Essential fatty acids in health and chronic disease’*?

Artemis P Smopoulos

ABSTRACT Human beings evolved consuming adiet that con-
tained about equal amounts of n—3 and N—6 essential fatty acids.
Over the past 100150y there has been an enormousincrease in the
consumption of n—6 fatty acids due to the increased intake of veg-
etable oils from corn, sunflower seeds, safflower seeds, cottonseed,
and soybeans. Today, in Western diets, theratio of n—6 to n—3 fatty
acids ranges from =~20-30:1 instead of the traditional range of
1-2:1. Studies indicate that a high intake of n—6 fatty acids shifts
the physiologic state to one that is prothrombotic and proaggrega
tory, characterized by increases in blood viscosity, vasospasm, and
vasoconstriction and decreases in bleeding time. n—3 Fatty acids,
however, have antiinflammatory, antithrombotic, antiarrhythmic,
hypolipidemic, and vasodilatory properties. These beneficia effects
of n—3 fatty acids have been shown in the secondary prevention of
coronary heart disease, hypertension, type 2 diabetes, and, in some
patients with renal disease, rheumatoid arthritis, ulcerative colitis,
Crohn disease, and chronic obstructive pulmonary disease. Most of
the studies were carried out with fish oils [eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA)]. However, a-linolenic
acid , found in green leafy vegetables, flaxseed, rapeseed, and
walnuts, desaturates and elongates in the human body to EPA and
DHA and by itself may have beneficial effectsin health and in the
control of chronic diseases. Am J Clin Nutr 1999;70(suppl):
560S-9S.
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INTRODUCTION

Over the past 20 y many studies and clinical investigations
have been carried out on the metabolism of polyunsaturated fatty
acids (PUFAS) in general and on n—3 fatty acids in particular.
Today we know that n—3 fatty acids are essential for normal
growth and development and may play an important role in the
prevention and treatment of coronary artery disease, hyperten-
sion, diabetes, arthritis, other inflammatory and autoimmune dis-
orders, and cancer (1-7). Research has been done in animal
models, tissue cultures, and human beings. The original observa-
tional studies have given way to controlled clinical trials. Great
progress has taken place in our knowledge of the physiologic and
molecular mechanisms of the various fatty acids in health and
disease. Specifically, their beneficial effects have been shown in
the prevention and management of coronary heart disease (8, 9),

hypertension (10-12), type 2 diabetes (13, 14), rena disease (15,
16), rheumatoid arthritis (17), ulcerative colitis (18), Crohn dis-
ease (19), and chronic obstructive pulmonary disease (20). How-
ever, this review focuses on the evolutionary aspects of diet, the
biological effects of n—6 and n—3 fatty acids, and the effects of
dietary a-linolenic acid (ALA) compared with long-chain n—3
derivatives on coronary heart disease and diabetes.

EVOLUTIONARY ASPECTS OF DIET

On the basis of estimates from studies in Paleolithic nutrition
and modern-day hunter-gatherer populations, it appears that
human beings evolved consuming a diet that was much lower in
saturated fatty acids than is today’s diet (21). Furthermore, the
diet contained small and roughly equal amounts of n—6 and n—3
PUFAs (ratio of 1-2:1) and much lower amounts of trans fatty
acids than does today’s diet (Figure 1) (21, 22). The current
Western diet is very high in n—6 fatty acids (the ratio of n—6 to
n—3 fatty acids is 20-30:1) because of the indiscriminate rec-
ommendation to substitute n—6 fatty acids for saturated fats to
lower serum cholesterol concentrations (23). Intake of n—3 fatty
acids is much lower today because of the decrease in fish con-
sumption and the industrial production of animal feeds rich in
grains containing n—6 fatty acids, leading to production of meat
rich in n—6 and poor in n—3 fatty acids (24). The same is true
for cultured fish (25) and eggs (26). Even cultivated vegetables
contain fewer n—3 fatty acids than do plantsin the wild (27, 28).
In summary, modern agriculture, with its emphasis on produc-
tion, has decreased the n—3 fatty acid content in many foods:
green leafy vegetables, animal meats, eggs, and even fish.

BIOLOGICAL EFFECTSOF n—6 AND n—3 FATTY ACIDS

Linoleic acid (LA; 18:2n—6) and ALA (18:3n—3) and their
long-chain derivatives are important components of animal and
plant cell membranes. When humans ingest fish or fish oil, the
ingested eicosapentaenoic acid (EPA; 20:5n—3) and docosa
hexaenoic acid (DHA; 22:6n—23) partially replace the n—6 fatty
acids [especialy arachidonic acid (AA; 20:4n—6)] in cell mem-
branes, especially those of platelets, erythrocytes, neutrophils,
monocytes and liver cells (reviewed in 1). As aresult, ingestion of

LFrom The Center for Genetics, Nutrition and Health, Washington, DC.
2 Address reprint requests to AP Simopoulos, The Center for Genetics,
Nutrition and Health, Washington, DC 20009. E-mail: cgnh@bellatlantic.net.

