin-angiotensin system (namely by interaction 
with angiotensin II). Metabolites of EPA, such as vasodilator 
eicosanoids, may counteract vasoconstriction induced by 
angiotensin II infusion. Additionally, -3 PUFA ameliorate 
ANG II-enhanced oxidative stress at the endothelial level 
and block superoxide anion production. 

 The hypotensive response to PUFA treatment is dose-
dependent. In hypertensive patients with hyperlipidemia the 
two protocols of PUFA treatment were compared, i.e., long-
term low doses (1 g/day for 6 months) versus short-term high 
dose (4 g/day for 1 month) [53]. In the short-term admini-
stration of enhanced dose, blood pressure was significantly 
reduced (-10 mm Hg systolic; -7 mm Hg diastolic), whereas 
no significant changes were observed in the long-term. To 
assess effects of a broad spectrum of -3 PUFA doses, a 
meta-analysis of 36 randomized trials of fish-oil supplemen-
tation was performed [56]. There was a small, but significant 
reduction in blood pressure of 2 mm Hg systolic and 1.5 mm 
Hg diastolic with a median dose of 3.7 g/day of fish oil [56]. 

 The most recent observations in experimental diabetes 
indicate a beneficial effect of high dietary intake of -3 
PUFA on reducing both hypertension and damage, common 
for diabetic renal disease [57]. Renoprotective effect in-
volves attenuation of diabetic-related increase in collagen 
type I and type IV, interleukin-6, monocyte chemotactive 
protein -1, transforming growth factor- .

 In human study [58] with type 2 diabetes mellitus, the 
serum fatty acids composition was independently related to 
endothelial function evaluated by serum endothelin-1. Satu-
rated fatty acids were associated with endothelial dysfunc-
tion (high levels of endotelin-1), whereas -3 PUFAs had a 
protective role in endothelial function. 

Influence on Hemostasis  

 High doses of marine -3 fatty acids increase bleeding 
time [59] (Table 1). The effect of PUFA on fibrinogen level 
varied widely in 24 trials [13]. Approximately half of these 
studies showed a net increase in fibrinogen level with -3 
fatty acid consumption. The remaining studies showed either 
a net decrease or no effect. Similarly, inconsistent effect of 

-3 PUFA was reported in studies assessing coagulation 
factors. No significant changes after -3 PUFA treatment in 
factor VII, factor VIII and von Willebrand factor were re-
ported. Additionally, no effect on plasminogen activator in-
hibitor–1 [59] and on tissue-type plasminogen activator anti-
gen [60] was observed. 

 In the most recent study using APOE2 knock-in mice 
[61], the hypocoagulant effect of -3 PUFA was not caused 
by reduced hepatic synthesis of coagulation factors, but 
rather resulted from retention of uncarboxylated coagulation 
factors. The lipid-lowering effect of -3 PUFA links to al-
tered expression of genes that regulate transcription and fatty 
acid metabolism. 

 In humans, -3 PUFA may play a supplementary role in 
statin therapy. It has been shown that -3 PUFA given in 
addition to simvastatin in patients with combined hyperli-
pemia, may reduce the tissue factor pathway inhibitor, a po-
tent blocker of tissue factor- mediated activation of hemo-
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static cascade. It plays a stabilizing role in atheromatic le-
sions, and reduces the prothrombotic activation, present in 
the postprandial phase [62]. 

6. ANTI-ARRHYTHMIC MECHANISM OF PUFA 

 The impressive decrease in risk of sudden cardiac death, 
associated with fish consumption or -3 PUFA treatment, 
suggests that these agents may have anti-arrhythmic proper-
ties underlying these cardioprotective effects. Anti-arrhythmic 
mechanisms on the cellular level may be divided into several 
groups of action [8,14,63-65]:  

• counterbalancing interaction between -6 and -3 
PUFA, direct membrane effects 

• functional modulation of ion channels and exchangers 
(supplementation of -3 PUFA may have profound ef-
fects on trafficking of ion channels through subcellular 
compartments and in lipid rafts [70]) 

Restructuration of Cell Membrane 

 The particularly interesting concept is competitive bal-
ancing effect of -6/ -3 PUFA ratio in arrhythmic status. 
Accordingly, incorporation of more -3 PUFA into cardiac 
membrane phospholipids favorably reduces this ratio, which 
may protectively shift the myocardium from proarrhythmic 
to anti-arrhythmic state [65]. Dietary supplementation causes 
a replacement of lipid membranes with enhancement of resi-
dent -3 PUFA components [66-68] and reduction in throm-
boxane B2 [69]. Direct membrane effect is related to re-
ordering of lipid membranes, with enhancement of resident 

-3 PUFA components. For example, in rats 10% fish oil 
can double the content of DHA in cardiomyocyte membrane 
[69]. In another study with rats, -3 PUFA re-ordered myo-
cardial lipids pool and reduced arrhythmia susceptibility [68]  

Sodium Channels 

 Evidence from animal models suggests that ion channel–
mediated effects of PUFAs can exert anti-arrhythmic protec-
tion regulated via several mechanisms [70-73]. These effects 
may be mediated at least partially through a pathway con-
nected with actions on the sodium channel, which underlie 
the excitation of cardiomyocyte in the ventricular myocar-
dium. Functionally, the cardiac sodium current is responsible 

for the upstroke of the action potential and plays an impor-
tant role in impulse conduction. 

 In more detail, the specific molecular mechanism of 
PUFA includes direct effects on voltage-gated sodium chan-
nels, causing hyperpolarization of the resting (diastolic) 
membrane potential and increased threshold voltage by 40% 
to 50% for the opening of the sodium channel [14,74,75]. 
PUFA-mediated changes in G-protein regulation of sodium 
channel function should be also considered [76]. Further-
more, the possibility that PUFA-induced changes in the so-
dium current could alter sodium homeostasis in the myocyte 
and thus indirectly change pH regulation, contractility or 
diastolic excitability, needs to be evaluated. 

 The data assessing -3 PUFA inhibitory potency are 
somewhat inconsistent and at times conflicting due to some 
factors, i.e., dose dependence of the -3 PUFAs effect. In the 
experimental model, using rat heart exposed to low concen-
trations of DHA, this fatty acid caused an increased plateau 
height, lengthening of the action potential duration, and a 
positive inotropic effect. In contrast, at higher concentrations 
in the rat myocardium (and at all levels that were tested in 
the guinea pig myocardium), the same agent reduced excit-
ability and contractility. 

