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Summary 

 

This chapter is concerned about the importance of essential fatty acids, omega-3, 

omega-6, and omega-9. The balance of dietary intake of omega-3 and omega-6 

polyunsaturated fatty acids (PUFAs) is the most important determinant of cell 

membrane composition under normal conditions. Their balance in human diet ensures 

homeostasis which is required for normal development of the body for healthy life. It 

traces the way in which the relative proportions of these acids has changed since 

prehistoric times in human diet starting from the hunter-gatherer era through 

agricultural age to the present industrial age. This chapter discusses biosynthesis of 
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Omega-6 and Omega-3 Fatty Acids and Genetic variants at Fatty Acid Desaturases 

(FADS) 1 and FADS2, eicosanoid metabolism, specialized pro-resolving mediators 

(SPMs), biological effects, and metabolic functions of omega-6 and omega-3 fatty 

acids. It then looks at inflammation and susceptibility to Covid-19 in the light of genetic 

variation in these. It also presents some aspects of clinical studies of intervention for 

omega-3/omega-6 essential fatty acid (EFA) balance showing evidence from gene 

transfer studies. Effects of EFA on obesity, brain function, nutrition of infants of 

mothers are also discussed. Mediterranean food is discussed for its mono-unsaturated 

fatty acids (MUFA). A section on olive oil as part of a Mediterranean diet is included 

with emphasis in terms of its fatty acid composition and polyphenol content 

contributing to decreasing inflammation and the risk for cardiovascular disease. Olive 

oil does not compete with the incorporation of omega-3 fatty acids into the cell 

membrane phospholipids, whereas omega-6 fatty acids do. For that reason the 

Mediterranean diet with a balanced omega-6/omega-3 ratio is the healthiest diet. 

General recommendations of a meeting on the subject are referred to a report listed in 

the bibliography.  

  

1. Introduction 

 

Studies on the evolutionary aspects of diet indicate that human beings evolved on a diet 

that was balanced in the omega-6 and omega-3 essential fatty acids (EFAs), whereas 

current (Western) diets are high in omega-6 fatty acids and deficient in omega-3s. This 

imbalance leads to a pro-inflammatory state, which is at the base of practically all 

chronic diseases. The omega-6 and omega-3 EFA are metabolically and functionally 

distinct, are not inter-convertible, are important components of practically all cell 

membranes, and have opposing properties. The balance of dietary intake of omega-3 

and omega-6 polyunsaturated fatty acids (PUFAs) is the most important determinant of 

cell membrane composition under normal conditions. Their balance is important for 

homeostasis and normal development throughout life. Eicosapentaenoic acid (EPA) and 

docosahexaenoic acid (DHA) are important in neurogenesis and decrease the risk for 

neurogenerative diseases. It is therefore important to consider omega-3 PUFAs not in 

isolation but in association with omega-6 PUFA levels. Oleic acid supports the 

incorporation of omega-3’s into the cell membranes, whereas linoleic acid (LA) 

competes and prevents their incorporation. Research advances using lipidomics indicate 

that specialized pro-resolving lipid mediators (SPMs) from EPA or DHA control the 

inflammation that is produced by the high intake of LA, and ARA, and lead to 

resolution of inflammation, thus lowering the risk of obesity, coronary heart disease 

(CHD), diabetes, rheumatoid arthritis, depression and some forms of cancer. Because 

omega-3s are essential for growth and development throughout the life cycle, they 

should be included in the diets of all humans during pre-pregnancy, gestation, and 

throughout lactation. DHA is essential for the normal functional development of the 

retina and brain, particularly for premature infants. By selecting cooking oils low in 

omega-6 fatty acids, but high in monounsaturated fatty acids (like a Mediterranean diet) 

eating fish or taking supplements ALA, EPA + DHA, the omega-6/omega-3 fatty acid 

ratio can be reduced between 1/1 to 4/1 which is consistent with good health.  

 

The 1985 Conference on The Health Effects of Polyunsaturated Fatty Acids in Seafoods 

defined the importance of a balanced ω−6 and ω−3 essential fatty acids (EFAs) ratio in 
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growth and development and in the prevention and management of chronic diseases. 