560S AmJ Clin Nutr 1999;70(suppl):560S-9S. Printed in USA. © 1999 American Society for Clinical Nutrition

810z 1oquiaAoN 80 uo 1senb Aq | L0G L Z1/S09G/E/0/AoeAsqe-)o1ue/udle/w oo dno olwapeoe//:sdyy woly papeojumoq



ESSENTIAL FATTY ACIDS IN HEALTH AND DISEASE 561S

Society

Hunter-gatherer Agricultural Industrial
S
Z 40
=
&
£ 30
= Total fat
e | o Totalft -
% 20 /_
5 Fatty acids —
5 - trans .-
< 10 Saturated . e = n—6 /'
e I L T T e e —
¢ | =E=E==s==m=m=m=o T s
(=} — v — — — —— — -
g 0L ; ! : |
& —4x10% ~10000y 1800 1900 2000

FIGURE 1. Hypothetical scheme of the relative percentages of fat and different fatty acid families in human nutrition as extrapolated from cross-
sectional analyses of contemporary hunter-gatherer populations and from longitudinal observations and their putative changes during the preceding 100y.
trans Fatty acids, the result of the hydrogenation process, have increased dramatically in the food supply during this century (22).

EPA and DHA from fish or fish oil leads to 1) decreased produc-
tion of prostaglandin E, metabolites; 2) decreased concentrations
of thromboxane A,, a potent platelet aggregator and vasoconstric-
tor; 3) decreased formation of leukotriene B,, an inducer of inflam-
mation and a powerful inducer of leukocyte chemotaxis and adher-
ence; 4) increased concentrations of thromboxaneA ;, aweak plate-
let aggregator and vasoconstrictor; 5) increased concentrations of
prostacyclin PGI3, leading to an overal increase in total prostacy-
clin by increasing PGI3 without decreasing PGI2 (both PGI2 and
PGI 3 are active vasodilators and inhibitors of platelet aggregation);
and 6) increased concentrations of leukotriene B, a weak inducer
of inflammation and chemotactic agent (29, 30).

Because of the increased amounts of n—6 fatty acids in the
Western diet, the eicosanoid metabolic products from AA, specif-
ically prostaglandins, thromboxanes, leukotrienes, hydroxy fatty
acids, and lipoxins, are formed in larger quantities than those
formed from n—3 fatty acids, specifically EPA. The eicosanoids
from AA are biologically active in small quantities and if they are
formed in large amounts, they contribute to the formation of
thrombi and atheromas; the development of alergic and inflam-
matory disorders, particularly in susceptible people; and cell pro-
liferation. Thus, a diet rich in n—6 fatty acids shifts the physio-
logic state to one that is prothrombotic and proaggregatory, with
increases in blood viscosity, vasospasm, and vasoconstriction and
decreases in bleeding time. Bleeding time is shorter in groups of
patients with hypercholesterolemia (31), hyperlipoproteinemia
(32), myocardial infarction, other forms of atherosclerotic disease,
type 2 diabetes, obesity, and hypertriglyceridemia. Atherosclerosis
isamajor complication in type 2 diabetes patients. Bleeding time
is longer in women than in men and in younger than in older per-
sons. There are ethnic differences in bleeding time that appear to
be related to diet. As shown in Table 1, the higher the ratio of n—6
to n—3 fatty acidsin platelet phospholipids, the higher isthe death
rate from cardiovascular disease (33). As the ratio of n—6 PUFAs
to n—3 PUFASs increases, the prevalence of type 2 diabetes also
increases (13; Figure 2).

The hypolipidemic, antithrombotic, and antiinflammatory effects
of n—3 fatty acids have been studied extensively in animal models,
tissue cultures, and cells (Table 2; 34). As expected, earlier studies
focused on mechanisms that involve eicosanoid metabolites. More
recently, however, the effects of fatty acids on gene expression have
been investigated and this focus of interest has led to studies at the
molecular level (Tables 3 and 4). Previous studies have shown that
fatty acids, whether released from membrane phospholipids by cel-
lular phospholipases or made available to the cell from the diet or
other aspects of the extracellular environment, are important cell-
signaling molecules. They can act as second messengers or substi-
tute for the classic second messengers of the inositide phospholipid
and cyclic AMP signa transduction pathways (48). They can also
act as modulator molecul es mediating responses of the cell to extra
cellular signals (48). It has been shown that fatty acids rapidly and
directly alter the transcription of specific genes (49).

