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Microdetermination of Fatty Acids by Gas
Chromatography and Cardiovascular Risk
Stratification by the “EPA+DHA Level”

Heinz Rupp, Thomas P. Rupp, Daniela Wagner, Peter Alter, Bernhard Maisch!

Abstract
The therapeutic options for interfering with the
electrical instability of a pathologically remodeled
or ischaemic heart remain limited. Of increasing im-
portance become interventions which target the fat-
ty acid composition of blood and membrane lipids.

In particular, the long-chain omega-3 fatty acids ei-
cosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA) provide parameters for stratification of

! Molecular Cardiology Laboratory, Department of Internal Medi-
cine and Cardiology, Philipps University of Marburg, Germany
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risks associated with severe arrhythmia disorders
and sudden cardiac death. Since EPA and DHA ap-
pear to have their anti-arrhythmogenic actions when
present as free fatty acids, the parameters which de-
termine a critical free fatty acid concentration are of
great interest. In the present study, conclusions on
EPA and DHA incorporation in blood lipids are
derived from the administration of Omacor® which
contains highly purified (84 %) EPA and DHA ethyl
esters and reduced the risk of sudden cardiac death
by 45% in post-myocardial infarction patients (GIS-
SI-Prevention study). The “EPA+DHA level” is
described as risk identifying paramelter for severe
arrhythmia disorders, particularly if they are associ-
ated with myocardial ischaemia. It appears essential
not only to build up body stores for release of EPA
and DHA but to provide also a sustained uptake of
EPA and DHA in the form of ethyl esters. In con-
trast to more rapidly absorbed triacylglycerols from
fish, ethyl esters are taken up slowly within 24 h. For
the administration of 1 giday Omacor® to healthy
volunteers, it is shown that in whole blood EPA is
increased from 0.6% to 1.4% within 10 days while
DHA is increased from 2.9% to 4.3%. After with-
drawal, the EPA and DHA levels approach baseline
values within 10 days. A gas chromatographic pro-
cedure was established which requires only 10 pl of
whole blood for the identification of more than 30
fatty acids. Evidence is summarized strengthening
the concept that a low “EPA+DHA level” presents
a risk for severe arrhythmia disorders and sudden
cardiac death. The administration of 840 mg/day of
EPA and DHA ethyl esters raises the “EPA+DHA
level” to approximately 6% that is associated with
protection from sudden cardiac death. The pharma-
cological effects of ethyl esters are compared with
the naturally occurring EPA and DHA triacylglyce-
rols present in fish or fish oils which are of interest
in primary prevention of cardiovascular disorders.

Key Words:
Omega-3 fatty acids - EPA - DHA - Omacor® -
Sudden cardiac death - Arrhythmia - Fatty acids

Introduction
The stratification of risks for prevention of sudden
cardiac death (SCD) remains a challenge particularly
in aging populations [1]. In addition to psychological
factors including depression [2, 3], a number of ad-
verse structural and molecular alterations occur in
the heart which increase the electrical instability of-
ten preceding SCD. Since left ventricular hypertro-
phy is a major predictor of SCD [4], an important
contribution arises from the high prevalence of ina-
dequately treated hypertension leading to pressure

Omacor? is a registered trademark
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overloaded hypertrophied hearts. Also the well-es-
tablished ECG parameters increased QRS duration
and QT time [4] can be consequences of cardiac hy-
pertrophy. Furthermore, the marked myocardial fi-
brosis is a characteristic of hypertensive heart disease
[5, 6]. It promotes ischaemia and has an adverse in-
fluence on the conduction system, which often is also
reflected in an asynchrony of ventricular excitation.
A prolonged QT time can arise from defects in gene
expression of components of cellular Ca* handling
present in hypertrophied hearts involving the Ca*
pump of sarcoplasmic reticulum (SERCAZ2a), vari-
ous K* channels and the Na~Ca® exchanger. The
development of drugs, which can up-regulate the ex-
pression of the SERCA?2 gene and counteract the
disturbed expression of associated genes has, there-
fore, emerged as a promising drug target [7, 8] for
preventing pump failure [9] and sudden death. The
risk of sudden cardiac death and ventricular tachyar-
rhythmias is increased further during deterioration of
pump function. In patients with idiopathic dilated
cardiomyopathy, parameters reflecting the risk of
ventricular arrhythmias have recently been described
in a prospective study [10]. Reduced left ventricular
ejection fraction and lack of beta-blocker use were
important arrhythmia risk predictors, whereas signal-
averaged ECG, baroreflex sensitivity, heart rate va-
riability, and T-wave alternans did not seem to be
helpful for arrhythmia risk stratification [10].
Dilatation of the heart occurs in about one-third of
post-myocardial infarction patients [11], which is re-
flected in a higher incidence of severe arrhythmias
[12]. While hypertensive heart disease and its adverse
consequences could be prevented by a more rigorous
antihypertensive treatment, dilatation in post-myocar-
dial infarction patients can often not be prevented due
to the loss of viable myocardium. Irrespective of the
actiology, the dilatation of heart chambers in-
creases the probability of the opening of stretch activa-
ted cation channels [13, 14]. This may further enhance
the electric instability arising from fibrosis, which may
come about from defects in Ca** handling genes and
local ischaemia. Therapeutic options for preventing
SCD remain, however, limited. As shown for patients
with dilated cardiomyopathy [10], adequate beta-blo-
ckade should be part of the standard treatment. While
implantable cardioverter defibrillators (ICDs) have
proven useful, high costs are involved at least current-
ly. The lay rescuer automated external defibrillator
(AED) requires rescuers trained and equipped to re-
cognize emergencies, activate the emergency medical
services system and provide not only defibrillation but
also cardiopulmonary resuscitation [15]. The impact of
AED in “public access defibrillation” programs is,
however, limited, since sudden cardiac arrest usually
occurs at home (nearly 80% in Maastricht area) [16]
and not in public places. Thus there is a clear need for
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developing alternative interventions, which can coun-
teract adverse consequences of an electrical instability
of the heart.

Of particular interest are in this respect factors
related to the molecular constituents of lipids in the
body. While the level of blood triacylglycerols and
particularly LDL have been recognized as cardiovas-
cular risk in various trials [17], the composition of
blood lipids with respect to molecular components is
still underrated. Blood and membrane lipids are
composed of fatty acids whose nature can vary de-
pending on a number of dietary and neuroendocrine
influences. The present study provides evidence
which strengthens the concept that the long-chain
omega-3 fatty acids eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA), which represent
a small portion of total fatty acids, provide parame-
ters for stratification of risks associated with severe
arrhythmia disorders and SCD. It is also reviewed
whether free fatty acids are involved and which para-
meters determine a critical free fatty acid concentra-
tion required for protective effects. The conclusions
on EPA and DHA incorporation in blood lipids are
mainly derived from the administration of Omacor®,
which contains highly purified (84%) EPA and DHA
ethyl esters [18, 19]. The latter two have been de-
monstrated to reduce the risk of SCD in post-myo-
cardial infarction patients by 45% [20]. Since the in-
cidence of the second myocardial infarction was not
reduced significantly, plaque stabilization appears
not to be primarily involved.

The “EPA+DHA level” is described as risk iden-
tifying parameter for severe arrhythmia disorders,
particularly if they are associated with myocardial
ischaemia. Since the determination of polyunsatura-
ted fatty acids from small biological specimens (10 ul
serum or whole blood) proved to be difficult to es-
tablish and to standardize, the procedures involved
are described in detail. It was also found that the nu-
merical integration of the areas of minor fatty acids
required great attention and rules for the integration
are given, which should permit the standardized de-
termination also in laboratories without previous
experience in lipid chemistry.

The question is also addressed, how the EPA+DHA
level can be increased to a desired level in the body
and whether the endogenous production from the
short-chain omega-3 fatty acid alpha-linolenic acid has
a role. The focus on the dosage of 1 g/day EPA and
DHA ethyl esters does, however, not imply that anti-
inflammatory and lipid-lowering actions, which are
more pronounced with > 1 g/day EPA and DHA, are
not of therapeutic relevance. The pharmacological ef-
fects of ethyl esters are compared with the naturally
occurring EPA and DHA triacylglycerols present in
fish and fish oils which have a long-standing interest in
the primary prevention of cardiovascular disorders.

Microdetermination of Fatty Acids by
Gas Chromatography
Extraction of Lipids

Although lipids can be extracted with a variety of or-
ganic solvents, the most commonly used procedure
involves a mixture of methanol (MeOH) and chloro-
form (CHCI;) introduced by Folch et al [21]. The
extraction procedure for 10 samples and the transes-
terification step require 3.5 h and involve the fol-
lowing steps:

1. Prepare stock solution of 10% butylated hydroxy-
toluene (BHT) in MeOH, can be stored in the re-
frigerator.

2.Add 5 pl'10% BHT to 10 ml MeOH (final 0.005%
BHT) in glass Erlenmeyer flask.

3. Prepare extraction solution according to Folch et
al [21] by mixing 1 ml MeOH/0.005% BHT with
2 ml CHCI; (“Folch solution™).

4. Add 30 x (w/v) “Folch solution” to tissue (contains
0.033 mg C17:0 internal standard) in 1.5 ml Ep-
pendorf tube, vortex well. In the case of whole
blood, use an ultrasonic bath with ice water for 5
min.

5.Extract for 45 min in ice water using a bench-top
shaker and centrifuge at 4000 RPM in a table-top
centrifuge for 15 min at 4 °C.

6. Transfer 200 pl of supernatant to a new Eppendorf
tube and mix it with 40 pl 0.9% NaCl solution.
Shake it for 5 min and centrifuge it at 4000 RPM
for 15 min at 4 °C.

7.Recover the bottom phase by pipetting through the
upper phase preferably with gentle positive pres-
sure (gentle bubbling) thereby avoiding that the
upper phase gets into the pipette tip. Do not with-
draw more than 90% of bottom phase and do not
withdraw the interface. Use a reaction vial with
gas-tight Teflon® lined screw cap.

8.Evaporate the extract using a gentle stream of
N2.