 From the practical viewpoint of clinical application it is 
essential to compare -3 PUFA action with anti(pro-)arrhy-
thmic drugs class I. Importantly, -3 PUFA effects differ 
from infamous and even dangerous drugs (CAST study) be-
cause EPA did not up regulate cardiac sodium channels. On 
the contrary, it reduced the increase in sodium channel ex-
pression observed with mexiletine by 40 to 50% [77]. It was 
an important observation since the disappointing proar-
rhythmic toxicity of class I anti-arrhythmic drugs is associ-
ated with up regulation of sodium channel expression.  

Potassium Repolarizing Currents 

 Both DHA and EPA can inhibit a number of various K+

currents, and this effect may contribute to reports of cardio-
vascular protection [78,79]. According to the cell electro-
physiology concept, the slow and rapid components of the 
delayed rectifier current are responsible for rapid repolariza-
tion of the action potential. The inward rectifier current con-
tributes to the terminal phase of repolarization and to the 
maintenance of the resting membrane potential. A reduction 
of rapid inward K+ current after acute administration of -3
PUFAs may explain why they prolong the action potential, 
as less repolarizing current is present during the repolariza-
tion phase of the action potential. On the other hand, increase 
of inward slow current by acutely administered -3 PUFAs 
leads to increased repolarizing current during the repolariza-
tion phase of the action potential. Whether the observed 
changes in repolarizing K+ currents caused by -3 PUFAs 
lead to action potential prolongation or shortening will largely 
depend on the delicate balance between these and other de-
polarizing and repolarizing currents, species-differences re-
garding channel protein expression and the concentration of 
EPA and DHA [80]. The inhibitory action of -3 PUFA may 
involve, or even need, prior peroxidation and probably the 
redox status within the myocardium may modulate some of 
the electrophysiological effects of -3 PUFAs [81]. 

Table 1. -3 PUFA Effects on Hemostasis  

Bleeding time 

Fibrinogen +/- 

Factor VII +/- 

Factor VIII +/- 

Von Willebrand factor +/- 

plasminogen activator inhibitor–1  +/- 

tissue-type plasminogen activator antigen +/- 

-3 PUFA+ simvastatin 

tissue factor pathway inhibitor 
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 Omega-3 PUFAs are treatable option in two channelo-
pathies-like diseases (dependent on K+ current): epileptic 
seizures [82] and cardiac arrhythmia. Recently, it has been 
documented [83] that -3 PUFA affected voltage depend-
ence of the shaker K+ channel. The regulatory effects of -3 
PUFA involve shifting the conductance versus voltage and 
the gating charge versus voltage curves in negative direction 
along the voltage axis. Uncharged methyl esters of the PU-
FAs did not affect the voltage dependence, whereas changes 
of pH and charge mutations on the channel surface affected 
the degree of the shifts. This finding indicates an electro-
static effect of -3 PUFA on the channel's voltage sensors. 
In contrast, monounsaturated and saturated fatty acids, as 
well as trans-PUFAs did not affect the voltage dependence. 
Summing up, only fatty acid tails with two or more cis dou-
ble bonds are potent to place the negative carboxylate charge 
of the PUFA in a position to affect the channel's voltage de-
pendence. It may be concluded that charged lipophilic com-
pounds electrostatically regulate channel's voltage sensor.  

Calcium Currents and Homeostasis 

 Intracellular calcium (Ca2+) handling plays a regulating 
role and contributes to induction of triggered activity. The L-
type Ca2+ current regulates the plateau phase and influences 
duration of the ventricular action potential. Acute admini-
stration of -3 PUFAs to ventricular myocytes reduces Ca2+

current [84,85] and thereby lowers the plateau level of the 
action potential. Incorporated -3 PUFAs into cellular mem-
brane also reduce Ca2+ current and, more importantly, block 
“reopening” of the calcium channel at plateau potentials. 
This extra-inhibitive activity prevent dangerous arrhythmic 
events: early afterdepolarization and Torsade de Pointes 
(life-threatening subtype of ventricular tachycardia) [86]. 
Omega-3 PUFA inhibit the L-type Ca2+ channels [86], which 
in turn prevent triggered arrhythmic after-potential dis-
charges caused by excessive cytosolic free Ca2+ concentra-
tion and also can prolong the refractory period, phase 4 of 
the cardiac cycle [75,84,87]. 

 There is the other mechanism of -3 PUFA anti-arrhy-
thmic activity depending on prevention of cellular Ca2+ over-
load. The sarcoplasmic reticulum is the source of most cellu-
lar Ca2+ that directly activates myofilaments. Short-term ap-
plication of -3 PUFA causes an increase in sarcoplasmic 
reticulum calcium content [88] and a reduction in ryanodine 
receptor openings [89,90]. Thus, -3 PUFA inhibit Ca2+ re-
lease from sarcoplasmic reticulum mediated via ryanodine 
receptors. However, dietary -3 fatty acid supplementation 
may not increase sarcoplasmic reticulum Ca2+ content [91]. 

Sodium–Calcium Exchanger 

 The sodium-calcium exchanger (NCX) operates by ex-
truding calcium from the cytosol and facilitates diastolic 
relaxation between cycles of cardiac excitation. In quantita-
tive assessment, the NCX exchanges 3 Na+ ions for 1 Ca2+ 

ion and therefore NCX is able to induce bidirectional cur-
rents (inward or outward) and modulates the shape and dura-
tion of the action potential. The inhibitory potency was sup-
ported by experiments in ventricular myocytes, where both 
outward and inward NCX were reduced by approximately 
60% in the presence of incorporated  3-PUFAs [86]. 

 In brief, cardiac electric activity is strongly modulated by 
-3 PUFA-related factors, including the metabolic state of 

the myocyte, the availability of oxygen and energy substrates 
(like plasma fatty acids and glucose) and the lipid composi-
tion of the cell membrane. The signaling pathways system in 
cell membrane plays a modulatory role via ion channels, 
exchangers, and pumps acting as complexes.  

 In clinical perspective, the mechanism of the anti-arrhy-
thmic effect of -3 PUFA highlights the ability of these 
compounds to stabilize the electrophysiology of cardiomyo-
cyte especially after a myocardial infarction. 