The 1980’s were a period of expansion in our knowledge about polyunsaturated fatty 

acids (PUFAs) in general and especially the role of ω−6 and ω−3 EFAs in human 

metabolism. Today we know that their balance is important in health and disease, and 

plays an important role in the prevention and treatment of coronary artery disease 

(CAD), hypertension, arthritis, autoimmune disorders, cancer and other inflammatory 

diseases, including depression. Research has been carried out in animal models, tissue 

cultures and humans, including controlled clinical trials. This chapter will focus on the 

latest research advances in the field, including genetic variants of omega-6 and omega-3 

PUFA in the desaturation and elongation of their metabolic pathways, which influence 

fatty acid levels in the tissues, and their function in health and disease.  

 

A special section on ω−9 oleic acid, a non-essential fatty acid, and the predominant fatty 

acid in the Mediterranean diet and its relationship to ω−6 and ω−3 fatty acids is 

included. The importance of a balanced omega-6/omega-3 ratio, and omega-9 fatty 

acids in our diet and how to obtain them through diet and/or supplementation will be a 

major part of the chapter.  
 

 
 

Figure 1. Schematic and structural formulas for ω−3 (a-linolenic), ω−6 (linoleic), and 

ω−9 (oleic) fatty acids 
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Polyunsaturated fatty acids have two or more double bonds. There are two classes of 

PUFAs, omega-3 (18:3-ω3) and omega-6 fatty acids (18:2-ω6). The distinction between 

ω−6 and ω−3 fatty acids is based on the location of the first double bond, counting from 

the methyl end of the fatty acid molecule. Unsaturated fatty acids consist of mono-

unsaturates like oleic acid 18:1-ω9 the predominant fatty acid in olive oil, has one 

double bond (Figure 1). 

 

Omega-3 and omega-6 fatty acids are essential fatty acids, because humans cannot 

make them and must obtain them from their diet. Omega-3 fatty acids are represented 

by alpha-linolenic acid (ALA) 18:3ω−3 and omega-6 fatty acids by linoleic acid (LA) 

18:3ω−6, which are the parent fatty acids of the two series. Monounsaturated fatty acids 

are represented by oleic acid 18:1-ω9, which can be synthesized by all mammals 

including humans.  

 

2. Evolutionary Aspects of Diet: Sources and the Omega-6/Omega-3 Balance 

 

The foods that were commonly available to pre-agricultural humans, lean meat, fish, 

green leafy vegetables, fruits, nuts, berries and honey, were the foods that shaped 

modern humans’ genetic nutritional requirements. A number of anthropological, 

nutritional and genetic studies indicate that humans’ overall diet, including energy 

intake and energy expenditure, has changed over the past 10,000 years, with major 

changes occurring during the past 130 years in the type and amount of fat and in 

Vitamins C and E intake (Table 1) (Figure 2). 
 

Plant Sources   

LA  4.28 

ALA  11.40 

Animal Sources   

LA 4.56 

ALA 1.21 

Total  

LA 8.84 

ALA 12.60  

Animal Sources   

AA (6)  1.81 

EPA (3)  0.39 

DTA (6)  0.12 

DPA (3)  0.42 

DHA (3)  0.27 

 

Ratios of 6/3   

LA/ALA  0.70 

ARA+DTA/EPA+DPA+DHA  1.79 

Total 6/3  0.79
b
 

 

LA, linoleic acid; ALA, linolenic acid; ARA, arachidonic acid; EPA, eicosapentaenoic acid; DTA, 

docosatetranoic acid; DPA, docosapentaenoic acid; DHA, docosahexaenoic acid. 
 

Table 1. Estimated omega-3 and omega-6 fatty acid intake in the late Paleolithic period 

(g/d) 



MEDICINAL AND AROMATIC PLANTS OF THE WORLD - Omega-3, Omega-6, Omega-9 Fatty Acids: Sources, Metabolism 
and Supplements - Artemis P. Simopoulos, MD 

©Encyclopedia of Life Support Systems (EOLSS) 

 
 

Figure 2. Evolutionary Aspects of Diet 

 

2.1. Large Scale Production of Vegetable Oils High In Omega-6 Fatty Acids 

 

The increased consumption of omega-6 fatty acids in the last 130 years is due to the 

development of technology at the turn of the19th century that marked the beginning of 

the modern vegetable oil industry, and to modern agriculture with the emphasis on grain 

feeds for domestic livestock (grains are rich in omega-6 fatty acids). The invention of 

the continuous screw press, named Expeller R by V.D. Anderson, and the steam-

vacuum deodorization process by D. Wesson made possible the industrial production of 

cottonseed oil and other vegetable oils for cooking. Solvent extraction of oil seeds came 

into increased use after First World War, and the large-scale production of vegetable 

oils became more efficient and more economical. Subsequently, hydrogenation was 

applied to oils to solidify them. The partial selective hydrogenation of soybean oil 

reduced the ALA content of the oil, while leaving a high concentration of LA. ALA 

content was reduced Because ALA in soybean oil caused many organoleptic problems. 

