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C H A P T E R

1
Introduction: More Than 
50 Years of Research on 

Polyunsaturated Fatty Acid 
Metabolism
Andrew J. Sinclair

Deakin University, Geelong, Victoria, Australia;  
South China University of Technology, Guangzhou,  

China; Monash University, Clayton, Victoria, Australia

Why would anyone be interested in lipids and fatty acids for more than 
50 years? This is a question that I often get asked by family and friends 
and it is not all that easy to give a simple answer, other than to say that, 
like many branches of science, there is something new to learn every day. 
People not involved in science find this hard to believe. In some respects, 
science can be like the daily news cycle: always something interesting on 
a daily basis, some of which is totally in the moment and other bits, which 
remain with you forever. Specifically, this field is fascinating because there 
is such a great variety of research in biology, medicine, agriculture and 
nutrition, and many of the discoveries are of fundamental importance to 
everyday lives.

Two such examples suffice to whet the reader’s appetite:

1.	 Omega 3 polyunsaturated fatty acids (PUFA) can play a significant 
role in improving the quality of life for those suffering from 
rheumatoid arthritis, and in addition reduce their antiinflammatory 
drug use (Proudman et al., 2015).

O U T L I N E
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2.	 Chronic headache is a severe debilitating condition. Using foods to 
significantly reduce linoleic acid and increase long chain omega 3 
PUFA have significantly reduced the number of hours of headaches 
each day, in those suffering from chronic headaches (Ramsden 
et al., 2013).

This chapter serves as a precursor to the chapters following that deal in 
detail with specific areas of metabolism of fatty acids. At this point, I make 
sincere apologies to authors whose work I have not mentioned—there 
are many legends in this field and their work has been acknowledged 
previously by me, in publications from the various laboratories where I 
have worked Melbourne (Australia), London (Canada), London (United 
Kingdom), Coleraine (Northern Ireland), Dijon (France), Guangzhou and 
Hangzhou (China), and Geelong (Victoria, Australia).

When I started my PhD in the mid-1960s, Ralph Holman was the king of 
fatty acids, especially PUFAs. His publications were many and legendary, 
and with coauthors like Mohrhauer, H., Caster, W.O., Pfeiffer, J.J., Rahm, 
J.J., Christie, W.W., and others, he published exciting studies on PUFA 
metabolism, effects of single PUFA on rat tissue fatty acid composition, 
the competitive effects of two PUFA at a time, the requirements of female 
rats for essential fatty acids (EFA), positional distribution of fatty acids in 
lecithin and more (Holman, 1986, 1996). These studies were conducted at 
the Hormel Institute in Austin, Minnesota, at a time when packed column 
gas chromatography (GC) was starting to make its mark; remember, this 
technique was only invented in the late 1950s (James, 1970). Students of 
today would not believe the difficulties faced by early users of such equip-
ment. Being a semiskilled plumber and mechanic, with a strong body to 
manipulate 1.7 m tall gas cylinders, were useful attributes.

It was clear from reading the early literature on EFA that there were a 
number of earlier champions in the field, such as Burr and Burr (1929, 1930) 
(they discovered the essentiality of linoleic acid [18:2n-6] and alpha-linole-
nic acid [18:3n-3]), Aaes-Jorgensen (1961); who wrote papers on this topic 
including a fantastic review of the field), Klenk who conducted seminal 
studies on metabolic interconversions of fatty acid (Klenk,  1965), Mead 
(1981) who, later than Klenk, built on these studies. The ∆6, ∆5, and ∆4 
pathway was born through all these studies, and refined by the work of 
Brenner who studied the impact of nutrition and physiological state on the 
pathway (Peluffo et al., 1984). This metabolic pathway was later revised 
by Howard Sprecher (Voss et al., 1991), whereby the ∆4 was replaced by 
an additional elongase and another ∆6 step; this metabolic pathway is still 
the subject of debate (Infante and Huszagh, 1998; Park et al., 2015).

The era of late 1960s to early 1970s was one where it was reasoned that 
adult humans would not develop EFA deficiency because of the store of 
these PUFA in adipose tissue; however, during my PhD we were involved 
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in the first identification of EFA deficiency in an adult (Collins et al., 1971); 
the patient had a significant removal of much of his bowel and was being 
fed totally by intravenous (IV) drip, with only sporadic use of IV lipid 
emulsions due to adverse effects of these on patients (increased tempera-
ture). The patient developed a wound around the area of his stoma. Prior 
to using the IV lipids, the patient’s plasma fatty acid profiles showed high 
levels of 20:3n-9 and reduced 20:4n-6 levels; this fatty acid profile was rap-
idly reversed by using the IV lipid emulsion, and this was associated with 
improvements in the skin condition around the wound.

Around this time, it was reasoned that linoleic acid was the main (only) 
EFA for humans, while alpha-linolenic acid (ALA) was the main (only) 
EFA for fish and other marine species. Things have certainly changed since 
those days. In fact, infant formulas in Europe (and possibly elsewhere) 
were being made with very high linoleic acid (LA) to alpha-linolenic acid 
levels, with little regard to the composition of human milk (Crawford 
et al., 1973; Gibson and Kneebone, 1981).

A technological revolution occurred with the arrival of capillary col-
umns and one of the earliest users was the great Bob Ackman, working 
in Halifax, Nova Scotia. What a genius he was in this area, and with an 
extraordinarily dry sense of humor. He published hundreds of papers on 
the fatty acid composition of marine species using capillary GC, as well as 
deriving the retention times of many fatty acids, aided by his strong chem-
ical background (Ackman,  1987). This new technology sped up the GC 
analysis remarkably as well as sharpening the later-eluting peaks because 
it was possible to temperature program the GC oven, as the phases used 
were quite stable at high temperatures (up to 300°C typically). The first cap-
illary columns were stainless steel (support coated open tubular), replaced 
later by synthetic flexible polymer columns (wall coated open tubular), 
ranging in length from 25 to 100 m (in contrast to the original glass col-
umns packed with stationery phase, which were about 2 m long and 1 cm 
diameter, and which were operated isothermally at around 170–200°C).

Today, GC technology and fatty acid analyses from blood have 
advanced considerably with the use of finger prick blood samples, robotic 
systems for extracting samples and derivitizing the ester bound fatty acids 
to fatty acid methyl esters, and using very short columns (Bell et al., 2011; 
Lin et al., 2012; Stark and Salem, 2005).

When I started working with Michael Crawford at the Nuffield Institute 
for Comparative Medicine, Zoological Society of London, in 1970, he was 
still using packed column GC, and the GC charts were often 3 m long and 
needed to be spread on the lab bench to look at the results. The later elut-
ing peaks (e.g., docosahexaenoic acid (DHA) [22:6n-3]) were only evident 
as small rises in height but with large widths, so accurate integration was 
key to calculating compositions; many labs simply ignored these peaks, 
such as the lab where I completed my PhD, in Melbourne. Fortunately, 
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the Crawford lab converted to using capillary systems soon after, at my 
insistence, making our lives much easier—having expert lab managers/
engineers was also crucial to progress toward new technology.

Professor Michael Crawford is without doubt one of the most amazing 
characters of the field, always enthusiastic, passionate, and unafraid of 
thinking on a large scale. Additionally, he is exceedingly good company 
with a great love of fresh seafood and malt products from Scotland. He 
is still an active researcher in lipids, and nutrition in general. While the 
first reports on the human brain fatty acid composition were published 
by O’Brien and Sampson (1965) and Svennerholm (1968), Crawford came 
to realize through his studies that the brain of all mammals studied in his 
lab (more than 35) had the same fingerprint of PUFA (20:4n-6 [arachidonic 
acid (AA)], 22:4n-6 and DHA), especially in the gray matter (cellular area) 
(Crawford et  al.,  1976; Crawford and Sinclair,  1972a). Recognizing the 
significance of DHA in the human brain, and that the brain and PUFA 
characteristic fingerprint established itself soon after birth (Ballabriga 
and Martinez, 1978; Martinez et al., 1988), Crawford and his team became 
champions for paying attention to both omega 6 and omega 3 fatty acid 
in human nutrition, particularly in utero and during lactation (Crawford 
et  al.,  1973; Crawford and Sinclair  1972a,b; Sinclair,  1975; Sinclair and 
Crawford, 1972). The Crawford team was also the first to report the effects 
of a deficiency of alpha-linolenic acid in a primate (Fiennes et al., 1973).

Crawford and I are of the belief that our research in the early 1970s was 
a major contributing factor, together with the fundamental discoveries on 
the essentiality of omega 3 PUFA for retinal function by Gene Anderson 
and colleagues (Wheeler et al., 1975), to the eventual inclusion of AA and 
DHA into infant formulas, though there is still argument about the need to 
include AA in some influential regulatory quarters (Richard et al., 2016).

One of the newcomers to the Crawford lab, John Rivers, was given the 
task of creating an artificial, meat-free diet for cats. The hypothesis was 
that an animal, which evolved to eat meat, might have lost the capacity 
to make longer chain fatty acid from the 18-carbon precursors, in much 
the same way that cats appeared to have lost capacity to convert beta-
carotene to vitamin A. The task was finally accomplished and the results 
showed that cats fed diets rich in linoleic acid or alpha-linolenic acid, but 
devoid of longer chain PUFA, did not accumulate significant amounts of 
AA or DHA (Rivers et al., 1975). This work led to a series of studies at 
the Nuffield Institute of Comparative Medicine, as reported in Sinclair 
(1994), in a tribute to the life of John Rivers. The initial study by Rivers 
et al. (1975) suggested that cats lacked the ∆6 desaturase, while there was 
no apparent impairment in the chain elongation process. This was tenta-
tively confirmed by subsequent work in Melbourne, showing that there 
was evidence of a delta 8 and a delta 5 desaturase in cats fed diets without 
any meat products (Sinclair et al., 1979).
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It was during my 4 years with Crawford that I developed an interest 
in 22:5n-3 (DPAn-3). I have no idea why it took me more than 40 years to 
do anything about this, by way of research. Maybe, it was waiting for an 
alignment of availability of pure DPAn-3 and money that played a critical 
role in the delay? Anyway, we have now published a number of papers 
on this interesting, minor omega 3 PUFA (Kaur et al.,  2011; Markworth 
et al., 2016). The Crawford lab was studying the fatty acids in liver, brain, 
and muscle tissue from many wild animals (sourced from Africa or the 
London Zoo), and DPAn-3 was a major omega 3 PUFA in ruminant liver 
and muscle tissue, and its proportions almost always exceeded those of 
DHA. This was not the case in the same tissues from carnivores, or smaller 
animals, such as rabbits, where the proportions of DHA were greater than 
DPAn-3 (Crawford et al., 1969, 1970). It seemed curious at the time that 
DPAn-3 showed such species fluctuations in proportions in tissues, and 
while the reasons for DPAn-3 levels fluctuating between species have 
not been studied at an enzyme or molecular level, it may have metabolic 
explanations, which may be species-specific (enzyme activity, and/or syn-
thesis and turnover of DPAn-3 and DHA). It is only in recent times that 
whole body synthesis and secretion kinetics of long chain omega 3, in free-
living rats, has been studied (Metherel et al., 2016). Docosapentaenoic acid 
(DPA) appears to be a unique long chain omega 3 fatty acid which may 
function as a reservoir of tissue eicosapentaeonic acid (EPA) and/or DHA.

A great deal has happened since those exciting days of the 1970s, includ-
ing the development of a great friendship with Norman Salem and his 
team at National Institute of Alcoholism and Alcohol Abuse (at NIH) in 
Bethesda, MD. He had assembled the strongest omega 3 research group in 
the world and although Norman has retired from there, his work contin-
ues through the stewardship of several champions, including Hee-Yong 
Kim, Klaus Gawrisch, and Joe Hibblen (Mihailescu et al., 2011; Ramsden 
et al., 2016; Sidhu et al., 2016).

That team led calmly, and most ably by Norman, demonstrated the 
power of interdisciplinary research and big picture thinking on the impor-
tance of DHA in the brain and visual function and translational research. 
Art Spector and Bill Lands, legends in their own right, joined them and 
they both contributed significantly to the work in that great “mega” lab, 
particularly adding intellectual stimulation and rigor. Bill Lands, in par-
ticular, has been a longtime champion of the inflammatory potential of 
diets rich in linoleic acid (Bibus and Lands, 2015; Lands, 2012, 2016). No 
doubt he has played a significant role in influencing the direction of the 
NIH research on diets rich in linoleic acid in relation to inflammation. 
It was also fortunate that Stanley Rapoport, also at NIH, soon became 
interested in AA and DHA in the brain. His group has conducted some 
of the most elegant studies on turnover of these fatty acid in rodents and, 
more recently, in humans (Basselin et al., 2010; Kim et al., 2011; Rapoport 
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et al.,  2010; Taha et al.,  2016a,b). Stanley Rapoport continues to publish 
fundamental breakthrough data in the area, including a recent review on 
bipolar disorder (Saunders et al., 2016). Richard Bazinet, one of Rapoport’s 
former students, is now in Toronto and continuing to publish outstand-
ing papers on turnover and metabolism of PUFA (Metherel et al., 2016). 
To illustrate the importance of bringing different skills to tackle some 
DHA-related research questions, Norman employed Hee-Yong Kim, a 
mass spectroscopist. Over the years she has turned herself into a legend 
in molecular biology of DHA metabolism in the brain (Lee et al., 2016), 
including the discovery of the importance of DHA in phosphatidylserine 
and synaptomide (N-docosahexanoylethanolamide) in the development 
of neurones and cognitive function.

What is exciting about this field is the way it has advanced in different 
areas (e.g., through multidisciplinary research, such as that being conducted 
by Tom Brenna’s group on the metabolic pathway [Kothapalli et al., 2016], 
and by Joe Hibblen and Chris Ramsden in areas, such as the effects of 
significant diet change on chronic headache (Ramsden et al., 2013). What 
is frustrating, however, is how much published research on PUFA appears 
to be stuck in the past (black box research: feed A, observe Z, and make a 
few measurements on mechanisms of action; inferring enzyme activities 
based on ratios of fatty acids—in 2016, for goodness sake).

It only takes a few minutes of searching PubMed (https://www.ncbi.
nlm.nih.gov/pubmed) to realize that nutrition is being overrun by big pic-
ture research, much of which involves the microbiome, with huge teams 
including experts in molecular biology, metabolomics, bioinformatics, 
medicine, immunology, and the microbiome (Arrieta et al., 2015; Caesar 
et al., 2015; O’Keefe et al., 2015; Pedersen et al., 2016). It is time for the fatty 
acid field to broaden its horizons to realize that multidisciplinary research 
is essential to answer biological questions, which might have a fatty acid 
involvement. Lipid scientists do work in multidisciplinary teams, and two 
examples suffice, though there are many other examples: (1) the recent 
work by Tom Brenna and his team on the discovery of causal FADS2 Indel 
polymorphism influencing arachidonic acid biosynthesis (Kothapalli 
et al., 2016). This work was interpreted to mean that South Asians may 
have an advantage in synthesis of LCn-6 fatty acids because of their plant-
based diets, (2) the significant progress in rheumatoid arthritis where 
Les Cleland, a rheumatologist, worked with Michael James (biomedical 
expert on eicosanoids) and Bob Gibson (fatty acid specialist) to conduct 
some of the most highly cited papers in this field, with research clearly 
at the intersection of medicine, eicosanoids, and fatty acids (Proudman 
et al., 2015). Not only have these scientists been involved in research on 
arthritis, but also James and Cleland have written a most incisive com-
mentary on omega 3 coronary heart disease trials (James et al., 2014). In 
addition, in recent times, Mick James has been publishing on the regula-
tion of elongases (Gregory et al., 2013).

https://www.ncbi.nlm.nih.gov/pubmed
https://www.ncbi.nlm.nih.gov/pubmed
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Of course, there are many other examples of exciting interdisciplin-
ary research, which could have been cited. I take the opportunity here 
to mention interdisciplinary collaborative work I have had the fortune 
to be involved with, including visual function and omega 3 fatty acids 
with Algis Vingrys (an expert in visual function and measurement, 
Weisinger et  al.,  1996), ingestive physiology and omega 3 fatty acids 
with Richard Weisinger (an expert on salt and water appetite, Begg 
et al., 2012; Weisinger et al., 2001), and the interaction between omega 
3 fatty acids and zinc with Leigh Ackland (a zinc expert, Suphioglu 
et  al.,  2010). Similarly, the work on Australian aborigines and their 
diets was only possible through working with an expert in that field 
(Kerin O’Dea) (Mann et al., 1997; Sinclair et al., 1983, 1994; Sinclair and 
O’Dea,  1993). Finally, it has been a pleasure working with Professor 
Yonghua Wang in multidisciplinary research on furan fatty acids (Xu 
et al., 2017).

So far, I have ignored the work of many champions in this field and it 
is difficult to emphasize their impact in such a short space. I mention but 
a few, including: Bill Christie (a superb methods guru). I am confident 
most lipid students and research staff have frequently consulted his many 
books on techniques in the analysis of lipids (see Oily Press Lipid Library  
Series, http://store.elsevier.com/Oily-Press-Lipid-Library-Series/EST_
SER-8400014/), as well as many publications from him (Christie, 1969; 
Christie et al., 2007).

Doug Tocher and colleagues for many years have been publishing 
papers on fatty acid metabolism in fish, and considering broader issues, 
such as how to sustain levels of long chain omega 3 fatty acids in farmed 
fish, such as salmon (Sprague et al., 2016).

Michel Lagarde and colleagues first reported that 2-lysophosphati-
dylcholine (DHA) was a carrier of DHA to the brain (Thiés et al., 1992). 
His work has progressed to the point that a novel, structured lipid, and 
1-acetyl,2-DHA-PC has been reported to be a specific carrier of DHA to 
the brain, compared with DHA-containing PC and non-esterified DHA 
(Hachem et al., 2016).

Claudio Galli (longtime researcher on omega 3 and prostaglandins), 
was the first to report that in omega 3 deficiency, there was a significant 
accumulation of 22:5n-6 in rodent brains, in an apparent replacement of 
the lost 22:6n-3 (Galli et al., 1970).