7. LARGE, RANDOMIZED, PLACEBO-
CONTROLLED CLINICAL STUDIES AND META-
ANALYSES 

 It is probable that in patients with prior myocardial in-
farction, arrhythmias may have been generated on triggered 
activity, due to spontaneous Ca2+-releases and prolonged 
action potentials [64]. Taking into consideration the mecha-
nisms associated with post-infarction arrhythmogenic sub-
strate, the increased intake of -3 PUFA supplements or 
fatty fish should be used. Accordingly, in the large secondary 
prevention clinical trial with fish oil, the GISSI–Prevenzione 
study [92], mortality due to sudden cardiac death was re-
duced by 53% and total mortality by 41% after myocardial 
infarction in patients treated with a relatively low, but clini-
cally effective dose (1.0 g/day) of pharmaceutical-grade fish 
oil. From the statistical point of view it is essential that fa-
vorable divergence of survival curves for sudden cardiac 
death were observed very early, i.e., before 3 months after 
initiating fish oil therapy [93]. The reduced cardiovascular 
mortality after PUFA was also observed in patients with 
heart failure in GISSI-HF study [94]. 

 Summing up clinical evidences, the most convincing 
support for anti-arrhythmic properties of fish oils has come 
from epidemiologic studies relating fish consumption to risk 
of sudden cardiac death, fatal myocardial infarction or mor-
tality due to coronary artery disease. In line with the intuitive 
assumption, populations with low intrinsic levels of fish in 
their diets achieved most benefit. However, there are some 
controversies to resolve, because attempts to reproduce these 
findings in all clinical settings have not shown the same con-
sistency in results (meta-analyses [95-100] presented in Ta-
ble 2). Disparities among these data reflect in part the rela-
tively small numbers of previous studies, as well as substan-
tial differences in the study protocols, including source, 
amount and method of administration of -3 PUFAs tested. 
The next important factors responsible for differences in 
results were duration of supplementation, varying degree of 
control of background diet (particularly intake of other fatty 
acids that may have proarrhythmic or anti-arrhythmic ef-
fects) and the end-points used to assess arrhythmias. 

8. SIDE EFFECTS 

 Side effects are dose-dependent and may appear if doses 
are larger than 2 g/day (Table 3). The side effects can be 
divided into medical (gastrointestinal, hemorrhagic and 
metabolic) or non-medical complication (fishy aftertaste). In 
the latest, large study GISSI-HF the rate of side effects was 
low and comparable with placebo (2,9%). 
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CONCLUSIONS AND PRACTICAL IMPLICATION  

 Omega-3 PUFAs have a pleiotropic impact on cardiac 
electric activity, structural elements of cell and functional 
regulation of ion channels and exchangers. EPA and DHA 
are competitive substrates for the enzymes and products of 
AA metabolism [101]. Very recently it has been reported 
[102] that some physiological effects of -3 PUFAs could 
partly result from a shift in the generation of active hydroxy-
lated metabolites of AA through a catalysis mediated by cy-
tochromes P450 from family 4.  

 The adequately high and properly composed -3 PUFA 
consumption of fish and fish oils appears in some large clini-
cal trials to have beneficial effects on survival. Prevention 
from sudden death was observed particularly or at least in 
ischemic substrates (the origin of arrhythmogenic instability 
is important) and particularly or at least in populations with 
deficiency in consumption of fish. Essentially, evidence for a 
reduction in incidence of sudden death, in ischemic ventricu-
lar fibrillation, and in reperfusion ventricular fibrillation has 
been noted. Other anti-arrhythmic effects may also exist, 

such as in some circumstances of atrial fibrillation, repre-
senting supraventricular arrhythmia [103].  

 Clinical benefit from -3 PUFA has a dose ranging or 
dose-threshold effect. Appropriate formulation of EPA+ 
DHA also plays an important role. When fish oil supple-
ments are taken, the variability in formulation, purity, and 
specific contaminants of the current over-the-counter prepa-
rations are likely to be a concern with respect to the effects. 
Accordingly, the effects may not be demonstrable in trials 
with too short duration, too low dose and/or suboptimal dos-
ing compliance. The combination of PUFA used in GISSI-
Prevenzione and GISSI-HF trials was as 1 g EPA plus DHA 
ethyl esters in a 46:38 ratio and administered as one capsule 
per day. Qualitative properties of Omacor differentiate it 
from other sources of -3 PUFAs, including higher content 
of DHA and the fact that both EPA and DHA are present as 
ethyl esters. They are pharmacokinetically distinct from the 

-3 triglycerides that are found in dietary sources and some 
other supplements, and these kinetic differences may be 
relevant to the clinical effectiveness of Omacor. 

Table 2. Meta-Analyses on the Effect of -3 PUFA on Fatal and Non Fatal Cardiac Events 

Study Period of Data Collection/ 
Period of Follow-up  

Number of 
Participants 

Type of Omega-
3 PUFA Source 

Outcomes Relative Risk  
(95% CI)  

Whelton et al.
[95] 

1966-2003 228 864 Dietary CAD mortality 0.83(0.76-0.90)* 

He at al.

[96] 

Average 11.8 years 222 364 Dietary 

Fish intake 

1-3/month 

1/week 

2-4/week 

5 week 

CAD mortality  

0.89(0.79-1.01)* 

0.85(0.76-0.96)* 

0.77(0.66-0.89)* 
0.62(0.46-0.82)* 

Zhao et al.

[97] 

1996-2007 20 997  Angina pectoris 

Sudden death after MI 

cardiac death 

all causes of mortality 

1.39(1.01-1.92) 

0.43(0.20-0.91)* 

0.71(0.50-1.00) 
0.77(0.58-1.01)  

Yezebe et al.

[98] 

1966-2003 14 727 Dietary or sup-
plement 

All causes of mortality 

Fatal MI 

Non fatal MI 

Non fatal stroke 

Angina pectoris 

0.84(0.76-0.94)* 

0.76(0.66-0.88)* 

1.03(0.87-1.19) 

1.36(0.87-2.29) 

1.03(0.85-1.20) 

Bucher et al.

[99] 

1966-1999 15 806 Dietary or sup-
plement 

Non fatal MI 

Fatal MI 

Sudden death 

Overall mortality 

0.8(0.5-1.2) 

0.7(0.6-0.8)* 

0.7(0.6-0.9)* 

0.8(0.7-0.9)* 

Hooper et al.

[100] 

Before 2002 36 913 Dietary or sup-
plement 

Total mortality 0.87(0.73-1.03) 

*- statistically significant, MI-myocardial infarction, CAD-coronary artery disease. 
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ABBREVIATIONS 

PUFA = Polyunsaturated fatty acid 

EPA = Eicosapentaenoic acid 

DHA = Docosahexaenoic acid 

AA = Arachidonic acid 

MMP = Matrix metalloproteinase 

NCX = Sodium-calcium exchanger  

REFERENCES 
[1] Bang, H.O.; Dyerberg, J.; Sinclair, H.M. The composition of the 

Eskimo food in north western Greenland. Am. J. Clin. Nutr., 1980,
33, 2657-2661.  