It is now well known that the hydrogenation process, and particularly the formation of 

trans fatty acids has led to increases in serum cholesterol concentrations, whereas LA, in 

its regular state in oil, is associated with a reduced serum cholesterol concentration. The 

availability of methods for the production of vegetable oils high in omega-6 fatty acids, 

and their use in lowering serum cholesterol concentrations, despite the fact that omega-6 

fatty acids did not lower mortality from CAD, led to an increase in both the fat content 

of the diet, and the greater increase in vegetable oils rich in omega-6 fatty acids.  

 

2. 2. Agribusiness and Modern Agriculture Decreased the Omega-3 Fatty Acid 

Content of Foods, while Increased the Omega-6 Fatty Acid Content 

 

Modern agriculture with its emphasis on production has decreased the omega-3 fatty 

acid content in many foods. Wild animals and birds who feed on wild plants are very 

lean with a carcass fat content of only 3.9% and contain about five times more PUFAs 
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per gram than is found in domestic livestock. Four percent (4%) of the fat of wild 

animals is EPA. Domestic beef contains very small amounts of ALA in their meat 

because cattle are fed grains rich in omega-6 fatty acids and poor in omega-3s (ALA). 

In addition to the changes in the fatty acid composition of animal meats, cultivated 

green leafy vegetables, eggs from domesticated chickens and even fish from aquaculture 

contain less omega-3 fatty acids than those in the wild. Table 2 shows the composition 

of oils and foods and the omega-6/omega-3 ratio (Table 2).  

 

Dietary fat Saturated 

fat 

Monosaturated 

fat 

LA ALA LA/ 

ALA 

Cholesterol 

Flaxseed oil 10 20 16 53 0.3 0 

Canola oil 6 62 22 10 2.2 0 

Walnut oil 12 18 58 12 4.8 0 

Safflower oil 10 13 77 Trace 77 0 

Sunflower oil 11 20 69 _- 69 0 

Corn oil 13 25 61 1 61 0 

Olive oil 14 77 8 1 8.0 0 

Soybean oil 15 24 54 7 7.7 0 

Margarine 17 49 32 2 16 0 

Peanut oil 18 49 33 - 33 0 

Palm oil 51 39 9 0.3 30 0 

Coconut oil 92 7 2 0 2.0 11 

Chicken fat 31 47 21 1 21 12 

Lard 41 47 11 1 11 14 

Beef fat 52 44 3 1 3.0 33 

Butterfat 66 30 2 2 1.0  

Grass-fed Beef     1.54  

Grain-fed Beef     5.01  

Chicken Breast, 

Skinless 

    16.25  

Chicken Thigh     17.64  

Pork Chop     27.45  

Salmon, Farm Raised     0.80  

Ultra-processed Foods     11:1  

Minimally processed 

Foods 

    5:1  

USDA Egg     19.4*  

Greek Egg     1.3*  

 

*USDA Egg 19.4 is the total omega-6/omega-3 ratio (LA + ARA/ALA, EPA + DHA).  

*Greek Egg is 1.3, is the total omega-6/omega-3 ratio (LA + ARA/ALA, EPA + DHA).  

 

Table 2. Composition of Selected Dietary Oils and Foods 
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An absolute and relative change of omega-6/omega-3 fatty acids in the food supply of 

Western societies, and now worldwide, have occurred over the last 100 years (Figure 3).  

 

 
 

Availability of essential fatty acids from 1909 to 1999. 1909 data are indicated by solid arrows for LA 

(2.23% of energy), ALA (0.35% of energy), arachidonic acid (AA) (0.67% of energy), docosahexaenoic 

acid (DHA) (0.033% of energy), eicosapentaenoic acid (EPA) (0.028% of energy), and docosapentaenoic 

acid (DPAn23) (0.018% of energy). 