Philippe Legrande (longtime researcher on lipids and fatty acids; Rioux 
et al., 2015) has become interested in the effects of diets rich in linoleic acid 
on inflammatory processes, with results that question the current high 
intakes of linoleic acid in current diets worldwide.

Philip Calder has specialized in lipids and immune function for more 
than 25 years; however, his work is far broader than that, with consider-
able emphasis on health benefits of plant and marine omega 3 fatty acids 
(Calder, 2015).

http://store.elsevier.com/Oily-Press-Lipid-Library-Series/EST_SER-8400014/
http://store.elsevier.com/Oily-Press-Lipid-Library-Series/EST_SER-8400014/
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Graham Burdge has also worked for many years in the field and is 
known among other things for his work on gender effects on PUFA metab-
olism, including identifying greater DHA synthesis in females than male 
subjects (Burdge and Wootton, 2002), and also the impact of maternal diet 
on offspring epigenetics (Lillycrop and Burdge, 2015).

Tom Clandinin has been involved in lipid research over a 40-year 
period, with many significant contributions to the field as well as in train-
ing scientists. A recent theme of his work has been on the role of ganglio-
sides in immune function (Miklavcic et al., 2012).

Stephen Cunnane has also had a long and distinguished career in the 
field, with important studies on revisiting EFA requirements (Cunnane 
and Guesnet, 2011), and more recently exploring the role of ketones as a 
brain fuel in the elderly (Cunnane et al., 2016).

Giovanni Turchini, an outstanding lipid nutritionist and marine scien-
tist, continues to publish papers that challenge dogma in terms of just what 
the requirements are for different long chain PUFA in salmon and that EPA 
and DHA are metabolized differently in this species (Emery et al., 2016).

David Horrobin, a former professor of medicine, was a highly innova-
tive thinker in the PUFA field for more than 20 years. Often scorned for his 
commercial interests, he was someone who never stopped thinking about 
possibilities for uses of different PUFA, such as gamma-linolenic acid or 
EPA. He published many papers, and a review paper published more than 
14 years ago is worth reading because it discusses how novel PUFA could 
be useful treatments for psychiatric disorders (Horrobin, 2002).

Alex Leaf was a pioneer in the understanding of omega 3 in cardiac 
arrhythmias (Leaf et al., 2005). His seminal studies, which started in the 
late 1990s, were the catalyst for research on mechanisms of action of long 
chain omega 3 fatty acids in the prevention of fatal arrhythmias.

When one reads about novel lipid mediators, the first name that springs 
to mind is that of Charles Serhan. He has discovered many novel media-
tors from EPA, DPA, and DHA and he and his group regularly publish 
novel data and reviews on the resolution of inflammation (Chiurchiu 
et al., 2016).

Jorn Dyerberg, with his collaborator Bang, H.O., opened the eyes of 
the world to omega 3 and heart disease in Eskimos. This work led to a 
huge surge in the interest in omega 3 fatty acids from that time (Bang 
et  al.,  1971). In recent times, Dyerberg with colleagues has put a lot of 
effort into public health measures to change the food supply in Denmark, 
with emphasis on reducing artificial trans fats (Dyerberg et al., 2004).

Maria Makrides and Bob Gibson have been involved in some of the 
largest multicenter, multidisciplinary intervention trials in pregnant 
women supplemented with DHA for many years, with the view of exam-
ining the impact on infants (Makrides et al., 2014). Their work is highly 
regarded throughout the area of paediatric nutrition.
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The future—a wish perhaps? The brain is the area most understud-
ied in a multidisciplinary sense. The people trying to grapple with this 
include Stanley Rapoport, Chris Ramsden, and Hee-Yong Kim, who sep-
arately are examining important basic research questions on the role of 
linoleic acid in the diet on brain AA metabolism and brain lipid media-
tors (Taha et  al.,  2016a,b). Hee-Yong Kim and her colleagues are pro-
viding new insights into mechanisms by which DHA promotes brain 
development and function (Lee et al., 2016). In general, however, there 
has been a failure of the lipid field to engage with experts in brain physi-
ology, imaging, and anatomical mapping using gene mapping, and it is 
my guess that the vast majority of neuroscientists have little understand-
ing of brain PUFA and why this topic is regarded as important by many 
fatty acid scientists!

A second area that really must be solved is to understand the molecu-
lar biochemical and physiological basis, which contribute to the substan-
tial variations in the red blood cell omega 3 index between people given 
the same dose of omega 3 fatty acids (Von Schacky, 2009). Some factors 
thought to modify this index have been identified but it seems that we are 
still a long way short of knowing how to reliably raise the red cell omega 
3 levels to the same extent in people from the same ethnic background. It 
has been suggested that as in other fields, the dose of omega 3 fatty acids 
should be provided on the basis of body weight rather than the same dose 
independent of weight (Ghasemifard et al., 2014).

In my view, the future is bright for this field because it has a number of 
rising stars, already mentioned.
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INTRODUCTION

Mammals are able to synthesize n-9 series polyunsaturated fatty acids 
(PUFA) from acetyl-CoA via fatty acid synthase to form 16:0, which can 
then be converted through chain elongation and stearoyl-CoA desaturase 
activities to form 18:1n-9. Synthesis of 20:3n-9 then proceeds by one of two 
pathways involving sequential desaturation and carbon chain elongation 
to form 20:3n-9 (Fig. 2.1) (Ichi et al., 2014).

Synthesis of 20:3n-9 is important in dietary essential fatty acid (EFA) 
deficiency. However, mammals lack ∆12 and ∆15 desaturases and, 
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consequently, are unable to convert 18:1n-9 to long chain PUFA of either the 
n-3 or n-6 series from acetyl-CoA. Hence, the products of ∆12 desaturase 
and ∆15 desaturase activities in plants, 18:2n-6 and 18:3n-3, respectively, 
are essential in the mammalian diet (Simopoulos, 1999), such that dietary 
deficiency results in specific symptoms, including skin lesions, infertility, 
and impaired renal function (Innis, 1991). The majority of the biological 
effects of 18:3n-3 and 18:2n-6 PUFA have been ascribed to their longer 
chain metabolites acting via membrane fluidity, production of second 
messengers, and activation of transcription factors (Sinclair et al., 2002). 
VLCPUFA are also required for normal development. For example, 
22:6n-6 is incorporated into cell membranes of the central nervous sys-
tem during development and accounts for between 20% and 50% of fatty 
acids in brain and retinal cells membranes (Uauy et al., 2001). Deficits in 
22:6n-3 accumulation can result in impaired neurological function (Uauy 
et al., 1996; Uauy and Hoffman, 2000). Adequate dietary intake is impor-
tant for meeting requirements for very long chain polyunsaturated fatty 
acids (VLCPUFA). The primary source of n-3 VLCPUFA, namely 20:5n-3, 

FIGURE 2.1  Conversion of 18:1n-9 to 20:3n-9 in mammals. FADS, Fatty acid desaturase; 
FAS, fatty acid synthase; ELOVL, elongase; SCD, stearoyl-CoA deasturase.
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22:5n-3, and 22:6n-6, is oily fish while n-6 VLCPUFA, namely 20:3n-6 and 
20:4n-6, are obtained mainly from meat. Nevertheless, mammals can con-
vert n-6 and n-3 EFAs to their respective series of VLCPUFA. However, 
there are between and within species variations in capacity for conversion 
of 18:3n-3 and 18:2n-6 to their longer chain, more unsaturated metabolites.

PARTITIONING OF EFAs TOWARDS β-OXIDATION 
AND CARBON RECYCLING

A substantial proportion of ingested EFAs are used in energy produc-
tion. Estimates of the proportion of ingested 18:3n-3 recovered as 13CO2 
on breath in men have been reported to vary between 24% and 33%, 
although this variation may reflect differences in the duration of collect-
ing samples after ingestion of labeled 18:3n-3 (Bretillon et al., 2001; Burdge 
et al., 2002, 2003a; DeLany et al., 2000). Using the same methodology 22% 
of labeled 18:3n-3 was recovered as 13CO2 in women (Burdge and Woot-
ton, 2002a) compared to 33% in men (Burdge et al., 2002). This difference 
between sexes may reflect relatively lower muscle mass in women com-
pared to men. This has implications for capacity for conversion of 18:3n-3 
to VLCPUFA in that the proportion of ingested 18:3n-3 available for con-
version would be expected to be greater in women than in men. Such 
metabolic partitioning does not appear to be influenced by dietary intakes 
of 18:3n-3 or 20:5n-3 plus 22:6n-3 (Burdge et al., 2003b). The proportion 
of labeled 18:2n-6 as 13CO2 over 9 h was shown to be less (16%) than for 
18:3n-3 (24%) in men (DeLany et al., 2000). Others have reported similar 
findings (18:2n-6, 14%; 18:3n-3, 23%) when excretion of 13CO2 on breath 
was followed for up to 48 h (Bretillon et al., 2001). Moreover, comparison 
in the same individuals showed that although the proportion of ingested 
18:2n-6 that was recovered as 13CO2 (14%) was similar to other long chain 
fatty acids (16:0, 14%; 18:0, 11%; and 18:1n-9, 17%), the proportion of 
[13C]18:3n-3 recovered as 13CO2 (24%) was similar to 12:0 (33%). Recovery 
of ingested 18:3n-3 as CO2 in rats (63%) was also found to be greater than 
that of 18:2n-3 (48%), similar to 12:0 (63%), and approximate 1.6–2.5-fold 
greater than 14:0, 16:0, and 18:0 (Leyton et al., 1987). McCloy et al. (2004) 
found lower recovery of [13C]18:2n-6 (12%) as 13CO2 than [13C]18:3n-3 
(19%) in women. Preferential β-oxidation of 18:3n-3 has also been reported 
in the liver of catfish (Bandyopadhyay et al., 1982). Together findings sug-
gest that preferential partitioning of 18:3n-3 for energy production is con-
served between classes as well as between species. If so, this appears to be 
counterintuitive if 18:3n-3 is an important source of n-3 VLCPUFA.

Carbon from fatty acids undergoing β-oxidation can by incorporated into 
cholesterol or fatty acids synthesized de novo or into ketone bodies (Cunnane 
et al., 2003). Each cycle of the β-oxidation pathway released two carbons as 
acetyl-CoA, which is converted to citrate and exported from mitochondria. 
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Acetyl-CoA can be used as a substrate for fatty acid synthase or converted 
to acetoacetyl-CoA, which is a substrate for hydroxymethylglutaryl-CoA 
(HMG-CoA) reductase in the cholesterol biosynthesis pathway or HMG-
CoA lyase to form acetoacetate in the ketone body synthesis pathway. 
Sinclair showed that radioactivity from [14C]18:2n-6 and [14C]18:3n-3 was 
incorporated into 18:0 and 18:1n-9 by 22  h after administration in brain 
and liver from neonatal rats, although the majority of the label was pres-
ent in the EFAs (Sinclair, 1974). In contrast, others have shown that radio-
activity derived from [14C]18:3n-3 was enriched primarily in 16:0, 8 h after 
administration in neonatal rat brain and that the radiolabel was associated 
initially with brain phosphatidylcholine (PC), but subsequently enriched 
in cholesterol (Dhopeshwarkar and Subramanian,  1975a,b). Carbon from 
[13C]18:n-3 was enriched in plasma SFA and MUFA from regnant rhesus 
macaques 5 days after administration of the labeled fatty acid (Sheaff Greiner 
et al., 1996). Furthermore, enrichment in 16:0 or 18:0 was approximately twice 
that of 20:5n-3 or 22:6n-6. The same series of experiments showed that car-
bon from [13C]18:2n-6 was enriched in 18:1n-9, but not 16:0, 16:1n-7 or 18:0. 
Enrichment of 18:1n-9 was approximately ninefold greater than in 20:4n-6. 
Recycling of carbon from [13C]22:6n-3 into saturated (SFA) and monoun-
stuarated (MUFA) fatty acids was approximately eightfold and sevenfold 
lower than from 18:2n-6 to 18:3n-3, respectively. These findings suggest that 
there was no selective sparing of 18:3n-3 or 18:2n-6 from β-oxidation during 
pregnancy to meet increased fetal and maternal demands for VLCPUFA, 
although partitioning of preformed 22:6n-3 towards energy production 
appeared to be lower than for EFAs. Recycling of carbon from [13C]18:3n-3 
has also been reported in men and women (Burdge and Wootton, 2003). In 
men, the rank order of enrichment in plasma PC plus triacylglycerol (TAG) 
was 16:0 > 18:0 = 18:1n-9 = 16:1n-7. However, the rank order in women was 
16:0 > 18:0 > 18:1n-9 > 16:1n-7. Furthermore, synthesis of SFA and MUFA 
fatty acids from 18:3n-3 was 20% greater in men than in women. It has been 
suggested that partitioning of EFAs towards β-oxidation may be involved in 
regulating that fatty acid composition of cell membranes and hence facili-
tating optimum function by preventing excessive accumulation of these 
fatty acids in the lipid bilayer if abundant in the diet (Cunnane et al., 2003). 
However, this does not explain why there are differences between males and 
females in the extent of such partitioning and assumes that the composition 
of cells membranes is determined primarily by the diet.

CONVERSATION OF EFAs TO VLCPUFA

The consensus pathway for conversion of 183n-3 and 18:2n-6 to VLCP-
UFA is summarized in Fig. 2.2 (Sprecher and Chen, 1999).

The historical background to the elucidation of this pathway has been 
documented by Sprecher (2000). Although this pathway has been largely 
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accepted, there have been several reports that have suggested alterna-
tive or additional reactions may be involved. The conversion of 18 car-
bon EFAs to VLCPUFA was described originally more than 40  years 
ago (Klenk and Mohrhauer,  1960). All reactions take place in the endo-
plasmic reticulum up to the synthesis of 24:6n-3 and 24:5n-6. The initial, 
rate-limiting reaction is insertion of a double bond into either 9,12–18:2 
or 9,12,15–18:3 at the ∆6 carbon to form 6,9,12–18:3 or 6,9,12,15–18:4, 
respectively. The reaction is catalyzed by ∆6 desaturase (see Chapter 5), 
which is encoded by the FADS2 gene. 18:3n-6 and 18:4n-3 are converted 
to 8,11,14–20:3 and 8,11,14,17–20:4, respectively, by addition of 2 carbons 
by elongase 5 (see Chapter 6) activity (Fig. 2.2). 20:3n-6 and 20:4n-3 are 
then converted to 5,8,11,14–20:4 and 5,8,11,14,17–20:5, respectively, by 
addition of a double bond at the ∆5 position by ∆5 desaturase. Two cycles 
of chain elongation catalyzed by elongase 2 or 5 and then elongase 2 sub-
sequently convert 20:4n-6 to 7,10,13,16–22:4 and then to 9,12,15,18–24:4, 
and 20:5n-3 to 7,10,13,16,19–22:5, and then 9,12,15,18,21–24:5 (Fig.  2.2). 
Because there is only limited esterification of these 24 carbon fatty acids, it 
has been assumed that they are metabolic intermediates (Voss et al., 1991). 
Synthesis of 4,7,10,13,16–22:5 and 4,7,10,13,16,19–22:6 does not appear to 
involve ∆4 desaturase activity (Ayala et al., 1973). Instead, a double bond 

FIGURE 2.2  Pathway for conversion of essential fatty acids to very long chain poly-
undsaturated fatty acids. FADS, Fatty acid desaturase; ELOVL, elongase; ∆8,6,5, position of 
desaturated bond.
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is inserted at the ∆6 position by ∆6 desaturase to form 6,9,12,15,18,21–24:5 
and 6,9,12,15,18,21–24:6, respectively, followed by translocation from the 
endoplasmic reticulum to peroxisomes and one cycle of peroxisomal fatty 
acid β-oxidation (Voss et  al.,  1991) (Fig.  2.2). The requirement for per-
soxisomal fatty acid β-oxidation in 22:5n-6 and 22:6n-3 synthesis is sup-
ported by the absence of conversion of 24:6n-3 to 22:6n-3 in fibroblasts 
from patients with peroxisomal disease (Moore et al., 1995; Su et al., 2001) 
and that conversion of 18:3n-3 to 22:6n-3 only occurred when microsomes 
and peroxisomes were incubated together (Li et al., 2000). Furthermore, 
because 22 carbon fatty acids with the first double bond at the ∆4 posi-
tion are relatively poor substrates for peroxisomal fatty acid β-oxidation 
(Luthria et al., 1996; Sprecher et al., 1995), this may provide a mechanism 
to limit the conversion of 24 carbon fatty acids to 22 carbon VLCPUFA 
rather than complete hydrolysis of the substrate. The translocation of 24 
and 22 carbon fatty acids between the endoplasmic reticulum and peroxi-
somes has been suggested to be a possible locus of metabolic regulation 
that could facilitate control of 22:5n-6 and 22:6n-3 synthesis independently 
from the preceding steps in the pathway (Sprecher, 2000).

There is some evidence that suggests the same ∆6 desaturase catalyzes 
both the conversion of 18:3n-3 to 18:4n-3 and 24:5n-3 to 24:6n-3. Transfec-
tion of the FADS2 gene into COS cells facilitated ∆6 desaturation of both 
18:3n-3 and 24:5n-4 (D’Andrea et al., 2002). If so, this suggests that flux 
through the pathway could be regulated by competition between 18 and 
24 carbon substrates for ∆6 desaturase. Furthermore, ∆6 desaturase has 
greater activity against 18:3n-3 than 18:2n-2 (Brenner and Peluffo, 1966), 
which may have implications for the regulation of n-3 and n-6 VLCP-
UFA synthesis at the 24 carbon steps. Coincubation of Jurkat T cells with 
[14C]18:3n-3 and the ∆6 desaturase inhibitor trans-9,12–18:2 reduced enrich-
ment of the label in 24:6n-3 + 22:6n-3, indicating an overall suppression of 
flux through the pathway due to inhibition of the rate limiting reaction 
(Marzo et al., 1996). However, the suppression of enrichment of the label 
in 24:6n-3 + 22:6n-3 was less when cells were incubated with [14C]20:5n-3. 
This was interpreted as indicating that the second ∆6 desaturation was 
carried out by an enzyme that was less sensitive to the inhibitor. However, 
these findings have yet to be replicated.