Effects of dietary ALA compared with long-chain n—3 fatty
acid derivatives on physiologic indexes

Several clinical and epidemiologic studies have been conducted
to determine the effects of long-chain n—3 PUFAS on various
physiologic indexes (7). Whereas the earlier studies were con-
ducted with large doses of fish or fish-oil concentrates, more

TABLE 1
Ethnic differences in fatty acid concentrations in thrombocyte
phospholipids and percentage of al deaths from cardiovascular disease*

Europe and Greenland
United States  Japan  Eskimos
%
Arachidonic acid (20:4n—6) 26 21 8.3
Eicosapentaenoic acid (20:5n—23) 0.5 16 8.0
n—6:n—3 50 12 1
Mortality from cardiovascular disease 45 12 7

1Data modified from reference 33.
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FIGURE 2. Relation between the ratio of n—6 to n—3 fatty acids in
dietary lipidsin the Indian diet and the prevalence of type 2 diabetes (13).

recent studies have used lower doses (50). ALA, the precursor of
n—3 fatty acids, can be converted to long-chain n—3 PUFAs and
can therefore be substituted for fish oils. The minimum intake of
long-chain n—3 PUFAs needed for beneficial effects depends on
the intake of other fatty acids. Dietary amounts of LA as well as
the ratio of LA to ALA appear to be important for the metabolism
of ALA to long-chain n—3 PUFASs. Indu and Ghafoorunissa (50)
showed that while keeping the amount of dietary LA constant, 3.7 g
ALA appears to have biologica effects similar to those of 0.3 g
long-chain n—3 PUFA with conversion of 11 g ALA to 1 g long-
chainn—3 PUFA. Thus, aratio of 4 (15gLA:3.7 gALA) isappro-
priate for conversion. In human studies, Emken et al (51) showed
that the conversion of deuterated ALA to longer-chain metabolites

TABLE 2

was reduced by =50% when dietary intake of LA was increased
from 4.7% to 9.3% of energy as aresult of the known competition
between n—6 and n—3 fatty acids for desaturation.

Indu and Ghafoorunissa (50) further indicated that increasing
dietary ALA increases EPA concentrations in plasma phospho-
lipids after both 3 and 6 wk of intervention. Dihomo-vy-linolenic
acid (20:3n—6) concentrations were reduced but AA concentra-
tions were not altered. The reduction in the ratio of long-chain
n—6 PUFAs to long-chain n—3 PUFAs was greater after 6 wk
than after 3 wk. Indu and Ghafoorunissa were able to show
antithrombotic effects by reducing the ratio of n—6 to n—3 fatty
acids with ALA-rich vegetable oil. After ALA supplementation
there was an increase in long-chain n—3 PUFA in plasma and
platelet phospholipids and a decrease in platelet aggregation.
ALA supplementation did not alter triacylglycerol concentra-
tions. As shown by others, only long-chain n—3 PUFASs have tri-
acylglycerol-lowering effects (52).

In Australian studies, ventricular fibrillation in rats was reduced
with canola oil as much or even more efficiently than with fish ail,
an effect attributable to ALA (53). Further studies should be able to
show whether thisresult is adirect effect of ALA per se or occurs
as aresult of its desaturation and elongation to EPA and DHA.

The diets of Western countries have contained increasingly
larger amounts of LA, which has been promoted for its choles-
terol-lowering effect. It is now recognized that dietary LA favors
oxidative modification of LDL cholesterol (54, 55), increases
platelet response to aggregation (56), and suppresses the immune
system (57). In contrast, ALA intake is associated with inhibitory
effects on the clotting activity of platelets, on their response to
thrombin (58, 59), and on the regulation of AA metabolism (60).
Inclinical studies, ALA contributed to lowering of blood pressure
(61). In a prospective study, Ascherio et a (62) showed that ALA
isinversely related to the risk of coronary heart disease in men.

ALA isnot equivalent in its biological effectsto the long-chain
n—3 fatty acids found in marine oils. EPA and DHA are more

Effects of n—3 fatty acids on factors involved in the pathophysiology of atherosclerosis and inflammation®

Factor

Effect of n—3 fatty acid

Function on factor concentrations

Arachidonic acid
Thromboxane A,
Prostacyclin

Leukotriene B,

Tissue plasminogen activator
Fibrinogen

Red blood cell deformability
Platelet activating factor
Platel et-derived growth factor
Oxygen free radicals

Lipid hydroperoxides
Interleukin 1 and tumor necrosis factor

Endothelial-derived relaxation factor
VLDL

HDL

Lipoprotein (a)

Triacylglycerols and chylomicrons

Eicosanoid precursor, aggregates platelets, and stimulates white blood cells

Platelet aggregation, vasoconstriction, increases intracellular Ca?*

Prevents platel et aggregation, vasodilator, increases cyclic AMP

Neutrophil chemoattractant increases intracellular Ca?*

Increases endogenous fibrinolysis

Blood clotting factor

Decreases tendency to thrombosis and improves oxygen delivery to tissues

Activates platelets and white blood cells

Chemoattractant and mitogen for smooth muscles and macrophages

Causes cellular damage, enhances LDL uptake via the scavenger pathway,
stimulates arachidonic acid metabolism

