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Summary. Epidemiological studies in the seventies have put 
forward that dietary rather than genetic factors are respon- 
sible for the lower incidence of ischemic heart disease in 
Greenland Inuit and have generated a large body of both in 
vitro and in vivo experimental studies, exploring the putative 
favorable effects of fish (oil) on atherogenesis and its risk 
factors. The first part of this report reviews the in vivo animal 
studies, concentrating on the hypercholesterolemic models 
and the arterialized vein graft model. In the hypercholester- 
olemic animal studies, the results are inconclusive as the 
studies reporting a protective effect are matched by the num- 
ber of studies showing no effect or an adverse effect. The 
diversity in species, dose of fish oil, duration of study, type 
of vessel studied and type of fish oil preparation (content of 
n-3 fatty acids, unesterified n-3 fatty acids, ethylesters or 
triglyceridcs) could all contribute. Furthermore, the defini- 
tions and criteria used in the literature to evaluate athero- 
genesis are diverse and it appears that while one parameter 
is affected, another is not necessarily modified in the same 
direction, stressing the importance of extending the analysis 
of the effects on atherogenesis to more than one parameter. 
We also believe that it is time to reach a consensus as to 
which animal model mimicks most closely a particular 
human situation. Only in appropriate models, investigat- 
ing more than one atherosclerosis variable, can the effects 
of a putative anti-atherogenic drug or diet be verified. In the 
veno-arterial autograft model, mimicking the patient after 
coronary bypass grafting, dietary fish oil has been consis- 
tently effective in preventing accelerated graft intima prolif- 
eration. It could therefore be of interest to evaluate the ef- 
fects of fish oil on graft patency in patients after coronary 
bypass surgery after a period of years. 

The results from studies on restenosis after percutaneous 
transluminal angioplasty are also reviewed and it is con- 
cluded that the two large scale trials, that are currently un- 
derway, might reliably answer the question whether fish oil 
is effective as a non-pharmacological adjuvants in the preven- 
tion of restenosis. 

Lastly, the studies on the effects of fish oil on the regres- 
sion of experimental atherosclerosis are reviewed. In view of 
the small number of studies (i.e., four) investigating the ef- 
fects of fish oil on the regression of atherosclerosis, it is pre- 
mature to draw any conclusion, and therefore further experi- 
mental work is required. 
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I n  the  sevent ies  i t  was shown tha t  a cohort  of Eski-  
mos (Inuit) ,  l iving in the  Uummannaq  dis t r ic t  on the  
Wes tcoas t  of Greenland  had low levels of p lasma cho- 
lesterol ,  t r ig lyce r ides  and v e r y  low dens i ty  lipopro- 
tein (VLDL)  and high levels of high dens i ty  l ipopro- 
tein (HDL) [1]. F u r t h e r m o r e  the  official mor t a l i t y  
s ta t is t ics  showed tha t  the  incidence of ischemic hea r t  
d isease  was low among Greenlanders .  I t  mus t  be kep t  
in mind, however ,  tha t  these  mor t a l i t y  s ta t i s t ics  are  
not  ve ry  re l iable  as in Greenland  most  dea ths  occur 
at  home or  in small  hospi ta ls  where  diagnost ic  facili- 
t ies  a re  poor.  The da ta  do also not  d i f ferent ia te  be- 
tween  nat ive  Green lander s  (80%) and Danes.  The es- 
t ab l i shment  of a computer ized  dea th  r e g i s t e r  for 
Greenland has y ie lded  a more  specified j u d g m e n t  of 
the  mor ta l i t y  da ta  [2] and ischemic hea r t  d isease  as a 
cause of mor t a l i t y  indeed seems to be lower  among 
Eskimos  l iving in Green land  (6.7% among males  aged 
45-64) than  among Esk imos  l iving in Denmark  
(32.8%) in the  y e a r s  1979-1983. These  findings have 
been a t t r i b u t e d  to the  d i e t a ry  habi t s  of the  Greenland 
Eskimos  who t rad i t iona l ly  consume about  400 g of seal 
and fish pe r  day.  Al though  only 130 Esk imos  were  
included in those  ea r ly  s tudies  [1] and no d i rec t  proof  
of the  lower  incidence of coronary  a r t e r y  d isease  was 
offered by  means  of coronary  ang iography  or  o ther-  
wise, the  observa t ion  of low mor t a l i t y  from ischemic 
h e a r t  d isease  among Greenland  Esk imos  in combina- 
tion wi th  the i r  low r i sk  p lasma  lipid profile has initi- 
a ted  a considerable  amount  of s tudies  inves t iga t ing  
the effect of the  long chain po lyunsa tu r a t ed  n-3 fa t ty  
acid containing fish (oil) p roduc ts  on r i sk  factors of 
a therogenes is .  Wi th  r e spec t  to the  o ther  accepted r isk  
factors for ischemic h e a r t  disease,  i t  is impor t an t  to 
note tha t  the  Esk imo ' s  die t  is low in s a t u r a t e d  fat, the  
Eskimos  are  r a r e l y  obese,  hype r t ens ion  is uncommon, 
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and diabetes mellitus is unknown. On the other hand, 
most Eskimos are heavy smokers. 