ALTERNATIVE PATHWAYS FOR VLCPUFA 
BIOSYNTHESIS

The enzyme product of FADS2 has been shown to exhibit both ∆8 and 
∆4 desaturase activities as well as ∆6 desaturase activity. Consequently, 
alternative pathways for VLCPUFA synthesis to that described by Sprecher 
(2000) have been reported in mammalian cells. Park et  al. (2009) have 
shown that human MCF7 breast carcinoma cells, that lack ∆6 desaturase 
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activity, synthesise 22:6n-3 and 22:5n-6 when transfected with FADS2 and 
that this synthesis involves direct desaturation of 22:5n-3 and 22:4n-6, 
respectively, via ∆4 desaturase activity. These findings demonstrate that 
human cells can exhibit ∆4 desaturase activity, although whether this is 
present in unmodified cells, as in other organisms (Meyer et  al.,  2003; 
Morais et al., 2012; Qiu et al., 2001), has yet to be demonstrated.

FADS2 from baboons exhibited ∆8 desaturase activity when transfected 
into yeast such that 18:3n-3 was converted to 20:3n-3 via elonagase activ-
ity followed by ∆8 desaturation to form 20:4n-3 (Park et al., 2009). How-
ever, Chen et al. (2000) failed to detect endogenous ∆8 desaturase activity 
in rat testes although others have reported ∆8 desaturation in rat testes 
(Albert and Coniglio, 1977). There is also evidence for ∆8 desaturase activ-
ity in human bladder cells and colonocytes. Some studies have suggested 
that cats are unable to convert 18:2n-6 to 20:4n-6 (Hassam et  al.,  1977; 
Rivers et al., 1975) and lack ∆6 desaturase activity (Sinclair et al., 1979). 
However, there is circumstantial evidence that 20:4n-6 synthesis in cats 
involves ∆8 desaturase activity (Sinclair et al., 1981), which explained the 
low but persistent presence of 20:4n-6 in the tissues of cats maintained on 
a diet, which contained 18:2n-6, but not longer chain n-6 PUFA. Overall, 
although there is evidence that ∆4 and ∆8 desaturation can occur in mam-
malian cells, it has yet to be demonstrated whether these alternative PUFA 
biosynthesis pathways are quantitatively important.

The enzyme product of FADS2 has also been shown to desaturate 16:0 
at the ∆6 position to form 16:1n-10 when 16:0 exceeds capacity for ∆9 
desaturation of excess 16:0 (Park et al., 2016a).

RETROCONVERSION OF VLCPUFA

Despite the apparently limited peroxisomal fatty acid β-oxidation that 
is involved in conversion of 24 carbon VLCPUFA to 22:5n-6 and 22:6n-3, 
there is evidence that 22:6n-3 can undergo retroconversion to 22:5n-3 and 
20:5n-3. Enrichment of 22:5n-3 and 20:5n-3 was detected after adminis-
tration of [13C]22:6n-3 to pregnant rhesus macaques such that the levels 
of these fatty acids were approximately 1% of the administered labeled 
22:6n-3 (Sheaff Greiner et al., 1996). In isolated rat hepatocytes, approxi-
mately 20% of labeled 22:6n-3 was converted to 20:5n-3. This was inde-
pendent of (−)-carnitine or (+)-deconoylcarnitine, which suggested that 
such retroconversion involved peroxisomal, rather than mitochondrial, 
fatty acid β-oxidation (Gronn et al., 1991). Dietary supplementation with 
22:5n-5 in rats increased the concentrations of 20:5n-3 in liver, heart, adi-
pose tissue, and skeletal muscle, but not brain, while supplementation 
with 22:6n-3 increased the concentration of 20:5n-3, but not 22:5n-3, in 
liver (Kaur et  al.,  2010). However, but there was no evidence of retro-
conversion of 22:6n-3 in brain, adipose tissue, skeletal, or cardiac muscle 



22	 2.  POLYUNSATURATED FATTY ACID BIOSYNTHESIS AND METABOLISM

﻿ �﻿﻿

(Kaur et al.,  2010). Park et al. (2016b) have shown differential retrocon-
version of 22:6n-3 to 20:5n-3 between different human cell lines. Retro-
conversion of [13C]22:6n-3 was found to be fivefold to sixfold greater in 
HepG2 hepatocarcinoma and MCF7 breast carcinoma cells that in Y79 
or SK-N-SH neuroblastoma cells, although labeled 22:5n-3 and 24:5n-3 
were not detected (Park et  al.,  2016b). This is in contrast to findings in 
rats (Sheaff Greiner et al., 1996) and suggests some differences in the ret-
roconversion pathway between species. Retroconversion of 22:6n-3 to 
20:5n-3 has been reported to be two-fold greater in elderly humans than 
young subjects (Plourde et al., 2011). Furthermore, dietary supplemen-
tation with 22:6n-3 in omnivores and vegetarians increased its propor-
tion in plasma and platelet phospholipids and was accompanied by an 
increase in the proportion of 20:5n-3, but a decrease in 22:5n-3 (Con-
quer and Holub,  1997). This is consistent with the retroconversion of 
22:6n-3 in cultured cells and is consistent with the suggestion of meta-
bolic channeling of intermediates in the retroconversion pathway (Park 
et al., 2016b). There was no difference between omnivores and vegetar-
ians in the extent of retroconversion (approximately 10% of the ingested 
22:6n-3) (Conquer and Holub, 1997).

CONVERSION OF EFAs TO VLCPUFA IN MALES

Humans express all of the enzymes required to convert 18:3n-3 and 
18:2n-6 to their respective longer chain metabolites, including 22:6n-3 
and 22:5n-6 (de Gomez Dumm and Brenner,  1975). However, in con-
trast to rodents, the capacity of humans to synthesise VLCPUFA from 
EFAs appears to be limited. A series of studies investigated the extent of 
whole body conversion of 18:3n-3 labeled with a stable isotope to 20:5n-
3, 22:5n-3, and 22:6n-3 in adult humans. Although there are method-
ological limitations to this approach, including lack of standardization 
between studies (Burdge, 2004), the findings show consistency between 
experiments. Mathematic modeling of the appearance and turnover of 
metabolites of [d5]-18:3n-3 in blood after consuming a single dose of 1g 
in a mixed group of men and women showed that approximately 0.2% of 
the label was recovered in 20:5n-3, 0.13% in 22:5n-3 and 0.05% in 22:5n-3 
(Pawlosky et  al.,  2001). Others have shown in men that approximately 
8% of label from [U-13C]-18:3n-3 was recovered in 20:5n-3 and in 22:5n-3 
in blood (based on calculation of the area under the concentration versus 
time curve), while incorporation of label into 22:6n-3 was below the limit 
of detection (Burdge et al., 2002). Salem et al. (1999) also found significant 
synthesis of 20:5n-3 (peak concentration 57 ng/mL), while incorporation 
of label into 22:6n-3 was <2 ng/mL. Others have reported similar findings 
(Goyens et al., 2005; Vermunt et al., 2000). Together these finding imply a 
constraint in conversion of 18:3n-3 to 22:6n-3 downstream of synthesis of 
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22:5n-3. This is supported by the findings of a dietary supplementation 
study in which men and postmenopausal women consumed either 18:3n-
3, 18:4n-3 (circumventing the first ∆6 desaturation reaction), or 20:5n-5 
(circumventing both the first ∆6 desaturation reaction and ∆5 desatura-
tion) (James et al., 2003). The findings showed an increase in the propor-
tions of 20:5n-3 and 22:5n-3, but not 22:6n-3, in erythrocyte and plasma 
phospholipids. It remains unclear whether this constraint is at the second 
desaturation at the ∆6 position, the addition of carbons by elongase 2 or 
the translocation of 24 carbon intermediates (Fig. 2.3). In contrast to the 
findings of these studies, Emken et al. (1990) reported that, based on esti-
mates of the area under the concentration versus time curve, that conver-
sion of deuterated 18:3n-3 to 20:5n-3 was 6%, to 22:5n-3 was 3.5%, and to 
22:6n-3 was 3.8% in men. The substantially higher conversation to 22:6n-3 
compared to other studies has not been explained.

The findings of stable isotope tracer studies are supported by the out-
comes of trials in which adults consumed increased amounts of 18:3n-
3. These have been reviewed recently by Baker et  al. (2016). Although 
18:3n-3 intake is associated significantly with the concentration of 20:5n-3 
and 22:5n-3 in plasma phospholipids, or erythrocyte leukocyte cell mem-
branes, there was no significant increase in the proportion or concentra-
tion of 22:6n-3 even at 18:3n-3 intakes of 15 g per day (Fig. 2.3).

In some studies, 22:6n-3 status decreased with increased 18:3n-3 intake 
(Baker et  al.,  2016). This may reflect retroconversion of 22:6n-3 in the 
absence of significant synthesis or dietary intake.

Overall, men have some capacity for conversion of 18:3n-3 to 20:5n-3 
and 22:5n-3, but are unable to synthesize sufficient 22:6n-3 to exceed turn-
over or retroconversion. One implication of these findings is that con-
suming 18:3n-3 is not sufficient to meet requirements for 22:6n-3. This 
suggestion supported by the finding that despite equal or higher 18:3n-3 
status or intakes, 22:6n-3 levels are consistently lower in vegans than in 
omnivores (Sanders, 2009).

FIGURE 2.3  The effect of increasing 18:3n-3 (ALA) intake on the change in 20:5n-5, 
22:5n-3, and 22:6n-3 in human plasma phospholipids. Source: Reproduced with permission 
from Baker, E.J., Miles, E.A., Burdge, G.C., Yaqoob, P., Calder, P.C., 2016. Metabolism and functional 
effects of plant-derived omega-3 fatty acids in humans. Prog. Lipid Res. 64, 30–56.
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There is less information available about the conversion of 18:2n-6 to 
VLCPUFA than for 18:3n-3. Lin et  al. (2005) showed that conversion of 
20:3n-6 to 20:4n-6 was 14-fold greater than 18:2n-6 to 20:4n-6 in rats and 
that the major metabolites of 18:2n-6 were 20:4n-6 and 22:4n-6. Su et al. 
(1999) showed that fetal baboons derive approximately 50% of 20:4n-6 
from 18:2n-6. Following consumption of 1 g [d5]-18:2n-6 by human vol-
unteers (sex mix not reported), peak 20:4n-6 concentration (approximately 
0.011 µg/mL) was detected in total plasma lipids at 96 h after the test meal 
(Salem et al, 1999). Demmelmair et al. (1998) showed that when lactating 
women consumed 1 mg/kg body weight [U-13C]-18:2n-6 on either the 2nd, 
6th, or 12th week of breast feeding, recovery of ingested label as 13CO2 on 
breath was 18.9%, 24%, and 17.7%, respectively, over 5 days. The propor-
tion of ingested label recovered as 18:2n-6 in breast milk was 12.7%, 13.1%, 
and 11.7% for each time point studied, respectively. Recovery of ingested 
labeled 18:2n-6 as 20:3n-6 in breast milk was between 0.17% and 0.2%, and 
as 0.02% of 20:4n-6 at all time points studied (Demmelmair et al., 1998). 
The authors estimated that overall, 30% of 18:2n-6 in breast milk was 
derived directly from the diet, while 11% of 20:3n-6 and 1.2% of 20:4n-6 in 
breast milk were derived from 18:2n-6 by endogenous synthesis (Demmel-
mair et al., 1998). In men who consumed a single dose of 400 mg [U-13C]-
18:2n-6 plus 400 mg [U-13C]-18:3n-3, conversion of [13C]-18:2n-6 to 20:3n-6 
or to 20:4n-6 over 14 days was 0.23% or 0.18% of dose adjusted for pre-
cursor pool size, respectively (Hussein et al., 2005). Estimated conversion 
of [U-13C]-18:3n-3 to 20:5n-3 was 0.26%; to 22:5n-3, 0.04%; and to 22:6n-3 
<0.01%, adjusted for precursor pool size (Hussein et al., 2005). Thus con-
version to 20:5n-3 was similar to 20:4n-6. However, when the same subjects 
consumed a sunflower oil enriched diet, the proportion of [U-13C]-18:2n-6 
recovered as 20:4n-6 was 0.26%, while the proportion of [U-13C]-18:3n-3 
recovered as 20:5n-3 was 0.19%. Conversely, when subjects consumed a 
diet enriched in flaxseed oil, the proportion of [U-13C]-18:2n-6 recovered 
as 20:4n-6 was 0.12%, while the proportion of [U-13C]-18:3n-3 recovered 
as 20:5n-3 was 0.29% (Hussein et al., 2005). These findings emphasize the 
competition between n-6 and n-3 PUFA for the PUFA synthesis pathway.

CONVERSION OF EFAs TO VLCPUFA IN 
NONPREGNANT AND PREGNANT FEMALES

Comparison of the conversion of [U-13C]-18:3n-3 to VLCPUFA in 
women of reproductive age and similarly aged men using the same 
experimental design showed that synthesis of 20:5n-3 and 22:6n-3 was 
substantially greater in women (20:5n-3, 21%; 22:6n-3, 9%) than in men 
(20:5n-3, 8%; 22:6n-3 undetectable) based on estimated area under the 
time versus concentration curve in plasma (Burdge et  al.,  2002; Burdge 
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and Wootton, 2002a). Systematic review of 51 studies that reported fatty 
acid status in men and women showed that levels of 20:4n-6 and 22:6n-3 
were both 20% higher in women than in men (Lohner et al., 2013). Fur-
thermore, higher 22:6n-3 status has also been reported in female rodents 
(Burdge et al., 2008; Childs et al., 2010) and wild birds (Toledo et al., 2016), 
compared to males of the species. Such apparent conservation of this sex 
difference suggests that higher 22:6n-3 status in females may be biologi-
cally important.

The developing mammalian fetus requires adequate assimilation of 
22:6n-3 in order to support optimal development of the central nervous 
system. The concentration of 22:6n-3 in plasma phospholipids has been 
shown to increase significantly from approximately 20 weeks after con-
ception in pregnant women and returns to baseline concentration after 
delivery (Postle et  al.,  1995). This involves a switch from PC 18:0/22:6 
to PC 16:0/22:6. This increase in the 22:6n-3 content of maternal plasma 
PC precedes the main period of 22:6n-3 assimilation by the fetus (Kui-
pers et  al.,  2012). Similar changes to plasma phospholipid composition 
have been reported in rats (Burdge et al., 1994). This involves decreased 
acyl remodeling of sn-1 16:0 molecular species to sn-1 18:0 molecular spe-
cies, increased PC synthesis de novo, but not phosphatidylethanolamine 
N-methylation, and increased microsomal choline-phosphotransferase 
activity. Furthermore, the mRNA expression of FADS2 has been shown 
to increase in the liver of pregnant rats (Childs et al., 2010, 2012). It is pos-
sible that greater 22:6n-3 synthesis and higher status in females together 
with capacity to upregulate conversion of 18:3n-3 to 22:6n-3 may facili-
tate an adequate supply of 22:6n-3 to the offspring, although this has not 
been tested directly. If so, the low DHA status in pregnant vegans (Sand-
ers, 2009) suggests that such physiological adaptations are unable to com-
pensate for exclusion of major foods from the diet.

The mechanism that underlies higher 22:6n-3 status and synthesis in 
females is not known. Women who took a combined hormone oral contra-
ceptive synthesized 2.5-fold more DHA than those who did not take use 
hormone therapy (Burdge and Wootton, 2002a). Giltay et al. (2004b) have 
shown that women who take an oral contraceptive pill had 10% higher 
plasma DHA concentration than those who did not. The same group also 
showed that treatment of postmenopausal women with the hepatic estro-
gen receptor agonist raloxifene did not increase plasma 20:4n-6 concen-
tration, but increased 22:6n-3 concentration by 22.1%, while combined 
treatment with conjugated equine estrogens plus medroxyprogesterone 
acetate increased 20:4n-6 concentration by 14% and 22:6n-3 concentra-
tion by 14.9% (Giltay et al., 2004a). Thus both estrogen and progesterone 
appeared to induce VLCPUFA synthesis. Systematic treatment of HepG2 
hepatocarcinoma cells or primary human hepatocytes with physiological 
concentrations of either 17α-ethinylestradiol, progesterone or testosterone 
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showed that while there was no effect of estrogen or testosterone on the 
conversion of [13C]-18:3n-3 to VLCPUFA, progesterone increased syn-
thesis of 20:5n-3, 22:5n-3, and 22:6n-3, the mRNA expression of FADS2, 
FADS21, and ELOVL2 and 5, which encode elongase 2 and 5, respectively, 
in a concentration-dependent manner (Sibbons et al., 2014). These findings 
suggest that progesterone may be the main hormone that is responsible 
for higher 22:6n-3 synthesis and status in females. This is consistent with 
the finding that plasma progesterone concentration explained 28% of the 
variation in FADS2 mRNA expression in nonpregnant rats, although there 
was no significant association between progesterone and either 20:4n-6 or 
22:6n-3 concentrations (Childs et al., 2012). However, oestrogen concen-
tration explained 96% of the variation in FADS2 expression in pregnant 
rats (Childs et  al.,  2012). Thus at present, there is no consensus on the 
regulation of VLCPUFA synthesis by sex hormones in females.
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INTRODUCTION

Fish and seafood are recognized as important components of a 
healthy diet, with the n-3 long-chain (≥C20) polyunsaturated fatty acids 
(LC-PUFA), eicosapentaenoic acid (EPA; 20:5n-3), and docosahexae-
noic acid (DHA; 22:6n-3), being the nutrients most associated with the 
beneficial effects (Lands, 2014). Epidemiological studies, randomized 
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controlled (intervention) trials, and laboratory studies investigating 
biochemical and molecular mechanisms have all provided key evi-
dence (Gil et al., 2012). Studies have shown that dietary n-3 LC-PUFA 
can decrease the risk of developing cardiovascular disease (CVD) 
(Delgado-Lista et al., 2012) and have positive benefits in patients with 
some disease already (Calder, 2014; Calder and Yaqoob, 2012; Casula 
et al., 2013; Delgado-Lista et al., 2012). Beneficial effects of dietary n-3 
LC-PUFA in inflammatory disease have been obtained in rheumatoid 
arthritis (Miles and Calder, 2012) and, to some extent, in inflammatory 
bowel disease, such as Crohn’s disease and ulcerative colitis (Cabré 
et al., 2012). Epidemiological studies indicated that n-3 LC-PUFA may 
have a protective effect (i.e., decreasing risk) in colorectal, breast, and 
prostate cancers (Gerber, 2012), and can be beneficial in chemotherapy 
(Bougnoux et al., 2009). Decreased DHA status can lead to cognitive 
and visual impairment and DHA supplements have positive outcomes 
in preterm infants (Campoy et al., 2012; Carlson et al., 1993) and may 
have beneficial effects in some psychological/behavioral/psychiatric 
disorders (Ortega et  al.,  2012), and n-3 LC-PUFA may help prevent 
some pathological conditions associated with normal aging (Úbeda 
et al., 2012). Consequently, many recommendations for EPA and DHA 
intake for humans have been produced by a large number of global 
and national health agencies and associations, and government bod-
ies (GOED, 2014, 2016). Based on their effects on CVD, many health 
agencies worldwide recommend up to 500  mg/d of EPA and DHA 
for reducing CVD risk or 1 g/d for secondary prevention in existing 
CVD patients, with a dietary strategy for achieving 500 mg/d being 
to consume two fish meals per week with at least one of oily fish 
(Aranceta and Pérez-Rodrigo, 2012; EFSA, 2012; Gebauer et al., 2006; 
ISSFAL, 2004).