[2] Bang, H.O.; Dyerbert, J. Lipid metabolism and ischemic heart 
disease in Greenland Eskimos; Draper, H. Ed.; New York, NY: 
Plenum Press, 1980, pp. 1-22. 

[3] Kagawa, Y.; Nishizawa, M.; Suzuki, M.; Miyatake, T.; Hamamoto, 
T.; Goto, K.; Motonaga, E.; Izmikawa, H.; Hirata, H.; Ebihara, A. 
Eicosapolyenoic acids of serum lipids of Japanese islanders with 
low incidence of cardiovascular diseases. J. Nutr. Sci. Vitaminol. 
(Tokyo), 1982, 28, 441- 453. 

[4] Bang, H.O.; Dyerberg, J.; Nielsen, A.B. Plasma lipid and lipopro-
tein pattern in greenlandic west-coast Eskimos. Lancet, 1971, 1,
1143-1145. 

[5] Dyerberg, J.; Bang, H.O.; Hjorne, N. Fatty amid composition of the 
plasma lipids in Greenland Eskimos. Am. J. Clin. Nutr., 1975, 28,
958-966. 

[6] McLennan, P.L.; Bridle, T.M.; Abeywardena, M.Y.; Charnock, J.S. 
Comparative efficacy of n-3 and n-6 polyunsaturated fatty acids in 
modulating ventricular fibrillation threshold in marmoset monkeys. 
Am. J. Clin. Nutr., 1993, 58, 666-9. 

[7] McLennan, P.L. Relative effects of dietary saturated, monounsatu-
rated, and polyunsaturated fatty acids on cardiac arrhythmias in 
rats. Am. J. Clin. Nutr., 1993, 57, 207-12. 

[8] London, B.; Albert, C.; Anderson, M.E.; Giles, W.R.; Van 
Wagoner, D.R.; Balk, E.; Billman, G.E.; Chung, M.; Lands, W.; 
Leaf, A.; McAnulty, J.; Martens, J.R.; Costello, R.B.; Lathrop, 
D.A. Omega-3 fatty acids and cardiac arrhythmias: prior studies 
and recommendations for future research: a report from the Na-
tional Heart, Lung, and Blood Institute and Office Of Dietary Sup-
plements Omega-3 Fatty Acids and their Role in Cardiac Arrhyth-
mogenesis Workshop. Circulation, 2007, 116, e320-35. 

[9] De Caterina, R.; Madonna, R.; Zucchi, R.; La Rovere, M.T. Anti-
arrhythmic effects of omega-3 fatty acids: from epidemiology to 
bedside. Am. Heart J., 2003, 146, 420-30.  

[10] Richard, D.; Kefi, K.; Barbe, U.; Bausero, P.; Visioli, F. Polyun-
saturated fatty acids as antioxidants. Pharmacol. Res., 2008, 57, 
451-5. 

[11] DeFilippis, A.P.; Sperling, L.S. Understanding omega-3’s. Am. 
Heart J., 2006, 151, 564 -570. 

[12] Colussi, G.; Catena, C.; Baroselli, S.; Nadalini, E.; Lapenna, R.; 
Chiuch, A.; Sechi, L.A. Omega-3 fatty acids: from biochemistry to 

their clinical use in the prevention of cardiovascular disease. Recent 
Pat. Cardiovasc. Drug Discov., 2007, 2, 13-21. 

[13] Robinson, J.G.; Stone, N.J. Antiatherosclerotic and antithrombotic 
effects of omega-3 fatty acids. Am. J. Cardiol., 2006, 98(4A), 39i-
49i. 

[14] Reiffel, J.A.; McDonald, A. Anti-arrhythmic effects of omega-3 
fatty acids. Am. J. Cardiol., 2006, 98(4A), 50i-60i. 

[15] Simopoulos, A.P. The importance of the omega-6/omega-3 fatty 
acid ratio in cardiovascular disease and other chronic diseases. Exp. 
Biol. Med. (Maywood), 2008, 233, 674-88. 

[16] Kris-Etherton, P.M.; Taylor, D.S.; Yu-Poth, S.; Huth, P.; Moriarty, 
K.; Fishell, V.; Hargrove, R.L.; Zhao, G.; Etherton, T.D. Polyun-
saturated fatty acids in the food chain in the United States. Am. J. 
Clin. Nutr., 2000, 71, 179S-88. 

[17] Mori, T.; Beilin, L. Omega-3 fatty acids and inflammation. Curr. 
Atheroscler. Rep., 2004, 6, 461- 467. 

[18] Weber, P.; Fischer, S.; von Shacky, C.; Lorenz, R.; Strasser, T. The
conversion of dietary eicosopentaenoic acid to prostanoids and leu-
kotrienes in man. Prog. Lipid Res., 1986, 25, 273-276. 

[19] Li, Y.; Kang, J.; Leaf, A. Differential effects of various eicosanoids 
on the contraction of cultured neonatal rat cardiomyocytes. Prosta-
glandins, 1997, 54, 511-530.  

[20] Cadler, P.C. n-3 Polyunsaturated fatty acids, inflammation, and 
inflammatory Diseases. Am. J. Clin. Nutr., 2006, 83 (suppl), 
1505S-19S. 

[21] Serhan, C.N.; Arita, M.; Hong, S.; Gotlinger, K. Resolvins, docosa-
trienes, and neuroprotectins, novel omega-3-derived mediators, and 
their endogenous aspirin-triggered epimers. Lipids, 2004, 39, 1125-
32. 

[22] Fickl, H.; Cockeran, R.; Steel, H.C.; Feldman, C.; Cowan, G.; 
Mitchell, T.J.; Anderson, R. Pneumolysin-mediated activation of 
NFkappaB in human neutrophils is antagonized by docosahex-
aenoic acid. Clin. Exp. Immunol., 2005, 140, 274 -281. 

[23] Meffert, M.K.; Chang, J.M.; Wiltgen, B.J.; Fanselow, M.S.; Balti-
more, D. NF-kappa B functions in synaptic signaling and behavior. 
Nat. Neurosci., 2003, 6, 1072-1078. 