Fish  Oil  a n d  Fac tors  A f f e c t i n g  

A t h e r o g e n e s i s  

N-3 polyunsaturated fatty acids have their first dou- 
ble bond at the third carbon atom from the methyl 
end of the fatty acid. The very long chain fatty acids 
from the n-3 family, eicosapentaenoic (20:5n-3 or 
EPA), docosapentaenoic (22:5n-3 or DPA) and doco- 
sahexaenoic (22:6n-3 or DHA) are synthetized by al- 
gae and phytoplankton, organisms that are at the bot- 
tom of the marine food chain. All marine life may, 
therefore, ultimately be enriched with these fatty 
acids which may provide the required degree of unsat- 
uration that allows cell membranes to remain fluid in 
cold water. Incorporation of dietary n-3 polyunsatu- 
rated fatty acids (20:5n-3 and 20:6n-3) in blood cell, 
vascular endothelial and vascular smooth muscle cell 
membrane of men leads to specific displacement of n-6 
polyunsaturated arachidonic acid (20:4n-6). N-3 fatty 
acids are poor substrates for cyclooxygenase and com- 
pete with 20: 4n-6 at the level of cyclo-oxygenase and 
lipoxygenase thereby generating a different family of 
prostanoids and leukotrienes which have weak or al- 
most no activity as compared to their 20: 4n-6-derived 
analogues. This interference of n-3 fatty acids with 
eicosanoid metabolism may alter vasomotor tone and 
thrombotic and inflammatory responses that are criti- 
cal to plaque formation following endothelial injury. 
In addition to the effects on intracellular mediators 
such as prostaglandins and leukotrienes, more recent 
evidence shows that n-3 fatty acids also interfere with 
the phosphatidylinositol (PI) cycle [3-5]. This is an 
intracellular signal transduction pathway that links 
various stimuli such as mechanical stress, hormone-, 
and growth factor-receptor interaction to their re- 
sponses at the transcriptional level through the forma- 
tion of the protein kinase activators Ca2+-calmodulin 
and diacylglycerol [6-8]. Many processes generally 
believed to play a role in atherogenesis, such as ex- 
pression of leucocyte adhesion molecules [8], mechani- 
cal stress responses of endothelium [7], secretion of 
"endothelial-derived factors" [9] and mitogenic re- 
sponses of vascular smooth muscle cells [6] involve 
operation of the PI cycle, thereby providing n-3 fatty 
acids an additional mechanism to interfere in the ath- 
erosclerotic process. 

In Table 1, by citing references 10-39, we have 
summarized the known effects of n-3 fatty acids on 
functions of various cell types and levels of certain 
blood constituents, all influencing the processes be- 
lieved to be involved in atherogenesis. These pro- 
cesses, intima hyperplasia and lipid infiltration, 
thrombosis, vascular smooth muscle tone and in- 

flammation are depicted horizontally, while the cells 
(endothelial cells, vascular smooth muscle cells, plate- 
lets, neutrophils and monocytes and blood constit- 
uents (lipoproteins and coagulation factors) that are 
involved in these processes are listed vertically (Table 
1). At the sites where the columns and rows meet the 
known effects of n-3 fatty acids are mentioned. These 
effects, particularly the inhibition of platelet aggrega- 
tion and the lengthening of bleeding time, have been 
reviewed several times [40-47] and we have therefore 
limited ourselves to discuss the effect of fish oil on the 
prevention and regression of atherosclerosis in differ- 
ent in vivo animal models and to review the effect of 
fish oil on restenosis following percutaneous translu- 
minal coronary angioplasty. 

Animals used in the study on atherogenesis • 
In studying atherosclerosis the choice Of the species 
is important [48]. Rabbits have been used extensively 
in the study of atherosclerosis, but it is imp0rtantto 
note that rabbits do not develop atherosclerosis natu- : 
rally. However, when fed diets containing high levels: 
of cholesterol massive amounts of cholesterol accumu- 
late in the tissues and in the arterial wall [49]. ,In thi~ 
species, the aortic arch and the intramural myocardial 
arterioles are affected [49] whereas in humans the ab- 
dominal aorta and the proximal main coronary arter: 
ies are involved. Importantly, the lesions in rabbits 
are chiefly fatty and complicated features such as fi- 
brosis, ulceration and thrombosis seldom occur. When 
rabbits are fed casein in addition to saturated fat they 
do develop advanced lesions located in the abdominal 
aorta [50]. Swine do develop atherosclerosis sPontane- 
ously from 6 months of age onward (although serious 
lesions are only seen after 6-7 years) with the early 
occurring lesions closely resembling human lesions 
[51,52], and the location (abdominal aorta and prox- 
imal coronary arteries) being similar to that in 
man. Severe and accelerated atherosclerosis can be 
achieved in pigs by combining hypercholesterolemia 
with endothelial injury [53,54]. Dogs, on the other 
hand, hardly develop atherosclerosis, even after 
changing to a high cholesterol diet. Only after addi- 
tional interventions, such as removal or destruction of 
the thyroid gland, lesions become severe and their 
severity are highly correlated with the degree of hy- 
percholesterolemia. The location of the lesions in the 
arterial tree is similar to that in humans, but there is 
much more medial involvement than in other species 
and man [55]. Diet-induced atherosclerosis in rhesus 
and cynomolgus monkeys most closely resemble hu- 
man atherosclerosis both anatomically and morpholog- 
ically [56,57]. Nevertheless, it must be noted that also 
in this species there are hyper- and hyporesponders 
to a high cholesterol diet while the extent of athero- 
sclerosis also varies considerably. These findings, 
however, appear to be characteristic for all species 
including man. 
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Table i. Effects of n-3 fatty acids on cell functions and blood constituents possibly involved in athe~vsclerosis 

Intimal hyperptasia & Vascular smooth 
lipid infiltration Platelet aggregation muscle tone Inflammation 

Platelets factor 4 $10, I~- TXA2 $11,13,14, TXA3 TXA2 ~n,13,14, TXA3 T 11,1314 
thromboglobulin $~0.i1 ~u.13,14, platelet 
PAF $12, platelet count $15, bleeding 
survival ~'~ time $ $~'1~ 

PDGF $1~ PGI~ ~'n.la~4, PGI~ 
preserved ~,1~,~4, EDRF 
effect ~' ~s,~ 

Endothelial cell 

Lipoproteins VLDL $20.21, 
triglycerides $20.21, 
LDL $ ~" =z0.el, HDL 

$ =20,21, change in 
lipoprotein size; 
apoprotein content; 
physical properties; 
lipoprotein metabolism; 
lipid peroxidation me~ 