Stimul ates eicosanoid formation

Stimulate neutrophil oxygen free radical formation, lymphocyte proliferation,

and platelet activating factor; expresses intercellular adhesion molecule 1 on
endothelia cells; and inhibits plasminogen activator and thus is procoagul ant

Reduces arterial vasoconstrictor response
Related to LDL and HDL concentrations
Decreases the risk of coronary heart disease
Atherogenic and thrombogenic

Contribute to postprandial lipemia

R e e i e R

— = o = >

1Data from Weber and Leaf (34). 1, increases; |, decreases.
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TABLE 3

Effects of polyunsaturated fatty acids on several genes encoding enzyme proteins involved in lipogenesis, glycolysis, and glucose transport®

Linoleic a-Linolenic
Function, gene, and reference acid acid

Arachidonic Eicosapentaenoic Docosahexaenoic
acid acid acid

Hepatic cells
Lipogenesis
FAS (35-38)
S14 (35-38)
SCD1 (39)
SCD2 (40)
ACC (38)
ME (38)
Glycolysis
G6PD (41)
GK (41) 1 !
PK (42) — !
Mature adiposites
Glucose transport
GLUT4 (43) — —
GLUT1 (43) — —

- e e e e
— e e o e

— e o o e
- e = = = e
— e e e

i | —
1 1 —

1FAS, fatty acid synthase; SCD, steroyl-CoA desaturase; ACC, acetyl CoA carboxylase; ME, malic enzyme; G6PD, glucose-6-phosphate dehydroge-
nase; GK, glucokinase; PK, pyruvate kinase; GLUT, glucose transporter; |, suppresses or decreases; 1, induces or increases.

rapidly incorporated into plasma and membrane lipids and pro-
duce more rapid effects than does ALA. Relatively large reserves
of LA in body fat, as are found in vegans or in the diet of omni-
vores in Western societies, would tend to slow down the forma-
tion of long-chain n—3 fatty acids from ALA. Therefore, the role
of ALA in human nutrition becomes important in terms of long-
term dietary intake. One advantage of the consumption of ALA
over n—3 fatty acids from fish is that the problem of insufficient
vitamin E intake does not exist with high intake of ALA from
plant sources.

Coronary heart disease

Most epidemiologic studies and clinical trials using n—3 fatty
acids in the form of fish or fish oil have been carried out in
patients with coronary heart disease. However, studies have also
been carried out on the effects of ALA in normal subjects and in
patients with myocardial infarction (9). The effects of long-chain
n—3 fatty acids (EPA and DHA) on factors involved in the
pathophysiology of atherosclerosis and inflammation are shown
in Table 2 (34).

The hypolipidemic effects of n—3 fatty acids are similar to
those of n—6 fatty acids, provided that they replace saturated fats
in the diet. n—3 Fatty acids have the added benefit of consis-
tently lowering serum triacylglycerol concentrations, whereas
the n—6 fatty acids do not and may even increase them (63).

Another important consideration is the finding that during
chronic fish-oil feeding postprandial triacylglycerol concen-
trations decrease. Furthermore, Nestel (64) reported that con-
sumption of high amounts of fish oil blunted the expected rise
in plasma cholesterol concentrations in humans. These findings
are consistent with the low rate of coronary artery disease
found in fish-eating populations (65). Studies in humans have
shown that fish oils reduce the rate of hepatic secretion of
VLDL triacylglycerol (66-69). In normolipidemic subjects,
n—3 fatty acids prevent and rapidly reverse carbohydrate-
induced hypertriglyceridemia (67). There is also evidence from
kinetic studies that fish oil increases the fractional catabolic
rate of VLDL (66, 68, 69).

The effects of different doses of fish oil on thrombosis and
bleeding time were investigated by Saynor et a (70). A dose of
1.8 g EPA/d did not result in any prolongation in bleeding time,
but 4 g/d increased bleeding time and decreased platelet count
with no adverse effects. In human studies, there has never been
a case of clinical bleeding, even in patients undergoing angio-
plasty, while the patients were taking fish oil supplements (71).

Coronary artery bypass grafting

Coronary artery bypass grafting is an important treatment alter-
native in the management of coronary artery disease. The Shunt
Occlusion Trial (SOT) was a randomized, controlled study that
assessed the effect of dietary supplementation with fish ail rich in
n—3 fatty acids on 1-y graft occlusion rates in patients undergoing
coronary artery bypass grafting (72). A total of 610 patients were
randomly assigned to receive 4 g fish-oil concentrate/d or to acon-
trol group. Patients continued their antithrombotic treatment. The
primary endpoint was 1-y graft patency assessed by angiography
in 95% of patients. The n—3 fatty acid supplementation signifi-
cantly reduced the incidence of vein-graft occlusion. An inverse
relation between relative change in serum phospholipid n—3 fatty
acids and vein-graft occlusions was observed (72). This beneficial
effect on vein-graft patency may be due to antithrombotic as well
as antiatherosclerotic properties of n—3 fatty acids. It is unlikely
that the effect is directly linked to serum lipoproteins, because
serum cholesterol concentrations were not atered by fish-ail
supplementation and there was no association between the
reduction in serum triacylglycerol and vein-graft patency. Their
effects may most likely be due to the influence of n—3 fatty
acids on cellular processes locally in the vessel wall.