Fish, especially “oily” species, such as salmon, are the most important 
foods in delivering physiologically effective doses of n-3 LC-PUFA to con-
sumers (Henriques et al., 2014; Sprague et al., 2016; Tur et al., 2012). The 
primary reason for this being that aquatic food webs are n-3 LC-PUFA 
rich and, as 96% of global water is ocean, EPA and DHA are predomi-
nantly of marine origin and fish simply accumulate them from their diet 
(Bell and Tocher, 2009a; Tocher, 2009). However, global fisheries have been 
stagnant for the last 20 years and, with increasing global population driv-
ing increasing demand, an increasing proportion of fish and seafood are 
now farmed, reaching more than 50% in 2014 (FAO, 2016). Traditionally, 
natural diets were replicated in farmed fish by formulating feeds with 
fishmeal (FM) and fish oil (FO), and so farmed fish were also rich in n-3 
LC-PUFA (Tocher,  2015). However, aquaculture has grown by an aver-
age of more than 6% annually over the last 15  years or so, outpacing  
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population growth (FAO,  2014). Paradoxically, FM and FO are them-
selves products of wild capture fisheries that are also at their sustainable 
limit and, therefore, they are finite resources on an annual basis, which 
would have limited aquaculture growth and development if they were 
not increasingly replaced in aquafeeds by alternative ingredients, pre-
dominantly terrestrial crop-derived plant meals and vegetable oils (Gatlin 
et al., 2007; Hardy, 2010; Turchini et al., 2011). As terrestrial plants do not 
produce LC-PUFA, this has the consequence of reducing the level of n-3 
LC-PUFA in farmed fish, potentially compromising their nutritional qual-
ity to the human consumer (Sprague et al., 2016; Tocher, 2015). This has 
prompted considerable research into pathways of LC-PUFA metabolism 
in fish based on the hypothesis that understanding the molecular basis of 
LC-PUFA biosynthesis and regulation in fish will allow the pathway to be 
optimized to enable efficient and effective use of plant-based alternatives 
in aquaculture while maintaining the n-3 LC-PUFA content of farmed fish 
for the consumer (Tocher, 2003, 2010).

Fish, like all vertebrates, cannot synthesize PUFA de novo and so they 
are essential dietary nutrients, but dietary essential PUFA, such as linoleic 
acid (LOA; 18:2n-6) and α-linolenic acid (ALA; 18:3n-3) can be converted 
to LC-PUFA in some species (Tocher,  2010). These conversions are car-
ried out by fatty acyl desaturases (Fads) and elongation of very long-chain 
fatty acid (Elov) proteins as depicted in Fig. 3.1. While a further descrip-
tion is provided later, fish possess Fads and Elovl involved in LC-PUFA 
biosynthesis and, importantly, it has been established that the extent to 

FIGURE 3.1  Biosynthetic pathways of long-chain (≥C20) polyunsaturated fatty acids 
in fish. Desaturation reactions are catalyzed by fatty acyl desaturases (Fads) and are de-
noted with “∆” to indicate the carbon position at which the incipient double bond locates 
within the carboxylic group end (∆) of the fatty acyl chain. Elongation reactions, denoted 
with “Elo,” are catalyzed by elongation of very long-chain fatty acid (Elovl) proteins. β-ox, 
Partial β-oxidation.
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which a fish species can convert C18 PUFA to LC-PUFA varies, associated 
with their complement of fads and elovl genes (Castro et al., 2016; Mon-
roig et al., 2011a; Tocher, 2015). In general, freshwater fish species have a 
greater ability for conversion of C18 PUFA to LC-PUFA than marine spe-
cies (Tocher, 2010), with the limited capacity of marine fish attributed to 
deficiencies in one or more key enzymes of the endogenous LC-PUFA bio-
synthesis pathway (Bell and Tocher, 2009b).

Fish can be classified as cartilaginous fish (e.g., sharks and skates) and 
teleost (or “bony”) fish and this classification has important implications 
in the repertoire of genes existing in species within these groups (Castro 
et al., 2012, 2016). For instance, particularly for teleosts, vital processes 
to consider in the analysis and comprehension of PUFA metabolism 
are gene duplication and loss, evolutionary events by which teleosts 
acquired or lost distinctive PUFA biosynthetic functionalities compared 
to non-teleost vertebrates. This has been particularly well-established 
for fads and elovl genes, where a number of studies have described the 
contribution of tandem (e.g., fads) and whole genome (e.g., elongases) 
duplication events (Castro et  al.,  2016; Fonseca-Madrigal et  al.,  2014; 
Monroig et al., 2016a). The increasingly available genomic and transcrip-
tomic data from fish, as well as the aforementioned interest in the contri-
bution that farmed fish have on a healthy diet for humans, have greatly 
contributed to the understanding of the molecular mechanisms of PUFA 
metabolism in fish, particularly with regards to LC-PUFA biosynthesis. 
Consequently, this chapter focuses primarily on LC-PUFA biosynthesis, 
arguably the pathway of nutritional physiology most extensively stud-
ied in fish. However, this is preceded by discussion of some key pro-
cesses of PUFA metabolism that can affect tissue fatty acid compositions, 
such as digestion, absorption, and catabolism, with particular attention 
to fish-specific mechanisms. Finally, the key roles of PUFA and, espe-
cially, LC-PUFA in signaling pathways and the regulation of metabolism 
in fish are discussed.

PUFA METABOLISM AND TISSUE FATTY ACID 
COMPOSITIONS

As in all animals, PUFA and LC-PUFA have important structural roles in 
fish as constituents of phospholipids that are the major components of cel-
lular biomembranes, and confer various functional properties by affecting 
both physicochemical properties of the membrane (e.g., fluidity) as well 
as influencing membrane protein (e.g., receptors, carriers, and enzymes) 
functions (Tocher,  1995). A review of fish phospholipid and membrane 
PUFA compositions is without the scope of this chapter, but other reviews 
provide comprehensive coverage, including dietary influences (Sargent 
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et al., 2002; Tocher, 1995) and environmental effects, especially tempera-
ture (Hazel and Williams, 1990; Hochachka and Mommsen, 1995).

The phrase “you are what you eat” may have been used in one form 
or another for almost 200 years but, in terms of PUFA metabolism, it now 
has a good basis in science. In short, the fatty acid composition of the diet 
is arguably the most important factor in determining the fatty acid pro-
files of fish tissues (Turchini et al., 2011). This, therefore, implies that fish 
metabolism has only a limited impact on dietary fatty acids. The follow-
ing is a brief summary of some metabolic pathways and physiological 
processes that influence tissue fatty acid compositions in fish. These are 
generally very similar to those in mammals and so only aspects with a 
particular relevance to fish are discussed.

Digestion and Absorption

The specificities of digestive enzymes toward different fatty acids and 
the efficacy of uptake of free fatty acids and other digestion products (e.g., 
mono- and diacylglycerols, lysophospholipids) are relatively unstudied 
in fish (Pérez et al., 1999). However, the overall efficiency of digestion and 
absorption in fish is generally estimated by simply determining the con-
centrations of nutrients (e.g., fatty acids) in diets and feces in comparison 
to an indigestible marker (Bell and Koppe, 2011). The apparent digestibil-
ity coefficients (ADC) of all PUFA, including LC-PUFA, are usually high, 
indicating that dietary PUFA are efficiently digested and absorbed in most 
fish species. However, lipid content, lipid class composition (triacylglycer-
ide, phospholipid) and fatty acid composition of the diet, and water tem-
perature can influence ADC of fatty acids (Bell and Koppe, 2011).

PUFA Oxidation

As components of triacylglycerol (TAG) and other storage lipids (e.g., 
wax esters), PUFA can function as an energy reserve, with energy recov-
ered through fatty acid β-oxidation in mitochondria (Tocher, 2003). Based 
on relative oxidation rates measured in vitro, PUFA and LC-PUFA are 
poorer substrates for oxidation than saturated or monounsaturated fatty 
acids, with n-6 PUFA better oxidized than n-3 PUFA (Henderson, 1996). 
However, comparing dietary and tissue fatty acid compositions showed 
that the higher the dietary concentration of a fatty acid, the lower its rela-
tive deposition, which implies increased oxidation in vivo (Stubhaug 
et al., 2007). Therefore, fatty acid oxidation is dependent on both dietary 
fatty acid concentration and enzyme specificity. Generally, there is no pref-
erential retention of PUFA in fish (Stubhaug et al., 2007), but DHA appears 
to be an exception being usually deposited in tissues of most fish spe-
cies at higher levels than dietary inclusion (Brodtkord et al., 1997). This 
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appears to be simply due to the ∆4 double bond in DHA being relatively 
resistant to mitochondrial β-oxidation (Madsen et al., 1998).

A major control point in fatty acid β-oxidation is the mitochondrial 
carnitine palmitoyltransferase system, which is composed of two enzy-
matic modules, namely Cpt1 and Cpt2. Cpt1 in particular is vital given 
its sensitivity and inhibition by malonyl-CoA, an intermediate of fatty 
acid synthesis (Bonnefont et al., 2004). In fish, clear orthologues of cpt1a 
and cpt1b have been recognized (Boukouvala et al., 2010; Lopes-Marques 
et  al.,  2015). Two uncharacterized cpt1 genes are also present in tele-
ost genomes, which most likely represent cryptic orthologues of cpt1c 
(Lopes-Marques et al., 2015). A more complex gene pattern was observed 
in salmonids due to the additional round of genome duplication. A few 
studies have detailed the response and involvement of Cpt1b in response 
to nutritional and hormonal stimuli (Boukouvala et  al.,  2010; Kolditz 
et al., 2008; Morash et al., 2010). In gilthead seabream (Sparus aurata), cpt1b 
was expressed in the heart, and very strongly in white and red muscle 
(Boukouvala et al., 2010). Moreover, examination of expression levels of 
cpt1b in response to feeding status showed a rapid postprandial decrease 
in expression in white and red muscle and heart, followed by a return to 
preprandial levels at or after 24 h postfeeding (Boukouvala et al., 2010). 
High-energy (high fat) diets were also shown to increase the expression 
of cpt1b in trout (Kolditz et al., 2008). More recently, cpt1a and cpt1b also 
showed a marked increase in expression in liver of seabream S. aurata, 
in response to various diets including those with LC-PUFA derived from 
genetically modified Camelina sativa (Betancor et al., 2016a).

LC-PUFA BIOSYNTHESIS IN FISH

Fatty Acyl Desaturases

Current data suggest that teleost fish have lost Fads1 during evolution 
(Castro et al., 2012), whereas both fads1 and fads2 genes were identified 
in the lesser-spotted dogfish (Scyliorhinus canicula). Consistent with mam-
mals, the substrate specificity of S. canicula Fads1 and Fads2 enzymes 
revealed they were ∆5 and ∆6 desaturases, respectively, a gene set more 
recently confirmed in the genome of the elephant shark (Callorhinchus milii) 
(Castro et al., 2016; Venkatesh et al., 2014). In contrast, while virtually all 
bony fishes appear to have lost Fads1, the exact number of fads2 genes var-
ies among species. Thus fads-like genes seem to be completely absent in 
the genomes of pufferfish, including Takifugu rubripes and Tetraodon nigro-
viridis (Leaver et al., 2008). Other species possess one (e.g., Danio rerio), two 
(e.g., Siganus canaliculatus), three (e.g., Oreochromis niloticus), or four (e.g., 
Salmo salar) fads2 genes (Monroig et  al.,  2010a). Typically, many teleost 
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Fads2 are ∆6 desaturases, consistent with the substrate specificities found 
for mammalian FADS2 (De Antueno et al., 2001). However, there is now a 
good body of evidence confirming that sub- (acquisition of additional sub-
strate specificities) and neofunctionalization (substitution and/or acquisi-
tion of new substrate specificities) events have occurred within the teleost 
fads2 gene family (Castro et al., 2016; Fonseca-Madrigal et al., 2014). Thus 
the zebrafish D. rerio Fads2 was the first vertebrate desaturase shown to 
be a dual ∆6∆5 fatty acyl desaturase, an enzyme able to introduce double 
bonds into separate and distinct carbons in the fatty acyl chain (Hast-
ings et al., 2001). At the time, this substrate specificity was unique among 
vertebrate “front-end” desaturases, but has since been revealed to be a 
relatively common trait among teleost fish. Thus in addition to the zebraf-
ish bifunctional ∆6∆5 Fads2, other bifunctional desaturases have been 
reported in the rabbitfish S. canaliculatus (Li et al., 2010), Nile tilapia O. 
niloticus (Tanomman et al., 2013), pike silverside Chirostoma estor (Fonseca-
Madrigal et al., 2014), African catfish Clarias gariepinus (Oboh et al., 2016), 
and striped snakehead Channa striata (Kuah et al., 2016).

Examples of neofunctionalization among teleost fish Fads2 desaturases 
are also found. For instance, the salmonids Atlantic salmon S. salar and 
rainbow trout Oncorhynchus mykiss possess Fads2 that were functionally 
characterized as monofunctional ∆5 desaturases (Abdul Hamid et al., 2016; 
Hastings et al., 2005) although the former has been recently found to have 
also ∆6 activity (Oboh et al., 2017a). Irrespective of whether ∆5 desaturase 
activity exists as mono- or bifunctional Fads2 enzymes, the acquisition of 
∆5 desaturation ability in Fads2 represents a clear advantage in those tele-
ost species because it can compensate the aforementioned loss of ∆5 fads1 
during evolution (Castro et  al.,  2012). The existence of Fads2 enzymes 
enabling both ∆6 and ∆5 desaturation is essential to accomplish all the 
desaturation reactions required to convert C18 PUFA into the physiologi-
cally important C20-22 LC-PUFA including ARA, EPA, and DHA (Fig. 3.1) 
(Castro et al., 2016). A distinctive trait of the fish LC-PUFA biosynthetic 
pathway is that, in contrast to mammalian LC-PUFA pathways where ∆6 
desaturation is regarded as rate-limiting (Guillou et al., 2010), the lack of 
fads1 in teleost genomes suggests that rather it is limited at the ∆5 desatu-
rase level.

One of the most striking findings on the biosynthetic pathways of LC-
PUFA in fish has been the discovery of a Fads2 with ∆4 fatty acyl desaturase 
activity in the marine herbivore rabbitfish S. canaliculatus, this represent-
ing the first ever report of ∆4 desaturation capability in any vertebrate spe-
cies (Li et al., 2010). Other ∆4 Fads2 desaturases have been subsequently 
found in Senegalese sole Solea senegalensis (Morais et al., 2012, 2015), pike 
silverside C. estor (Fonseca-Madrigal et al., 2014), and the striped snake-
head C. striata (Kuah et al., 2015), suggesting that such enzymatic capabil-
ity appears more widespread than initially appreciated, as previously also 
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found for the ∆6∆5 desaturase. Consistently, Oboh et al. (2017a) identi-
fied the presence of ∆4 Fads2 in a further 11 species and confirmed the 
function as ∆4 desaturases of Fads2 from medaka Oryzias latipes and Nile 
tilapia O. niloticus. Interestingly, the human FADS2 was recently shown 
to have the ability to produce DHA by direct ∆4 desaturation of 22:5n-3 
(Park et al., 2015). Historically, however, the biosynthesis of DHA in ver-
tebrates had been widely accepted to proceed through the so-called Spre-
cher pathway (Sprecher, 2000). Briefly, in this pathway, rather than 22:5n-3 
being desaturated at the ∆4 position to directly produce DHA (the “∆4 
pathway”), it undergoes elongation to 24:5n-3, which is then ∆6 desat-
urated to 24:6n-3 by the same enzyme that operates toward C18 PUFA 
and initiates the bioconversion pathways, that is, ∆6 Fads2 (Ferdinan-
dusse et al., 2004; Sprecher, 2000). Finally, 24:6n-3 is catabolized (partial 
β-oxidation) to DHA in peroxisomes and thus translocation of metabolic 
intermediates (24:6n-3) from endoplasmic reticulum and peroxisomes is 
required. Although the Sprecher pathway, first described in rat (Sprecher 
et al.,  1995; Sprecher, 2000), has been demonstrated to potentially oper-
ate in some species of fish including rainbow trout and zebrafish (Buzzi 
et  al.,  1996,  1997; Tocher et  al.,  2003a), it remained unclear whether the 
ability to desaturate 24:5n-3 to 24:6n-3 was an inherent characteristic of 
all teleost Fads2. With the exception of the Fads2 from the nibe croaker 
(Nibea mitsukurii), an enzyme with ∆6 desaturase activity toward 18:3n-3 
but not 24:5n-3 (Kabeya et al., 2015) all tested Fads2 enzymes from fish 
species with different evolutionary and ecological backgrounds showed 
the ability to operate as ∆6 desaturases toward 24:5n-3 enabling them to 
biosynthesize DHA through the Sprecher pathway (Oboh et al., 2017a). 
Clearly, the LC-PUFA biosynthetic capabilities of teleosts appear much 
more varied and adaptive compared to other vertebrates groups, possi-
bly reflecting the diversity of habitats and trophic strategies that fish have 
occupied during evolution.