Monocyte IL-1; TNF $26 
Neutrophil LTB $ 4; LTB5 I' 27, free 

radical synthesis $2s, 
chemotaxis $_9~ 

Vascular smooth 
muscle cell 

Coagulation 
factors 

PAF $12 

fibrinogen = $ ~ 32-34, 
PAI-1 $ 1' ~5.3G, factor 
VII = i' a,~3.37,3~, 
antithrombin = 
~29,a,37,39, tPA 1" =3~,37, 

yon Willebrand = 3.~ 

PGI~ I'11'13'14, EDRF 
effect I' ls,1,~ 

blood pressure $ T3° 
response to 
noradrenaline $31 

LTB4 ~; LTB5 i '27 
LTB4 $ ; LTB~ I'z7, 

adhesion and 
chemotaxis $29 

Based on Israel DH and Gorlin R (reference 45); PAF = plate]et aggregating factor; TX = tromboxane; PDGF = platelet derived growth 
factor; PG = prostaglandin; EDRF = endothelium derived relaxing factor; VLDL, LDL and HDL = very low, low and high density 
lipoproteins, respectively; IC = interleukine; TNF = tumor necrosis factor; LT = Ieutotriene; PAF = platelet aggregating factor; tPA = 
tissue plasminogen activator; = unchanged; $ decrease; I' increase. 

F i s h  Oi l  a n d  t h e  P r e v e n t i o n  

o f  A t h e r o s c l e r o s i s  

Animal studies with hypercholesterolemia 
Tables 2 -4  list the in vivo studies in rabbi ts  [58-69], 
swine [23,28,70-73] and monkeys  [74-76], respec-  
tively, on the effects of fish oil on the prevent ion of 
atherosclerosis  and provides details such as the di- 
e t a ry  regimen,  durat ion of s tudy,  etc. Excep t  in the 
Watanabe  he red i t a ry  hyperl ipidemic rabbi t  and one 
s tudy in pigs [73], all a therogenic  diets are high- 
cholesterol diets, and in case of the swine model 
[28,70-72], bile acids were  also needed to enhance 
hypercholesterolemia.  In  small animals (rabbits) 
usually only the aor ta  has been used to evaluate  the 
anti-atherogenic effect of fish oil. The effects in cor- 
onary ar te r ies  have only been studied in the larger  
mammals  (the swine and non-human primates) .  Five 
[58-60,63,64] of the hypercholes terolemic  rabbi t  stud- 
ies ment ioned in Table 2 are  ve ry  similar in design as 
a high-cholesterol diet was used to s t imulate  a thero-  

genesis and its p rogress  was evaluated by  determin-  
ing the percen tage  of the area  covered with sudano- 
philic lesions. The large discrepancy in the sever i ty  of 
the degree  of atherosclerosis  and the employed regi- 
men to induce atherosclerosis  is most  clearly illus- 
t ra ted  by the finding tha t  in one s tudy  [63] the control 
animals had 30% of the aor ta  covered with lesions 
when they  were  fed 1% cholesterol with a d ie tary  pc- 
riod of 8 weeks,  while in another  s tudy [60] sudano- 
philia of the aor ta  was twice as high af ter  feeding a 
much lower (0.3%) amount  of d ie tary  cholesterol, only 
two weeks longer, i l lustrat ing tha t  even within a cer- 
tain species the variabi l i ty of response  to high- 
cholesterol feeding can be ve ry  high. 

In most  studies the description of the diets is insuf- 
ficient to calculate the daily adminis tered amount  of 
n -3  polyunsatura ted  fa t ty  acids (subdivided into 20: 
5n-3 and 22:6n-3) .  This information may,  however ,  
be impor tan t  in deciding whe the r  fish oil has anti- 
atherogenic potential.  In Tables  2 -4  the dose of fish 
oil is p resented  as the daily intake of fish oil in ml and, 
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Table 2. Studies on the effect of f ish oil on atherogenesis in the hypercholesterolemic rabbit 

Time Dose of EPA Blood vessel Assessment of Effect of 
(months) and/or DHA I/S studied atherosclerosis fish oil 

Thiery and Seidel 5s hypercholes- 5 2 ml MaxEpa/day S Aorta %lesions 1" 
terolemia 

Kristensen et al. 59 hypercholes- 1.75 I Aorta %lesions = 
terolemia 

3 ml MaxEpa/day: 130 a- 
80 b total n-3  (mg/ani- 
mal/day) 

Zhu et alfi ° hypercholes- 2.5 1 ml Proto Chol mix: S Aorta %lesions = 
terolemia per kg per day 

= (113 EPA + 75 Pulmonary %lesions $ 
DHA) ~ - (55 EPA + artery 
36 DHA) b (mg/kg/ 
day) 

2 ml Proto-Chol mix: S Aorta %lesions $ 
per kg per day 

= (226 EPA + 150 Pulmonary %lesions 
DHA) a - (103 EPA artery 
+ 69 DHA) b (mg/kg/ 
day) 

3 ml Proto-Chol mix: S Aorta %lesions $ 
per kg per day 

= (257 EPA + 171 Pulmonary %lesions $ 
DHA) ~ - (140 EPA artery 
÷ 97 DHA) b (mg/kg/ 
day) 

Campos et alfi 1 hypercholes- 3 100 EPA + 59 DHA S Aorta aortic lipids TC = 
terolemia (mg/kg/day) 

Rogers and Adelstein G2 hypercholes- 1 2.5 ml MaxEpa: 0.5 ml I Aorta (tho- intimal foam cells 
terolemia MaxEpa/kg racic) 

Yamaguchi et al. 68 hypercholes- 2 10 mg/kg EPA-E: 7.5 S Aorta %lesions = 
terolemia EPA + 0.9 DHA 

(mg/kg/day) 
30 mg/kg EPA-E; 22.5 Aorta %lesions = 

EPA + 2.7 DHA 
(mg/kg/day) 

Chen et al. ~ hypercholes- 6 3% EPA - 2% DHA S Aorta %lesions $ 
terolemia 

Pulmonary %lesions $ 
artery 

Hearn et alfi ~ hypercholes- 1.5 0.3 ml MaxEpa/kg/day S Aorta luminal area = 
terolemia vessel wall thickness I' 
( + abra- 
sion) 