 

Figure 3. Essential fatty acids intake in the 20
th

 Century 

 

A balance existed between omega-6 and omega-3 fatty acids for millions of years, 

during the long evolutionary history of the genus Homo, and genetic changes occurred 

partly in response to these dietary influences. During evolution, omega-3 fatty acids 

were found in all foods consumed, meat, wild plants, eggs, fish, nuts and berries. In the 

traditional diet of Crete, omega-3 fatty acids were found in every meal the people of 

Crete ate. Today ultra-processed foods account for 54% of all foods eaten. The Hall 
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study showed that the omega-6/omega-3 ratio is 11/1 in the ultra-processed foods and 

5/1 in the minimally processed foods, which may account for gaining of body weight of 

two pounds in 2 weeks. Rapid dietary changes that have occurred and continue to occur 

due to food processing – and the increase in imitation foods, such as plant-based fish, 

meat and chicken based on plant proteins, is a totally new phenomenon in human 

evolution leading to different omega-6/omega-3 fatty acid ratios worldwide (Table 3). 

 

Population 6/3 

Paleolithic 0.79  

Greece prior to 1960 1.00 – 2.00 

Current United States 16.74  

United Kingdom and northern Europe 15.00  

Japan 4.00  

India rural 5 – 6.1  

India urban 38 – 50 

 

Table 3. -6: -3 ratios in various populations 

 

2.3. Sources of Omega-6 and Omega-3 Fatty Acids 

 

LA is the predominant EFA in Western diets. It is found in the seeds of most plants, 

except for coconut and cocoa (Table 4). ALA is found in the seeds of flaxseed (linseed), 

rapeseed, chia, perilla and in the chloroplast of green leafy vegetables (Table 5). Table 6 

presents the omega-3 content and other lipids in fish. Fish is a good source of 

eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), whereas meat, dairy, 

and eggs are high in arachidonic acid (ARA), particularly from grain-fed animals.  

 

Oils High in LA Amount of LA 

Sunflower oil 71% 

Safflower oil 78% 

Corn oil 59% 

Soybean oil 56% 

Cottonseed oil 53% 

 

Table 4. Sources of Omega-6 Fatty Acid (Linoleic Acid) 

 

Oils High in ALA Amount of ALA 

Flaxseed oil 55% 

Perilla oil 58% 

Canola oil 12% 

Rapeseed oil 10% 

Chia 64% 

 

Table 5. Sources of Omega-3 Fatty Acid (Alpha-linolenic acid) 
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 Fatty acids  