The effect of n—3 supplementation on the incidence of
restenosis after coronary angioplasty has been addressed in sev-
eral clinical studies and the results so far are equivocal (73, 74).
However, the pathophysiology of coronary restenosisis different
from that of vein-graft occlusion, and the 2 conditions are not
analogous. The results of the SOT suggest that patients undergo-
ing coronary bypass surgery should be encouraged to consume
high amounts of n—3 fatty acids (72).

563S
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Relations of dietary intake and cell membrane concentrations
of long-chain n23 PUFAs with risk of primary cardiac arrest

In a population-based controlled study, Siscovick et a (75)
assessed the effect of dietary intake of EPA and DHA from
seafood on primary cardiac arrest risk. All case and control sub-
jects were free of prior clinical heart disease and major comorbid-
ity and did not use fish-oil supplements. Information on the dietary
intake of n—3 PUFAs from seafood during the prior month was
obtained from the spouses of the subjects. Blood specimens were
analyzed to determine the fatty acid composition of red blood cell
membranes. The data showed that dietary intake of n—3 PUFAs
from seafood was associated with reduced risk of primary cardiac
arrest compared with no fish intake; 5.5 g n—3 fatty acids/mo or
the equivalent of 1 fatty fish meal/wk was associated with a 50%
reduction in the risk of primary cardiac arrest. A 5.0% increase in
n—3 PUFAs in red blood cell membrane phospholipids was asso-
ciated with a 70% reduction in the risk of primary cardiac arrest.

Serum fatty acids and coronary heart disease risk

Simon et a (76) examined the relation between serum fatty
acids and coronary heart disease by conducting a nested case-
control study in 94 men with incident coronary heart disease and
94 healthy control men who were enrolled in the usual-care group
of the Multiple Risk Factor Intervention Trial between December
1973 and February 1976. The results are consistent with other
evidence indicating that saturated fatty acids are directly corre-
lated, and n—3 PUFAs are inversely correlated, with coronary
heart disease. Because these associations were present after
adjustment for blood lipid concentrations, other mechanisms,
such as a direct effect on blood clotting, may be involved.

Effects of dietary fish oil on ventricular premature complexes

In a prospective, double-blind, placebo-controlled study, Sell-
mayer et a (77) tested the potential antiarrhythmic effects of
dietary supplementation with fish oil rich in DHA and EPA in
patients with spontaneous ventricular premature complexes
(VPCs). The patients were eligible if they had a minimum of
2000 VPCs/24 h as measured by 24-h Holter monitoring. The
patients had moderate-to-low-grade ventricular arrhythmias in
the absence of severe myocardial pump failure and were ran-
domly assigned to receive either fish oil (cod liver oil) or placebo

TABLE 4

sunflower oil. Vitamin E (10 wg a-tocopherol/L) was added as
antioxidant in both oils.

A daily dose of 0.9 g EPA, 1.5 g DHA, or 5 g LA was taken
for 16 wk, by which time tissue concentrations of n—3 fatty
acids would have reached steady state. Compliance was checked
by a phone call after 1 wk, a visit after 8 wk, and serum phos-
pholipid fatty acid analysis after 16 wk. Serum concentrations of
EPA and DHA increased significantly (>2-fold and 1.7-fold,
respectively; P < 0.001), whereas concentrations of AA and LA
decreased slightly. No changes in the fatty acid composition of
the placebo groups were noted. VPCs were reduced by >70% in
44% of patients (n = 15) after fish oil compared with 15% of
patients (n = 5) in the placebo group. The results showed that
moderate intake of fish oil has antiarrhythmic effects that lead to
areduction of VPCsin nearly half of patients with frequent ven-
tricular arrhythmia. In a similar study by Danish investigators,
patients who received fish oil had a nonsignificant reduction in
VPCs and those who received corn oil had no reduction (78).

Antiarrhythmic effects of n—3 fatty acids

The antiarrhythmic effects of n—3 fatty acids are supported by
2 clinical intervention trials. The results of the Diet and Rein-
farction Trial (DART) strongly support the role of fish or fish oil
in decreasing total mortality and sudden death in patients with 1
episode of myocardial infarction (8). The estimated dose of EPA
was =0.3 g/d in the fish-advice group and 0.1 g/d in the control
group (8). In the study by de Lorgeril et a (9), the estimated
intake of ALA was 2 g/d in the intervention group and 0.6 g/d in
the control group. Experimental studies suggest that intake of
3-4 g ALA/d is equivalent to 0.3 g EPA/d with respect to its
effect on the EPA content of plasma phospholipids (50).