Transesterification of Triacylglycerols With
Methanol
An often used method for producing methyl esters of
fatty acids involves heating with a large excess of an-
hydrous methanol in the presence of the catalyst bo-
ron trifluoride (14% BF3, 86% MeOH) at 60-90 °C.
It was, however, reported that a selective loss of po-
Iyunsaturated fatty acids and artifact peaks can occur
[22, 23], which was observed also in our own experi-
ments. We used, therefore, a base-catalyzed transes-
terification step which requires only mild heating
conditions:
1. Prepare freshly 0.2 M KOH in dry MeOH.
2. Dissolve residue (of above step 8) in 750 pl of 1:1
MeOH:toluene.
3.Add 750 pl of 0.2 M KOH in MeOH.
4. Cap the vial and heat at 35 °C for 15 minutes.
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5.Cool to room temperature and add 1.5 ml 4:1
hexane:CHCI3, mix.

6.Neutralize by adding approximately 100 ul 1 M
acetic acid and monitor the pH by putting very
small drops onto pH indicator paper.

7.Add 1.5 ml of quartz distilled water and shake until
upper phase becomes clear.

8. Centrifuge at 2000 RPM in a table-top centrifuge
for 5 min at room temperature.

9. Add upper phase to Eppendorf tube and let the
solvent evaporate in a stream of N2 until it has
nearly completely evaporated.

10.Use 1 pl for injection into the gas chromato-

graph.

Gas Chromatography
For gas chromatography, a model 8610C gas chroma-
tograph from SRI Instruments (Torrance, CA, USA)
and a Hewlett-Packard 5890 Series II gas chromato-
graph from Agilent Technologies (Palo Alto, CA,
USA) were used. Both were equipped with a flame-

Figure 1: Gas chromatograph model 8610C from SRI Instru-
ments (Torrance, CA, USA) equipped with a flame-ioniza-
tion detector (FID). The hydrogen for the FID and for the
carrier gas was produced by a H2-50XR Hydrogen Genera-
tor (5o ml/min of hydrogen gas at 30 psi) in a small quanti-
ty avoiding any risk of explosion. The model 8610C from
SRI (A) and the Hewlett-Packard 5890 Series Il gas chroma-
tograph (not shown) from Agilent Technologies (Palo Alto,
CA, USA) were connected to the Peak Simple chromatogra-
phy data system from SRI Instruments and a personal
computer. For synchronizing the data acquisition with the
injection, a device (manufactured together with E. Schiiler,
technical development plant of Medizinische Forschungs-
einheiten) was used which incorporates a microswitch
mounted in front of the sample injection port (B, SRI
8610C; C, Agilent 5890 I1), whereby the lever of the switch
was extended in a u-shaped manner (D). This u-shaped
lever was pressed down during sample injection resulting
in contact closure triggering the start of data acquisition.
For this purpose, the syringe was incorporated in a
guidance device with two thin steel rods which moved
together with the needle and closed the u-shaped lever of
the microswitch. This synchronization was found to be a
prerequisite for reproducibly identifying fatty acid peaks
based on the 37 fatty acid standard.
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ionization detector (FID) and used hydrogen as car-
rier gas. For safety reasons, the hydrogen gas was
produced with H2-50XR Hydrogen Generators (50
ml/min of hydrogen gas at 30 psi) (SRI Instruments)
separately for each gas chromatograph. For data ac-
quisition and integration, the Peak Simple Chroma-
tography Data System (SRI Instruments) with Model
302 (for up to six detectors) was used.

Methyl esters of fatty acids were separated on the
SP-2560 fused-silica capillary column (100 m x
0.25 mm x 0.2 pm film thickness) of Supelco (Sigma-
Aldrich, St. Louis, MO, USA) for which a standard
with 37 fatty acid methyl esters is available (Supelco
F.AME. Mix C4-C24, no. 18919-1AMP). Mead’s
acid (C20:3n-9) was identified with the cis-5,8,11-
eicosatrienoic acid methyl ester standard from Sigma
(no. E6013).

(i

Figure 2: (Top) Gas chromatogram with 37 resolved fatty acids of a fatty
acid standard (Supelco FA.M.E. Mix C4-C24, no.18919-1AMP). Arachidic acid
(C20:0), arachidonic acid (C20:4n-6, cis-5,8,11,14), behenic acid (C22:0),
butyric acid (C4:0), capric acid (C10:0), caproic acid (C6:0), caprylic acid
(C8:0), cis-13,16-docosadienoic acid (C22:2), cis-4,7,10,13,16,19-docosahexae-
noic acid (C22:6n-3), cis-11,14-eicosadienoic acid (C20:2n-6), cis-5,8,11,14,17-
eicosapentaenoic acid (C20:5n-3), cis-8,11,14-eicosatrienoic acid (C20:3n-6),
cis-11,14,17-eicosatrienoic acid (C20:3n-3), cis-11-eicosenoic acid (C20:1),
elaidic acid (C18:1, trans-g), erucic acid (C22:1, cis-13), heneicosanaic acid
(C21:0), heptadecanoic acid (C17:0), cis-10 heptadecenoic acid (C17:1), lauric
acid (C12:0), lignoceric acid (C24:0), linoleic acid (C18:2n-6 cis-9,12), linole-
laidic acid (C18:2, trans-9,12), y-linolenic acid (C18:3n-6, cis-6,9,12), linolenic
acid (C18:3n-3, cis-9,12,15), myristic acid (C14:0), myristoleic acid (C14:1, cis-
9), nervonic acid (C24:1, cis-15), oleic acid (C18:1n-g, cis-g), palmitic acid
(C16:0), palmitoleic acid (C16:1, cis-g), pentadecanoic acid (C15:0), cis-10
pentadecenoic acid (C15:1), stearic acid (C18:0), tricosanoic acid (C23:0),
tridecanoic acid (C13:0), undecanoic acid (C1:0). (Bottom) Using this fatty
acid standard, fatty acids are identified as shown for a representative fatty
acid profile of blood cells after clotting.

3l G

Figure 3A: Procedures for integration of fatty acids using the Peak Simple
program. The arrows refer to rules described in the text.
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Chromatographic conditions: column oven,
140 °C for 5 min, increase to 240°C at a rate of 4 °C/
min, hold at 240 °C for 20 min; injector, 260 °C; detec-
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Figure 4: Whole blood levels of EPA and DHA after 1 g/day Omacor® admi-
nistration in 11 normal healthy volunteers. Fatty acids were extracted from
10 pl whole blood. Omacor® was purchased. Statistical analysis was perfor-
med by repeated measures analysis of variance and the Tukey-Kramer
multiple comparisons test using the “GraphPad InStat” package (San
Diego, USA). The data are based on 11 persons during the administration of
Omacor® and g persons after Omacor® withdrawal (from [24]).
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Figure 5: Inter-relationship between the EPA+DHA level and risk of sudden
cardiac death (SCD). Data are adapted from the epidemiological studies of
(open squares) Albert et al [25] and (open circles) Siscovick et al [2g]. Inter-
ventional studies with Omacor® were performed with 1 g/d [24] and 4 g/d
(Nilsen et al [30] and Donadio et al [31]). The data of Albert et al [25] in-
clude also docosapentaenoic acid and are, therefore, too high by approxi-
mately 0.98 percentage points. Included are also data points representing
controls in the epidemiological studies of (open triangle) Guallar et al [32]
and (open diamond) Leng et al [33] which are similar to the baseline values
of our study carried out in Marburg. It should be noted that as in our study,
whole blood was used in the study of Albert et al [25]. Figure from [24].
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tor, 260 °C; carrier gas, hydrogen at 1 ml/min; split
1:10; fuel gas, hydrogen at 30 ml/min, synthetic air at
300 ml/min; total duration of run 45 min. Data acqui-
sition was synchronized with the sample injection by
using a mechanical device which couples the injection
with pushing the lever back of a microswitch resul-
ting in its closure and the start signal (Figure 1). Gas
chromatograms of the fatty acid standard, and blood
cells after clotting are shown in Figure 2. The areas
of the fatty acid components were calculated based
on the following rules (Figure 3A):

(1) Try to draw the baseline as a continuum and as
straight as possible, whereby the smallest peaks/ele-
vations are located on the baseline or touch it conti-
nuously (arrow 1).

(2) In case the baseline is not a clear horizontal
line, draw the baseline to follow the smallest peaks/
elevations (arrow 2).

(3) In case of overlapped peaks, draw a perpendi-

cular dropline from the valley to the baseline (arrow
3). Do not pass the baseline through the valley
points.
Following these rules, the variability between two
observers became small (Figure 3B). It should be no-
ted that the actual percentages of fatty acids are in-
fluenced by the number of fatty acids included in the
analysis. These differences in fatty acid composition
are shown in Table 1 for blood, serum and blood
cells after clotting for the inclusion of minor fatty
acids (total 34 fatty acids) or of only major fatty acids
(total 9 fatty acids).

Monitoring the EPA+DHA Level in Whole Blood
after Intake of EPA and DHA Ethyl Esters
We conducted a study in 11 normal healthy volun-
teers for monitoring the EPA+DHA level in whole
blood after intake of 1g/day EPA and DHA ethyl
esters (Omacor®) [24]. Whole blood had previously
been used in the Physicians’ Health Study examining
the inter-relationship between risk of SCD and the
level of omega-3 fatty acids [25]. The EPA concen-
tration increased from 0.6% to 1.4% within 10 days
leading to a plateau value (Figure 4). DHA values
increased from 2.9% to 4.3%. After Omacor® discon-
tinuation, the values approached the pre-study level
within 10 days, whereby the decline in DHA ap-
peared to be less pronounced. The data show that
within the present time scale of EPA and DHA ethyl
ester administration, no EPA and DHA stores are
formed in the body, which could maintain the blood
EPA+DHA level after discontinuation of Omacor®
intake.