Fish Total 

fat 

Total 

saturated 

Total 

mono-

unsaturated 

Total poly-

unsaturated 

18:3 20:5 22:6 Cholesterol 

 g/100g  mg/100g 

Anchovy, 

European 

4.8 1.3 1.2 1.6 - 0.5 0.9 - 

Bass, striped 2.3 0.5 0.7 0.8 Tr 0.2 0.6 80 

Blue fish  6.5 1.4 2.9 1.6 - 0.4 0.8 59 

Carp 5.6 1.1 2.3 1.4 0.3 0.2 0.1 67 

Catfish, 

brown 

Bullhead 

2.7 0.6 1.0 0.8 0.1 0.2 0.2 75 

Catfish, 

channel 

4.3 1.0 1.6 1.0 Tr 0.1 0.2 58 

Cod, Atlantic 0.7 0.1 0.1 0.3 Tr 0.1 0.2 43 

Croaker, 

Atlantic 

3.2 1.1 1.2 0.5 Tr 0.1 0.1 61 

Flounder, 

unspecified 

1.0 0.2 0.3 0.3 Tr 0.1 0.1 46 

Grouper, red 0.8 0.2 0.1 0.2 - Tr 0.2 - 

Haddock 0.7 0.1 0.1 0.2 Tr 0.1 0.1 63 

Halibut, 

Greenland 

13.8 2.4 8.4 1.4 Tr 0.5 0.4 46 

Halibut, 

Pacific 

2.3 0.3 0.8 0.7 0.1 0.1 0.3 32 

Herring, 

Pacific 

13.9 3.3 6.9 2.4 0.1 1.0 0.7 77 

Herring, 

round 

4.4 1.3 0.8 1.5 0.1 0.4 0.8 28 

Mackerel, 

king 

13.0 2.5 5.9 3.2 - 1.0 1.2 53 

Mullet, 

striped 

3.7 1.2 1.1 1.1 0.1 0.3 0.2 49 

Ocean perch 1.6 0.3 0.5 0.5 Tr 0.1 0.1 42 

Plaice, 

European 

1.5 0.3 0.5 0.4 Tr 0.1 0.1 70 

Pollock 1.0 0.1 0.1 0.5 - 0.1 0.4 71 

Pompano, 

Florida 

9.5 3.5 2.6 1.1 - 0.2 0.4 50 

Salmon, 

Chinook 

10.4 2.5 4.5 2.1 0.1 0.8 0.6 - 

Salmon, pink 3.4 0.6 0.9 1.4 Tr 0.4 0.6 - 

Snapper, red 1.2 0.2 0.2 0.4 Tr Tr 0.2 - 

Sole, 

European 

1.2 0.3 0.4 0.2 Tr Tr 0.1 50 

Swordfish 2.1 0.6 0.8 0.2 - 0.1 0.1 39 

Trout, 

rainbow 

3.4 0.6 1.0 1.2 0.1 0.1 0.4 57 

Tuna, 

albacore 

4.9 1.2 1.2 1.8 0.2 0.3 1.0 54 

Tuna, 

unspecified 

2.5 0.9 0.6 0.5 - 0.1 0.4 - 

 

Table 6. Content of ω−3 fatty acids and other fat components in selected fish 
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3. Biosynthesis of Omega-6 and Omega-3 Fatty Acids and Genetic variants at 

FADS1 and FADS2 

 

Humans and animals except for carnivores, such as lions and possibly cats, can convert 

LA to AA and ALA to EPA and DHA. This conversion was shown by using deuterated 

ALA. 
 

18:3n-3 (ALA)                                          18:2n-6 (LA)

Δ6-desaturase
(FADS2)

18:4n-3                                                    18:3n-6

Elongase 5
(ELOVL5)

20:4n-3                                                    20:3n-6
Δ5-desaturase

(FADS1)

20:5n-3 (EPA)                                           20:4n-6 (ARA)

Elongase 2/5
(ELOVL2/5)

22:5n-3                                                    22:4n-6
Elongase 2
(ELOVL2)

24:5n-3                                                    24:4n-6
Δ6-desaturase

(FADS2)
24:6n-3                                                    24:5n-6

Peroxisomal 
β-oxidation

22:6n-3 (DHA)                                        22:5n-6

3-series prostaglandins and 

thromboxanes * 

COX

5-LOX
5-series leukotrienes *

5-LO
X

E-series resolvins

D-series resolvins

5/15-LOX

12-LOX
maresins

15-LO
X

protectins

2-series prostaglandins and 

thromboxanes

4-series leukotrienes

lipoxin A4

COX

5-LOX15- LOX: 5-LOX

5-LOX: 12-LOX

 
 

Alpha-linolenic acid (18:3n-3; ALA) is desaturated and elongated to eicosapentaenoic acid (20:5n-3; 

EPA) and docosahexaenoic acid (22:6n-3; DHA) while the n-6 polyunsaturated fatty acid linoleic acid 

(18:2n-6) produces arachidonic acid (20:4n- 6; ARA). Importantly not only do ALA and LA compete for 

the same enzymes, but recent work demonstrates that genetic differences in the FADS genes regulate 

activity and tissue PUFA levels. ARA is the precursor to the prostaglandins, thromboxanes and 

leukotrienes, and lipoxins, while EPA produces prostaglandins, thromboxanes and leukotrienes with 

diminished activity relative to those from ARA. EPA and DHA are also precursors to the specialized 

proresolving mediators (SPMs), E-series resolvins from EPA, D-series resolvins, maresins and protectins 

from DHA and DPA. 

 

Figure 4. Biosynthesis of Omega-6 and Omega-3 Fatty Acids 

 

FADS1 and FADS2 located at chromosome 12.2–13.1) and elongase genes (ELOVL2 

at chromosome 6p24.2 and ELOVL5 located at chromosome 6p12.1) (Figure 4) mediate 

the endogenous biosynthesis of ARA, EPA, and DHA. There is competition between 

omega-3 and omega-6 fatty acids for the desaturation enzymes FADS 1 and FADS2. 

However, both FADS1 and FADS2 prefer the omega-3 to omega-6 fatty acid pathway. 

There is some evidence that FADS2 decreases with age, premature infants, hypertensive 

individuals and some diabetics are limited in their ability to make EPA and DHA from 

ALA. These findings are important and need to be considered when making dietary 

recommendations. 