Bolton-Smith et alfi 6 hypercholes- 12 20 ml fish oil/kg/day 
terolemia 
( + horse 
serum) 

Lichtenstein and hypercholes- 6 260 EPA + 210 DHA 
Chobanian 6v terolemia (mg/kg/day) 

(WHHL- 
rabbit) 

Clubb et al. 6s hypercholes- 5 150-200 EPA (mg/kg/ 
terolemia day); DHA?? 
(WHHL- 
rabbit) 

Rich et al. 69 hypercholes- 12 0.4 ml MaxEpa per day: 
terolemia 90-120 EPA (mg/kg/ 
(WHHL- day); DHA?? 
rabbit) 

Iliac ar tery 

I Aorta 

S Aorta 
Aorta (de- 

scending) 

luminal diameter (angi- 
ography) 

%lesions $ vs coco- 
nut oil 
= vs corn 
oil 

%lesions = 
aortic lipids FC $ ; CE $ 

S Aorta (ab- %lesions 
dominal) intimal thickness = 

Aorta (total) subendothelial lipid accu- I" 
Aorta mulation 

S Aorta %lesions = 
average lesion thickness = 

E P A ,  eicosapentaenoic acid (20:5n-3);  DHA,  docosahexaenoic acid (20:6n-3);  adose at  the beginning  of the d ie ta ry  period; Mose at  the  end of 

the d ie ta ry  period; I /S,  isocaloric or supp lemen ta ry  adminis t ra t ion  of fish oil; %lesions s tands  for the percen tage  of the  surface of the vessel  
tha t  is covered wi th  in t imal  lesions; LE,  luminal  encroachment;  FC, free cholesterol; CE,  esterif ied cholesterol; TC, to ta l  cholesterol;  W H H L ,  

Watanabe  hyperl ipidemic;  Effect  of fish oil: = ,  unchanged;  $ decrease;  I ' ,  increase.  
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Table 3. Studies on the effect offish oil on models of accelerated atherogenesis in pigs 

Time Dose of EPA 
Author Animal model (months) and/or DHA I/S 

Blood 
vessel Parameter  of Effect of 
studied atherosclerosis fish oil 

Hill et a l l  ° hypercholesterolemia 24 
+ bile acids 

Hill et a l . 7 1  hypercholesterolemia 12 
+ bile acids 

Weiner et al. TM hypercholesterolemia 8 
+ bile acids + 
abrasion 

Kim et al. 23 hypercholesterolemia 4 
+ bile acids 

Hartog et al. 73 normocholesterolemia 4 
+ teflon constric- 
tor 

Sassen et al. zs hypercholesterolemia 8 
+ bile acids + 
abrasion 

6% total n-3  (weight% in diet) 

3% total n-3 (weight% in diet) 

3% total n-3  (weight% in diet) 

30 ml cod Iiver oil per day per animal 

I ~ Aorta LE b = 
%lesions b = 
aortic lipids FC = ; CE = 

Coronary LE b = 
artery 

I ¢ Aorta LE b $ 
%lesions b 
aortic lipids FC = ; CE = 

Coronary LE b $ 
artery 

I Aorta LE b = 
%lesions b = 
aortic lipids FC = ; CE = 

Coronary LE b = 
ar tery 

S Coronary LE 
artery 

(330 EPA + 330 DHA) d - (100 EPA S Aorta LE $ 
+ 100 DHA) ¢ (mg/kg/day) e Coronary LE 

artery 
0.36% EPA + 0.23% DHA (weight % I Coronary LE $ 

in diet) ar tery 

(1040 EPA + 743 DHA) d (242 EPA 
+ 175 DHA) e (mg/kg/day) 

I Aorta %lesions 
aortic lipids 

Coronary LE 
artery 

= 

= 

E P A ,  eicosapentaenoic acid (20:5n-3);  DHA,  docosahexaenoic acid (20:6n-3);  atallow used as control diet; bsemiquant i ta t ive  histologic grading;  

°coconut-oil used  as control diet; ddose at  the beginning  of the  d ie ta ry  period; edose at  the  end of the d ie ta ry  period; I /S,  isocaloric or 

supp lementa ry  adminis t ra t ion  of fish oil; %lesions s tands  for the percen tage  of the surface of the vessel  tha t  is covered wi th  in t imal  lesions; 

LE,  luminal encroachment;  FC, f ree  cholesterol;  CE,  esterif ied cholesterol; Effect  of fish oil: - ,  unchanged; $ ,  decrease;  ~", increase.  

where possible also as mg n-3 fatty acids (subdivided 
into the major long chain polyunsaturated n-3 fatty 
acids 20:5n-3 and 22:6n-3) per kg per day. The for- 
mer can be used when studies using the same species 
are compared, while for interspecies comparison the 
latter is preferable. The differences in the body- 
weights of rabbits and the type of oil (organic extracts 
or transethylesterified lipids) with different n-3 fatty 
acid content invalidate any comparison within this 
species. The degree of incorporation of 20:5n-3 and 
22: 6n-3 into plasma phospholipids might be an indica- 
tion for an effective dose, but to date only one study 
[28] reports on the fatty acid distribution of plasma 
phospholipids after fish oil feeding. The most consis- 
tent element throughout the studies in rabbits, pigs 
and monkeys appears to be the way atherosclerosis is 
measured in their vessels. In rabbits most frequently 
a macroscopic lipid stain is used and atherosclerosis is 
assessed by planimetry of intimal sudanophilia. In 
other studies using rabbits the amount of aortic lipids 
or intimal thickness is assessed or the number of foam 
cells counted. In the larger mammals, the aortic lipid 
content and coronary luminal encroachment most of- 
ten are the parameters for atherosclerosis. 