The studies of McLennan (53), Charnock (79) and McLennan
et al (80) showed that n—3 fatty acids, more so than n—6 PUFAS,
can prevent ischemia-induced fatal ventricular arrhythmias in
experimental animals. Kang and Leaf (81, 82) showed that n—3
fatty acids make the heart cells less excitable by modulating the
conductance of the sodium and other ion channels. The clinical
studies of Burr et a (8) and de Lorgeril et a (9, 83) further sup-
port the role of n—3 fatty acids in the prevention of sudden death
due to ventricular arrhythmias which, in the United States,
account for 50-60% of the mortality from acute myocardial

Effects of polyunsaturated fatty acids on severa genes encoding enzyme proteins involved in cell growth, early gene expression, adhesion molecules,

inflammation, B-oxidation, and growth factors®

Function, gene, and reference Linoleic acid

a-Linolenic acid

Arachidonic acid Eicosapentaenoic acid Docosahexaenoic acid

Cell growth and early gene expression

c-fos (44) — —

Egr-1 (44) _ _
Adhesion molecules

VCAM-1 mRNA (45)? — —
Inflammation

IL-13 (46) — —
B-oxidation

Acyl-CoA oxidase (38)* 1 1
Growth factors

PDGF (47) — —

1 i |

1 " 1

1 i |

1VCAM, vascular cell adhesion molecule; IL, interleukin; PDGF, platelet-derived growth factor; |, suppresses or decreases; t, induces or increases.
2Monounsaturated fatty acids (MUFAS) also suppressVCAM1 mRNA, but to a lesser degree than does docosahexaenoic acid (DHA).
3 Eicosapentaenoic acid has no effect by itself but enhances the effect of DHA.

4“MUFAs aso induce acyl-CoA oxidase mRNA.
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infarction and causes 250000 deaths/y. The intervention studies
of Sellmayer et a (77) and Christensen et a (78), showing a
decrease in the rate of VCPs and the case control study by Sis-
covick et al (75) reporting an inverse relation between fish con-
sumption and sudden death, provide further evidence for the
antiarrhythmic effects of fish-oil ingestion.

The studies by Burr et a (8) and de Lorgeril et a (9, 83)
clearly showed that in the secondary prevention of coronary heart
disease, increasing n—3 fatty acids from fish or fish-oil supple-
ments (8) and by increasing ALA in the diet (9, 83) reduced the
incidence of sudden death significantly [by 29% (8), by 70% after
2y (9), and by 37% at 5-y follow up (83)]. Intake of EPA in the
Burr study was =0.3 and 0.1 g/d in the experimental and control
groups, respectively. ALA intake in the study of de Lorgeril et a
was =~2.0 and 0.6 g/d in the intervention and control group,
respectively. Thus, the dietary intervention in the Burr study was
not very different from the intervention in the de Lorgeril study.
In both studies there was no change in lipid concentration, sug-
gesting that the beneficial effects of n—3 fatty acids were due to
their antithrombotic and antiarrhythmic effects.

A study comparing the fatty acid composition of serum cho-
lesterol esters in subjects in Crete, Greece, and Zutphen,
Netherlands, reported that the Cretans had higher concentra-
tions of 18:1n—9, much lower concentrations of LA and unex-
pectedly high concentrations of ALA (84). ALA in the Cretan
diet comes from purslane, walnuts, and other wild green leafy
plants. Similarly, the population of Kohama Island, Japan,
which has the longest life expectancy in the world and the |ow-
est coronary heart disease mortality rate, has high concentra-
tions of plasma ALA (85). In Japan, the dietary sources of
ALA are mainly canola (35% of all oils consumed) and soy-
bean oils. Thus, the 2 populations documented to have the
greatest life expectancies in the world (Japanese and Cretans)
both appear to have high intakes of ALA. The dietary ratio of
LA to ALA in the de Lorgeril trial was 4:1. This ratio permits
the desaturation and elongation from ALA to 20:5n—-3, as
shown by Indu and Ghafoorunissa (50).