  

ALA is the parent fatty acid of the omega-3 family of EFA and is the principal ω−3 

PUFA in the Western diet. Typical consumption of ALA in US, Europe, and Australia 

ranges between 0.6 -1.7 g/day in men and 0.5 -1.4 g/day in women. The ratio of 
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LA/ALA varies in countries but it is higher in the US, Australia, UK and the 

Netherlands about 16-20/1 than in Greece, where the ratio that was balanced 1/1 ω−6/ 

ω−3 until 1960 it is now about 6/1, ω−6/ ω−3 due to increased consumption of omega-6 

rich sunflower and corn oil, because they are cheaper than olive oil.  

 

LA and ALA and their long-chain derivatives are important components of animal and 

plant cell membranes. In mammals and birds, the omega-3 fatty acids are distributed 

selectively among lipid classes. ALA is found in triglycerides cholesterol esters and in 

very small amounts in phospholipids. EPA is found in cholesterol esters, triglycerides 

and phospholipids. DHA is found mostly in phospholipids. In mammals, including 

humans, the cerebral cortex retina and testis and sperm are particularly rich in DHA. 

DHA is one of the most abundant components of the brain’s structural lipids. DHA, like 

EPA, can be derived only from direct ingestion or in small amounts by synthesis from 

dietary EPA and ALA. 

 

The concentration of ALA in phospholipids, plasma, red blood cells (RBCs) and tissues 

is typically less than 0.5% of total fatty acids and the dietary intake of EPA, DPA and 

DHA are about 25 to 15 times lower than those of ALA, which is about 1.4 g/d and the 

LA is 14.4 g/day (UK data). The effect of ALA deficiency on neurological function 

supports the role of ALA as a precursor to longer-chain ω−3 PUFA, which are critical in 

the function of the Central Nervous System. ALA is absorbed across the GI tract and its 

secretion into the blood stream is efficient and similar to LA and oleic acid.  

 

Since both ω−6 and ω−3 PUFA are metabolized by the same desaturation/elongation 

pathway, there is competition between these two families of EFA. The initial conversion 

of ALA to 18:4 ω−3 by the action of D6-desaturase is the rate limiting reaction of the 

pathway. Despite the fact that the affinity of D6-desaturase for ALA is greater than for 

LA, because of the high levels of LA in Western diets, LA is found in higher 

concentrations than ALA in cellular pools, which results in greater conversion of LA to 

higher levels of ω−6 PUFAs, especially ARA. Increasing the amount of ALA leads to 

increased levels of EPA in both plasma and RBCs. Because of competition in their 

metabolism between LA and ALA, the LA content of the diet influences the conversion 

of ALA to longer-chain derivatives. At a given intake of ALA the production of EPA is 

greater when LA intake is decreased. Human studies show that it is possible to increase 

the biosynthesis from ALA to EPA, and DPA, by reducing LA or increasing ALA 

intake, but LA levels need to be reduced to < 2.5% of energy before DHA levels can be 

increased. Since LA levels in Western Diets account between 6-8% of energy, such 

levels reduce the production of DHA. In today’s Western diets with very high intakes of 

LA than even before in the history of humans, it is necessary to decrease the intake of 

vegetable oils high in ω−6 fatty acids in order to improve the status of ω−3 long-chain 

PUFA, EPA, DPA and DHA. The conversion of ALA to longer-chain ω−3 PUFA is 

dependent on the cooking oils of the food supply. Because Western diets are high in LA 

and low in ALA and fish intake, the population is in a state of “Omega-3 deficiency.” 

Studies have shown that in women of reproductive age – about 28 years of age, the 

conversion of ALA to EPA and DHA was substantially greater indicating a gender-

related difference in the activity, possibly due to the action of estrogens. There is 

additional evidence that strongly supports the suggestion that sex hormones regulate the 

activity of the desaturation/elongation pathway in humans; i.e. DHA levels were higher 
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in women taking oral contraceptives. A possible biological role for greater synthesis of 

DHA in women may be the need in meeting the demands of the fetus and newborn for 

DHA.  

 

In addition to its role in the production of EPA, DPA and DHA, ALA could have by 

itself, a beneficial role against cardiovascular disease (CVD) and some cancers. A 

recent systematic review and meta-analysis of prospective cohort studies examined the 

dietary intake and biomarkers of alpha-linolenic acid and risk of all cause, 

cardiovascular and cancer mortality. The findings show that dietary ALA intake is 

associated with a reduced risk of mortality from all causes, CVD, and CHD, and a 

slightly higher risk of cancer mortality, whereas higher blood levels of ALA are 

associated with a reduced risk of all cause and CHD mortality only. Each 1 g/day 

increase in ALA intake was associated with a 5% lower risk of CVD mortality and each 

1 SD increment in blood levels of ALA was associated with an 8% lower risk of CHD 

mortality.  