With the possible exception of Atlantic salmon, the herbivorous rabbit-
fish S. canaliculatus has arguably become one of the most popular model 
teleost species for investigating LC-PUFA biosynthesis enzymes (Li 
et al., 2008, 2010; Monroig et al., 2012) and regulatory mechanisms (Dong 
et al., 2016, 2018; Wang et al., 2018; Zhang et al., 2014, 2016a,b). Interest-
ingly, the two Fads2 reported in rabbitfish, namely the ∆6∆5 and ∆4 Fads2 
(Li et al., 2010) and, particularly, their highly similar amino acid sequences 
(83%), have allowed the identification of the specific residues accounting 
for the different substrate chain-length specificities and regioselectivities 
(insertion of a double bond at a specific position in the fatty acyl chain) 
occurring among teleost Fads2 enzymes. The construction of chimeric pro-
teins from ∆6∆5 and ∆4 Fads2 enabled the authors to conclude that four 
aa residues (FHYQ for ∆6∆5 Fads2 and YNYN for ∆4 Fads2) located in the 
third putative transmembrane domain between the second (HDFGH) and 
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third (QIEHH) histidine boxes were responsible for the activities of these 
enzymes (Lim et al., 2014). In silico searches using YNYN as query against 
fish genomic and transcriptomic databases confirmed that these key aa resi-
dues for ∆4 function are widespread among teleosts suggesting this activity 
may also be more widespread in fish (Castro et al., 2016; Oboh et al., 2017a).

The initiation of the LC-PUFA biosynthesis pathway from C18 PUFA 
precursors can proceed, alternative to the ∆6 desaturation described ear-
lier, with an elongation of ALA and LOA to 20:3n-3 and 20:2n-6, respec-
tively (Fig. 3.1). Both 20:3n-3 and 20:2n-6 can be reincorporated into the 
biosynthetic pathway through desaturation at the ∆8 position, producing 
20:4n-3 and 20:3n-6 (Fig.  3.1), and thus are not technically “dead-end” 
metabolic products as previously thought (Monroig et  al.,  2011b). In 
agreement with previous findings in baboon FADS2 (Park et al., 2009), ∆8 
activity toward 20:3n-3 and 20:2n-6 was demonstrated to be a characteris-
tic of Fads2 desaturases from a wide range of freshwater, diadromous and 
marine fish species (Lopes-Marques et al., 2017; Kabeya et al., 2017, 2018; 
Monroig et al., 2011b; Oboh et al., 2016). Interestingly, functional analyses 
performed in yeast suggested that the ∆8 activity of Fads2 desaturases 
varied markedly among species, with marine fish Fads2 generally exhibit-
ing higher ∆8 capability compared to those from freshwater/diadromous 
fish. It is unclear what advantage that retaining enhanced ∆8 desaturation 
capability gives to marine species that have natural diets with high avail-
ability of preformed EPA and DHA and in which the general absence of a 
∆5-desaturase limits the overall activity pathway (Bell and Tocher, 2009b; 
Castro et al., 2012).

Elongation of Very Long-Chain Fatty Acid Proteins

Fish, like other vertebrates, possess Elovl enzymes that also play key 
roles in the LC-PUFA biosynthetic pathways. By far the most extensively 
investigated type of Elovl in fish has been Elovl5, first reported in zebraf-
ish D. rerio (Agaba et al., 2004). Functional characterization assays in yeast 
revealed that the zebrafish Elovl5 had the ability to elongate both C18 
(18:4n-3 and 18:3n-6) and C20 (20:4n-3 and 20:3n-6) PUFA substrates very 
efficiently, while C22 (22:5n-3 and 22:4n-6) substrates were only marginally 
elongated in the yeast system (Agaba et al., 2004). This pattern of activ-
ity has been repeatedly observed with Elovl5 from a wide variety of spe-
cies from different habitats and phylogenetic positions (Castro et al., 2016) 
although in some species, such as S. canaliculatus, Elovl5 exhibited rela-
tively high ability to elongate 22:5n-3 compared to other species (Monroig 
et  al.,  2012). The elongation abilities demonstrated by fish Elovl5 were 
largely in agreement with those of mammalian ELOVL5, but some data 
suggested that teleost Elovl5 were more versatile compared to their mam-
malian counterparts. For instance, fish Elovl5 have often been reported to 
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have the ability to elongate monounsaturated fatty acids since endogenous 
18:1n-7 and 18:1n-9 were converted to 20:1n-7 and 20:1n-9, respectively, 
in functional assays in yeast (Hastings et  al.,  2005; Kabeya et  al.,  2015; 
Mohd-Yusof et al., 2010; Monroig et al., 2013; Morais et al., 2009). Some 
fish, including the meagre Argyrosomus regius and the nibe croaker N. mit-
sukurii, possess Elovl5 with the ability to elongate the hexadecatrienoic 
acid (16:3n-3) (Kabeya et al., 2015; Monroig et al., 2013). This is a C16 PUFA 
naturally occurring in some seaweeds like Caulerpa sp. and Codium sp. 
(Goecke et al., 2010; Khotimchenko, 1995) and the so-called 16:3 plants, 
such as Arabidopsis, rapeseed, and spinach (Browse and Somerville, 1991; 
Wallis and Browse,  2002), and thus representing interesting sources of 
dietary fatty acids for aquafeeds (Monroig et al., 2013). In common with 
mammalian orthologues (Guillou et al., 2010), teleost fish Elovl5 appear to 
have a prominent role in the so-called ∆8 pathway described earlier and 
thus the initiation of the pathway by an elongation of the dietary essential 
fatty acids ALA and LOA to 20:3n-3 and 20:2n-6, respectively, was effi-
ciently catalyzed by fish Elovl5 (Gregory et al., 2010; Monroig et al., 2013). 
A recent study reported the in silico 3D structure model of the Elovl5 from 
the silver barb (Puntius gonionotus) and showed how elongase substrates 
(e.g., ALA) dock with the catalytic site of this enzyme (Nayak et al., 2018).

In addition to Elovl5, another elongase that has been demonstrated to 
play a major role in LC-PUFA biosynthesis in fish is Elovl2. The Elovl2 of 
Atlantic salmon (Morais et al., 2009) and zebrafish (Monroig et al., 2009) 
were the first of this type of elongase characterized from fish species, 
with those from rainbow trout and African catfish being reported more 
recently (Gregory and James, 2014; Oboh et al., 2016). The activities of fish 
Elovl2 appeared to be largely consistent with those found in mammals 
(Gregory et  al.,  2013; Leonard et  al.,  2002), and thus the preferred sub-
strates being C20 (20:4n-3 and 20:3n-6) and C22 (22:5n-3 and 22:4n-6) PUFA, 
with C18 PUFA (18:4n-3 and 18:3n-6) being elongated to a notably lesser 
extent. Whereas C18 and C22 PUFA can be regarded as specific substrates 
for Elovl5 and Elovl2 enzymes, respectively, both have ability to elongate 
C20 PUFA substrates, consistent with these two proteins sharing a common 
(Elovl2/5) ancestor in basal chordates (Monroig et al., 2016a). Despite shar-
ing some substrate preference with Elovl5, the ability of Elovl2 to elon-
gate C22 to C24 LC-PUFA is the characteristic by which this enzyme has 
been regarded as critical for the biosynthesis of DHA biosynthesis via the 
Sprecher pathway. Thus, Elovl2 is required for the elongation of 22:5n-3 
to 24:5n-3, which is the substrate for ∆6 desaturation by Fads2 to produce 
24:6n-3 that can then be chain-shortened to produce DHA. However, the 
elovl2 gene appears to be absent in the vast majority of marine teleost spe-
cies that are currently produced in aquaculture (Castro et al., 2016; Morais 
et  al.,  2009). The absence of Elovl2 along with the apparent lack of ∆5 
desaturase activity associated with the loss of fads1, have often been cited 
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as the molecular mechanisms underpinning the low activity of LC-PUFA 
biosynthesis of marine fish in comparison to freshwater or salmonid spe-
cies (Castro et al., 2016; Tocher, 2015; Tocher et al., 2003a). Recent evidence 
has revealed that the situation is far more complex than initially thought 
and the pattern of gene complement and function is a reflection of, not only 
ecological factors (e.g., natural diet), but also evolutionary events, shaping 
these pathways. As mentioned earlier, some marine fish, such as S. cana-
liculatus possess a desaturase with ∆5 activity (Li et al., 2010) and marine 
species from relatively ancient teleost lineages, such as Clupeiformes (e.g., 
Atlantic herring Clupea harengus) have elovl2 in their genomes (Monroig’s 
personal communication).

Elovl4 elongases have been also characterized in a range of fish includ-
ing model species, such as zebrafish (Monroig et al., 2010b) and commer-
cially important species, such as cobia Rachycentron canadum (Monroig 
et al., 2011c), Atlantic salmon S. salar (Carmona-Antoñanzas et al., 2011), 
rabbitfish S. canaliculatus (Monroig et al., 2012), nibe croaker N. mitsuku-
rii (Kabeya et  al.,  2015), orange-spotted grouper Epinephelus coioides (Li 
et al., 2017a), African catfish Clarias gariepinus (Oboh et al., 2017b), large 
yellow croaker Larimichthys crocea (Li et al., 2017b), black seabream Acan-
thopagrus schlegelii (Jin et al., 2017) and loach Misgurnus anguillicaudatus 
(Yan et al., 2018). Two distinct genes termed Elovl4a and Elovl4b exist in 
teleost fish (Castro et al., 2016) although Elovl4 isoforms have been most 
extensively studied (Carmona-Antoñanzas et al., 2011; Kabeya et al., 2015; 
Monroig et al., 2011c, 2012; Li et al., 2017b). Both isoforms have the ability 
to efficiently produce very long-chain (>C24) saturated fatty acids. More-
over, the Elovl4b was also confirmed to be involved in the biosynthesis of 
very long-chain (>C24) PUFA (VLC-PUFA) because heterologous expres-
sion in yeast revealed that they were able to elongate C20 (20:5n-3 and 
20:4n-6) and C22 (22:5n-3 and 22:4n-6) PUFA substrates to produce poly-
enes of up to C36. While such capacity was apparently absent in zebrafish 
Elovl4a, recent studies on Elovl4a from African catfish C. gariepinus (Oboh 
et al., 2017b) and black seabream A. schlegelii (Jin et al., 2017) demonstrated 
their ability to produce VLC-PUFA from shorter-chain precursors. This 
was largely consistent with the substrate activities reported for human 
ELOVL4 (Agbaga et al., 2008). However, whereas the activity of human 
ELOVL4 indicated it was unlikely to have a major role in the biosynthe-
sis of C20-22 LC-PUFA, the capability of fish Elovl4 enzymes to elongate 
22:5n-3 to 24:5n-3 implies a role for these enzymes in DHA biosynthesis 
through the Sprecher pathway, similar to that described above for Elovl2 
elongases. These findings further confirmed that, despite the aforemen-
tioned lack/loss of Elovl2 in most marine species with commercial inter-
est in fish farming, the biosynthesis of DHA does not appear to be limited 
at the elongation level since Elovl4 could compensate for the absence of 
Elovl2. Interestingly, DHA itself does not appear to be a substrate for fish 
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Elovl4s as it is only poorly elongated (Monroig et al., 2010b, 2011c). This is 
in contrast with recent evidence that confirmed the presence of the DHA 
elongation product 32:6n-3 in retinal phosphatidylcholine of gilthead 
seabream juveniles (Monroig et  al.,  2016b). It remains unclear whether 
Elovl4 is responsible for the elongation of DHA to 32:6n-3, and the pos-
sibility that other elongases are responsible for such reactions cannot be 
excluded. Xue et al. (2014) identified 10 genes encoding for Elovl enzymes 
in Atlantic cod (Gadus morhua), and confirmed the presence of elovl4-like 
transcripts termed elovl4c-1 and elovl4c-2 that were distinct to typical 
Elovl4a and Elovl4b. Unfortunately, no functional data are yet available 
for these novel Elovl4-like elongases although changes in their expres-
sion in response to dietary lipid in Atlantic cod and gilthead seabream 
(Betancor et  al.,  2016a) suggested they have putative roles in LC-PUFA 
biosynthesis.

Tissue Distribution of Fads and Elovl Genes

The aforementioned dichotomy with regard to LC-PUFA biosynthetic 
capability between freshwater/salmonid fish and marine fish is partly 
supported by the tissue distribution patterns of genes encoding Fads 
and Elovl enzymes involved in the pathways. Typically, gene expression 
analyses by quantitative reverse-transcriptase PCR (qPCR) of a panel of 
tissues from salmonids, including rainbow trout and Atlantic salmon, 
showed that fads2 (∆6 and ∆5) desaturases and elovl5 and elovl2 elon-
gases were highly expressed in intestine, liver, and brain (Abdul Hamid 
et al., 2016; Geay et al., 2016; Morais et al., 2009; Zheng et al., 2005). In con-
trast, studies of marine species including Atlantic cod (G. morhua), cobia 
(R. canadum), Asian sea bass (Lates calcarifer), Senegalese sole (S. senega-
lensis) and chu's croaker (Nibea coibor) (Huang et al., 2017) revealed brain 
as the major metabolic site as indicated by the highest expression of fads2 
(Kabeya et al., 2017; Mohd-Yusof et al., 2010; Morais et al., 2012; Tocher 
et al., 2006; Zheng et al., 2009). It has been hypothesized that the reason 
underlying this distinctive expression pattern and the fact that marine 
fish have retained a functional ∆6 desaturase was in order to guarantee 
sufficient supply of DHA in neural tissue, particularly in critical early 
developmental stages. A more restricted tissue distribution appears to 
exist for fish elovl4 mRNA. Thus, the Elovl4a isoform in fish is primarily 
expressed in brain (Monroig et al., 2010b), whereas Elovl4b showed high-
est expression in eye and pineal gland, both tissues possessing photore-
ceptors in fish (Carmona-Antoñanzas et al., 2011; Li et al., 2015; Monroig 
et al., 2010b, 2012; Yan et al., 2018). Therefore, the tissue distribution of fish 
elovl4 mRNA largely reflected the distribution of their enzymatic prod-
ucts, that is, the VLC-fatty acids, and thus suggested that their biosynthe-
sis in fish occurs in situ as described for mammals (Agbaga et al., 2010).
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Desaturases and Elongase Expression During Early 
Development

Early life-cycle stages of vertebrates including fish have high demands 
for LC-PUFA to satisfy rapidly forming neural tissues in embryos 
(Tocher, 2010), here defined as developmental stages from zygote to the 
opening of oesophagus (Gatesoupe et  al.,  2001). Being lecithotrophic 
organisms, fish rely on the yolk to fulfil nutritional requirements prior to 
the onset of the exogenous feeding. In some species, lipids are accumu-
lated in the form of oil droplets, thus constituting an additional source 
of fatty acids. Irrespective of the presence or absence of oil droplets, the 
composition of lipid reserves in fish embryos greatly depends on the diet 
of broodstock fish, as well as genetic factors (Tocher, 2010). Interestingly, 
there is strong evidence indicating that the LC-PUFA biosynthetic path-
way is active, not only during follicle maturation (Ishak et al., 2008), but 
also in postfertilization stages in the model species zebrafish (Monroig 
et al., 2009, 2010b; Tan et al., 2010). Study of the temporal expression of 
genes involved in LC-PUFA biosynthesis during early ontogeny of zebraf-
ish confirmed the presence of transcripts (mRNA) of both desaturases 
(dual ∆6∆5 fads2) and elongases (elovl2 and elovl5) throughout the entire 
embryogenesis, with activation occurring from 24 h postfertilization (hpf) 
(Tan et al., 2010). It was particularly interesting to note that the three genes 
investigated were expressed from the zygote stage (0 hpf), suggesting that 
transcripts of key LC-PUFA biosynthetic genes were transferred mater-
nally to the embryo. Similar results were obtained in the marine species 
cobia (Monroig et  al.,  2011c) and Senegalese sole (Morais et  al.,  2012), 
and also common carp Cyprinus carpio (Ren et al., 2013), the latter study 
focusing exclusively on the fads2 gene complement. Hence, in addition to 
deposition of preformed LC-PUFA in the yolk or lipid globules, the mater-
nal role includes the transfer of key enzyme mRNA transcripts encoding 
enzymes involved in LC-PUFA biosynthesis. Furthermore, in addition 
to the temporal expression pattern, the spatial distribution of mRNA of 
Fads- and Elovl-encoding genes during early development confirmed 
that LC-PUFA produced by these enzymes were essential compounds in 
neural tissues, such as brain and retina (Monroig et al., 2009, 2010b; Tan 
et al., 2010).