When scrutinizing the outcome of the studies (Ta- 
bles 2-4), one must conclude that the fish oil effects 
are not species-dependent (both positive and negative 
results are found in all three species), not dose- 
dependent, nor is there a relationship with the dura- 
tion of the study. In all studies the number of ani- 
reals used is comparable (from five to twelve). After 
judging the results of the twelve rabbit studies 
and classifying them very globally one can conclude 
that an equal number of studies report  a favorable 
[60,64,66,67], unfavorable [58,62,65,68] or no effect 
[59,61,63,69). For  the swine studies four [23,71-73] 
are favorable and two [28,70] show no effect, while in 
the non-human primates two [74,75] are beneficial and 
one study [76] shows no effect at all. It  is most likely 
that some studies yielding negative results have not 
appeared in the international literature. In this re- 
spect it is of interest to cite the recent paper by Ravn- 
skov [77] in which he compared the frequency of cita- 
tion with the outcome of all cholesterol lowering trials 
using coronary heart  disease or death as endpoints 
and found that positive studies were cited almost six 
times more often than negative ones. That sample size 
can be of major importance in determining the ou t -  
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Table 4. Studies on the effect offish oil on atherogenesis in hypercholesterolemic non-human primates 

Blood 
Time Dose of EPA vessel Assessment of 
(months) and/or DHA I/S studied atherosclerosis Effect of fish oil 

Davis et alfl 4 12 12.5% menhaden oil/day: I Aorta intimal thickness 
5.5 (EPA) + 3.75 
(DHA) weight % in diet 

Parks etal. 75 30-36 

18.8% menhaden oil/day: Carotid ar- 
8.25 (EPA) + 5.63 tery 
(DHA) weight % diet 

Femoral ar- 
tery 

I Aorta 

%lesions 
aortic lipids TC $ ; CE $ ; FC 
intimal thickness $ 
%lesions 

%lesions 

700 total n-3 (mg/kg/day) %lesions 
LE = 
aortic lipids CE $ ; FC = 

Coronary ar- LE J, 
tery 

Carotid ar- %lesions 
tery 

Fincham et al. 76 20 30.1 EPA + 9.7 DHA I Aorta overall score of 16 vari- d =; 9 
(mg/kg/day) Peripheral ables a = 

arteries b idem d =; ~ ~' 
Coronary ar- idem 

tery 

EPA, eicosapentaenoic acid (20:5n-3); DHA, docosahexaenoic acid (20:6n-3); aamong which plaque area, lesion free area, maximum lesion 
depth fibrous plaque, cholesterol clefts, foam cells, endothelial loss, intimal thickening, smooth muscle cell hyperplasia, proteoglycan infiltration, 
inflammation, medial mineralization score; %ommon iliac, subclavian, brachiocephalic, carotid, basilar, cerebral arteries. I/S, isocaloric or 
supplementary administration of fish oil; %lesions stands for the percentage of the surface of the vessel that is covered with intimal lesions; 
LE, luminal encroachment; FC, free cholesterol; CE, esterified cholesterol; TC, total cholesterol; Effect offish oil: =, unchanged; ~, decrease, 

, increase. 

come of the s tudy was shown by Rich and colleagues 
[69] who after  having analyzed one third of the rab- 
bits, found a statistically significant effect favouring 
the fish oil t rea ted  group. However ,  because of the 
variability of aortic atherosclerosis as found in Wata-  
nabe hyperlipidemic rabbits  it was judged to expand 
the dietary groups to improve the validity of the re- 
sults. Surprisingly after 28 animals statistical signifi- 
cance was not reached and therefore the preventive 
effect of n - 3  fa t ty  acids was lost. Another  observation 
that  deserves at tent ion is the finding that  fish oi[con- 
sistently decreases plasma triglycerides, but  that : the  
effect on plasma cholesterol is ambiguous. Accord- 
ingly, the anti-atherogenic effect in models employing 
hypercholesterolemia m a y  be modest.  

In summary,  the diversi ty in species, dose, dura- 
tion of study, methods,  type  of vessel studied, type  
of fish oil preparat ion (content of n - 3  fa t ty  acids; unes- 
terified n -3  fa t ty  acids, e thylesters  or triglycerides) 
could all contribute to the until now equivocal results 
in the animal studies. Fur thermore ,  the definitions 
and criteria used in the l i terature to evaluate athero- 
genesis are diverse and from our s tudy [28] and other  
reports  [60,75] it appears  tha t  while one parameter  is 
affected, another  is not necessarily modified in the 

same direction, s t ressing the importance of extending 
the analysis of the effects on atherogenesis to more 
than one parameter .  

Animal studies with accelerated 
graft-arteriosclerosis 
Grafting veins into the arterial  sys tem is another 
model in which accelerated atherogenesis  occurs and 
is of clinical interest  as it embodies the patient with 
venous coronary bypasses.  The basis for intimal thick- 
ening in these grafted vessels is unknown. I t  must  
be noted that  veins are supplied abundantly by vasa 
vasorum. Since veins contain poorly oxygenated 
blood, the cells of veins would probably need more 
oxygen through other  pathways.  Fu r the rmore  as op- 
posed  to arteries, veins are under  low pressure and 
the venous vasa vasorum are unlikely to collapse and 
they can approach the lumen of the vessel wall. After  
grafting, this route of nutr ient  flow to the vessel wall 
may be interrupted.  I f  a graft  is implanted in another 
animal an immunological component of atherogene- 
sis is introduced, mimicking the conditions in heart-  
t ransplant  pat ients .  