[24] Serhan, C.N.; Clish, C.B.; Brannon, J.; Colgan, S.P.; Gronert, K.; 
Chiang, N. Anti-inflammatory lipid signals generated from dietary 
n-3 fatty acids via cyclooxygenase-2 and transcellular processing: a 
novel mechanism for NSAID and n-3 PUFA therapeutic actions. J. 
Physiol. Pharmacol., 2000, 4, 643-54. 

[25] Serhan, C.N.; Clish, C.B.; Brannon, J.; Colgan, S.P.; Chiang, N.; 
Gronert, K. Novel functional sets of lipid-derived mediators with 
antinflammatory actions generated from omega-3 fatty acids via
cyclooxygenase 2-nonsteroidal anti-inflammatory drugs and tran-
scellular processing. J. Exp. Med., 2000, 192, 1197-204. 

[26] Serhan, C.N.; Hong, S.; Gronert, K.; Colgan, S.P.; Devchand, P.R.; 
Mirick, G.; Moussignac, R.L. Resolvins: a family of bioactive 
products of omega-3 fatty acid transformation circuits initiated by 
aspirin treatment that counter pro-inflammation signals. J. Exp. 
Med., 2002, 196, 1025-37. 

[27] Hong, S.; Gronert, K.; Devchand, P.; Moussignac, R-L.; Serhan, 
C.N. Novel docosatrienes and 17S-resolvins generated from 
docosahexaenoic acid in murine brain, human blood and glial cells: 
autocoids in antiinflammation. J. Biol. Chem., 2003, 278, 14677- 
87. 

[28] Marcheselli, V.L.; Hong, S.; Lukiw, W.J.; Tian, X.H.; Gronert, K.; 
Musto, A.; Hardy, M.; Gimenez, J.M.; Chiang, N.; Serhan, C.N.; 

Table 3. Side Effects of Omega-3 PUFA 

 Low dose <1 g/d Moderate dose 1 g/d High dose >3g/d 

Gastrointestinal upset +/- + + 

Bleeding +/- +/- +/- 

Hyperglicemia* +/- +/- + 

Increase in LDL-cholesterol** +/- + + 

*usually only in predisposed patients, i.e., with impaired glucose tolerance or evident diabetes. 
** usually only in patients with hypertriglyceridemia. 



1038    Mini-Reviews in Medicinal Chemistry, 2009, Vol. 9, No. 9 Dimitrow and Jawien 

Bazan, N.G. Novel docosanoids inhibit brain ischemia reperfusion-
mediated leukocyte infiltration and proinflammatory gene expres-
sion. J. Biol. Chem., 2003, 278, 43807-17. 

[29] Mukherjee, P.K.; Marcheselli, V.L.; Serhan, C.N.; Bazan N.G. 
Neuroprotectin D1: a docosahexaenoic acid-derived docosatriene 
protects human retinal pigment epithelial cells from oxidative 
stress. Proc. Natl. Acad. Sci. USA, 2004, 101, 8491- 6. 

[30] Serhan, C.N. Novel chemical mediators in the resolution of in-
flammation: resolvins and protectins. Anesthesiol. Clin., 2006, 24,
341-364.  

[31] Micallef, M.A.; Garg, M.L. Anti-inflammatory and cardioprotec-
tive effects of n-3 polyunsaturated fatty acids and plant sterols in 
hyperlipidemic individuals. Atherosclerosis, 2009, 204(2), 476-82. 

[32] Wang, S.; Wu, D.; Matthan, N.R.; Lamon-Fava, S.; Lecker, J.L.; 
Lichtenstein, A.H. Reduction in dietary omega-6 polyunsaturated 
fatty acids: Eicosapentaenoic acid plus docosahexaenoic acid ratio 
minimizes atherosclerotic lesion formation and inflammatory re-
sponse in the LDL receptor null mouse. Atherosclerosis, 2008, Sep 
2 [Epub ahead of print]. 

[33] De Caterina, R.; Madonna, R.; Massaro, M. Effects of omega-3 
fatty acids on cytokines and adhesion molecules. Curr. Atheroscler. 
Rep., 2004, 6, 485-91. 

[34] Miles, E.A.; Thies, F.; Wallace F.A. Influence of age and dietary 
fish oil on plasmas soluble adhesion molecule concentrations. Clin. 
Sci., 2001, 100, 91-100. 

[35] Baumann, K.H.; Hessel, F.; Larass, I. Dietary w-3, w-6, and w-9 
unsaturated fatty acids and growth factor and cytokine gene expres-
sion in unstimulated and stimulated monocytes. Arterioscler. 
Thromb. Vasc. Biol., 1999, 19, 59-66. 

[36] Sperling, R.I.; Benincaso, A.I.; Knoell, C.T.; Larkin, J.K.; Austen, 
K.F.; Robinson, D.R. Dietary w-3 polyunsaturated fatty acids in-
hibit phosphoinositide formation and chemotaxis in neutrophils. J. 
Clin. Invest., 1993, 91, 651-60. 

[37] Libby, P. Inflammation in atherosclerosis. Nature, 2002, 420, 868-
74. 

[38] Massaro, M.; Basta, G.; Lazzerini G. Quenching of intracellular 
ROS generation as a mechanism for oleate-induced reduction of 
endothelial activation and early atherogenesis. Thromb. Haemost.,
2002, 88, 335-44. 

[39] Varming, K.; Schmidt E.B.; Svaneborg, N. The effect of n-3 fatty 
acids on neutrophil chemiluminescence. Scand. J. Clin. Lab. In-
vest., 1995, 55, 47-52. 

[40] Thompson, P.J.; Misso, N.L.A.; Passarelli, M.; Phillips, M.J. The 
effect of eicosapentaenoic acid consumption on human neutrophil 
chemiluminescence. Lipid, 1991, 26, 1223- 6. 

[41] Luostarinen, R.; Saldeen, T. Dietary fish oil decreases superoxide 
generation by human neutrophils: relation to cyclooxygenase path-
way and lysosomal enzyme release. Prostaglandin Leukot. Essent. 
Fatty Acids, 1996, 55, 167-72. 

[42] De Caterina, R.; Cybulsky, M.I.; Clinton, S.K.; Gimbrone, M.A.; 
Libby, P. The omega-3 fatty acid docosahexaenoate reduces cyto-
kine-induced expression of proatherogenic and proinflammatory 
proteins in human endothelial cells. Arterioscler. Thromb., 1994,
14, 1829-36. 