Diabetes

Type 2 diabetes is a multigenic, multifactorial disorder. Sev-
eral environmental factors contribute to insulin resistance (Table 5;
86-88). The importance of genetic predisposition and its inter-
action with diet and exercise in the development of type 2 dia-
betes has been known since the time of Hippocrates, but progress
in the genetics of type 2 diabetes has been slow until recently
(89). The observation that fatty acids can regulate gene expres-
sion in adipose cells introduces a link between the composition
of diets and the hyperplastic and hypertrophic responses of white
adipose tissue. The characterization of fatty acid-responsive
genes may also produce some clues about the development of an
insulin-resistant state and cell hypertrophy (90). Type 2 diabetes
is characterized by hyperglycemia in the presence of insulin
resistance, hypertriglyceridemia, and the development of vascu-
lar complications. Men and women with type 2 diabetes have
3-fold and 5-fold higher cardiovascular mortality, respectively,
than the non-diabetic population, and this higher risk is also car-
ried by nondiabetic first-degree relatives of type 2 diabetes sub-
jects. Clustering of atherogenic (eg, dyslipidemia, hypertension)
and thrombotic (eg, plasminogen activator inhibitor 1, factor VII,
and fibrinogen) risk factors in association with insulin resistance
may explain the higher risk. EPA and DHA decrease plasmino-

TABLE 5
Effects of environmental factors on insulin action®

Increases in body weight reduce insulin action (although in some patients,
insulin resistance precedes the obese state).

Physical activity reduces insulin resistance.

Weight loss reduces insulin resistance.

Alcohol reduces insulin resistance.

Saturated fat intake increases insulin resistance in animals.

Linoleic acid (18:2n—6) in muscle phospholipids is positively correlated
with hyperinsulinemia.

Long-chain polyunsaturated fatty acids (carbon chain length 20-22) in
muscle phospholipids are inversely related to hyperinsulinemia and
positively related to insulin sengitivity.

1Modified from reference 86.

gen activator inhibitor 1, factor V11, and serum fibrinogen con-
centrations (reviewed in 91).

Clustering of hypertension, lipid abnormalities, obesity, and
diabetes in one patient may be the result of a shared genetic
background for these disorders (92, 93). Apo E 4,3 and apo E
4,4 phenotypes in patients with central obesity were shown to
be associated with high insulin concentrations and abnormal
insulin-to-glucose ratios (94). Therefore, in selecting patients
for clinical intervention, apo E polymorphism needs to be taken
into consideration because women with the apo E 3,2 pheno-
type are less susceptible, and those with apo E 4,3 and apo E
4,4 phenotypes are more susceptible to hyperinsulinemia and
related abnormalities characteristic of insulin resistance, includ-
ing hypertension (94).

In 1993, Borkman et al (95) showed that hyperinsulinemia
and insulin resistance are inversely associated with the amount
of 20- and 22-carbon fatty acids in muscle cell membrane phos-
pholipids in patients with coronary heart disease and in normal
volunteers. Such decreases in 20- and 22-carbon fatty acid con-
centrations could occur as aresult of 1) low dietary intake of 20-
and 22-carbon fatty acids (current Western diets are character-
ized by low amounts of EPA and DHA relative to LA and AA);
2) high dietary intake of trans fatty acids, which interfere with
the desaturation and elongation of LA and ALA and thus lower
AA, EPA, and DHA concentrations; 3) genetic defects of A6 and
A5 desaturase; 4) genetic defects that interfere with the transport
or binding of 20- and 22-carbon fatty acids, such asin intestinal
fatty acid—binding protein; 5) high dietary intake of LA, which
leads to decreased production of AA and interferes with the
desaturation and elongation of ALA to EPA and DHA; or 6)
increased catabolism of AA, which reduces the number of avail-
able 20- and 22-carbon atoms (Figure 3; 86, 87, 96).

An increase in 20- and 22-carbon PUFAS, ie, AA, EPA, and
DHA, leads to increases in membrane fluidity, the number of
insulin receptors, and insulin action. In humans, the ratio of n—6
to saturated fatty acids in serum phospholipids correlates with
insulin sensitivity. trans Fatty acids are incorporated into cell
membrane phospholipids, resulting in decreased fluidity of
membranes and binding of insulin to its receptor, leading to
impaired insulin action, insulin resistance, and hyperinsuline-
mia. In animal experiments, isomeric trans fatty acids increased
LA and lowered AA concentrations in tissue phospholipids, indi-
cating inhibition of A6 desaturase.

About 23 studies have been conducted on the effects of n—3
fatty acids in patients with type 2 diabetes (97). In most studies,
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FIGURE 3. Hypothetical scheme of the effects of dietary 20- and 22-carbon polyunsaturated fatty acids (PUFAS) on the composition of the 20- and
22-carbon PUFASs in skeletal-muscle membrane phospholipids, and their relations with insulin resistance, hyperinsulinemia, and chronic disease (96).

fish-oil consumption lowered serum triacylglycerol concentrations
significantly, but in some studies plasma glucose concentrations
rose. In many of these studies, however, the number of subjects
was small and the dose of n—3 fatty acids was >3 g/d and con-
trols were lacking. Intake of 3 g n—3 fatty acids/d decreased tri-
acylglycerol concentrations significantly. At intakes of 3 g n—3
fatty acids/d, only one study showed an increase in blood glucose
concentrations.