Modulation of the LC-PUFA Biosynthesis in Fish

The LC-PUFA biosynthetic capability of fish can be modulated by 
dietary fatty acids (nutritional regulation) and environmental factors, 
primarily temperature and salinity (Vagner and Santigosa, 2011). Nutri-
tional regulation of LC-PUFA in fish has been extensively investigated in 
farmed species (Tocher, 2015). One study showed that European seabass 
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(Dicentrarchus labrax) fed on either a low or high LC-PUFA diet during 
larval stages (4–45 days posthatch) had different LC-PUFA biosynthetic 
capability at later juvenile stages (>7 g) (Vagner et al., 2007a, 2009). The 
results indicated that fish previously fed the low LC-PUFA diet during 
larval stages were more capable of utilizing an LC-PUFA-deficient diet 
later in life as highlighted by increased phospholipid DHA and increased 
∆6 fads2 expression, suggesting a possible epigenetic regulatory mecha-
nism with potential application in aquaculture. The concept of "nutri-
tional programming" has been recently supported by a study that showed 
early exposure to a low LC-PUFA diet at first feeding enhanced EPA and 
DHA metabolism including ∆6 fads2 and elovl5 expression in Atlantic 
salmon (Clarkson et al., 2017; Vera et al., 2017). Conversely, absence of 
clear nutritional conditioning effects have been recently reported in juve-
niles of rainbow trout O. mykiss (Mellery et al., 2017). More often though, 
nutritional regulation of LC-PUFA biosynthesis has been investigated in 
juvenile and grow-out life stages in the context of development of sus-
tainable feed formulations with typically reduced levels of LC-PUFA. 
As mentioned in the Introduction, terrestrial plant ingredients are now 
widely used in aquafeeds to replace the finite marine ingredients FM 
and FO. It has been shown that species, such as Atlantic salmon with the 
full complement of enzymatic activities required for LC-PUFA from C18 
PUFA, are able to use ALA and LOA derived from VO and satisfy physi-
ological requirements for the key LC-PUFA. Additionally, it is commonly 
reported in the literature that increased expression and activity of desatu-
rases and elongases occurs in fish fed high VO-rich diets, a mechanism 
that has been often postulated to at least partially compensates the lower 
dietary level of preformed LC-PUFA (Bell and Tocher,  2009b; Leaver 
et al., 2008; Tocher, 2003, 2010). The molecular mechanisms underpinning 
the increased expression of Fads and Elovl in fish fed VO compared to fish 
fed FO are being elucidated. Until recently it was not fully clear whether 
the higher expression in fish fed VO was due to reduced levels of pathway 
products (e.g., EPA and DHA) or high levels of pathway substrates (e.g., 
ALA and LOA) (Tocher, 2003). Although there is evidence that substrate 
level may be influential in rainbow trout (Thanuthong et al., 2011), prod-
uct inhibition is also involved, and it is now clear that it is DHA rather 
than EPA that exerts this feedback to suppress the expression of key genes 
including ∆6 Fads (Betancor et al., 2015a,b, 2016b; Thomassen et al., 2012). 
It is important to note that, although the LC-PUFA biosynthetic pathway 
is upregulated in fish fed VO-based diets (Vagner and Santigosa, 2011), 
the tissue levels of n-3 LC-PUFA achieved are still lower than those of 
fish fed FO-based diets (Tocher, 2009, 2015). A variety of practical strat-
egies involving functional feeds containing ingredients or supplements 
with the ability to enhance the biosynthesis/retention of LC-PUFA in 
fish fed VO-based diets have been investigated. Bioactive fatty acids, 
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such as conjugated linoleic acid (CLA; positional and geometric isomers 
of LOA), 3-thia fatty acids (e.g., tetradecylthioacetic acid) or petroselinic 
acid, have been used as potential dietary modulators of LC-PUFA metab-
olism in fish with some positive results in terms of LC-PUFA levels and 
expression of Fads-encoding genes (Kennedy et al., 2006, 2007; Randall 
et al., 2013). Dietary supplementation with micronutrients, such as min-
erals (iron, zinc, and magnesium) and vitamins (niacin, riboflavin, and 
biotin) (Giri et al., 2016; Lewis et al., 2013; Senadheera et al., 2012), as well 
as plant-derived compounds, such as fibrates (Ruyter et al., 1997) and lig-
nans (Schiller Vestergren et al., 2011, 2012; Trattner et al., 2008a,b), have 
been investigated in salmonids with some degree of success in enhanc-
ing the LC-PUFA biosynthesis pathway. Furthermore, dietary cholesterol 
supplementation induced a significant increase in both gene expression 
and apparent in vivo activity of ∆6 Fads and elongase in liver in trout fed 
VO-based diets (Norambuena et al., 2013).

Fish are ectotherms and consequently have minimum control of their 
body temperature, which ultimately reflects that of the environment. 
Consequently, exposure of fish to lower temperatures has often been asso-
ciated with increased unsaturation of cell membrane lipids (e.g., phos-
pholipids) to maintain membrane fluidity through the activation of de 
novo biosynthesis of monosaturated fatty acids by stearoyl-CoA desatu-
rase (Trueman et al., 2000) or biosynthesis of LC-PUFA (De Torrengo and 
Brenner,  1976; Hagar and Hazel,  1985; Ninno et  al.,  1974; Schünke and 
Wodtke, 1983; Tocher et al., 2004). Therefore, the aforementioned conse-
quences of the limited availability of FO for aquafeeds combined with 
the potential effects of the expected rise of water temperature due global 
climate change has prompted interest in evaluation of the dual impacts 
of these factors in commercially important species (Mellery et al.,  2016; 
Ruyter et al., 2003; Tocher et al., 2004; Vagner et al., 2007b). Generally, these 
studies have shown that increased temperature leads to decreased activity 
of the LC-PUFA pathways, which would be contrary to the adaptation to 
low marine ingredient feeds.

Salinity is another environmental factor that has been reported to 
influence LC-PUFA production in fish (Vagner and Santigosa,  2011). 
In particular, diadromous salmonids, such as Atlantic salmon, exhibit 
increasing activity of the pathway during freshwater with a peak 
around seawater transfer, with a subsequent reduction during the sea-
water phase (Tocher et al., 2000, 2003b). However, the parr-smolt trans-
formation in salmon is a preadaptation for a change in salinity, rather 
than a direct response to salinity. A direct influence of salinity on LC-
PUFA biosynthesis has been reported and was associated with osmo-
regulatory responses required for adaptation to higher salinity, which 
involved membrane lipid remodeling to ensure normal function of 
membrane-bound proteins (Fonseca-Madrigal et  al.,  2012). While the 
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molecular mechanisms of the regulatory process are not fully under-
stood, studies in the marine euryhaline S. canaliculatus have confirmed 
that the expression of fads2 was regulated by salinity at both transcrip-
tional (Li et al., 2008; Xie et al., 2015; Zhang et al., 2016a) and posttran-
scription levels (Zhang et al., 2014, 2016b). It is important to note that 
the response to low or high salinity depends on the fish species and, as 
described earlier for rabbitfish S. canaliculatus, the mullet Mugil cephalus 
also exhibited increased tissue levels of DHA and ARA when reared at 
reduced salinity (Kheriji et al., 2003). In contrast, lower environmental 
salinity resulted in reduced tissue levels of EPA and DHA in Japanese 
seabass (Lateolabrax japonicus) (Xu et al., 2010) and European seabass (D. 
labrax) (Hunt et al. 2011), and reduced LC-PUFA biosynthetic activities 
in the pike silverside C. estor (Fonseca-Madrigal et al., 2012).

Genetic Approaches to Enhance LC-PUFA Biosynthesis in Fish

Genes encoding Fads and Elovl involved in LC-PUFA biosynthesis may 
be appropriate targets for genetic selection to develop strains of fish with 
enhanced ability to thrive on more sustainable VO-based feed formula-
tions. Selective breeding programs for commercially important species 
like Atlantic salmon have largely overlooked traits like flesh n-3 LC-
PUFA content despite its high heritability (Leaver et al., 2011) and thus its 
potential for genetic selection of strains with higher capacity for LC-PUFA 
biosynthesis (Gjedrem,  2000). Therefore, wild stocks represent a valu-
able genetic resource for improving this trait as recently shown in land-
locked strains of Atlantic salmon that do not migrate to the sea and have 
an increased capacity for LC-PUFA biosynthesis likely due to the limited 
dietary supply during their life cycle (Betancor et al., 2016c).

As an alternative to genetic selection, transgenic technology has also 
been explored to generate fish strains with enhanced capacity to bio-
synthesise LC-PUFA. Using the model species zebrafish D. rerio, studies 
investigated the effects that overexpression of genes encoding enzymes 
of LC-PUFA biosynthetic pathway from masu salmon (Oncorhynchus 
masou), namely putative ∆6 (Alimuddin et al., 2005) and ∆5 fads2 (Alim-
uddin et  al.,  2007), and elovl5 (Alimuddin et  al.,  2008), had on n-3 LC-
PUFA biosynthesis. Transgenic strains of zebrafish carrying the masu 
salmon ∆6 and ∆5 Fads both resulted in increased production of EPA and 
DHA compared to nontransgenic fish (Alimuddin et al., 2005, 2007), with 
similar results obtained when the masu salmon elovl5 was used as trans-
gene (Alimuddin et  al.,  2008). More recently, humanized Caenorhabditis 
elegans fat1, an w3 desaturase, and fat2, a ∆12 desaturase, were expressed 
in zebrafish as an approach to produce a fish strain that was totally inde-
pendent of dietary PUFA (Pang et al., 2014). These studies have obvious 
interest to understand the molecular and physiological processes related 
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to LC-PUFA enhancement and the authors suggested that transgenesis 
was a potential strategy to alleviate and possibly eliminate the need to 
supply preformed C20–22 LC-PUFA in the diet of ongrowing and larval 
stages of farmed fish. In this regard, similar investigations have been 
conducted in commercially important species, such as the common carp 
C. carpio (Cheng et  al.,  2014) and the marine fish nibe croaker (Kabeya 
et al., 2014, 2016). The applicability of these technologies, however, to fish 
farming in many parts of the world, not least Europe, is still extremely 
challenging due in part to sociopolitical issues and food safety regula-
tions, but also to the fact that methodological difficulties might arise when 
applying transgenic technologies into fish other than model species.

METABOLIC ROLES OF PUFA AND LC-PUFA

Much of the biological significance of PUFA, and especially LC-PUFA, 
derives from specific functional effects they have as important regula-
tors of metabolism and physiology through key roles in various signaling 
pathways. The fatty acids can exert these effects either as themselves or 
as derivatives, such as eicosanoids. Although much less is known of these 
roles in fish, the emerging data indicate they are as important in fish as 
they are in mammals.

Regulators of Transcription Factors

Various PUFA, LC-PUFA, and their derivatives can exert regulatory 
effects on cellular metabolism as ligands of transcription factors, includ-
ing nuclear receptors, such as sterol regulatory element binding proteins 
(Srebp) that are key regulators of lipogenesis and cholesterol biosynthesis 
as well as LC-PUFA biosynthesis (Carmona-Antoñanzas et al., 2014; Min-
ghetti et al., 2011), peroxisome proliferator-activated receptors α (Pparα) 
and γ (Pparγ) that regulate genes of fatty acid oxidation and deposition 
among other pathways (Leaver et al., 2008), and the liver X receptor (LXR) 
and G-protein coupled receptors (Gprc) (Gpr120 and Gpr40) (Grygiel-
Górniak, 2014; Oh et al., 2010).

The significant roles that Ppar have in regulating fatty acid metabo-
lism have been long-established in mammalian models (Grygiel-Gór-
niak,  2014; Willson et  al.,  2000). While Pparα is involved fatty acid 
oxidation, ketone body synthesis and glucose sparing, Pparγ acts as a key 
regulator inducing the differentiation of preadipocytes into adipocytes, 
and triglyceride storage (Hihi et al., 2002). Gene orthologues of both pparα 
(two copies in teleosts) and pparγ have been isolated and characterized in 
teleosts (Boukouvala et al., 2004; Leaver et al., 2005; Urbatzka et al., 2015), 
with a clear indication of a conserved role in LC-PUFA metabolism, 
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including expression tissue patterns and ligand binding profiles (Bouk-
ouvala et al., 2004). In the case of Lxr, a critical function was recognized in 
cholesterol homeostasis (Kalaany and Mangelsdorf, 2006), and its role in 
LC-PUFA metabolism has been explored in teleosts (Carmona-Antoñan-
zas et al., 2014; Cruz García et al., 2009; Zhang et al., 2016a), despite the 
paucity of data. Gprc have also been linked with LC-PUFA metabolism 
(Milligan et al., 2015). For example, Gpr120 functions as an n-3 LC-PUFA 
sensor (Oh et al., 2010). However, these receptors have yet to be charac-
terized outside mammals, with their presence in fish genomes still to be 
firmly established (Castro’s personal communication).

Eicosanoids

Fish produce the same range of highly biologically active LC-PUFA 
derivatives, that is, eicosanoids, as in mammals including cyclooxygenase 
(prostaglandins and thromboxanes), and lipoxygenase (hydroperoxy and 
hydroxy fatty acids, leukotrienes, and lipoxins) products. Furthermore, the 
eicosanoids appear to have the same physiological roles in inflammatory 
and immune responses, blood clotting and cardiovascular tone, renal and 
neural functions, and reproduction in fish as in mammals (Tocher, 2003). 
In addition, the same competition between ARA and EPA as substrates for 
eicosanoid synthesis exists in fish as in mammals (Tocher, 1995). Therefore, 
the fact that ARA is the preferred substrate for eicosanoid synthesis in fish 
despite the preponderance of EPA in fish tissues is particularly interesting. 
The molecular mechanism for this is unclear and an early hypothesis that 
ARA-rich phosphatidylinositol was the source of eicosanoid precursor in 
fish was never proven (Tocher et al., 1991) and, therefore, it is likely that 
the fatty acid specificity of phospholipase A enzymes drives this prefer-
ence (Tocher, 2003). Whatever the mechanism, eicosanoid production in 
fish, as in mammals, is influenced by the cellular ratio of ARA:EPA, and 
an imbalance leading to excessive (strength and duration) inflammatory 
responses appears to be similarly damaging in fish (Tocher, 2003). In this 
respect, n-3 LC-PUFA, EPA and DHA, are also the precursors of specialized 
proresolving lipid mediators (SPM), the D & E series resolvins, (neuro)
protectins, and maresins, that prevent excessive inflammation, promote 
resolution, and expedite the return to tissue homeostasis (Serhan, 2014). 
While SPM have been reported in fish, specifically resolvins and protec-
tins in rainbow trout (Hong et al., 2005) and resolvins in Atlantic salmon 
(Raatz et al., 2011), little else is known about their roles in fish although it 
is highly likely that they have similar critical roles in resolving inflamma-
tion in fish as in mammals.

The regulatory roles of PUFA and, especially, LC-PUFA emphasize the 
importance of the balance between the n-3 and n-6 series (Lands, 2014) and 
highlight the impact that dietary LC-PUFA can have on fish health and 
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disease (Tocher and Glencross, 2015). Therefore, this is an area of current 
interest in aquaculture due to the development of sustainable feeds based 
on plant meals and VO that has reduced n-3 LC-PUFA and increased n-6 
PUFA levels in farmed fish (Tocher, 2015).

CONCLUSIONS

Omega-3 LC-PUFA are essential components of the human diet, with 
fish being the primary source. Thus, research into PUFA metabolism in 
fish has been thriving in the past decades coinciding with the expansion 
of finfish aquaculture and the need to supply nutritious products while 
increasing the use of non-marine ingredients in aquafeeds. In this chap-
ter, we summarized the extent to which our understanding of several key 
aspects of PUFA metabolism in fish has evolved. This was particularly 
noteworthy with regards to the LC-PUFA biosynthesis pathway, whereby 
a plethora of studies combining genomic and functional approaches 
have illuminated vital aspects of PUFA desaturation and elongation with 
impact on nutritional strategies in aquaculture. The chapter also covered 
other areas of research relevant to PUFA metabolism, including digestion, 
absorption, and catabolism, which largely operate as in mammals. The 
key roles of PUFA in signaling pathways and the regulation of metabolism 
in fish are also discussed. Overall, comparative approaches with other 
vertebrates, namely mammals, provide a clear link between genetic evo-
lutionary background (gene repertoire versus function) and the impact of 
habitat specific inputs (e.g., diets). Finally, the present-day “omics” revo-
lution will continue to provide valuable insights into our ability to eluci-
date mechanisms of PUFA metabolism in fish, as will the application of 
new technologies (e.g., transgenics, CRISP).
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INTRODUCTION

The biosynthesis and metabolism of polyunsaturated fatty acids 
(PUFA) in agriculturally important species, that is, farm animals, are of 
interest due to their relationships with animal performance, health, and 
their influence on the fatty acid composition of animal-derived food prod-
ucts. Farm animals, in similarity to humans, require essential fatty acids, 
namely linoleic (LA, 18:2n-6) and α-linolenic acid (ALA, 18:3n-3), for nor-
mal growth and development. This chapter highlights species differences 
in terms of PUFA synthesis and metabolism, and the supply and manipu-
lation of PUFA in animal-derived foods.
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PRECURSORS FOR PUFA SYNTHESIS

Farm animal diets are largely composed of plant-derived feeds, and 
their oils are typically dominated by the simplest of the n-6 (LA), n-3 
(ALA) and sometimes the n-9 [18:1n-9, oleic acid (OA)] series of fatty ac-
ids. Farm animal diets are primarily formulated to meet energy and pro-
tein or amino acid requirements, and the fatty acid composition is often 
not considered unless a problem with food quality results (i.e., excessive 
softness or oxidative instability). In many developed countries, high-
intensity animal production is the norm, and production is coupled with 
least cost-formulated diets based mainly on grains as energy sources and 
oilseed meals (i.e., oil extraction by-products) as protein sources. Small 
grains typically contain less than 4% oil (Liu, 2011), and the composition 
of their PUFA is dominated by LA (Fig. 4.1).

Corn is considered a large grain, contains upward of 8% oil, and LA is 
the dominant PUFA (62%). Oil sources with appreciable contents of ALA 
that may from time to time be included in farm animal diets include whole 
flaxseed (or linseed), soybean, or canola (or rapeseed), or their extracted 
oils (Fig. 4.2).