The Whole Blood EPA+DHA Level
and Risk of SCD

The intake of 1 g/day Omacor® raises the whole blood
EPA+DHA level from 3.5 to 5.7%. This increase is
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associated with protective effects, which can be in-
ferred from previous epidemiological studies in po-
pulations with a variable EPA and DHA blood con-
tent and a link can be provided with the data of the
GISSI-Prevention study [20, 26, 27]. While no EPA
and DHA values are available for the patients of the
GISSI-Prevention study, it has been reported for Ita-
lian healthy volunteers that 1 g/day Omacor® raises
EPA and DHA to levels which may explain their be-
neficial effects against cardiovascular diseases [28]. It
is well-established that the risk of SCD is reduced
when the EPA+DHA level is increased (Figure 5). In
the Physicians’ Health Study, base-line whole blood

levels of long-chain omega-3 fatty acids were inver-
sely associated with the risk of SCD [25]. As com-
pared with men whose whole blood levels of long-
chain omega-3 fatty acids were in the lowest quartile
(2.12-4.32%), the relative risk of SCD was signifi-
cantly lower among men with levels in the third quar-
tile (5.20-6.07%; adjusted relative risk, 0.19) and the
fourth quartile (6.08-10.2%; adjusted relative risk,
0.10) [25]. Also the study of Siscovick et al shows a
risk reduction for primary cardiac arrest when the
EPA+DHA level is increased [29]. Compared with a
red blood cell membrane EPA+DHA level of 3.3%
(the mean of the lowest quartile), a level of 5.0% (the

Whole blood Whole blood Serum Serum Blood cells Blood cells
(34 fatty acids) (o fatty acids) (34 fatty acids) (g fatty acids) | (34 fatty acids) (g fatty acids)
8:0 ND ' <¢.05 0.1
10:0 0.1 0.1 0.2
110 0.3 ND 01
12:0 0.7 0.2 0.1
13:0 £0.05 <0.05 <0.05
14:0 1.4 1.1 0.8
14:1 <0.05 <0.05 <0.05
15:0 0.3 0.2 03
15:1 0.1 <0.05 £0.05
16:0 27.9 29.8 28.0 29.4 23.7 25.0
16:1 1.0 11 1.3 1.3 0.7 0.7
17:1 1.0 0.1 0.1
18:0 13.2 141 9.7 10.2 14.9 15.8
18:1not 0.1 0.1 0.3
18:1ng¢ 18.4 19.7 21.4 22.4 18.5 19.6
18:2n6t <0.05 0.1 <0.05
18:2n6¢ 19.6 20.9 25.3 26.6 183 19.4
20:0 0.1 0.2 0.2
18:3n6 0.1 0.2 0.2
20:1 0.2 0.2 0.2
18:3n3 0.3 0.3 0.3 0.3 0.2 0.2
21:0 0.2 £0.05 <0.05
20:2 0.2 0.1 03
20:3n9 <0.05 <0.05 <0.05
22:0 0.1 0.2 0.1
20:3n6 1.4 1.5 17
22:1n9 <0.05 <0.05 0.1
20:3n3 <0.05 <0.05 <0.05
20:4n6 9.8 10.5 6.0 6.4 13.8 14.6
23:0 ND ND ND
22:2 <0.05 0.2 0.3
24:0 0.1 <0.05 0.2
20:5n3 1.0 1.1 1.4 15 1.4 1.5
2411 0.1 0.1 o.1
22:6n3 2.4 2.6 1.8 1.9 3.1 33
EPA+DHA 3.4 3.7 3.2 3.4 4.5 4.8

Table 1: Differences in fatty acid composition (%) of biood arising from area calculations including also minor
fatty acids (total 34 fatty acids) or only major fatty acids (total g fatty acids).
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Figure 6A: Schematic representation of biological effects of EPA and DHA
administered as triacylglycerols or ethyl esters. EPA attenuates some of the
actions of arachidonic acid particularly via the synthesis of TXA3 and LTBs.
The incorporation of EPA and DHA in the form of free fatty acids into the
micro-environment of ion channels is based on studies of Leaf et al [38].
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Figure 6B: Mechanisms contributing to a critical rise in EPA and DHA re-
quired for reducing the risk of severe arrhythmia disorders and sudden
cardiac death. As a result of ischaemia, EPA and DHA are released from
membrane phospholipids and contribute to the non-membrane bound EPA
and DHA pool. In the case of ethyl ester administration, an EPA and DHA
trough-to-peak ratio close to 1.0 is expected for the administration since
they are absorbed in a sustained manner.

mean of the third quartile) was associated with a 75%
reduction in the risk of primary cardiac arrest [29].
Based on the data of the Physicians” Health Study
[25] and the study of Siscovick et al [29] and our own
data on the EPA+DHA level after 1 g/day Omacor?,
the reduction of sudden death risk observed in the
GISSI-Prevention study [20, 26, 27] can be attributed
to an increase in the EPA+DHA level leading to
about 6% EPA+DHA (Figure 5).

The Non-Membrane Bound EPA+DHA Level -

Enhanced Release of Free Fatty Acids in

Myocardial Infarction
Although it is well-known that EPA and DHA have
to be present as free fatty acids before they can be
converted into eicosanoids or can activate transcrip-
tion factors such as PPARs [24] (Figure 6), it remains
a misconception that anti-arrhythmogenic effects in-
volve membrane bound phospholipids of EPA and
DHA. Major sources for the release of EPA and
DHA are phospholipid membranes (Figure 6). The
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polyunsaturated fatty acids EPA, DHA and arachi-
donic acid are incorporated to a greater extent into
the inner position of membrane phospholipids [34].
Arise in sympathetic nervous system activity is asso-
ciated with a raised phospholipase A2 activity and
the subsequent release of fatty acids from mem-
branes. Since phospholipase A2 mobilizes fatty acids
from the inner position of phospholipids, an over-
proportional increase of these polyunsaturated fatty
acids is expected. This has been shown for pigs after
coronary occlusion, which had been fed a diet en-
riched in EPA and DHA triacylglycerols [35]. Com-
pared with pigs fed with saturated fat, an over-pro-
portional increase of the EPA and DHA concentra-
tion was observed in the raised myocardial free fatty
acids. The relevance of non-membrane bound EPA
and DHA is demonstrated also in a study on dogs
which had sustained a prior myocardial infarction
[36]. The animals were tested during treadmill exer-
cise and occlusion of the left circumflex artery. When
50-60 min prior to coronary occlusion, a 70% omega-
3 fatty acids concentrate was administered intra-
venously, fibrillation did not occur. A similar infusion
of a soy bean oil emulsion resulted as expected in
prompt development of ventricular fibrillation. Since
the 50-60 min were too short and the administered
amount not enough for raising the whole body mem-
brane EPA and DHA content appreciably, it can be
deduced that EPA and DHA present in serum had a
protective action [36]. In accordance with this con-
tention would be the finding that sustained ventricu-
lar tachycardia can be reduced by infusion of 3.8 g
omega-3 marine triacylglycerols in patients with
ICDs [37].

Mechanisms of Anti-arrhythmogenic Action of
EPA and DHA Free Fatty Acids

In the context of our studies on effects of omega-3
fatty acids on sarcoplasmic reticulum Ca? uptake
[39], cardiac hypertrophy and dilatation [40, 41] and
reperfusion-induced arrhythmias [42], no significant
alterations in the Na* channel activity of papillary
muscles of fish oil fed rats were found by the loose
patch clamp technique [43] (Table 2). The Na* chan-
nel properties were not affected although the DHA
content of phospholipids was increased from 9 to 28%
and the number of ischacmia-reperfusion arrhythmias
was reduced [42]. Thus, EPA and DHA bound to
membrane phospholipids do not affect the properties
of the Na“ channel. At the time of these experiments
we were not aware of findings that free fatty acids of
EPA and DHA are involved in the anti-arrhythmo-
genic action. Free EPA and DHA were, therefore,
not added during the electrophysiological experi-
ments, which according to the later experiments of
Leaf et al (reviewed in [38]) would have been required
for observing inhibitory effects on ion channels.
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In a series of detailed studies, it has been shown
by Leaf et al that the free fatty acids of EPA and
DHA but not other fatty acids inhibit the Na+ chan-
nel activity which occurs rapidly and can be washed
out [44]. In addition, the cardiac Na*-Ca®" exchanger
[45] and the L-type Ca®* channel [46] which has been
inferred particularly in after-depolarisations were
inhibited. For explaining inhibitory effects also on
other channels like the transient outward K* current
[47] and the major voltage-dependent delayed rec-
tifier current (Kv1.5) [48] one has to infer inhibitory
effects which are specific for EPA and DHA but not
for a particular ion channel. Also the Ca®* release
from intracellular Ca® stores, the sarcoplasmic reti-
culum, was inhibited [49, 50]. The inhibitory effects
of EPA and DHA have been attributed to the non-
covalent incorporation of free fatty acids into the
micro-environment of ion channels and the ensuing
conformational change [38] (Figure 6A). A conse-
quence of this mechanism is that a critical concentra-
tion of free EPA and DHA has to be reached before
an adequate number of channels become inhibited
and anti-arrhythmogenic effects ensue. After myo-
cardial infarction, sympathetic activity is increased
due to the impaired pump performance leading to a
rise in myocardial free fatty acids. The release of
EPA and DHA is amplified by the preferred release
of fatty acids from the inner position of phospholi-
pids by phospholipase A2.