In a randomized, double-blind, placebo-controlled, crossover
trial, patients with type 2 diabetes consumed 6 g n—3 fatty acids
(EPA and DHA)/d for 6 mo in addition to their usual oral ther-
apy (14). Fasting serum glucose concentrations increased by
11% during the n—3 fatty acid phase and by 8% during the
placebo phase (olive ail), showing a nonsignificant net increase
of 3%. Similarly, there was no significant change in glycated
hemoglobin concentrations. However, fasting triacylglycerol
concentrations decreased by 43%, which is a highly significant
change. This study is the largest and longest reported placebo-
controlled trial of the effect of n—3 fatty acids on type 2 dia-
betes. It showed convincingly that n—3 fatty acid intake, along
with oral therapy for diabetes, can lower triacylglycerol concen-
trations with no adverse effects on glycemic control.

Fanaian et a (98) carried out a randomized, controlled study
comparing the effectiveness of a low-fat, high-carbohydrate diet
(High-CHO) and a high monounsaturated fat diet (High-MUFA)
using canola oil [which ishighin oleic acid (18:0) and has a LA-
to-ALA ratio of 2:1] on insulin resistance, serum lipids, and other
variables in 48 male and female patients with type 2 diabetes
(average age: 44.2 + 0.9 y). There were significant reductions in
systolic and diastolic blood pressure and fasting plasma glucose
and triacylglycerol concentrations, and significant increases in
HDL cholesterol and insulin sensitivity in the High-MUFA
group compared with the High-CHO group. The investigators
concluded that after 1y, the monounsaturated fat—enriched pro-
gram was associated with a better metabolic profile in type 2 dia-
betes patients and that a diet high in monounsaturated fat is more
likely to be followed than is a low-fat, high-carbohydrate diet.
These results are of special importance to vegetarians.

CONCLUSIONSAND RECOMMENDATIONS

Essential fatty acids, both n—6 (LA) and n—3 (ALA), have
been part of our diet since the beginning of human life. Before
the agricultural revolution 10000 y ago humans consumed about
equal amounts of both. Over the past 150 y this balance has been
upset. Current estimates in Western cultures suggest a ratio of
n—6 to n—3 fatty acids of 10-20:1 instead of 1-4:1.

n—6 And n—3 fatty acids are the parent fatty acids for the pro-
duction of eicosanoids, eg, prostaglandins, thromboxanes, and
leukotrienes. Eicosanoids derived from n—6 fatty acids have
opposing metabolic properties to those derived from n—3 fatty
acids. A balanced intake of both n—6 and n—3 fatty acidsis essen-
tial for hedth. There is competition among the enzymes involved
in the elongation and desaturation of LA and ALA. A ratio of LA
to ALA of 4:1 or less has been shown to be optimal for the elonga-
tion of 11 g of ALA to 1 g EPA. Thisisimportant for vegetarians
because their diets are typically rich in LA and poor in ALA.
Because EPA is hiologicaly more active than ALA and high
amounts of LA decrease the conversion of ALA to EPA, the opti-
mal intake of LA relativeto ALA iscrucia for normal metabolism.

Clinical interventions provide further support for the benefi-
cial effects of n—3 fatty acids in the prevention and management
of cardiovascular disease, hyperinsulinemia, and possibly type 2
diabetes. n—3 Fatty acids affect coronary heart disease benefi-
cially not by changing serum lipid concentrations, although
EPA and DHA do lower triacylglycerol concentrations, but by
reducing blood clotting in vessel walls (72, 76) and ventricular
arrhythmias (8, 9, 75, 77). Of further interest is the fact that in
the secondary prevention of coronary heart disease, the effects of
n—3 fatty acids appear to occur within the first 4 mo of inter-
vention (9). It is clear that large, randomized, double-blind, con-
trolled clinical trials to confirm the roles of n—3 fatty acids in
the prevention of sudden death and in total mortality are needed.
Double-blind, controlled, clinical trials are the gold standard
with which to show cause-and-effect relations. In the planning
of such trials, it is essential that the patients are stratified by
genetic susceptibility, disease entity, severity of disease, and by
sex and age. The composition of the diet must remain constant
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throughout the intervention period and the ratios of saturated to
unsaturated fat and n—6 to n—3 PUFAs must be taken into con-
sideration. Many of the studies reported thus far did not control
for many of the above factors. Common protocols need to be
established but also modified according to prevailing genetic,
dietary, and other environmental factors.

EPA and DHA lower cardiovascular risk factors in patients
with type 2 diabetes without adversely affecting glycemic con-
trol. There is a need for clinical trials in which cardiovascular
disease endpoints are determined and risk factors, such as
changes in lipid concentrations and abnormalities in carbohy-
drate metabolism, are measured. Because diabetes is a multi-
genic disease, stratification of patients and controls by genetic
markers such as apo E or intestinal fatty acid—binding protein is
necessary. In developing protocols, it should be considered
essential to use aratio of n—6to n—3 PUFAs of =1-2:1, to keep
saturated fat intake low, and to limit trans fatty acid intake to
<2% of total energy intake.
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