Most other fat/oil sources, including safflower, sunflower, peanut and 
cotton seed oils have PUFA dominated by LA, while pork lard, palm oil, 
and beef tallow are noted for their higher contents of saturated fatty ac-
ids, primarily palmitic acid (PA, 16:0). There has also been development 
and use of alternative oilseeds, such as camelina, which are rich in ALA 
(Waraich et  al.,  2013). In addition, genetically modified crops are now 
being produced to accumulate stearidonic acid (SDA, 18:4n-3), which 
bypasses the rate-limiting step in most animals for long chain (LC) n-3 
fatty acid synthesis (Harris,  2012; Whelan and Rust,  2006). Additional 
genetic engineering is also being investigated for production of plant oils 
enriched with LCn-3 fatty acids (Kitessa et al., 2014; Murphy, 2014; Yilmaz 

FIGURE 4.1  Fatty acid proportions of common small grains (percentage of total fatty 
acids). MUFA, Total monounsaturated fatty acids; ALA, α-linolenic acid (18:3n-3); LA, lin-
oleic acid (18:2n-6); SFA, total saturated fatty acids. Source: Data adapted from Liu, K., 2011. 
Comparison of lipid content and fatty acid composition and their distribution within seeds of 5 small 
grain species. J. Food Sci. 76, C334–C342.
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et  al.,  2017). In less intensive animal production systems, for example 
when pasture or forage finishing livestock, diets typically contain 2%–3% 
crude fat with ALA as the major PUFA (Glasser et al., 2013). Leafy mate-
rial is rich in chloroplasts, and chloroplasts contain a high proportion of 
ALA. As a consequence, it is not unusual for lipids from fresh grass or 
legumes or their hay or silage to contain 50% ALA, but this diminishes as 
forage quality declines.

PUFA BIOSYNTHESIS

Biosynthesis of PUFA from LA and ALA in farm animals follows path-
ways similar to those found in humans involving a series of elongation 
and desaturation steps (see Chapter 2). Typically there is limited elonga-
tion and desaturation beyond arachidonic acid (AA, 20:4n-3) for the n-6 
series in farm animals, but in similarity to humans, the n-3 series can pro-
ceed to docosahexaenoic acid (DHA, 22:6n-3) via peroxisomal β-oxidation 
of 24:6n-3 (Sprecher et al., 1999). Humans, however, likely have some of 
the lowest conversions of ALA to LCn-3 fatty acids, particularly in males 
(Baker et al., 2016). Some elongation and desaturation of n-9 fatty acids 
can occur (i.e., from OA, c9-18:1). An increased content of mead acid 
(20:3n-9), however, is a sign of essential fatty acid deficiency, and rarely 
found unless specifically induced in farm animals (Holman, 1971). Tissue 
contents can differ, however, with cartilage being naturally enriched with 
mead acid (Adkisson et al., 1991). The content and balance of n-6 and n-3 
fatty acids in farm animals is dependent on precursors provided in the 
diet. In developed countries, where LA is the major fatty acid found in di-
ets of intensively produced farm animals, it is not surprising that derived 
foods contribute to the high n-6 to n-3 fatty acid ratios (10–20:1) currently 
seen in human diets. In addition, because of the multiple health advan-
tages of including n-3, particularly LCn-3 fatty acids in human diets, there 

FIGURE 4.2  Fatty acid composition of common oils/fats (percentage of total fatty acids). 
MUFA, Total monounsaturated fatty acids; ALA, α-linolenic acid (18:3n-3); LA, linoleic acid 
(18:2n-6); SFA, total saturated fatty acids. Source: Data adapted from Canola Council of Canada 
(www.canolacouncil.org).

http://www.canolacouncil.org/
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have been calls to rebalance the fatty acid content of animal derived foods 
(Simopoulos, 1999). Development of animal-derived foods enriched with 
n-3 fatty acid through to retail have, however, been limited due to issues 
with product variability coupled with technical, regulatory and market 
development issues (Dugan et al., 2015; Vahmani et al., 2015a).

Chicken and Eggs

To date, chicken eggs are the most commercially successful farm animal 
derived foods enriched with n-3 fatty acids, and their production and ef-
fects on health have been extensively reviewed (Cherian, 2012). Reasons 
for the success of n-3 fatty acid enriched chicken eggs are a single tissue 
and complications due to contributions of multiple tissues with varying 
enrichments of n-3 fatty acids can be avoided. Second, although feeding 
LCn-3 fatty acids can result in their incorporation into chicken eggs, eggs 
are one of the few tissues, which can effectively accumulate DHA endoge-
nously synthesized from ALA. Consequently, economical sources of ALA, 
such as flaxseed, can be fed to laying hens, and DHA synthesized in the 
liver can be deposited in egg yolks. In fact, DHA is typically the most 
concentrated n-3 fatty acid in chicken eggs (1.2% vs. 0.5% ALA in total 
fatty acids), and feeding 10% flaxseed to laying hens can increase DHA 
and ALA by ∼2- and 7-fold, respectively (Cherian, 2012). This can be at-
tributed in part to the relatively high content of phospholipids in egg yolk, 
with highly unsaturated fatty acids (HUFA) being preferred substrates for 
phospholipid synthesis (Nakamura and Nara, 2004). Chicken carcasses, 
including the leg, thigh, breast, and wings can incorporate preformed 
LCn-3 fatty acids, similar to mammals, but their synthesis from ALA is 
limited (Poureslami and Batal, 2012; Zuidhof et al., 2009). The amount of 
n-3 fatty acids deposited is also tissue specific. When feeding a diet con-
taining 10% flaxseed to broilers, Zuidhof et al. (2009) found appreciable 
accumulations of ALA for periods up to 35 days (Fig. 4.3), with more ALA 
accumulation found in thigh meat (i.e., a tissue with higher lipid content). 
Breast meat had a lower ALA content, but the amounts of EPA and DHA 
in breast meat increased slightly over time.

The source of LCn-3 fatty acids for egg yolk is through hepatic syn-
thesis, and unlike muscle, liver n-3 fatty acid contents can change dra-
matically with age and diet fatty acid composition. Jing et al. (2013) found 
liver LCn-3 proportions drop immediately posthatching, but gradually 
increase by day 35 coupled with an increase in the relative abundance of 
mRNA for FADS1 (fatty acid desaturase 1 or delta-5 desaturase), FADS2 
(delta-6 desaturase), ELOVL2 (elongation of very LC fatty acids protein 
2), and ELOV5. In addition, when feeding diets containing 6.8% vegetable 
oil with different LA:ALA ratios, lower ratios led to greater accumulations 
of n-3 fatty acids (Fig. 4.4), and decreasing the LA:ALA ratio from 11.5 to 
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0.47 led to a 1.7–1.8-fold increase in FADS1, FADS2, ELOVL2, and ELOV5 
mRNA abundance. Interestingly, liver ELOVL2 and ELOVL5 in chickens 
differ compared to mammals in that they can efficiently elongate DPA to 
24:5n-3 (Gregory et al., 2013), and may provide some advantages in terms 
of overall DHA synthesis/deposition. Understanding how to increase the 
amount of LCn-3 fatty acids in the majority of edible tissue (i.e., muscle) 
will, however, require a greater understanding of transport/deposition 
from hepatic to extrahepatic tissues (Gregory et al., 2013), and how to in-
fluence extrahepatic capacity for LCn-3 fatty acid synthesis/deposition.

When designing production systems for PUFA enriched chicken, par-
ticularly LCn-3 fatty acids, precursor metabolism over time also has to be 

FIGURE 4.3  The accumulation of n-3 fatty acids in breast and thigh from broilers fed a 
diet containing 10% flaxseed up to 35 days. ALA, α-Linolenic acid (18:3n3); EPA, eicosapen-
taenoic acid (20:5n-3); DHA, docosahexaenoic acid (22:6n-3). Source: Data adapted from Zuidhof, 
M.J., Betti, M., Korver, D.R., Hernandez, F.I.L., Schneider, B.L., Carney, V.L., Renema, R.A., 2009. 
Omega-3-enriched broiler meat: 1. Optimization of a production system. Poult. Sci. 88, 1108–1120.

FIGURE 4.4  Effects of feeding broilers 6.8% vegetable oil with different LA:ALA ra-
tios on the percentage LCn-3 fatty acids in liver. LA, Linoleic acid (18:2n-6); ALA, α-linolenic 
acid (18:3n-3); EPA, eicosapentaenoic acid (20:5n-3); DPA, docosapentaenoic acid (22:5n-3); 
DHA, docosahexaenoic acid (22:6n-3). Source: Data adapted from Jing, M., Gakhar, N., Gibson, 
R., House, J., 2013. Dietary and ontogenic regulation of fatty acid desaturase and elongase expression 
in broiler chickens. Prostaglandins Leukot. Essent. Fatty Acids 89, 107–113.
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considered. Whole body accumulation (percentage of net intake) of LA and 
ALA increases with age and this is coupled with reduced rates of β-oxidation, 
with both β-oxidation and elongation/desaturation being greater for ALA 
(Fig. 4.5; Poureslami et al., 2010). In chickens, however, gender only margin-
ally affect PUFA metabolism (Poureslami et al., 2010; Zuidhof et al., 2009), 
which is similar to cattle (Knight et al., 2003; Malau-Aduli et al., 2000), but in 
pigs (Ntawubizi et al., 2009) and humans (Baker et al., 2016), females have 
been found to have a greater capacity for DHA synthesis.

Pigs

In pig production, inclusion of PUFA into diets has been studied as a 
means to increase their contents in edible tissues, and as a means to try 
and improve animal health and productivity. Under commercial produc-
tion conditions, pig life spans are limited and chronic diseases, which af-
fect humans later in life (e.g., cardiovascular disease), and influenced by 
dietary PUFA, are typically not encountered. Supplementing diets with 
n-3 fatty acids to improve reproductive and piglet performance has, how-
ever, been investigated (Tanghe and De Smet, 2013). In general, pregnant 
females supplemented with n-3 fatty acids do not have increased numbers 
of embryos or total number of piglets born, but may prolong gestation. 
Feeding n-3 PUFA also had no effect on piglet birth weight, although pig-
lets were more viable with improved pre- and postweaning growth rates. 
Feeding low amounts of n-3 fatty acids during lactation diet may also in-
crease litter size in subsequent gestations.

During fetal development, hepatic delta-5 desaturase and delta-6 de-
saturase enzyme activities increase, but rates of essential fatty acid con-
version to LC-PUFA remains very low (∼5%). Fetal development and 
growth, therefore, relies on placental transfer of LC-PUFA from sow plas-
ma (Tanghe and De Smet,  2013). After birth, hepatic synthesis of DHA 

FIGURE 4.5  Age dependant whole body metabolism of linoleic acid (LA, 18:2n-6) and 
α-linolenic acid (ALA, 18:3n-3) in broiler chickens. d, Day. Source: Data adapted from Poure-
slami, R., Raes, K., Turchini, G., Huyghebaert, G., De Smet, S., 2010. Effect of diet, sex and age on 
fatty acid metabolism in broiler chickens: n-3 and n-6 PUFA. Br. J. Nutr. 104, 189–197.
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from ALA increases by 2 weeks of age (∼3.5 kg live weight; Malau-Aduli 
et al., 2000). For the most part, supplementing pig diets with ALA later 
in life, however, has not been found to appreciably increase DHA in the 
carcass. When Martínez-Ramírez et  al. (2014) fed a control (beef tallow 
supplemented) diet compared to diets supplying 5  kg of flaxseed from 
25 to 50 kg or 85 to 110 kg live weight, feeding flaxseed increased ALA 
contents in pork belly and loin muscle at slaughter (110 kg), with more 
ALA accumulating when flaxseed was fed later in the finishing period 
(Fig.  4.6). Feeding flaxseed also increased LCn-3 fatty acids relative to 
control, except for DHA. Deposition of LCn-3 fatty acids in finished pigs 
(110 kg) was independent of when the flaxseed was fed. Retention of LCn-
3 fatty acids from early feeding of flaxseed was remarkable, which may in 
part be related to greater early rates of LCn-3 fatty acid synthesis, prefer-
ential deposition in phospholipids and their low rates of turnover. It is of 
interest to note that when feeding the control diet (i.e., supplemented with 

FIGURE 4.6  The accumulation of n-3 fatty acids in loin muscle and belly of pigs fed 
a control (beef tallow supplemented) diet compared to diets supplying 5 kg of flaxseed 
from 25 to 50 kg (flaxseed early) or 85–110 kg (flaxseed late). ALA, α-Linolenic acid (18:3n-3); 
ETA, eicosatrienoic acid (20:3n-33); EPA, eicosapentaenoic acid (20:5n-3); DPA, docosapentae-
noic acid (22:5n-3); DHA, docosahexaenoic acid (22:6n-3). Source: Data adapted from Martínez-
Ramírez, H.R., Kramer, J.K.G., de Lange, C.F.M., 2014. Retention of n-3 polyunsaturated fatty acids 
in trimmed loin and belly is independent of timing of feeding ground flaxseed to growing-finishing 
female pigs. J. Anim. Sci. 92, 238–249.
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beef tallow), the most abundant LCn-3 fatty acid in loin and belly was 
docosapentaenoic acid (DPA, 22:5n-3), whereas when flaxseed was added 
to the diet, eicosatrienoic acid (ETA, 20:3n-3) became the most abundant 
LCn-3 fatty acid (Juárez et al., 2011; Martínez-Ramírez et al., 2014). Elon-
gation of ALA to ETA has been thought to be a dead-end pathway with 
the majority being retroconverted back to ALA. Some evidence, however, 
suggests limited delta-8 desaturation to 20:4n-3 may occur, which bypass-
es SDA (18:4n-3) in the synthesis of LCn-3 fatty acids (Park et al., 2009; 
Schenck et al., 1996). In humans, when ALA supplementation studies are 
conducted, intakes are typically <10 g/day (Baker et al., 2016), and tissue 
contents of ETA are low and often not reported. When trying to enrich 
pork with n-3 fatty acids, however, it is not unusual to feed diets con-
taining 10%–15% flaxseed, which can supply 72–108  g of ALA per day 
(i.e., 3 kg feed/day, 10%–15% flaxseed in diet, 40% oil in flaxseed oil, and 
60% ALA in oil). At such high rates of ALA supplementation, the major 
elongation and desaturation pathway used for LC-PUFA synthesis may 
become saturated, and elongation prior to delta-6 desaturation may occur 
resulting in greater deposition of ETA. At low levels of flaxseed supple-
mentation (providing 3 g ALA/kg diet, or ∼1% flaxseed in the diet), small 
increases in muscle DHA have been found (Enser et al., 1996), but most 
studies feeding greater amounts of flaxseed have either shown no change 
or a slight decrease in muscle DHA (Juárez et al., 2011). In liver, short term 
(25 days) supplementation of increasing levels of flaxseed (0%–15% of the 
diet) in finisher pig diets increased LCn-3 fatty acids except DHA (Romans 
et al., 1995). Increases in liver DHA were, however, found when flaxseed 
was fed for a longer period (∼75–80 days) at increasing levels (0%–25%), 
but DHA contents did not change in other tissues (skeletal muscle, heart, 
and backfat) (Cherian and Sim, 1995).

The overall metabolism of PUFA appears to be influenced by animal 
management, age and level of dietary PUFA. Pork and chicken are consid-
ered homolipoid as their fatty acid profiles generally reflect their diet com-
position (Shorland, 1950). This is not to say, however, that bacteria in the 
digestive tract have no influence on essential fatty acid metabolism. Bazi-
net et al. (2003) found 21-day-old piglets weaned into a conventional nurs-
ery, compared to 14-day-old piglets weaned into a “clean” nursery, had 
substantially increased rates of LA and ALA oxidation. As a consequence, 
at 49 days of age, conventionally weaned pigs had 15%–25% lower car-
cass LA and 20%–30% lower carcass ALA. In grower pigs, whole body 
disappearance of ALA was found to increase from 2.0% in 37 kg pigs to 
23.7% in 46 kg pigs when feeding a 10% flaxseed diet supplying ∼4% oil. 
The low rate of ALA disappearance in lighter pigs (8.8%) was confirmed 
using direct oxidation of uniformly labelled 13C-ALA (Martinez-Ramirez 
et al., 2014). When Duran-Montgé et al. (2010) fed finisher pigs (i.e., ∼60–
105 kg) diets containing 10% fat/oil including either tallow, sunflower, or 
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flaxseed oil, they found that when dietary LA or ALA levels were low, their 
whole body depositions were high (80%–100%), and when dietary LA or 
ALA levels were high, whole body depositions of LA and ALA dropped 
to 60%–70%. Such a drop in fatty acid deposition (and apparent increased 
oxidation) could relate to the rather extreme intakes of LA and ALA, with 
the sunflower oil diet providing 209 g LA and the flaxseed oil diet provid-
ing 137 g of ALA per day. Once the need for phospholipid synthesis is met, 
surplus PUFA are likely diverted toward triacylglycerol synthesis and en-
ter into pools more available for β-oxidation. In support of this theory, 
when Juárez et al. (2010) fed pigs diets containing 0%, 5%, 10%, and 15% 
flaxseed for 0, 4, 8, and 12 weeks before slaughter, the proportion of ALA 
in backfat increased with flaxseed level and duration of feeding (Fig. 4.7). 
The slope for ALA enrichment in backfat was lowest when feeding 5% 
ALA, which may be due to its preferential deposition in phospholipid. 
The slope for ALA enrichment more than doubled (2.6-fold) when feeding 
10% flax, indicating a shift towards backfat (i.e., rich in triacylglycerol) 
deposition, and when 15% flaxseed was fed, the slope increased by only 
3.7-fold (i.e., not a doubling of the 2.6-fold increase seen from 5% to 10% 
flaxseed) indicating more ALA may be going toward β-oxidation. Further 
studies are required to determine if changes in older pigs are related to 
actual age effects, differences in diet PUFA contents and to what extent 
environmental interactions may influence PUFA metabolism.