The major  rationale for using fish oil in these 
models derives from the anti-thrombotic and anti- 
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Table 5. Animal studies on the effect offish oil on vessel graft atherogenesis 

Time Dose of EPA Blood Assessment of Effect of 
Animal Model (months) and/or DHA I/S Effect vessel atheroscleresis fish oil 

Sarris dog veno-arterial auto- 3 200 mg/kg/day S TC =, Tg - venous intimal th icL $ 
et al. TM graft + hyper- EPA graft ness 

cholesterolemia 
Landymore dog veno-arterial auto- 1.5 240 or 480 mg/kg/  S TC = venous intima] thick- $ (not 

et al. 79 graft + hyper- day EPA graft ness dose- 
cholesterolemia depen- 

dent) 
Cahill dog veno-arterial auto- 3 200 mg/day EPA S TC $ venous intimal thick- 

et al. u° graft + hyper- graft ness 
cholesterolemia 

Casali dog synthetic graft in 6 ?? S TC - synthetic histologic grad- 
et al. sl femoral ar tery graft ing 

DeCampli dog veno-arterial allo- 3 100 rag/day EPA S nm venous angiogram 
et al. s2 graft  + hyper- + 1200 rag/day graft intimal thick- 

eholesterolemia DHA ness 
Sarris ra t  heterotopic heart  3 130 mg/kg/day I nm coronary histologic grad- 

et al. s3 transplant EPA + 80 mg/ ar tery lng 
kg/day DHA 

Yun et al. s4 rat  heterotopic heart  3 136.6 mg/kg/day I TC - ,  Tg = coronary intimal thick- 
transplant EPA + 95 mg/ ar tery ness 

kg/day DHA 
Yun et al. 8~ rabbit heterotopic heart  1.5 29, 87 or 174 rag/ I TC $ (high coronary intimal thick- 

transplant kg/day EPA dose) ar tery ness 
$ (dose 

depen- 
dent) 

EPA, eicosapentaenoie acid (20:5n-3); DHA, doeosahexanoic acid (20:6n-3); I/S, isocaloric administration of fish oil or supplemented to the food; TC, total plasma 
cholesterol; Tg, plasma triglycerides; nm, not measured; Effect of fish oil: =, unchanged; $, decrease; I" increase. 

inflammatory potential of fish oil. Table 5 lists the 
studies exploring the effects of fish oil on allo- or auto- 
grafted veins and arteries. The studies on arterialized 
venous [78-80] or synthetic [81] grafts are uniform in 
their outcome: fish oil reduces the extent of acceler- 
ated graft intimal proliferation, while not reducing the 
hypercholesteremia. All studies used dogs, added the 
fish oil as a supplement to the diet and measure inti- 
real thickness of the graft or used a histologic grading 
system for intimal thickness, but only the dose of fish 
oil and the duration of the study varied. After 6 weeks 
graft intimal thickness of the non-treated hypercho- 
lesterolemic animals averages 39 ~Lm versus 24 txm 
(240 mg 20 : 5n-3/kg/day) and 23 ~Lm (480 mg 20 : 5n-3/ 
kg/day) in the fish oil t reated groups [79], demonstrat- 
ing the lack of dose-dependency. After 3 months graft 
intimal proliferation of the control group is markedly 
higher (125 ~m [80] and 143 ~Lm [78]) and the effect 
of fish oil somewhat greater  (54% decrease [80] and 
46% decrease [78]). In the study by Casali et al. [81] 
no data on intimal thickening are presented, but the 
authors state that there was a significant reduction (p 
< 0.04) in the fish oil treated normocholesterolemic 
animals. In this study the dose of n-3  fatty acids can 
not be calculated as the dogs are fed mackerel fish 
supplemented with menhaden oil. 

In the remaining studies [82-85], the immunologic 
factor in graft-atherogenesis likely predominates. The 
three heterologic heart4ransplant  studies are homo- 
geneous in design, but contradictory in the outcome 
as in one study using the Lewis rat  as the recipient 

and the Brown-Norway rat as the donor there is a 
decrease [83], while in another study from the same 
group [84], where the Lewis rat  donates its heart to 
the Brown-Norway rat no beneficial effect on allograft 
coronary atherosclerosis was found. A third study in 
rabbits [85] even showed a dose-dependent increase 
in coronary atherosclerosis. 

In summary, dietary fish oil has been consistently 
effective in preventing accelerated graft intima prolif- 
eration in veno-arterial autografting, while in the het- 
erotopic heart-transplant model the results are incon- 
clusive. 

Restenosis after percutaneous transluminal 
coronary angioplasty in patients 
The high incidence of restenosis is a drawback of per- 
cutaneous coronary angioplasty. Table 6 contains all 
restenosis studies [86-94] with fish oil published in 
the English literature. With the exception of the 
study by Bowles et al. [92] all studies include a control 
group. Comparison of the studies is complicated. Pre- 
treatment with fish oil appears relevant as it takes 
weeks for the ingested 20:5n-3 and 22:6n-3 to be 
incorporated into the cell membranes and platelet de- 
position with subsequent local release of growth fac- 
tors occurs very early after balloon injury of a vessel. 
Of the five studies without pretreatment two are neg- 
ative [88,92], two [86,91] are positive and one [90] is 
positive based on clinical restenosis rate but negative 
when assessed by subsequent selective coronary angi- 
ography. On the other hand, two studies [89,94] are 
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Table 6. Studies on the effect of f ish oil on the restenosis-rate after angioplasty 

Duration 
Pre- Follow FO/ 
t rea tment  E P A  DHA up (% patient /  control 
(days) (g/day) (g/day) (months) Evaluation %patient) P-value 

Slack et al. s6 

Dehmer  et al. s7 
Grigg et al. ss 
Reis et al. s9 

Milner et a l?  ° 

Nye et al. 91 
Bowles et al. 92 

Bairati  et al. 98 
Kaul et  al. 94 

- -  ? 6 exercise-test 16/33 a P < 0.05 
67/58 b NS 

7 3.2 2.2 3 -4  coronary angiography 19/46 P = 0.007 
- -  1.8 1.2 3.5 coronary angiography 34/33 NS 
5.4 6.0 (total 6 stepwise: 35/24 ~ NS 

n-3)  clinical restenosis 
selective coronary angiography 937%) 34/23 e NS 

- -  3.2 1.4 6 stepwise: 
clinical restenosis 22/35 ~ P < 0.008 
selective coronary angiography (23%) 18/27 c NS 

- -  2.2 1.4 6 coronary angiography 11/30 de P < 0.05 
- -  2.8 ? 6 coronary angiography (56%) 50/- ? 

OR exercise sc in tygraphy (30%) 23/- ? 
OR exercise electrocardiography (4%) 0/- ? 
OR clinical restenosis (9%) 9/- ? 