It might thus not be unexpected that protective
effects can be smaller in patients with ICD. In con-
trast to ischacmic events such as myocardial infarc-
tion which raise free EPA and DHA to levels re-
quired for their anti-arrhythmogenic action, the ICD
is expected to terminate re-entrant ventricular tachy-
cardias or ventricular fibrillation before marked sym-
pathetic activation and release of EPA and DHA
occurs. In the trial by Raitt et al [51], 1.8 g/day EPA
and DHA ethyl esters did not reduce the risk of ven-
tricular tachycardia or ventricular fibrillation in 100
patients with ICDs when compared with 100 patients
on placebo (olive oil). The Study on Omega-3 Fatty
Acids and Ventricular Arrhythmia (SOFA) by Brou-
wer et al assessed effects of taking 2 g fish oil on life-
threatening arrhythmias in ICD patients. At 12
months, 30% of the 273 patients in the fish oil group
had experienced either life-threatening arrhythmia
or death compared to 33% of the 273 patients in the
placebo oil group (not statistically significant).
Among the subgroup of 342 patients who previously
had a myocardial infarction there was a trend towards
a beneficial effect of fish oil (p=0.086). In this sub-
group, 28% of the patients on fish oil experienced
either life-threatening arrhythmia or death compared
to 35% of the patients on placebo oil. (http://fwww.
escardio.org/vpo/ESC_congress_information/Con-
ferenceReleases/CPreleases/Brouwer.htm).
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Mackerel o0il | Hydrogenated coconut oil

Na* conductance 159 + 31 94 +8 :
(pS/pm?) '
Activation curves

‘Hodgkin-Huxley “m” (mV) —53+2 —55+1

Steepness of “m” (mV) 1.1+ 0.5 10.6 + 0.4
Steady state inactivation curve

Midpoint (mV) -79.7+0.8 | —78.4+27

Steepness (mV) 1.8 +0.8 102408

Ischaemic zone (%) 36.8% 40.8%
Arrhythmia incidence 0.4 T
Cardiac DHA (%) 28.4+1.8% | 13.7+0.8%

" P<o.05

Table 2: Lack of changes in steady state or kinetic parameters of the car-
diac Na* current measured in isolated papillary muscles of rats fed 10%
mackerel oil for 10—13 weeks. In open chest rats, the left anterior descend-
ing coronary artery was constricted for 40 min. This ischaemic period was
followed by 60 min reperfusion. The arrhythmia incidence was calculated
summing up the total counts of arrhythmias and dividing it by the number
of animals; fatty acids were determined with gas chromatography. [37,77].
Using the loose-patch-clamp technique [89], no significant differences in
steady state or kinetic parameters of the cardiac Na* current were ob-
served [43]. The reduced incidence of arrhythmias and fibrillation is in
accordance with studies by McLennan et al [37, 9o]. Recent data show that
a much lower dose (< 0.5% of dietary DHA but apparently not EPA) is re-
quired for reducing the incidence of arrhythmic events in rats [g0].

Although the study appears to be underpowered
for the subgroup analysis, the trend would be in ac-
cordance with the GISSI-Prevention study which
included 2835 post-myocardial infarction patients in
the EPA and DHA ethyl ester group. In the study by
Leaf et al [52] 402 ICD patients were randomized to
2.6 g EPA and DHA ethyl ester or olive oil as place-
bo for 12 months. Compliance with the double-blind
treatment was similar in the two groups; however, the
non-compliance rate was high (35% of all enrollees).
This might not be surprising since four 1.0 g capsules
had to be taken daily. The primary end-point, time to
first ICD event for ventricular tachycardia or fibrilla-
tion confirmed by stored ECG or death from any
cause was borderline significant (risk reduction of
28%; p =0.057). For those who stayed on protocol for
at least 11 months, the anti-arrhythmic benefit of
EPA and DHA ethyl esters was improved for those
with confirmed events (risk reduction of 38%; p =
0.034). Why in this study capsules with only 65%
EPA and DHA instead of 84% as in the case of Oma-
cor® were used, remains intriguing. The study again
strengthens the fact that patient compliance is great-
ly reduced with daily four 1.0 g capsules.

Further support for anti-arrhythmogenic effects of
omega-3 fatty acids was provided in the study of Ca-
loetal [53]. Two 1 g capsules of EPA and DHA ethyl
esters were administered during hospitalization in
patients undergoing coronary artery bypass graft sur-
gery (CABG). Postoperative atrial fibrillation devel-
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Figure 7: Attenuation of the adverse dilatation of pressure overloaded
heart of spontaneously hypertensive rats by 10% fish oil feeding while the
elastic material properties of the myocardium were not affected [41, 57].
The passive pressure volume curve of the left ventricle is obtained by
stepwise filling/emptying the arrested ventricle with defined volumes of
saline. Since in the untreated rats the curve is shifted to greater volumes, it
can be concluded that the omega-3 fatty acid treatment counteracted the
adverse dilatation of the pressure overloaded left ventricle

oped in 27 patients of the control group (33.3%) and
in 12 patients of the EPA and DHA ethyl ester group
(15.2%) (p = 0.013). There was no significant dif-
ference in the incidence of non-fatal postoperative
complications, and postoperative mortality was simi-
lar in the EPA and DHA ethyl ester-treated patients
(1.3%) versus controls (2.5%). After CABG, the
EPA and DHA ethyl ester-treated patients were hos-
pitalized for significantly fewer days than controls
(7.3 £2.1 days vs. 8.2 + 2.6 days, p = 0.017).

In addition to inhibitory effects on ion channels by
EPA and DHA, the functional impact of various pu-
tative anti-arrhythmogenic mechanisms remains to
be examined in greater detail. In particular, contribu-
tions arising from an increased heart rate variability
[54], an improved postischaemic recovery [55] and a
reduced heart rate [56] require further attention. It
remains also an intriguing possibility that the process
of adverse dilatation of the heart could be attenuated
by EPA and DHA as shown in the pressure over-

Transesterification Omacor® (84% n-3)
Ethanol  Glycerol Ethyl ester

LZ. Omega-3 EE

Complex triacylglycerols
fish
fish oil (max. ~30% n-3)

Omega-3 FA

Figure 8A: Transesterification of triacylglycerols from fish leading to a

highly purified EPA and DHA ethyl ester preparation. EPA and DHA are

omega-3 fatty acids since the first double bond is at the position three
when counting from the methyl end.
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loaded rat heart. When spontaneously hypertensive
rats were treated with fish oil, the degree of left ven-
tricular hypertrophy was not affected, however, the
dilatation of the left ventricle was significantly redu-
ced (Figure 7). Since cardiac dilatation is a major
predisposing factor for SCD, it could be inferred
from these animal experiments that a reduced ad-
verse geometrical remodeling of the heart contri-
butes to the observed protection of the GISSI-Pre-
vention study.

The EPA+DHA Level and the Sustained Uptake of

EPA and DHA Ethyl Esters
Whether a required level of non-membrane bound
EPA+DHA isreached, depends not only on the fatty
acid release from tissue stores but also on the absorp-
tion of orally administered EPA and DHA. These
fatty acids can be administered as the chemically pre-
pared ethyl esters (Omacor®), chemically prepared
free fatty acids (to our knowledge not used as com-
mercially available compounds) or the naturally oc-
curring triacylglycerols present in fish and fish oil.
Initially, the rationale for ethyl esters was to provide
a high-purity EPA and DHA preparation, which re-
duced the number of daily required capsules. In fish,
the triacylglycerols contain on average one EPA or
DHA and two saturated fatty acids per glycerol mo-
lecule. Thus, in fish oils approximately one-third of
the fatty acids are EPA and DHA. For achieving a
much higher concentration of EPA and DHA, one
has to substitute the glycerol with an alcohol with
only one hydroxyl group resulting in the individual
fatty acid esters. Fish oils can be transesterified with
alcohol such as methanol and ethanol. Methanol is
used routinely during the derivatization of fatty acids
for their gas chromatographic determination. Me-
thylation is also used for the large-scale production
of plant oil based fuel (“biodiesel”) [58]. In the case
of omega-3 fatty acid esters for human consumption,
ethanol is used which results in a mixture of saturated
and unsaturated ethyl esters. Based on the different
physico-chemical properties arising from chain length
and number of double bonds, nearly homogeneous
EPA and DHA ethyl esters can be isolated and the
respective saturated fatty acids are discarded in the
following purification process (Figure 8A). This pro-
cedure obviously increases the production costs when
compared with the simple extraction procedure used
for fish oil. An important side-effect of this purifica-
tion relates to reduction in environmental pollutants
such as methyl-mercury to very low levels (see be-
low).

A representative gas chromatogram of Omacor®
injected directly without derivatization is shown in
Figure 8B. A chromatogram is also given for a sample
which was obtained by mixing 1:1 untreated
Omacor® and Omacor® which had been transesteri-
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fied with methanol. For this sample, 2 peaks cor-
responding to methyl and ethyl esters of EPA, DHA
and other minor fatty acids were observed
(Figure 8B). The procedure of transesterification has
often been misinterpreted by stating that it repre-
sents just a “refinement” and ethyl esters of EPA and
DHA are referred to as some kind of “highly purified
fish 0il” which considers, however, only one aspect of
the production process. The reason why less attenti-
on has been given to the transesterification step relies
probably in the fact that early comparative studies on
triacylglycerols and ethyl esters have not been judged
encouraging with respect to the absorption kinetics
of ethyl esters. Since the GISSI-Prevention study was
performed with EPA and DHA ethyl esters and a
reduction in the risk of sudden death by 45% was
observed, questions are raised on the biological rele-
vance of conclusions drawn from the early studies,
which judged ethyl esters as less favorable compared
with triacylglycerols.

Lawson et al [39] studied in humans the plasma
incorporation of EPA after administration of 1 g
EPA ecither as ethyl ester or triacylglycerol during 8 h
after intake. Ethyl esters were poorly absorbed and
even triacylglycerols were not completely absorbed
during this short time interval. It was concluded that
ethyl esters are poor substrates for pancreatic lipase
which is in accordance with in vitro studies. Although
the absorption of ethyl esters is increased by co-in-
gestion with a high-fat meal, the absorption of EPA
ethyl ester was still lower [60]. Also el Boustani et al
[61] reported a reduced absorption of ethyl esters
within 12 h when compared with the free fatty acid or
a glycerol ester. It was, therefore, an intriguing find-
ing by Luley et al [62] that in healthy volunteers the
long-term (after 7-28 days) bioavailability does not
differ between ethyl esters and triacylglycerols. In
particular, no differences were observed after the in-
take of 2 x 1 capsule of a 85% EPA and DHA ethyl
ester preparation (1.70 g EPA+DHA) compared
with 3 x 2 capsules of a 32% EPA and DHA triacyl-
glycerol preparation (1.92 g EPA+DHA). These fin-
dings are noteworthy since a twice daily administra-
tion would in general be expected to result in a lower
blood level compared with a three times daily admi-
nistration. Since blood was drawn in the morning and
no further information is given on the time in between
capsule intake and blood sampling [62], no conclu-
sions can, however, be drawn on the peak-to-trough
values of EPA and DHA concentration in the blood
after the intake of EPA and DHA in the form of
triacylglycerols or ethyl esters.