  

In our studies of the diet of Crete the people of Crete had a ratio of omega-6/omega-3 of 

1-2/1, whereas Western diets had a ratio of 20-16/1. A few years ago, studies on the 

Mediterranean diet did not include omega-3s. But our studies showed that their diet was 

balanced in omega-6/omega-3 PUFAs, more people began to pay attention to the 

omega-6/omega-3 ratio and the current definition of the Mediterranean diet includes the 

need for a balanced omega-6/omega-3 ratio. Additional studies compared the fatty acids 

of the population of Crete to the Zutphen population in the Seven Countries Study. The 

data showed that the Greeks had 33% more ALA (p <0.001) and 20% lower LA 

(P<0.001) in their plasma, but in their report, there weren’t any data regarding EPA and 

DHA levels. A positive association between spontaneous adherence to Mediterranean 

diet as assessed by a dietary score, and plasma EPA and DHA has been observed in 

both the ATTICA and the Three-City studies, which independently evaluated the dietary 

habits of a Greek and French cohort in relation to the plasma fatty acid contents. In the 

French cohort individuals with higher Mediterranean diet adherence score showed DHA 

and total omega-3 PUFA levels 10% (p <0.004) higher than individuals in the lower 

score category. Similarly, consumption of a Mediterranean-type diet by healthy subjects 

for 4 weeks, resulted in a 47% increase in DHA plasma content (p < 0.0001) compared 

with an ordinary Swedish diet. Although the above studies lack the absolute 

quantification of plasma omega-3 PUFA content, they demonstrate that a 

Mediterranean-type diet ensures higher omega-3 PUFAs bioavailability than the 

common Western diets, and hence at least part of the protective effects exerted by 

Mediterranean diets may be attributed to its vegetable, animal and marine content (meat 

and fish) of omega-3 PUFAs ALA, EPA, DHA, the low content of LA and ARA, and 

the high content of oleic acid in olive oil. Thus, both plant- and marine- derived omega-

3 PUFAs may be considered as valuable mediators of protection by traditional 

Mediterranean diets along with oleic acid.  

  

4. Eicosanoid Metabolism, Specialized Pro-Resolving Mediators (SPMS), 

Biological Effects, And Metabolic Functions of Omega-6 and Omega-3 Fatty Acids  

 

When humans ingest fish or fish oil, the EPA and DHA from the diet, partially replace 

the omega-6 fatty acids, especially ARA, in the membrane of probably all cells, but 
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especially in the membranes of platelets, erythrocytes, neutrophils, monocytes, and liver 

cells.  

 

4.1. Eicosanoids  

 

As discussed above ARA and EPA are the parent compounds for eicosanoid metabolism 

(Figure 4).  

 

Due to increased amounts of omega-6 fatty acids in Western diets, the eicosanoid 

metabolic products from ARA – specifically prostaglandins, thromboxanes, 

leukotrienes, hydroxy fatty acids and lipoxins, are formed in larger quantities than those 

formed from omega-3 fatty acids, specifically EPA, DPA and DHA. The eicosanoids 

from ARA are biologically active in very small quantities and if they are formed in 

large amounts, they contribute to the formation of thrombus and atheromas, to allergic 

and inflammatory disorders, particularly in susceptible people, and to proliferation of 

cells. Thus, a diet rich in omega-6 fatty acids, such as the current Western diet, shifts the 

physiological state to one that is pro-thrombotic and pro-aggregatory with increases in 

blood viscosity, vasospasm and vasoconstriction, and decreases in bleeding time. The 

anti-thrombotic aspects and the effects of different doses of fish oil on the prolongation 

of bleeding time have been investigated. A dose of 1.8 g/d EPA did not result in any 

prolongation in bleeding time, but at 4 g/d, the bleeding time increased and the platelet 

count decreased without any adverse effects. In human studies, there has never been a 

case of clinical bleeding, even in patients undergoing angioplasty while they were on 

fish oil supplements. The effects of EPA and DHA from eating fish or taking fish oil 

supplements on eicosanoid metabolism of ARA are summarized in the following:  