21 2.7 1.8 coronary angiography 22/40 P = 0.03 
4.3 1.8 1.2 6 stepwise: 

clinical restenosis 38/29 NS 
coronary angiography (36%) 33/27 NS 

EPA, eicosapentaenoic acid (20:5n-3); DHA, docosahexaenoic acid (20:6n-3); FO, fish oil-treated group of patients; control, control group; none vessel disease; 
bmultivessel disease; ¢based on "intention to treat" principle; d%lesions/%lesions; e17% in aspirin/dipyridamole-treated patients. 

negative despite pretreatment. These results suggest 
that pretreatment neither guarantees nor is a prereq- 
uisite to the lower incidence of restenosis by fish oil. 
The doses of fish oil used in the various studies range 
from 2.8 g to 6.0 g per day (total n-3 fatty acids), but 
this also does not seem to influence the outcome. The 
most important variable in these studies is the method 
by which restenosis was assessed. Angiography seems 
to be the most appropriate approach as restenosis 
is observed angiographically in 11-33% of patients 
without symptoms or with the negative exercise tests 
[95]. Coronary angiography was conducted in almost 
all patients in four studies [87,88,91,93] and selec- 
tively in four [89,90,92,94], while in the study by Slack 
et al. [86] only exercise tests were evaluated. 

O'Connor and colleagues have recently performed 
a meta-analysis of seven [86-91,94] studies (see also 
Table 6) [96] and concluded that fish oil yields a small 
to moderate reduction in restenosis rate (6-46%). The 
large range was due to the small sample size of the 
studies (82-194 patients) and therefore only a ran- 
domized clinical trial involving over 880 patients can 
reliably answer the question whether fish oil is effec- 
tive as a non-pharmacological adjuvant in the preven- 
tion of restenosis. A lower dose should be used since 
this seems more effective and fewer side effects are 
encountered. The two studies [92,94] added in the 
present paper do not basically alter such a recommen- 
dation. Moreover, two large scale trials, EMPAR and 
FORT are currently recruiting patients [97] and we 
can hopefully draw final conclusions after the results 
of these studies have been published. 

Fish Oil and the Regression 
of A th erosclerosis 

Schwartz et al. [98] have reviewed the possible tar- 
gets for stabilization and regression of atherosclerotic 
lesions and states that regression undoubtedly is a 
resultant of the dynamic equilibrium of components of 
mechanisms involved in initiation, progression, stabi- 
lization, and size reduction (removal of plaque compo- 
nents), the latter being true regression. Fish oil, 
through its anti-thrombotic and other actions may in- 
fluence the first three processes, as described before 
(Table 1). However, the effect on genuine regression, 
involving mobilization of the extracellular lipid core, 
on the reverse cholesterol transport, removal of resid- 
ual plaque fibrin and plaque collagen has not been ex- 
tensively studied [98]. 

Pure regression of experimental atherosclerotic le- 
sions has been shown in chick [99], dog [100], swine 
[101] and non-human primates [102], leaving no doubt 
that relatively advanced lesions can reduce in size 
over time. Although human lesions may be more ma- 
ture when treatment gets started, rendering the le- 
sions more fatty, cellular and fibrous, regression of 
lesions has been shown in several studies [103-105]. 
In addition to cholesterol lowering [105], intervening 
in the cellular and molecular mechanisms of true re- 
gression may even be more effective, and possibly 
dietary fish oil can be of assistance. For instance, fish 
off might change the physical and chemical state of 
plaque lipids, as well as the fluidity of plaque cellular 
components. 
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Table 7. Animal studies on the effect offish oil on the regression of atherogenesis 

Dose of E P A  
Time (months) and/or  DHA Effect on Blood vessel Pa rame te r  of 

Author Animal model Induction Regression (mg/kg/day) I/S plasma Iipids studied atherosclerosis Effect of fish oil 

Sassen et  a1.1°6 hypercholester-  4 3 188a-210 b E P A  I TC $ ,  Tg $ Aorta  Lipids PL = ; TC = ; 
olemic s~ine  125a-140 b DHA Coronary ar te ry  LE  TG - 
+ abrasion 380a-396 b E P A  ~ (dose depen- 

209a-220 b DHA dent) 

Zhu et al. 1°7 hypercholester- 2.5 10 82a-73 b E P A  S TC = ,  Tg  = Aorta  LS 
olemic rabbit  55a-49 b DHA Pulmonary ar- LS $ 

tery  
Fincham et al. TM hypercholester-  24.5 20 30.1 E P A  I TC = ,  Tg  = Aorta  LE = 

olemic non- 9.7 DHA %lesions = 
human pri- 

mate 
Cerebral  a r te ry  LE  = 
Coronary ar te ry  LE = 

Sassen et  al. 2s swine 8 4 309a-193 b E P A  I Aorta %lesion = 
+ abrasion 220ad37 b DHA -ascend ing  Lipids P1 = ;  CE  $ ; FC 
+ bile acids (non-abraded) Lipids = ; TG = 

- abdominal LE  PL = ; CE = ; 
(abraded) PC =;  TG = 

Coronary ar te ry  = 

EPA,  eicosapentaenoic acid (20:5n-3);  DHA, docosahexaenoic acid (20:6n-3);  adose at  the beginning of the dietary period; bdose at  the end of the dietary period; I/S, isocaloric 
or supplementary administrat ion of fish oil; %lesions stands for the percentage of the surface of the vessel that  is covered with intimal lesions; LE,  luminal encroachment; PL,  

phospholipids; FC,  free cholesterol; CE,  esterified cholesterol; TC, total cholesterol; Tg, triglycerides.  