The type of ester bond of EPA and DHA has thus
consequences for the absorption kinetics of EPA and
DHA and the duodenal uptake rates differ between
triacylglycerols and ethyl esters. Triacylglycerols are
rapidly degraded by pancreatic lipase and, in the case
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Figure 8B: A representative gas chromatogram of Omacor® injected
without derivatization into the gas chromatograph. A chromatogram is
also shown for a sample which was obtained by 1:1 mixing untreated

Omacor® with Omacor® which has been transesterified with methanol. In
this sample, 2 peaks corresponding to methyl and ethyl esters of EPA, DHA

and also other minor fatty acids are observed.

of polyunsaturated fatty acids, particularly by carbox-
yl ester hydrolase. Compared with the correspond-
ing triacylglycerols, the synthetic ethyl esters of EPA
and DHA are absorbed more slowly. This has
been shown in rats when EPA and DHA were admi-
nistered by gavage either as triacylglycerols or ethyl
esters and the recovery of the administered fatty
acids was determined in the lymph [63]. Within 3 h
after the administration, the recovery in the lymph of
the respective fatty acids was greater in the case of
triacylglycerols [63] (Figure 9). After 15 h, the recov-
ery from ethyl esters was, however, approximately
doubled compared with triacylglycerols. One of the
consequences is that the plasma EPA and DHA level
is maintained at a higher level in the second half of a
24 h period which is of importance, since ventricular
tachyarrhythmias are more abundant in the early
morning hours [64]. Plasma EPA and DHA levels
arising from fish consumption during the preceding
day would thus be expected to be lower than in the
case of an ethyl ester administration. The different
absorption kinetics within a 24 h period seen in the
rat appear to hold also for humans.

We examined in healthy volunteers whether 18 h
after the intake of one capsule of Omacor®, increased
concentrations of EPA and DHA occur in the serum.
Concentrations were determined 18 h after intake of
one capsule at days 1, 3, 7, 11, 15, 30 and 43. At day
1, 15, 30 and 43 concentrations were determined at 3,
6,9, 18 and 24 h after the intake. EPA and DHA
were increased in the serum after 3,7, 11, 15, 30 and
43 days and the levels did not differ significantly at 3
vs. 18 h after capsule intake (H. Rupp et al, unpub-
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EPA recovery [ %]

Figure 9: Recovery of EPA and DHA in the lymphe of rats administered by gavage EPA and DHA either as
triacylglycerol or ethyl ester. "p<0.05 vs. ethyl esters. The total recovery after 24 h did not differ significantly
between triacylglycerols and ethyl esters. Data are adapted from lkeda et al [63].
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lished). These data indicate, therefore, that the
“retard or slow release” formulation of ethyl esters
has the advantage of providing sustained increased
non-membrane bound EPA and DHA levels (in the
form of blood triacylglycerols and VLDL), which are
expected to contribute to the critical rise in EPA and
DHA required for an anti-arrhythmogenic action.

These considerations are based on a once daily
administration which is relevant in patients after myo-
cardial infarction being on standard therapy with a
beta-blocker, ACE-inhibitor, anti-platelet drug and
a statin. It remains to be assessed to what extent the
45% risk reduction of sudden death observed in the
GISSI-Prevention study [20, 26, 27] arises from the
administration of ethyl esters of EPA and DHA as
compared with triacylglycerols. In this respect it
should be pointed out that no interventional study
comparable to the GISSI-Prevention study is cur-
rently available for EPA and DHA triacylglycerols
of fish or fish oils.

Dietary Sources of Omega-3 Fatty Acids

EPA and DHA Triacylglycerols in Prepared

and Frozen Fish
Since in the GISSI-Prevention study 840 mg EPA
and DHA ethyl esters were administered correspond-
ing to 1 g/day Omacor® in addition to regular fish
consumption as might also be inferred from a Medi-
terranean lifestyle, we addressed the question to
what extent dietary fish intake contributes to the
desirable EPA and DHA intake. We analyzed the
EPA and DHA content of fish dishes prepared at the
cafeteria of the Philipps University Hospital of Mar-
burg [24]. The most often served fish dish was Alaska
pollock containing 125+70 mg/100 g EPA+DHA. In
addition to EPA and DHA, fish contains the satura-
ted fatty acids palmitic acid (C16:0), stearic acid
(C18:0), the omega-9 monounsaturated fatty acid
oleic acid (C18:1) and the omega-6 polyunsaturated
fatty acid linoleic acid (C18:2) (Table 3). The variable
content of EPA and DHA per 100 g wet weight

Tlme after admlnlstratlen (h)

'

exhibits the lowest EPA
and DHA content. An-
other influence arises from
the fat content of fish as
exemplified by the eel.
Although the eel was
caught in a river nearby Marburg, it has the highest
EPA and DHA content of all fish analyzed. As ex-
pected, the locally caught non-oily/fatty fish pike ex-
hibits a low content of EPA and DHA. From a com-
parison of frozen (Table 4) versus prepared (cooked/
baked) fish, it can be deduced that the EPA and
DHA content appears not to be reduced appreciably
by the present food preparation.

Taking into account that the average daily fish in-
take in Northern Germany is 18 g and 13 g in Southern
Germany [65], it can be concluded that the dietary fish
intake is too low for providing 840 mg EPA and DHA
per day. This conclusion holds also for the Eastern
part of Germany with 19 g/day fish consumption [66].
Fish consumption in Germany appears to be compar-
able to that reported in the GISSI-Prevention study
where at the beginning of the study 73.2% consumed
once per week fish and 87.6% at the end [20, 26, 27].

Although fish consumption cannot provide the
EPA and DHA intake achieved in the GISSI-
Prevention study, it appears to have various bene-
ficial effects in primary prevention as demonstrated
in epidemiological studies. Mortality from coronary
heart disease was lower among those who consumed
at least 30 g of fish per day than among those who did
not eat fish [67]. Among adults, modest consumption
of tuna or other broiled or baked fish, but not fried
fish or fish sandwiches, was associated with lower
mortality risk of ischaemic heart disease, especially
arrhythmic death [68]. In a prospective study in dia-
betic women, an inverse association between fish and
long-chain omega-3 fatty acid consumption and risk
of coronary heart disease and total mortality was ob-
served [69]. A recent meta-analysis of 11 studies in-
cluding 222,364 individuals with an average 11.8 years
of follow-up showed that, compared with those who
never consumed fish or ate fish less than once per
month, individuals with a higher intake of fish had
lower coronary heart disease mortality [70]. How-
ever, in intervention trials involving intake of EPA
and DHA triacylglycerols, cardiovascular effects
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Tilapia Crab Zander Hoki
8:0 ND 0.4 4.5 - ND
10:0 1.5 1.0 2.2 ND
11:0 0.4 ND 2.2 = NI
12:0 4.0 1.6 3.4 ND
13:0 0.5 ND 1.0 ND
14:0 53.4 6.6 15.0 3.6
14:1 3.6 0.4 o5/ ND
15:0 5.3 2.7 5.0 0.8
15:1 0.1 <0.05 0.5 £0.05
16:0 395.2 54.0 133.6 156.1
16:1 70.7 6.9 1.0 : 9.8
17:1 ND ND 3.5 ND
18:0 99.0 223 36.3 34.6
18:1ngt 9.1 0.4 3.8 0.4
18:1n9c 4781 18.8 169.6 93.5
18:2n6t <0.05 0.1 1.0 ND
18:2n6¢ 234.5 2.4 101.1 10.7
20:0 3.7 0.2 44 ND
18:3n6 10.8 0.1 13 ND
20:1 22.9 0.7 5.9 3.4
18:3n3 16.4 1.0 5.1 1.6
21:0 0.6 <0.05 23.7 ND
20:2 13.9 11 1.1 0.8
20:3n9 ND ND ND ND
22:0 1.2 0.3 2.4 ND
20:3n6 13.4 0.6 0.6 .0.4
22:1n9 1.0 3.9 1.0 0.2
20:3n3 2.4 0.4 4.0 01
20:4n6 28.9 7.9 20.6 14.3
23:0 ND ND 0.1 ND
22:2 ND ND 2.2 ND
24:0 2.7 ND 1.6 ND
20:5n3 1.9 42.9 28.0 44.2
24:1 ND ND 5.9 1.0
22:6n3 15.5 23.0 815 188.1
EPA+DHA 17.4 66.0 109.5 2323

Red Pollock Cat fish Shell Common
snapper sole
ND 3.7 0.7 5.1 12.0
4.0 <0.05 2.2 17.1 8.8
0.6 <0.05 0.3 ) 1.0
7.9 0.5 3.7 23.8 16.6
0.4 <0.05 0.3 ND 2.5
27.6 10.8 26.3 109.8 73.0
1.6 0.2 1.5 4.5 0.8
A3 11 41 20.8 13.2
ND ND <0.05 0.2 <0.05
170.0 353.4 159.5 443.4 306.7
19.1 4.9 481 109.7 67.8
ND 8.9 0.6 2.8 b7/
54.7 50.5 39.7 117.0 91.8
3.1 2.5 4.6 6.2 16.7
102.9 438.4 175.6 173.9 198.1
0.2 <0.05 0.2 ND 0.2
145 17.0 13.0 34.6 171
0.5 3.8 0.4 15 1.4
0.8 0.4 0.3 0.8 9.8
1.9 6.8 50.6 34.2 7.6
32 0.7 9.4 38.0 6.1
0.2 12.2 2.6 20.5 4.0
1.2 0.2 5.5 25.7 6.3
ND ND ND ND ND
0.6 0.6 0.3 0.4 ND
2.1 0.6 0.5 2.0 17.4
0.5 1.4 2.5 0.5 4.6
0.6 0.5 ND 1.6 3.8
403 8.2 317 19.3 771
0.2 ND 0.1 2.0 ND
ND 2.0 0.3 3.4 12.4
ND <0.05 ND ND 0.9
18.8 58.2 85.2 174.6 55.7
1.2 1.1 ND 0.1 ND
124.6 119.2 136.7 223.6 286.4
143.3 177-4 222.0 398.1 3421

0.1
0.2
0.3
55
<0.05
147.0
4.5
13.2
03
748.9
354.3
1.8
148.9
39
9471
6.2
g8
3.0
2.7
23.3
88.1
0.7
14.0
0.6
0.7
73
0.9
93
46.1
1.5
12.1
ND
115.4.
0.6
103.4
218.9

Table 3: Content (mg/100 g wet weight) of fatty acids in fish prepared at the cafeteria of the University Hospital (Lahnberge) Marburg.

were far less pronounced. Thus, 6 g/day of EPA and
DHA triacylglycerols for 3 months followed by 3 g/
day for 21 months only modestly mitigated the course
of coronary atherosclerosis [71].