[43] De Caterina, R.; Bernini, W.; Carluccio, M.A.; Liao, J.K.; Libby, P. 
Structural requirements for inhibition of cytokine-induced endothe-
lial activation by unsaturated fatty acids. J. Lipid Res., 1998, 39,
1062-70. 

[44] Matsumoto, M.; Sata, M.; Fukuda, D.; Tanaka, K.; Soma, M.; 
Hirata, Y.; Nagai, R. Orally administered eicosapentaenoic acid re-
duces and stabilizes atherosclerotic lesions in ApoE-deficient mice. 
Atherosclerosis, 2008, 197, 524-33. 

[45] Thies, F.; Garry, J.M.; Yaqoob, P.; Rerkasem, K.; Williams, J.; 
Shearman, C.P.; Gallagher, P.J.; Calder, P.C.; Grimble, R.F. Asso-
ciation of n-3 polyunsaturated fatty acids with stability of athero-
sclerotic plaques: a randomized controlled trial. Lancet, 2003, 361,
477-485. 

[46] Brown, A.A.; Hu F.B. Dietary modulation of endothelial function: 
implications for cardiovascular disease. Am. J. Clin. Nutr., 2001,
73, 673-686. 

[47] Nestel, P.; Shige, H.; Pomeroy, S.; Cehun, M.; Abbey, M.; Raeder-
storff, D. The n-3 fatty acids eicosapentaenoic acid and docosahex-
aenoic acid increase systemic arterial compliance in humans. Am. J. 
Clin. Nutr., 2002, 76, 326 -330. 

[48] Harris, W.S.; Rambjor, G.; Windsor, S.; Diederich, D. n-3 fatty 
acids and urinary excretion of nitric oxide metabolites in humans. 
Am. J. Clin. Nutr., 1997, 65, 459-464. 

[49] Schiano, V.; Laurenzano, E.; Brevetti, G.; De Maio, J.I.; Lanero, 
S.; Scopacasa, F.; Chiariello, M. Omega-3 polyunsaturated fatty 
acid in peripheral arterial disease: effect on lipid pattern, disease 
severity, inflammation profile, and endothelial function. Clin. 
Nutr., 2008, 27, 241-7. 

[50] Park, Y.; Harris, W. Omega-3 fatty acid supplementation acceler-
ates chylomicron triglyceride clearance. J. Lipid Res., 2003, 44, 
455- 463. 

[51] Chan, D.C.; Watts, G.F.; Barrett, P.H.; Beilin, L.J.; Redgrave, T.G.; 
Mori, T.A. Regulatory effects of HMG CoA reductase inhibitor and 
fish oils on apolipoprotein B-100 kinetics in insulin-resistant obese 
male subjects with dyslipidemia. Diabetes, 2002, 51, 2377-2386. 

[52] Connor, W. The impact of dietary omega-3 fatty acids on the syn-
thesis and clearance of apo B lipoproteins and chylomicrons: Pro-
ceedings of the Scientific Conference on Omega-3 Fatty Acids in 
Nutrition, Vascular Biology, and Medicine, American Heart Asso-
ciation, Houston, TX; April 17-19, 1994.

[53] Colussi, G.L.; Baroselli, S.; Sechi L.A. w-3 polyunsaturated fatty 
acids decrease plasma lipoprotein(a) levels in hypertensive sub-
jects. Clin. Nutr., 2004, 23, 1246-47. 

[54] Elvevoll, E.O.; Eilertsen, K.E.; Brox, J.; Dragnes, B.T.; Falken-
berg, P.; Olsen, J.O.; Kirkhus, W.; Lamglait, A.; Østerud, B. Sea-
food diets: hypolipidemic and anti-atherogenic effects of taurine 
and n-3 fatty acids. Atherosclerosis, 2008, 200, 396-402. 

[55] Jayasooriya, A.P.; Begg, D.P.; Chen, N.; Mathai, M.L.; Sinclair, 
A.J.; Wilkinson-Berka, J.; Wark, J.D.; Weisinger, H.S.; Weisinger 
R.S. Omega-3 polyunsaturated fatty acid supplementation reduces 
hypertension in TGR(mRen-2)27 rats. Prostaglandins Leukot. Es-
sent. Fatty Acids, 2008, 78, 67-72. 

[56] Geleijnse, J.M.; Giltay, E.J.; Grobbee, D.E.; Donders, A.R.; Kok, 
F.J. Blood pressure response to fish oil supplementation: metare-
gression analysis of randomized trials. J. Hypertens., 2002,
20,1493-1499. 

[57] Garman, J.H.; Mulroney, S.E.; Manigrasso, M.; Flynn, E.; Maric, 
C. Omega-3 fatty acid rich diet prevents diabetic renal disease. Am. 
J. Physiol. Renal Physiol., 2009, 296(2), F306-16. 

[58] Perassolo, M.S.; Almeida, J.C.; Steemburgo, T.; Dall'Alba, V.; de 
Mello, V.D.; Zelmanovitz, T.; de Azevedo, M.J.; Gross J.L. Endo-
thelial dysfunction and serum fatty acid composition in patients 
with type 2 diabetes mellitus. Metabolism, 2008, 57, 1167-72. 

[59] Lefevre, M.; Kris-Etherton, P.M.; Zhao, G.; Tracy R.P. Dietary 
fatty acids, hemostasis, and cardiovascular disease risk. J. Am. 
Diet. Assoc., 2004, 104, 410-419. 

[60] Hjerkinn, E.M.; Seljeflot, I.; Ellingsen, I.; Berstad, P.; Hjermann, 
I.; Sandvik, L.; Arnesen, H. Influence of long-term intervention 
with dietary counseling, long-chain n-3 fatty acid supplements, or 
both on circulating markers of endothelial activation in men with 
long-standing hyperlipidemia. Am. J. Clin. Nutr., 2005, 81, 583-
589. 

[61] Vanschoonbeek, K.; Wouters, K.; van der Meijden, P.E.; van Gorp, 
P.J.; Feijge, M.A.; Herfs, M.; Schurgers, L.J.; Hofker, M.H.; de 
Maat, M.P.; Heemskerk, J.W. Anticoagulant effect of dietary fish 
oil in hyperlipidemia: a study of hepatic gene expression in APOE2 
knock-in mice. Arterioscler. Thromb. Vasc. Biol., 2008, 28, 2023-
9. 

[62] Nordoy, A.; Bonaa, K.H.; Sandset, P.M. Effect of omega-3 fatty 
acids and simvastatin on hemostatic risk factors and postprandial 
hyperlipemia in patients with combined hyperlipemia. Arterioscler. 
Thromb. Vasc. Biol., 2000, 20, 259-65. 