 Decreased production of prostaglandin E2 (PGE2) metabolites  

 A decrease in thromboxane A2, a potent platelet aggregator and vasoconstrictor  

 A decrease in leukotriene B4 formation, an inducer of inflammation, and a 

powerful inducer of leukocyte chemotaxis and adherence  

 An increase in thromboxane A3, a weak platelet aggregator and weak 

vasoconstrictor  

 An increase in prostacyclin PGI3, leading to an overall increase in total 

prostacyclin by increasing PGI3 without a decrease in PGI2, both PGI2 and PGI3 

are active vasodilators and inhibitors of platelet aggregation  

 An increase in leukotriene B5, a weak inducer of inflammation and a weak 

chemotactic agent  

 

4.2. Specialized Pro-resolving Mediators: Controlling Infections, Inflammation 

and its Resolution 

 

As discussed earlier ARA produces eicosanoids that are pro-inflammatory and EPA 

produces eicosanoids that are less inflammatory. However, ARA produces also lipoxin 

A4 that is anti-inflammatory, and it participates in the control of inflammation and its 

resolution. The acute inflammatory response is protective and aimed toward 

neutralizing invading microbes. When uncontrolled, excessive inflammation contributes 

to many widely occurring diseases in all organs of the body e.g., neurodegenerative 

diseases, depression, cardiovascular diseases, diabetes, aging, and cancer. The acute 
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inflammatory response is classically divided into two phases, initiation and resolution. 

In the initiation phase of the acute response ARA is mobilized to enzymatically 

produced prostaglandins and leukotrienes by leukocytes, platelets and surrounding 

damaged tissues. Lipoxin A4 from ARA and resolvins from EPA, protectins and 

maresins from DHA and resolvins from DPA lead to resolution of inflammation.  

 

 
 

The SPMs depicted are biosynthesized from EPA, n-3 DPA and DHA by human leukocytes. The E series 

resolvins are produced from EPA and D-series from DHA. Both the protectin family and maresin family 

are biosynthesized from DHA. The complete stereochemistry and pro-resolving actions of each SPM are 

established and confirmed by total organic synthesis and commercially available for research. These 

include SPMs biosynthesized from n-3 DPA. Each of the SPMs reduce and counter-regulate the Cardinal 

signs of inflammation and stimulate as agonists the major signs of resolution by definition, thus serving as 

immunoresolvents. 

 

Figure 5. Pro-Resolving Mediators Network: Biosynthesis, Receptors and Functions 

 

Cardinal signs of inflammation consist of rubor, calor, tumor and dolor lead to edema, 

chemo-taxis, excessive leukocyte infiltration, pro-inflammatory proteins and “cytokine 

storm.” Specialized pro-resolving mediators (SPMs) (resolvins, protectins, maresins) 

from omega-3 fatty acids-EPA, DPA and DHA are potent anti-inflammatory mediators 

that lead to resolution of inflammation by increasing polymorphonuclear cell (PMN) 

clearance from epithelial surfaces, increasing phagocytosis of apoptotic, PMN cells, and 

removal of inflammatory debris, clearance of bacteria, wound repair, and tissue 

regeneration. Each of the SPMs biosynthesized from omega-3 fatty acids reduce and 

counter regulate the cardinal signs of inflammation and stimulate as agonists the major 

signs of resolution, thus serving as immune resolvents enabling the tissue to return to 
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function and homeostasis. This precise stereochemistry of the SPMs arises from the 

chemistry inherited from their omega-3 PUFA precursors present in our diets. The 

SPMs counter regulate cytokine storms, as well as pro-inflammatory lipid mediators via 

NFkB and inflammasome down regulation, and unlike anti-inflammatory agents that 

eventually become immunosuppressive, SPMs control both the killing and clearance of 

microbes.  

 

Many experimental studies have provided evidence that incorporation of alternative 

fatty acids into tissues may modify inflammatory and immune reactions, and that 

omega-3 fatty acids in particular are potent therapeutic agents for inflammatory 

diseases. Supplementing the diet with omega-3 fatty acids (3.2g EPA and 2.2g DHA) in 

normal subjects increased the EPA content in neutrophils and monocytes more than 

sevenfold without changing the quantities of AA and DHA. The anti-inflammatory 

effects of fish oils are partly mediated by inhibiting the 5-lipoxygenase pathway in 

neutrophils and monocytes and inhibiting leukotriene B4 (LTB4) production. Omega-3 

fatty acids influence interleukin metabolism by decreasing IL-lb and IL-6. A balance 

between omega-6and omega-3 fatty acids is a more physiological state in terms of gene 

expression, eicosanoid metabolism and cytokine production.  

 

- 

- 
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