Based on the current evidence derived from epi-
demiological and interventional studies, it was poin-
ted out in a scientific statement of the American
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Heart Association that patients with documented co-
ronary heart disease should consume approximately
1 g/day EPA and DHA while subjects without docu-
mented coronary heart disease should eat (preferab-
ly) oily fish at least twice a week [72]. This recom-
mendation is wider than the current indication for
Omacor®, which is a prescription drug in Germany

Eel smoked
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Cod Plaice Pollock
8:.0 ND ND 1.2
10:0 ND ND 0.1
11:0 ND ND <0.05
12:0 ND ND 0.3
13:0 ND ND <0.05
14:0 4.1 21.9 14
14:1 ND 1.4 < 0.05
15:0 1.2 4.9 0.5
15:1 0.1 1.4 <0.05
16:0 803 154.9 31.0
16:1 ND 76.8 1.1
17:1 0.8 3.9 0.3
18:0 14.5 24.8 8.9
18:1ngt < 0.05 8.2 03
18:1ngc 50.1 105.5 20.6
18:2n6t 1.2 3.9 < 0.05
18:2n6¢ 23 6.2 1.9
20:0 0.2 0.8 0.1
18:3n6 1.5 3.9 2.0
20:1 o7 9.3 6.6
18:3n3 22 9.2 < 0.05
21:0 11 1.7 0.7
20:2 0.9 37 0.3
20:3n9 ND ND ND
22:0 0.8 2 < 0.05
20:3n6 1.2 1.6 2.1
22:1n9 1.4 0.3 03
20:3n3 0.4 0.1 < 0.05
20:4n6 8.0 23.6 2.7
23:0 33 0.1 ND
22:2 1.0 1.7 ND
24:0 0.2 0.1 o7
20:5n3 36.1 12.4 10.8
241 ND 03 1.8
22:6n3 129.2 241 55.5
EPA+DHA 165.3 186.5 66.3

Alaska »Wild“ Pike Eel
Pollock Pollock
0.7 ND 14.9 9.5
< 0.05 0.2 4.3 0.1
< 0.05 03 0.7 2.7
0.2 0.9 1.9 18.3
<0.05 0.1 3.1 1.5
0.9 25.7 2.7 200.8
<0.05 0.2 2.8 7.0
0.2 2.4 3.1 271
<0.05 <0.05 3.0 2.3
29.1 90.5 52.0 1026.0
1.6 22.2 9.2 627.7
0.1 2.4 2.7 33.0
4.7 46.8 18.7 2033
0.2 ND 2.0 20.6
10.9 136.9 30.3 1999.3
< 0.05 3.4 1.4 1041
5.2 9.0 1.7 163.1
0.2 5.2 10.1 421
3.8 0.1 3.5 41.9
0.8 742 3.7 533
ND 1.5 1.2 48.9
0.5 0.4 3.4 172.3
0.1 4.0 3.9 63.6
ND 0.4 ND ND
< 0.05 0.4 0.1 24.8
1.8 1.0 5.8 285
0.2 ND 2.0 6.6
< 0.05 ND 5.2 7.6
1.0 45.5 22.9 86.8
ND 1.6 ND ND
€ 0.05 5.8 8.0 4.2
0.3 0.1 6.2 53.2
12.1 52.7 24.3 292.1
0.7 2.5 71 6.3
37.2 166.1 953 155.0
49.3 218.8 19.6 4471

Table 4: Content (mg/100 g wet weight) of fatty acids in frozen fish.

for post-myocardial infarction patients in addition to
standard therapy. In the guidelines of the European
Society of Cardiology for the management of ST ele-
vation myocardial infarction, supplementation with 1
g fish oil omega-3 polyunsaturated fatty acids was
rated as class I recommendation, level of evidence B
(because of currently only one randomized study, i.e.
GISSI-Prevention study) [73].

EPA and DHA Triacylglycerols in Fish Oils
To compare the intake of EPA and DHA triacylglyce-
rols from fish dishes with that of fish oils, we analyzed
the EPA and DHA content of 11 over-the-counter
brands of fish oil capsules available in Germany. Using
the C17:0 fatty acid standard, the amount of EPA and
DHA per capsule was determined and compared with
the specified content. The capsules differed markedly
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Fish | Fish | Fish | Fish | Fish Fish Fish Fish Fish Fish Fish Halibut Cod Oma-

oil1 | oil2 | oil3 | oil4 | oil5 | oil6 | oil7 oil 8 oilg | oil1o | oiln | liveroil |liveroil| cor®
8:0 0.2 ND ND ND ND ND ND ND ND ND ND ND ND 1.4
10:0 <fo.o5| <005 15 0.1 0.1 ND ND ND ND ND ND ND <0.05 0.8
11:0 <0.05 | <0.05 | <0.05 | <0.05 | <0.05 | ND ND ND ND ND ND ND 0.1 0.1
12:0 1.1 0.7 3 0.7 0.5 ND ND ND ND ND ND ND 0.5 0.4
13:0 0.4 0.2 0.4 | 02 0.2 ND ND ND ND ND ND ND 03 <0.05
14:0 663 | 326 | 621 | 34.9 | 34.4 | 384 | 407 49.7 27.7 65.3 g90.9 1.4 66.6 0.3
14:1 03 0.5 0.3 0.3 0.1 0.3 0.3 0.5 03 0.6 0.8 <0.05 1.6 01
15:0 4.7 23 4.8 33 2.4 3.1 3.2 3.2 1.9 4.4 5.9 0.2 5.9 0.1
15:1 01 |<0.05| 02 | 04 | 03 |<0.05| 0.4 0.1 <0,05 | <0.05 0.1 <0.05 1.0 0.2

16:0 136.2 | 73.9 | 1433 | 79.8 | 75.2 92.1 871 19.2 54.2 1603 | 178.0 17.0 203.0 0.4
16:1 734 | 356 | 75.2 | 36.8 | 42.8 | 46.4 47.4 49.3 28.4 70.0 94.3 2.4 142.0 1.4

17:1 10.0 3.9 10.2 4.7 6o | 74 6.7 7.8 5.1 11.0 15.4 0.2 17.6 £0.05
18:0 263 | 13.0 | 26.3 | 16.3 | 15.8 25.7 22.4 44.8 16.1 64.3 46.6 5.1 27.6 0.7
18:1ngt 12 06 | 1.8 | 49 6.6 0.8 0.5 1.0 0.4 0.9 1.9 0.1 53.9 0.2
18:1n9c¢ 713 | 44.6 | 84.8 | 56.3 | 576 | 73.8 45.1 67.7 32.8 62.2 91.0 182.0 4321 1.2
18:2n6t 0.7 0.2 2.7 1.9 0.8 9.2 0.6 ND 0.4 1.0 1.3 0.3 3.8 <0.05
18:2n6c | 29.8 | 100 | 172 6.1 8.6 16.5 6.7 7.4 3.7 10.9 14.2 54.8 28.0 1.2
20:0 9.9 13 1.2 1.0 1.1 1.2 1.3 2.0 0.8 23 2.8 17 2.3 03
18:3n6 353 0.8 4.6 | 06 1.5 1.0 1.5 1.2 0.7 2.4 2.2 1.7 3.9 ND
20:1 9.3 1.6 141 | 1.0 | 10.4 1.6 0.5 0.8 0.6 1.1 1.5 1.7 ND 1.0
18:3n3 8.8 "5 | 10.8 | 3.4 1.2 5.2 4.4 5.7 2.5 6.2 9.1 24.1 234.9 0.4
21:0 0.4 0.4 13 0.3 0.7 1.3 ND ND ND ND ND ND ND ND
20:2 24.0 | 09 | 300 | 17.2 1.8 13.3 17.6 19.4 8.9 23.5 35.5 5.8 ND 16.2
20:3n9 4.1 122 | 06 | 06 0.4 ND 1.3 ND ND ND ND ND ND ND
22:0 1.4 0.6 1.1 0.3 0.2 0.2 0.2 0.2 0.2 0.4 0.3 0.1 ND 5.5
20:3n6 1.7 0.5 2.7 1.2 0.7 0.3 0.8 0.9 ND 1.0 1.5 0.9 ND 11
22:1n9 5.3 8.7 ND ND ND 0.5 0.5 0.1 ND 0.1 0.1 0.1 ND 0.3
20:3n3 13 0.7 ND 2.0 4.9 0.3 0.4 0.6 0.7 0.7 0.9 £0.05 ND 0.2
20:4n6 6.8 3.0 | 224 | 6a 5.2 4.8 5.2 6.1 4.5 7.6 1.9 1.8 165.5 29.0
23:0 ND ND 0.5 0.9 0.2 <0.05 ND ND 0.1 0.1 0.1 15 123 ND
22:2 0.3 3.9 9.2 ND ND 5.9 4.5 4.4 2.4 6.9 8.8 0.3 ND 0.3
24:0 01 |<0.05| ND ND ND 0.5 0.2 <0.05 0.1 <0.05 0.2 <0.05 ND | 28
20:5n3 | 147.8 | 58.3 [140.4| 637 | 677 | 65.0 87.0 98.8 55.9 120.0 | 173.6 1.4 175.9 | 490.8
24:1 <0.05 | 1.8 4.8 ND ND <0.05 | <0.05 | <0.05 | <0.05 | <0.05 | <0.05 £0.05 3.4 9.2

22:6n3 1011 | 40.4 | 87.4 | 671 | 433 | 58.6 59.3 6o 33.0 80.0 | 102.0 1.5 207.8 | 3914

Capsule | 991 | 499 | 845 | 502 | 498 498 501 544 299 680 980 275 1000 996
content