[63] Berecki, G.; Den Ruijter, H.M.; Verkerk, A.O.; Schumacher, C.A.; 
Baartscheer, A.; Bakker, D.; Boukens, B.J.; van Ginneken, A.C.; 
Fiolet, J.W.; Opthof, T.; Coronel, R. Dietary fish oil reduces the in-
cidence of triggered arrhythmias in pig ventricular myocytes. Heart 
Rhythm, 2007, 4, 1452-60.  

[64] Den Ruijter, H.M.; Berecki, G.; Opthof, T.; Verkerk, A.O.; Zock, 
P.L.; Coronel, R. Pro- and anti-arrhythmic properties of a diet rich 
in fish oil. Cardiovasc. Res., 2007, 73, 316-25. 

[65] Cheng, J.W.; Santoni, F. Omega-3 fatty acid: a role in the man-
agement of cardiac arrhythmias? J. Altern. Complement. Med.,
2008, 14, 965-74. 

[66] Kinoshita, I.; Itoh, K.; Nishida-Nakai, M.; Hirota, H.; Otsuji, S.; 
Shibata, N. Anti-arrhythmic effects of eicosapentaenoic acid during 



Omega-3 PUFA Mini-Reviews in Medicinal Chemistry, 2009, Vol. 9, No. 9    1039

myocardial infarction- enhanced cardiac microsomal (Ca(2+)-
Mg2+)-ATPase activity. Jpn. Circ. J., 1994, 58, 903-912. 

[67] Anderson, K.E.; Du, X.J.; Sinclair, A.J.; Woodcock, E.A.; Dart, 
A.M. Dietary fish oil prevents reperfusion Ins(1,4,5)P3 release in 
rat heart: possible anti-arrhythmic mechanism. Am. J. Physiol.,
1996, 271, H1483-H1490. 

[68] Owen, A.J.; Peter-Przyborowska, B.A.; Hoy, A.J.; McLennan, P.L. 
Dietary fish oil dose- and time-response effects on cardiac phos-
pholipid fatty acid composition. Lipids, 2004, 39, 955-961. 

[69] Yang, B.; Saldeen, T.G.; Nichols, W.W.; Mehta, J.L. Dietary fish 
oil supplementation attenuates myocardial dysfunction and injury 
caused by global ischemia and reperfusion in isolated rat hearts. J. 
Nutr., 1993, 123, 2067-2074. 

[70] Ma, D.W.; Seo, J.; Switzer, K.C.; Fan, Y.Y.; McMurray, D.N.; 
Lupton, J.R.; Chapkin, R.S. n-3 PUFA and membrane microdo-
mains: a new frontier in bioactive lipid research. J. Nutr. Biochem.,
2004, 15, 700 -706. 

[71] Billman, G.E.; Kang, J.X.; Leaf, A. Prevention of sudden cardiac 
death by dietary pure omega-3 polyunsaturated fatty acids in dogs. 
Circulation, 1999, 99, 2452-2457. 

[72] Geelen, A.; Zock, P.L.; Brouwer, I.A.; Katan, M.B.; Kors, J.A.; 
Ritsema van Eck, H.J.; Schouten, E.G. Effect of n-3 fatty acids 
from fish on electrocardiographic characteristics in patients with 
frequent premature ventricular complexes. Br. J. Nutr., 2005, 93, 
787-790. 

[73] Leaf, A.; Kang, J.X.; Xiao, Y.F.; Billman, G.E. Clinical prevention 
of sudden cardiac death by n-3 polyunsaturated fatty acids and 
mechanism of prevention of arrhythmias by n-3 fish oils. Circula-
tion, 2003, 107, 2646-2652. 

[74] Leaf, A. The electrophysiological basis for the anti-arrhythmic 
actions of polyunsaturated fatty acids. Eur. Heart J. Suppl., 2001,
(Suppl D), D98-D105.  

[75] Leaf, A.; Xiao, Y.F.; Kang, J.X.. Membrane effects of the n-3 fish 
oil fatty acids, which prevent fatal ventricular arrhythmias. J. 
Membr. Biol., 2005, 206, 129-139 

[76] Ma, J.Y.; Catterall, W.A.; Scheuer, T. Persistent sodium currents 
through brain sodium channels induced by G protein beta gamma 
subunits. Neuron, 1997, 19, 443- 452 

[77] Kang, J.X.; Li, Y.; Leaf, A. Regulation of sodium channel gene 
expression by class I anti-arrhythmic drugs and n-3 polyunsaturated 
fatty acids in cultured neonatal rat cardiac myocytes. Proc. Natl. 
Acad. Sci. USA, 1997, 94, 2724 -2728. 

[78] McLennan, P.; Howe, P.; Abeywardena, M.; Muggli, R.; Raederstorff, 
D.; Mano, M.; Rayner, T.; Head, R. The cardiovascular protective role 
of docosahexaenoic acid. Eur. J. Pharmacol., 1996, 300, 83- 89. 

[79] Rouzaire-Dubois, B.; Gerard, V.; Dubois, JM. Modification of K+ 
channel properties induced by fatty acids in neuroblastoma cells. 
Pflugers. Arch., 1991, 419, 467- 471. 

[80] Macleod, J.C.; Macknight, A.D.C.; Rodrigo, G.C. The electrical 
and mechanical response of adult guinea pig and rat ventricular 
myocytes to omega-3 polyunsaturated fatty acids. Eur. J. Pharma-
col., 1998, 356, 261-70. 

[81] Jude, S.; Bedut, S.; Roger, S.; Pinault, M.; Champeroux, P.; White, 
E.; Le Guennec, J.Y. Peroxidation of docosahexaenoic acid is re-
sponsible for its effects on I TO and I SS in rat ventricular myo-
cytes. Br. J. Pharmacol., 2003, 139, 816-822. 

[82] Xu, X.P.; Erichsen, D.; Börjesson, S.I.; Dahlin, M.; Amark, P.; 
Elinder, F. Polyunsaturated fatty acids and cerebrospinal fluid from 
children on the ketogenic diet open a voltage-gated K channel: a puta-
tive mechanism of antiseizure action. Epilepsy Res., 2008, 80, 57-66. 

[83] Börjesson, S.I.; Hammarström, S.; Elinder, F. Lipoelectric modifi-
cation of ion channel voltage gating by polyunsaturated fatty acids. 
Biophys J., 2008, 95, 2242-53. 