So far, only four studies [28,76,106,107] reported 
on the additive effects of fish oil on the regression of 
atherosclerosis (Table 7). In swine, atherosclerosis 
was induced by endothelial denudation and high cho- 
lesterol feeding for 4 months, after which the animals 
were put on a low-cholesterol, fish oil (two doses) con- 
taining diet for 3 months [106]. Fish oil retarded the 
progression and caused regression of coronary athero- 
sclerosis. In a second study [28] addition of 0.5% of 
bile acids to the diet and an induction period of 8 
months did not lead to a higher degree of atherosclero- 
sis in the control group (intimal proliferation of 13.4% 
versus 11% in [28]) despite higher levels of plasma 
cholesterol. However, in that study [28] the subse- 
quent post-induction period did not lead to regression 
of the severity of coronary atherosclerosis. The fact 
that the induction period was twice as long may have 
contributed to the development of lesions, which may 
have become more resistant to fish oil treatment.  In 
accordance with the previous study, fish oil prevented 
progression of established lesions. Fincham et al. [76] 
(24.5 months of induction and 20 months of post- 
induction) found that in the African green monkey fish 
oil (as compared to safflower oil) did not cause regres- 
sion of coronary atherosclerosis and, if anything, 
worsened aortic atherosclerosis as measured by an 
overall score of 16 variables such as presence of foam 
cells, endothelial loss and cholesterol clefts (see also 
Table 7). On the other hand Zhu et al. [107], demon- 
strated that fish oil significantly reduced the amount 
of sudanophilic lesions in rabbit aorta and pulmonary 
artery. We also found a decrease in sudanophilic cov- 
erage in the two post-induction groups, but there was 
no difference between the groups [28]. However, nor- 
tic atherosclerosis assessed by lipid content (free and 

esterified cholesterol and phospholipids) of the lesions, 
was significantly lowered by fish oil, emphasizing the 
importance of the definition of/and the criteria used 
for atherosclerosis to draw conclusions. 

C o n c l u s i o n s  

Most studies investigating the effects of dietary fish 
oil on the progression of atherosclerosis in hypercho- 
lesterolemic animal models are difficult to compare be- 
cause of the diversity in species, dose of fish oil used, 
duration of study, type of vessel studied, variable 
used for the assessment of severity of atherosclerosis, 
etc. However, generally, aside from these problems 
of dissimilarity of the hypercholesterolemic animal 
studies one can state that the number of positive stud- 
ies are matched by the number of negative studies 
showing no effect or an adverse effect. Since athero- 
sclerosis is a multifactorial disease and high levels of 
plasma cholesterol are surely not the only causative 
factor in atherosclerosis, the effects of fish oil must be 
evaluated in the light of the reported other beneficial 
effects offish oil (i.e., effects on platelet function, arte- 
rial blood pressure and inflammatory processes). It 
seems that in models where platelet aggregation is 
the most prominent factor in generating accelerated 
atherogenesis (the veno/synthetic graft)-arterial au- 
tografting model) fish oil is effective while in models 
where an immunological component of atherogenesis 
dominates other causes fish oil is ineffective. There- 
fore it could be of interest to evaluate the effects of 
fish oil on restenosis in patients after coronary bypass 
grafting after a period of years. In the studies on re- 
stenosis after angioplasty, undoubtedly consisting of 
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patient populations with a mixed type of atherogene- 
sis-promoting factors, firm conclusion as to the effec- 
tiveness of fish oil can not be drawn because there is 
not (yet) a unidirectional trend. We agree with others 
[96] that a large trial evaluating the effect of fish oil 
on restenosis in angioplasty patients by coronary angi- 
ography may provide an answer. We also believe that  
it is time to reach a consensus as to which animal 
models mimic most closely a particular human situa- 
lion. Only in appropriate models, investigating more 
than one atherosclerosis variable, the effects of a pu- 
tative anti-atherogenic drug/diet can be verified. 

Maybe it is also time to temper  the overrated ex- 
pectations of the therapeutic effect of n -3  fat ty acids. 
In this respect, it is of interest  to note that  also the 
capability of n -3  fat ty acid-rich diets to reduce the 
incidence of ischemic heart  disease has been ques- 
tioned. In the seventies Dyerberg  and coworkers ex- 
plained the differences in lipoprotein levels between 
the Eskimos living in the Uumannaq district on the 
Westcoast of Greenland and Danish controls by the 
high level of n-3  fat ty  acids in the natural diet of 
the Greenland Inuit population, ra ther  than by ge- 
netic differences. However,  distinct indications for 
genetic heterogeneity between Danes and Westcoast 
Greenland Eskimos have emerged [108]. Recently, a 
group of Eskimos living in the Nortalik district on the 
Southcoast of Greenland, primarily of Inuit origin 
and genetically different from the Westcoast Eski- 
mos, were not only shown strongly to resemble Cau- 
casians regarding their lipoprotein levels and plasma 
cholesterol ester  fat ty  acid composition but also re- 
garding their lifestyle (smoking, alcohol consumption 
and diet) [109]. Even those Inuit (13%) whose diet is 
still restricted to meat  of fish and marine mammals 
exhibit a 'Western '  fat ty acid profile of plasma choles- 
terolester, demonstrating the influence of genetic fac- 
tors. Although the incidence of ischemic heart  disease 
among the Eskimos is still low, the degree of athero- 
sclerosis as measured by ultrasound [110] or by X-ray 
of the abdominal aorta [111] is similar as in Danes. I t  
is thus quite feasible that  genetic factors may prove 
to be more vital than dietary regimen to explain the 
lower incidence of ischemic heart  disease in Greenland 
Eskimos. I t  has also been questioned if the abstinence 
from meat  from mammals living on land ra ther  than 
the consumption of fish and fish products can cause 
differences in the incidence in ischemic heart  disease. 
In this respect, it is noteworthy that  a vegetarian diet 
also contributes to the slowing down of lesion develop- 
ment [112]. 

The number of animal studies investigating the el- 
feels of fish oil on the regression of atherosclerosis, is 
too small to draw any conclusion, and, therefore fur- 
ther experimental work is required. Regression of hu- 
man atherosclerosis is not an utopia [105], however, 
as yet, no at tempts  have been made to study the in- 
fluence of n -3  fat ty  acids in the regression of human 
atherosclerosis. 
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