(mg)
EPA+DHA | 248.9 | 987 | 227.8 [ 130.7 | 1.0 | 123.6 | 1463 159.3 88.9 | 200.0 | 275.6 2.9 383.8 882

specified | 297.4 | 120 | 255 | 150 |150n3| 120 NA 150 N3 NA | 18on3 | 309n3 NA NA 840
EPA+DHA n3

Table s5: Fatty acid content (mg per capsule) of 11 over-the-counter fish oil brands (labeled as of Pollock origin), halibut liver oil, cod liver oil
and Omacor®.
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with respect to their EPA and DHA content per cap-
sule (Table 5). The EPA and DHA content calculated
for 1 g capsule content was comparable within the
brands containing oil from pollock approaching 300
mg/g EPA and DHA [24]. This might suggest that the
fish oils used for producing the capsules were similar,
however, the oils differed actually with respect to the

8:0
10:0
11:0
12:0
13:0
14:0
14:1
15:0
15:1
16:0
16:1
17:1
18:0
18:1ngt
18:1n9c
18:2n6t
18:2n6¢
20:0
18:3n6
20:1
18:3n3
21:0
20:2
20:3n9
22:0
20:3n6
22:1n9
20:3n3
20:4n6
23:0
22:2
24:0
20:5n3
24:1
22:6n3

Linseed | Canola/ | Walnut | Sunflo- | Olive | Perilla
oil rape oil wer oil oil oil
seed oil
ND ND <0.05 ND ND <0.05
< 0.05 <0.05 <0.05 <0.05 | <0.05 0.1
<0.05 <0.05 <0.05 <0.05 | <0.05 | <0.05
<0.05 <0.05 <0.05 <0.05 | <0.05 | <0.05
<0.05 <0.05 <0.05 <0.05 | <0.05 | <0.05
<0.05 0.1 <0.05 0.1 <0.05 | <0.05
<0.05 <0.05 <0.05 <0.05 | €0.05 | <0.05
<0.05 <0.05 <0.05 <0.05 | <0.05 | <0.05
€0.05 ND <0.05 <0.05 | <0.05 | <0.05
5.3 4.6 75 6.4 12.5 13.6
0.1 0.2 0.2 0.1 0.9 0.2
ND <0.05 <0.05 <0.05 0.1 <0.05
1.2 0.7 3.9 4.6 1.5 1.6
8.9 ND ND <0.05 ND <0.05
13.0 64.6 15.2 30.0 774 14.3
2.9 0.5 ND ND ND <0.05
12.0 19.9 59.3 55.8 5.5 12.8
ND 0.7 0.4 1.5 0.8 o.1
ND 0.2 0.3 ND ND 0.1
ND ND 6.5 0.1 ND ND
56.1 8.0 6.5 0.5 1.0 56.6
ND ND 0.2 <0.05 0.1 ND
0.2 o.1 0.1 <0.05 | <0.05 0.2
0.2 03 <0.05 0.5 0.1 0.2
<0.05 ND <0.05 <0.05 | <0.05 ND
<0.05 <0.05 <0.05 <0.05 | €0.05 | <0.05
<0.05 ND <0.05 0.1 ND <0.05
<0.05 <0.05 <0.05 <0.05 0.1 <0.05
<0.05 £0.05 <0.05 <0.05 | <0.05 | <0.05
<0.05 £0.05 <0.05 <0.05 | <0.05 | <0.05
ND 0.2 <0.05 <0.05 | £0.05 | <0.05
<0.05 ND <0.05 0.2 <0.05 | <0.05
<0.05 £0.05 <0.05 <0.05 | <0.05 | <0.05
<0.05 <0.05 <0.05 <0.05 | <0.05 | <0.05
<0.05 <0.05 <0.05 01 <0.05 | <0.05

Table 6: Fatty acid composition (%) of plant oils as potential sources of
alpha-linolenic acid which is the precursor fatty acid of EPA and DHA.
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composition of other fatty acids. Major fatty acids
were the saturated fatty acids palmitic acid (C16:0),
stearic acid (C18:0), oleic acid (C18:1) and arachidonic
acid (C20:4) reflecting the composition of fish. Liver
oils from halibut and cod are characterized by greater
amounts of oleic acid and alpha-linolenic acid. In con-
trast to cod liver oil, the halibut oil capsules contained
only a small amount of EPA and DHA.

Mercury, Dioxins and PCBs in Fish Products
One might argue that the amount of daily consumed
fish or fish oil could be raised in general. A problem
associated with a high intake of fish relates to the con-
tamination with methyl-mercury and various environ-
mental pollutants including dioxins and polychlorina-
ted biphenyls (PCBs). According to the US Environ-
mental Protection Agency, the maximum safe level of
mercury in edible fish is 0.55 ppm which was exceeded
in arecent study in 4 out of 5 fish in California waters,
whereby the maximum content was 7.5 ppm [74]. It is,
therefore, not unexpected that patients in San Fran-
cisco with a history of fish consumption had a mercu-
ry blood level of 15 pg/l (women) and 13 pg/l (men)
[75] which correspond to 0.015 and 0.013 ppm. The
mean level for women in this survey was 10 times that
of mercury levels found in a recent population survey
by the U.S. Centers for Disease Control and Preven-
tion. Some children were > 40 times the national
mean. Mercury levels declined after stopping fish con-
sumption. Although symptoms of mercury poisoning

18:0
A9 Desaturase
18:1n-9 18:2n-6 18:3n-3
A6 Desaturase
18:2n-9 18:3n-6 18:4n-3
‘ Elongase
20:2n-9 20:3n-6 20:4n-3
A5 Desaturase
20:3n-9 20:4n-6, AA 20:5n-3, EPA
* Elongase
22:4n-6 22:5n-3
+ Elongase
24:4n-6 24:5n-3
* A6 Desaturase
24:5n-6 24:6n-3
Peroxisomes
e 22:6n-3, DHA

Figure 10: Biosynthesis of unsaturated fatty acids. Oleic
acid (18:1n-g) can be produced by humans while linoleic
acid (18:2n-6) and linolenic acid (18:3n-6) are essential fatty
acids and are produced mainly by plants. EPA and DHA are
produced by marine algae which are taken up by fish via
the food chain.When referring to an “omega-3 level”, one
has to include also the short-chain omega-3 fatty acid
alpha-linolenic acid as well as the long-chain omega-3
fatty acids EPA and DHA. When 24:5n-6 (6,9,12,15,18-24:5)
and 24:6n-3 (6,9,12,15,18,21-24:6) are produced in the endo-
plasmic reticulum, they move to peroxisomes for conver-
sion to 22:5n-6 (4,7,10,13,16-22:5) and 22:6n-3 (4,7,10,13, 6,
19-22:6) [83].
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apparently arising from consuming tuna steak almost
every night were observed as having trouble concen-
trating, feeling sluggish and experiencing hand tre-
mors, they appear not to be experienced by all sub-
jects [76]. In preschool Inuit children from Canada,
tremor amplitude was related to blood mercury con-
centrations, which corroborates an effect already re-
ported among adults [77]. In accordance, the Food
and Drug Administration advised pregnant women
and children not to exceed 3 to 4 fish servings per
wecek and to avoid certain predatory fish [72].

Although PCBs have various negative health con-
sequences [76], specific adverse actions on the car-
diovascular system have been reported for mercury.
The mercury level in the toenail which represents a
long-term storage site for heavy metals was directly
associated with the risk of myocardial infarction
while, as expected, the adipose-tissue DHA level was
inversely associated with the risk [78]. After adjust-
ment for the DHA level and coronary risk factors,
the mercury levels in patients were 15% higher than
those in controls. The risk-factor-adjusted odds ratio
for myocardial infarction associated with the highest
as compared with the lowest quintile of mercury was
2.16 (P for trend = 0.006). After adjustment for the
mercury level, the DHA level was inversely associa-
ted with the risk of myocardial infarction (P for trend
= 0.02). A high mercury content may, therefore, di-
minish the cardioprotective effect of fish intake. It
was concluded that substitution of fish with high me-
thyl-mercury concentrations with fish containing less
methyl-mercury among women of childbearing age
yield substantial developmental benefits and few
negative impacts [79]. If women instead decrease
fish consumption, countervailing risks substantially
reduce net benefits. If other adults reduce their fish
consumption, the net public health impact is expected
to be negative [79].

The question arises, therefore, whether fish oil
capsules provide a substitute of fish intake in primary
prevention with the suggested two fish meals per
week. The mercury content of 3 over-the-counter fish
oil supplements was < 6 pg/L, in one brand 10 pg/l and
in another brand 12 ug/1[80]. By contrast, the amount
of mercury was specified as low as =02 pgper 1 g
capsule for Omacor®. In fish oils, the amount of PCBs
and organochlorine pesticides was less than the Food
and Drug Administration daily recommended limits
[80]. However, in an extensive study of the UK Food
Standards Agency, in 12 of the 33 samples of fish oil
supplements, the concentration of dioxins exceeded
the European Commission’s limit for dioxins which
compares with 10 out of 15 samples in an Irish study
(http://www.food.gov.uk/multimedia/pdfs/26diox.
pdf). Manufacturers were asked to withdraw batches
of two products which, on their own, could result in
intakes of dioxins and dioxin like PCBs that would
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Figure 11: The inter-relationship between the serum concentration of triacyl-
glycerols or free fatty acids and the unsaturation index in rats fed 6 weeks
diets which contained 10% coconut fat, 10% olive oil,10% sunflower oil or
10% mackerel oil. The unsaturation index was calculated by multiplying the
percent proportion of each fatty acid with the number of double bonds
contained in that fatty acid. The values thus obtained were summed over all
the fatty acids present. The average number of double bonds per molecule
was obtained by referring the number of double bonds to 106%. Data are
adapted from Rupp et al [39].

exceed twice the Tolerable Daily Intake (TDI). While
not stated in guidelines, it appears that patients with
coronary heart disease should have a much lower in-
take of toxins particularly mercury since they have
been advised to consume 1 g EPA and DHA per day.
In particular, a daily 1 g EPA and DHA dosage is
advised for post-myocardial infarction patients who
have already a markedly increased risk for coronary
events. EPA and DHA supplements for post-myo-
cardial infarction patients should, therefore, have
toxin levels which are as low as technically achiev-
able. For minimizing the amount of methyl-mercury
and other lipid soluble environmental toxins, various
purification steps including the transesterification
procedure appear to be needed. While over-the-
counter dietary supplements are currently not oblig-