[84] Xiao, Y.F.; Gomez, A.M.; Morgan, J.P.; Lederer, W.J.; Leaf, A. 
Suppression of voltage-gated L-type Ca2+ currents by polyunsatu-
rated fatty acids in adult and neonatal rat ventricular myocytes. 
Proc. Natl. Acad. Sci. USA, 1997, 94, 4182-7. 

[85] Ferrier, G.R.; Redondo, I.; Zhu, J.; Murphy, M.G. Differential 
effects of docosahexaenoic acid on contractions and L-type Ca2+ 
current in adult cardiac myocytes. Cardiovasc. Res., 2002, 54, 601-
10. 

[86] Verkerk, A.O.; van Ginneken, A.C.G.; Berecki, G.; Den Ruijter, 
H.M.; Schumacher, C.A.; Veldkamp, M.W.; Baartscheer, A.; 
Casini, S.; Opthof, T.; Hovenier, R.; Fiolet, J.W.; Zock, P.L.; 
Coronel, R. Incorporated sarcolemmal fish oil fatty acids shorten 
pig ventricular action potentials. Cardiovasc. Res., 2006, 70, 509-
20. 

[87] Leaf, A. The electrophysiologic basis for the anti-arrhythmic and 
anticonvulsant effects of n-3 polyunsaturated fatty acids: heart and 
brain. Lipids, 2001, 36(Suppl), S107-S110. 

[88] Negretti, N.; Perez, M.R.; Walker, D.; O’Neill, S.C. Inhibition of 
sarcoplasmic reticulum function by polyunsaturated fatty acids in 
intact, isolated myocytes from rat ventricular muscle. J. Physiol.,
2000, 523, 367-375. 

[89] Honen, B.N.; Saint, D.A.; Laver, D.R. Suppression of calcium 
sparks in rat ventricular myocytes and direct inhibition of sheep 
cardiac RyR channels by EPA, DHA and oleic acid. J. Membr. 
Biol., 2003,196,95-103. 

[90] Swan, J.S.; Dibb, K.; Negretti, N.; O’Neill, S.C.; Sitsapesan, R. 
Effects of eicosapentaenoic acid on cardiac SR Ca(2+)-release and 
ryanodine receptor function. Cardiovasc. Res., 2003, 60, 337-346. 

[91] Leifert, W.R.; Dorian, C.L.; Jahangiri, A.; McMurchie, E.J. Dietary 
fish oil prevents asynchronous contractility and alters Ca(2+) handling 
in adult rat cardiomyocytes. J. Nutr. Biochem., 2001, 12, 365-376. 

[92] GISSI-Prevenzione Investigators. Dietary supplementation with n-3 
polyunsaturated fatty acids and vitamin E after myocardial infarction: 
results of the GISSI-Prevenzione trial. Lancet, 1999, 354, 447-455. 

[93] Marchioli, R.; Barzi, F.; Bomba, E.; Chieffo, C.; Di Gregorio, D.; 
Di Mascio, R.; Franzosi, M.G.; Geraci, E.; Levantesi, G.; Mag-
gioni, A.P. Early protection against sudden death by omega-3 poly-
unsaturated fatty acids after myocardial infarction: time-course 
analysis of the results of the Gruppo Italiano per lo Studio della 
Sopravvivenza nell’Infarto Miocardico (GISSI)-Prevenzione. Cir-
culation, 2002, 105, 1897-1903. 

[94] Gissi-HF Investigators; Tavazzi, L.; Maggioni, A.P.; Marchioli, R.; 
Barlera, S.; Franzosi, M.G.; Latini, R.; Lucci, D.; Nicolosi, G.L.; 
Porcu, M.; Tognoni, G.Effect of n-3 polyunsaturated fatty acids in pa-
tients with chronic heart failure (the GISSI-HF trial): a randomised, 
double-blind, placebo-controlled trial. Lancet, 2008, 372, 1223-30. 

[95] Whelton, S.P.; He, J.; Whelton, P.K. Meta-analysis of observa-
tional studies on fish intake and coronary heart disease. Am. J. 
Cardiol., 2004, 93, 1119-23. 

[96] He, K.; Song, Y.; Daviglus, M.L.; Liu, K.; Van Horn, L.; Dyer, 
A.R.; Greenland, P. Accumulated evidence on fish consumption 
and coronary heart disease mortality: a meta-analysis of cohort 
studies. Circulation, 2004, 109, 2705-11. 

[97] Zhao, Y.T.; Chen, Q.; Sun, Y.X.; Li, X.B.; Zhang, P.; Xu, Y.; Guo, 
J.H. Prevention of sudden cardiac death with omega-3 fatty acids in 
patients with coronary heart disease: a meta-analysis of randomized 
controlled trials. Ann. Med., 2009, 41, 301-10. 

[98] Yzebe, D.; Lievre, M. Fish oils in the care of coronary heart disease 
patients: a meta-analysis of randomized controlled trials. Fundam. 
Clin. Pharmacol., 2004, 18, 581-92. 

[99] Bucher, H.C.; Hengstler, P.; Schindler, C. N-3 polyunstaurated 
fatty acids in coronary heart disease: a meta-analysis of randomized 
controlled trials. Am. J. Med., 2002, 112, 298-304. 

[100] Hooper, L.; Thompson, R.L.; Harrison, R.A. Omega 3 fatty acids 
for prevention and treatment of cardiovascular disease. Cochrane 
Database Syst. Rev., 2004, 4, CD003177. 

[101] Schmitz, G.; Ecker, J. The opposing effects of n-3 and n-6 fatty 
acids. Prog. Lipid Res., 2008, 47, 147-55. 

[102] Fer, M.; Corcos, L.; Dréano, Y.; Plée-Gautier, E.; Salaün, J.P.; Ber-
thou, F.; Amet, Y. Cytochromes P450 from family 4 are the main 
omega hydroxylating enzymes in humans: CYP4F3B is the prominent 
player in PUFA metabolism. J. Lipid Res., 2008, 49, 2379-89. 

[103] Macchia, A.; Monte, S.; Pellegrini, F.; Romero, M.; Ferrante, D.; 
Doval, H.; D'Ettorre, A.; Maggioni, A.P.; Tognoni, G. Omega-3 
fatty acid supplementation reduces one-year risk of atrial fibrilla-
tion in patients hospitalized with myocardial infarction. Eur. J. 
Clin. Pharmacol., 2008, 64, 627-34. 

Received: 01 January, 2009 Revised: 11 April, 2009 Accepted: 15 May, 2009 