Control 1% 2.5% 5%
18:3n3 23406 4.7+1.6* 7.6+0.9" | ny+2.2*
20:4n6 14.4+3.4 12.2+2.5 1.8 +3.6 10.4 * 3.1*
20:5n3 0.2+ 0.2 0.1+ 0.1 03+0.2 0.4+03
22:6n3 1.5+ 0.5 1.4+0.8 1.4+05 0.6 +£0.2
N6/n3 6.4+13 4.7 +1.1* ' 31+03" 23+0.2"
PGF.aipha 1.0+ 0.3 1.8+0.8 3.6 +1.8" 5.1+1.4"

Table 7: Effect of an increased dietary alpha-linolenic acid intake on the
fatty acid composition and prostanoids of the aorta of spontaneously
hypertensive rats. Rats were fed diets containing 1%, 2.5% and 5% linseed oil
for 15-16 weeks. Prostanoids were determined with HPLC and electrochemi-
cal detection (as 2,4-dimethoxyanilides after derivatization). TXB,, PGE, and
PGFaaipha Were not altered. Systolic and diastolic blood pressure measured by
radio telemetry was reduced by 6 mm Hg (in sleeping phase) after 5%
linseed oil feeding for 7 weeks. Data are from Rupp et al [81].
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ed to specify the content of mercury and other toxins,
it is suggested to include the mercury level specifica-
tion and the low abundance of other toxins on the
package for EPA and DHA preparations available at
prescription. Also by this way, the distinction between
dietary supplements used as replacement for fish
meals and a prescription drug for secondary preven-
tion in post-myocardial infarction patients would
become more readily apparent.

Endogenous Production of EPA and DHA from

Alpha-Linolenic Acid
It has been argued that the short-chain omega-3 fatty
acid alpha-linolenic acid derived from plants could be
consumed for increasing the amount of EPA and
DHA in the body by the enzymes A-6 desaturase and
A-5 desaturase (Figure 10). Of particular interest are
plant oils with a high proportion of alpha-linolenic
acid such as linseed oil, canola oil/rapeseed oil and
walnut oil (Table 6). For the rat we have shown that
feeding increasingly greater amounts of linseed oil
does not increase the content of EPA and DHA in
the aorta [81] (Table 7). However, the enhanced al-
pha-linolenic acid intake reduced the arachidonic
acid level and enhanced the production of PGF i,
which is the stable degradation product of prostacyc-
lin. Thus, although an increased alpha-linolenic acid
intake did not raise the EPA+DHA level, it resulted
in an enhanced production of prostacyclin which, in
addition to various cytoprotective actions, is a potent
inhibitor of platelet aggregation. The increased pros-
tacyclin production is expected to contribute to the
improvement in endothelial function when the alpha-
linolenic intake is increased [82].

A further beneficial action of polyunsaturated fat-
ty acids relates to their triacylglycerol-lowering. As
shown in rat experiments, a correlation exists between
the serum triacylglycerol and free fatty acid concen-
tration and the unsaturation index of fatty acids [39]
(Figure 11). For omega-3 fatty acids, additional spe-
cific actions have to be inferred. EPA but not DHA
inhibited the diacylglycerol acyltransferase, thereby
reducing the biosynthesis of triacylglycerols [84]. If
intracellular EPA becomes elevated it is expected to
activate PPARalpha which is a major determinant
for the gene expression of enzymes involved in fatty
acid oxidation. PPARalpha is down regulated in fail-
ing heart [85] and by this mechanism also the fatty
acid profile is expected to be altered (Rupp et al, un-
published).

In humans with a background diet high in satura-
ted fat, the conversion rate of alpha-linolenic acid
was found to be 6% for EPA and 3.8% for DHA [86].
However, with a diet rich in omega-6 polyunsatura-
ted fatty acids, conversion was reduced by 40 to 50%
[86]. In women of reproductive age, an increased
conversion of alpha-linolenic acid into EPA (21%)

and DHA (9%) was found which is higher than in
men [87]. The higher conversion capacity appears to
be important for meeting the demands of the fetus
and neonate during pregnancy and lactation [87]. In
this respect it is of great interest that any adminis-
tered DHA can be retroconverted to EPA [88]. As
regards secondary prevention of myocardial infarc-
tion, alpha-linolenic acid cannot be converted into
amounts of EPA and DHA which have been used in
the GISSI-Prevention study [20, 26, 27]. There is also
increasing evidence that the capacity for EPA and
DHA production becomes reduced in patients with
cardiac dysfunction (Rupp et al, unpublished).

It is of particular interest to compare the risk re-
duction by omega-3 fatty acids and established pre-
scription drugs in patients with coronary heart dis-
ease as done in a recent meta-analysis on antilipide-
mic interventions including 97 studies with 137,140
individuals in intervention and 138,976 individuals in
control groups [89]. Compared with control groups,
risk ratios for overall mortality were 0.87 for statins,
1.00 for fibrates, (.84 for resins, 0.96 for niacin, 0.77
for omega-3 fatty acids, and 0.97 for diet [89]. The
mortality risk was reduced significantly only by sta-
tins and omega-3 fatty acids. Although this meta-ana-
lysis included also presumable effects of alpha-lino-
lenic acid, a major contribution is expected to arise
from EPA and DHA. Also based on the evaluation
of primary and secondary prevention studies, it was
concluded that the “Omega-3 Index” (red blood cell
EPA+DHA) may represent a novel, physiologically
relevant, easily modified, independent, and graded
risk factor for death from coronary heart disease that
could have significant clinical utility [90].

Conclusion
Taken together, there is increasing evidence that
omega-3 fatty acids exhibit various protective actions
in the cardiovascular system. A protection has been
inferred from primary prevention studies based on
the intake of fish. Stronger evidence comes from in-
terventional studies with EPA and DHA ethyl ester
administration involving post-myocardial infarction
patients [20] and ICD patients [52]. Best characteri-
zed is currently the link between a low EPA+DHA
level and the risk for SCD. Based on the studies of
Albert et al [25] and Siscovick et al [29] demonstrat-
ing a markedly reduced risk of SCD in persons who
exhibit about 3% more EPA and DHA compared
with the quartile with the lowest EPA+DHA level, it
appears that about 6% blood EPA+DHA represents
a target level for prevention of SCD (Figure 6). This
target level is based also on our own data showing
that 1 g/day Omacor® raises the EPA+DHA level
from 3.5 to 5.7% of total fatty acids. The 1 g/day
Omacor® dose equals the regimen of the GISSI-Pre-
vention study where the risk of total mortality, cardio-
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vascular mortality and sudden death was significant-
ly reduced [20, 26, 27]. Tt appears, however, that an
upper limit of EPA and DHA concentrations exists
above which further coronary heart disease benefit
may not occur [30]. This seems to be the case with the
6.2-7.4% range of EPA+DHA in serum phospholi-
pids since an increase to 10.3% by administering 4
g/day Omacor® had no further significant effect on
the prognosis of cardiac events despite significant tri-
acylglycerol-lowering [91]. This intriguing study by
Nilsen et al was performed in Norway where the
baseline EPA+DHA level was much higher than in
other countries [30] including our own data. Whether
adverse effects of mercury intake arising from fish
might have interfered with protective actions of EPA
and DHA remains unresolved.

In addition to the levels of incorporated EPA and
DHA, one should take into account that the type of
ester of administered EPA and DHA is of functicnal
relevance. Compared with triacylglycerols present in
fish and fish oils, Omacor® contains ethyl esters which
provide a prolonged uptake. Taking into account that
anti-arrhythmogenic effects appear to require the
free fatty acids EPA and DHA, a therapeutic inter-
vention which provides a sustained increase in plas-
ma EPA and DHA levels should be advantageous.
An ethyl ester preparation has also the advantage of
only one capsule per day. As exemplified in the study
of Leaf et al [52], the non-compliance rate is increa-
sed to 35% of ICD patients on four 1 g capsules per
day.

Clearly, further work is required to delineate the
relevance of other fatty acids [92] mentioned only
briefly in the present overview. One should also try
to dissect protective actions which are common for
EPA and DHA and selective effects of EPA and
DHA. In this respect, terms such as “omega-3 level”
are inaccurate when referring to EPA+DHA since it
has to include by definition the short-chain omega-3
alpha-linolenic acid as well as the long-chain EPA
and DHA. As shown in rats fed increasing amounts
of alpha-linolenic acid, the “omega-3 level” was in-
creased due to the incorporation of alpha-linolenic
acid while the EPA+DHA level was not altered [81].
Furthermore, the term “omega-3 level” has to in-
clude docosapentaenoic acid which was, however,
not predictive of SCD in the study of Albert et al
[25].

In view of the present evidence, it is suggested to
include the determination of fatty acid profile in
the list of investigated parameters, particularly in
pa-tients after myocardial infarction. This would
strengthen the rationale of therapeutic regimens with
EPA and DHA as specified in current guidelines [72,
73]. Since only 10 pl of whole blood are required for
the determination of a profile involving more than 35
fatty acids, it does rarely require additional blood
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sampling. By monitoring the EPA+DHA level, pati-
ents could be identified who are at an increased risk
of SCD irrespective of their underlying disease. Of
particular relevance would be the determination in
patients with a reduced ejection fraction who exhibi-
ted a greater risk reduction with the administration
of Omacor® in the GISSI-Prevention study [93]. Fur-
thermore, longitudinal changes in the EPA and DHA
incorporation can be monitored and it can be as-
sessed whether a required EPA+DHA level has been
reached in a particular patient. Further work is re-
quired to assess to what extent the protection associ-
ated with a given whole blood EPA+DHA level is
influenced by the pathophysiology of severe arrhyth-
mia disorders. In particular, to what extent dif-
ferences occur between re-entry tachyarrhythmias in
the absence of a severe ischaemic event and tachyar-
rhythmias arising from myocardial infarction linked
with sympathetic nervous system activation and
release of polyunsaturated fatty acids.
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