Feeding sources of LA (e.g., maize) or ALA (e.g., linseed) have not 
been found to influence lipogenic enzyme activities in pig muscle (Kouba 
et al., 2003; Kouba and Mourot, 1999). In backfat, however, feeding lin-
seed was found to reduce delta-9 desaturase activity, and feeding maize 
increased acetyl-CoA carboxylase and malic enzyme activity. The increase 
in lipogenic enzyme activity in backfat when feeding maize, however, 

FIGURE 4.7  Effects of duration and feeding level of flaxseed on the accumulation of 
α-linolenic acid (ALA, 18:3n-3) backfat of grower-finisher pigs. Source: Data adapted from 
Juárez, M., Dugan, M.E.R., Aldai, N., Aalhus, J.L., Patience, J.F., Zijlstra, R.T., Beaulieu, A.D., 
2010. Feeding co-extruded flaxseed to pigs: effects of duration and feeding level on growth perfor-
mance and backfat fatty acid composition of grower-finisher pigs. Meat Sci. 84, 578–584.
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may have been due to inhibitory effects of feeding beef tallow [i.e., rich 
in saturated fatty acids (SFA)] in the control diet, which has been shown 
to reduce carcass subcutaneous fat content (Dugan et  al.,  2001; Duran-
Montgé et al., 2010). In comparison, feeding PUFA versus SFA sources to 
poultry has been found to decrease body fat content (Crespo and Esteve-
Garcia, 2002). This may relate to differences in the site of fatty acid syn-
thesis, with lipogenesis in pigs mainly occurring in adipose tissue, while 
poultry are similar to humans in that most lipogenesis occurs in the liver.

Understanding the synthesis, metabolism, and deposition of PUFA is 
important in developing strategies to enrich their contents in animal de-
rived foods. Important considerations are to determine the degree of en-
richment necessary to make the meat or meat product a good source of 
PUFA to enable a source or health claim, how different tissues respond 
to dietary treatments, which tissues are included in a serving, and how 
enrichments may affect product quality (Dugan et al., 2015). Because of 
their positive health effects, most studies conducted to enrich PUFA are 
designed to try and enrich n-3 fatty acids. In Canada, for example, 300 mg 
of total n-3 fatty acids per serving is required for an enrichment claim 
(CFIA, 2014). Finishing pigs fed a diet containing 10% extruded flaxseed 
for 11 weeks yielded 207 mg of n-3 fatty acids per 100 g of the major loin 
muscle (i.e., Longissimus thoracis; Juárez et al., 2011). Consequently, an n-3 
fatty acid enrichment claim could not be made. When adding all the tis-
sues found in a commercial loin chop together (all muscles including epi-
mysium, seam fat and 5 mm of backfat), however, there was 3362 mg n-3 
fatty acids per 100 g serving (Turner et al.,  2014). This is well in excess 
of the requirement for an enrichment claim, and associated with soft fat 
and reduced sensory quality, particularly in reheated chops and ground 
pork (Juárez et  al.,  2011). In addition, although consuming flaxseed is 
not considered to be an effective means to increase the content of LCn-3 
fatty acids in humans (Williams and Burdge, 2007), pigs appear to have 
somewhat greater conversion efficiency (∼1/3 of retained n-3 fatty acids; 
Kloareg et al., 2007). In addition, when feeding extruded flaxseed to pigs 
for 11 weeks, and all tissues in commercial pork chops are included, con-
suming a single serving (100 g) of pork could contribute substantially to 
consumer intakes of LCn-3 fatty acids (Fig. 4.8; Turner et al., 2014).

Changing pig diets to increase the n-3 fatty acid content of meat and 
meat products will require a change or modification of feedstuffs, and 
potentially greater costs of production. A transgenic approach has, there-
fore, also been investigated. Pigs and cattle have had the fat-1 gene in-
serted, which is an n-3 desaturase capable of converting LA to ALA (Liu 
et al., 2016). Consequently, if these transgenic animals have comparable 
performance to conventional animals, and the practice is deemed socially 
acceptable, this could prove an effective way to enrich animal derived 
foods with n-3 fatty acids.
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Ruminants

In ruminant animals, such as cattle, sheep, and goats, microbes in the 
large first stomach (i.e., the rumen) can have an overriding effect on the 
composition of fatty acids flowing to the small intestine for digestion. As 
such, ruminants are considered heterolipoid, as the fatty acid composition 
of their tissues can differ markedly from their diet (Shorland, 1950). After 
feed consumption, fatty acids are rapidly hydrolyzed from their parent 
lipids, and free PUFA released are toxic to rumen microbes. To cope, mi-
crobes biohydrogenate PUFA and their rumen metabolism and digestion 
have been extensively reviewed (Bauchart, 1993; Doreau and Ferlay, 1994; 
Dugan et al., 2011; Harfoot and Hazelwood, 1997; Jenkins et al., 2008). In 
ruminants, approximately 80% and 92% of LA and ALA are biohydroge-
nated in the rumen (Doreau and Ferlay, 1994). The degree of biohydroge-
nation is, however, dependant on the rate of passage and rumen residence 
time, with smaller rumens in sheep and goats resulting in reduced com-
plete biohydrogenation. Remarkably, it is very rare for ruminant animals 
to develop essential fatty acid deficiency. Cattle typically also have 50% 
more LA and 400% more ALA in blood circulation than pigs, however, 
pigs have 50% more circulating triacylglycerol, and cattle have 290% more 
phospholipid (Caldari-Torres et al., 2016). Cattle phospholipids in circu-
lation also have more LA and ALA than pigs, while pigs have more LA 
and ALA in triglyceride. Fat processing postabsorption in cattle also dif-
fers from pigs in that small intestinal cells (enterocytes) typically produce 
more very low density lipoprotein (VLDL) particles rather than large 

FIGURE 4.8  Deposition of long-chain n-3 fatty acids in loin tissues from figs fed a con-
trol diet of 10% flaxseed (Flax) for 11 weeks. EPA, Eicosapentaenoic acid (20:5n-3); DPA, doc-
osapentaenoic acid (22:5n-3); DHA, docosahexaenoic acid (22:6n-3); LM, longissimus muscle. 
AM + E, all loin muscles + epimysium; AM + E + SF, AM + E + seam fat; AM + E + SF + SCF, 
AM + E + SF + subcutaneous fat. Source: Data adapted from Dugan, M.E., Vahmani, P., Turner, 
T.D., Mapiye, C., Juárez, M., Prieto, N., Beaulieu, A.D., Zijlstra, R.T., Patience, J.F., Aalhus, J.L., 
2015. Pork as a source of omega-3 (n-3) fatty acids. J. Clin. Med. 4, 1999–2011.
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chylomicrons (Bauchart, 1993), and VLDL have a higher phospholipid to 
triacylglycerol ratio than chylomicrons. With greater PUFA incorporation 
into phospholipids than triacylglycerol, and fewer fatty acids in phospho-
lipids channelled towards β-oxidation, this serves as a mechanism for con-
serving PUFA. Recently it has been found, however, that the preferential 
incorporation of PUFA into phospholipid may be at the level of the liver 
and muscle, rather than in the intestine (Caldari-Torres et al., 2016).

Biohydrogenation involves a series of isomerization and saturation 
steps culminating mainly in the production of stearic acid (18:0). Major 
pathways for biohydrogenation for both LA and ALA have been sum-
marized by Harfoot and Hazelwood (1997) and involve the initial isom-
erization of the cis(c) 12 double bond to trans 11 for both LA and ALA, 
and this is typically found in ruminants raised on pasture or when fed 
diets containing a greater proportion of forage (Fig.  4.9). When greater 
amounts of highly fermentable grains (i.e., concentrate) are added to the 
diet, however, there can be a drop in rumen pH and a change in bacte-
rial population resulting in a shift in isomerization from c 9 to trans(t) 10 
instead of c 12 to t 11 (Griinari and Bauman, 1999). Trans 10 shifted path-
ways were tentatively proposed by Griinari and Bauman (1999) when 
feeding highly fermentable carbohydrate, and a key intermediate (t10, 
c15-18:2) in ALA biohydrogenation was recently positively identified 
(Alves and Bessa, 2014). Interestingly, when feeding steers rolled flaxseed 
in a barley grain based diet, Juarez et al. (2011) found t13-/t14-18:1 were 
the most concentrated t18:1 isomers in beef, suggesting the t10 and t11 

FIGURE 4.9  Ruminal biohydrogenation intermediates of linoleic acid (LA, 18:2n-6) 
and α-linolenic acid (ALA, 18:3n-3) when feeding high grain/low forage (black boxes) or 
low grain/high forage (white boxes) diets. Source: Data adapted from Alves, S.P., Bessa, R.J., 
2014. The trans-10, cis-15 18:2: a missing intermediate of trans-10 shifted rumen biohydrogenation 
pathway? Lipids 49, 527–541; Griinari, J.M., Bauman, D.E., 1999. Biosynthesis of conjugated lin-
oleic acid and its incorporation into meat and milk in ruminants. In: Yurawecz, M.P., Mossoba, M., 
Kramer, J.K.G., Nelson, G., Pariza, M.W. (Eds.), Advances in Conjugated Linoleic Acid Research, 
vol. 1. AOCS Press, Champaign, IL, USA, pp. 180–200; Harfoot, C.G., Hazelwood, G.P., 1997. Lipid 
metabolism in the rumen. In: Hobson, P.N., Stewart, C.S. (Eds.), The Rumen Microbial Ecosystem. 
Chapman and Hall, London, UK, pp. 382–426.
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biohydrogenation pathways might not always predominate. In support of 
this, both c9, t11, c15-18:3 and c9, t13, c15-18:3 have been positively identi-
fied in milk (i.e., bovine) fat (Destaillats et al., 2005), but to date t10, c12, 
c15-18:3 has not been found. Many other minor monoenoic (e.g., c and 
t18:1) and dienoic (e.g., c/c-, c/t-, t/c-, and t/t-18:2) biohydrogenation in-
termediates can also be produced, resulting in complex profiles requiring 
extraordinary efforts for comprehensive analyses (Aldai et al., 2012).

Ruminant Fatty Acid Analyses

Most ruminant fatty acid analyses are conducted using gas chroma-
tography (GC), and fatty acids are typically methylated prior to analy-
ses. Acid catalyzed methylation can be used to methylate most lipid 
classes, but fatty acids with conjugated double bonds (i.e., double bonds 
separated by two carbons vs. the more typical three carbons including 
a –CH2–methylene group) are sensitive to acid catalyzed methylation 
(Kramer et  al.,  1997). Conjugated linoleic (CLA) and conjugated linole-
nic acid (CLnA) isomers are intermediates formed during PUFA biohy-
drogenation. Base catalyzed methylation can be used for conjugated fatty 
acids, but cannot methylate all lipid classes, for example, free fatty acids 
(Kramer et al., 1997). Thus, for comprehensive analyses, a combination of 
acid and base catalyzed methylation often needs to be used and results 
combined. Analyses of ruminant fatty acids is further complicated, as 
many isomers generated during biohydrogenation have the same carbon 
chain length and only differ by double bond position and configuration 
(i.e., cis or trans). Consequently, resolution of fatty acid methyl esters can 
be challenging, particularly for 18:1 isomers, as lowering the oven tem-
perature to increase resolution helps separate cis from cis and trans from 
trans isomers, but cis and trans isomers start overlapping and coeluting. 
Consequently, classes of fatty acid methyl esters either have to be fraction-
ated using silver-ion chromatography (thin layer chromatography or solid 
phase extraction) prior to GC analysis, or more than one GC analysis has 
to be conducted using complementary temperature programs, and results 
combined (Kramer et al., 2008). In addition, some major conjugated fatty 
acid isomers (i.e., t7, c9-18:2 and c9, t11-18:2) do not separate using highly 
polar GC columns (i.e., SP2560 or CP-Sil88) typically used for analyses 
and require the use of silver-ion HPLC (Cruz-Hernandez et al., 2004), or 
GC using an ionic (SLB-IL111) column (Turner et al., 2011).

Ruminal Versus Chemical Biohydrogenation
Consumption of trans fatty acids produced through the chemical hy-

drogenation of PUFA rich vegetable oils has been linked to development 
of cardiovascular amongst other diseases (Mozaffarian et al., 2009). As a 
result, there have been concerted efforts to limit human consumption of 
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trans fatty acids, and this leaves ruminant meat and milk as the major 
source of fatty acids containing trans double bonds in the human diet 
(Aldai et al., 2013). Ruminant trans fatty acids differ from trans fatty acids 
produced through chemical hydrogenation in that ruminant trans fatty 
acids are produced mostly through enzymatic processes and specific 
isomers are enriched, while chemical hydrogenation can lead to a broad 
spectrum of isomers. In addition, whereas industrially produced trans fat-
ty acids are associated with ill-health, ruminant production systems can 
be tailored to enrich trans fatty acids with potential health benefits.

PUFA Biohydrogenation Product Bioactivity and Enrichment
In the late 1970s in Dr. Michael Pariza’s lab at the University of Wiscon-

sin, studies were undertaken to determine which compounds in cooked 
ground beef were carcinogenic. An extract from pan-fried ground beef 
was found that inhibited mutagenesis (Pariza et al., 1979), and the active 
compound in the extract was later characterized as CLA (Ha et al., 1987). 
Since this time, c9, t11-18:2 (rumenic acid; the main CLA isomer in rumi-
nant derived foods) and its precursor t11-18:1 (vaccenic acid) have been 
studied in vitro, and using a number of animal models to examine their 
effects on several diseases including, but not limited to, various forms of 
cancer, cardiovascular disease, osteoporosis, asthma, type 2 diabetes, ar-
thritis, and other diseases affected by inflammatory processes (Bhattacha-
rya et al., 2006; Fuke and Nornberg, 2017). Estimated human intakes of 
rumenic acid thought to be protective against disease range from 0.60 to 
3.2 g/day (Siurana and Calsamiglia, 2016). The modes of CLA action have 
and continue to be extensively studied. To mention a few, CLA can act as a 
ligand for nuclear receptors (Moya-Camarena et al., 1999), change prosta-
glandin levels and induce apoptosis in cancer cells (Park et al., 2004), bind 
to nitric oxide and form nitrofatty acids with potent antiinflammatory ef-
fects (Bonacci et al., 2012), and can inhibit foam cell formation by increas-
ing PGC-1α gene expression (Bruen et al., 2017).

Although ruminant derived foods are the main natural source of vac-
cenic and rumenic acids, their enrichment poses some challenges. Adding 
PUFA sources to diets as precursors for rumenic and vaccenic acid synthe-
sis does not guarantee their enrichment in ruminant tissues. On one hand, 
if high concentrate (grain-based) diets are fed, t10-18:1 can accumulate in-
stead of vaccenic acid (Vahmani et al., 2015a), and second, if the final step 
in biohydrogenation is not inhibited, most t18:1 can be irreversibly hy-
drogenated to stearic acid. To date, the most successful method to enrich 
ruminant products with vaccenic and rumenic acids have been through 
feeding PUFA sources in forage-based diets. Data in Table 4.1 includes beef 
muscle (L. thoracis) fatty acid compositions of retail samples (Canadian re-
tail survey, barley grain finished beef; Aldai et al., 2009), and when feeding 
finisher steers extruded flaxseed in a ground alfalfa/grass hay-based diet 
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TABLE 4.1  Fatty acid compositions of muscle (Longissimus thoracis) from Canadian 
retail beef (barley grain finished) and from steers fed extruded flaxseed and hay (25:75) 
as a total mixed ration (TMR) or sequentially (non-TMR)

Canadian retail beefa TMRb Non-TMRb

Total fatty acids (%) 4.3 5.2 5.5

% FATTY ACID COMPOSITIONC

  14:0 2.22 1.29 1.43

  15:0 0.44 0.21 0.20

  16:0 24 23.08 23.71

  17:0 1.33 0.44 0.43

  18:0 11.8 16.40 14.80

Total SFA 41.30 43.50 42.54

  t6-t8 18:1 0.14 0.48 0.48

  t9 18:1 0.22 0.45 0.45

  t10 18:1 1.01 0.54 0.57

  t11 18:1 0.45 4.98 7.43

  t12 18:1 0.11 0.58 0.43

  t13, t14 18:1 0.23 1.44 1.08

  t15 18:1 0.18 0.52 0.34

  t16 18:1 0.08 0.47 0.31

Total t MUFA 2.49 9.73 11.40

  c9 14:1 0.61 0.44 0.41

  c7 16:1 0.15 0.10 0.10

  c9 16:1 3.68 2.13 2.24

  c9 17:1 1.37 0.39 0.37

  c9 18:1 39.60 31.00 29.80

  c11 18:1 1.89 1.01 1.07

  c12 18:1 0.11 0.50 0.29

  c13 18:1 0.49 0.28 0.25

  c14 18:1 0.03 0.08 0.06

  c15 18:1 0.14 0.43 0.32

  c16 18:1 NRe 0.07 0.04

  c9 20:1 0.08 0.08 0.08

(Continued)
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Canadian retail beefa TMRb Non-TMRb

  c11 20:1 0.22 0.16 0.16

Total c MUFA 48.9 36.88 35.38

  t11, t15 18:2 NR 0.28 0.48

  c9, t14 18:2d 0.17 0.19 0.14

  c9, t13 18:2 0.23 0.18

  c9, t15 18:2 0.09 0.20 0.13

  t9, c12 18:2 0.03 0.10 0.13

  t11, c15 18:2 0.09 1.58 2.20

Total atypical 
dienes

0.66 3.15 3.60

  c9, t11 18:2 0.26 0.48 0.64

  t11, c13 18:2 0.01 0.14 0.28

Total CLA 0.46 0.78 1.05

  c9, t11, c15 18:3 NR 0.10 0.17

Total CLnA NR 0.16 0.25

  18:2n-6 2.54 2.09 2.10

  20:4n-6 0.77 0.26 0.23

Total n-6 PUFA 3.75 2.49 2.45

  18:3n-3 0.26 1.13 1.26

  20:5n-3 0.10 0.15 0.12

  22:5n-3 0.27 0.23 0.22

  22:6n-3 0.03 0.02 0.01

Total n-3 PUFA 0.69 1.60 1.70

a Data from Aldai et al. (2009).
b Data from Vahmani et al. (2017b).
c Total SFA, sum of 10:0, 12:0, 14:0, 15:0, 16:0, 17:0, 18:0, 19:0, 20:0, 22:0; c, cis; t, trans; total t-18:1, sum of 
t6-/t7-/t8-, t9-, t10-, t11-, t12-, t13-/t14-, t15-, t16-; total c-MUFA, sum of c9-14:1, c7–16:1, c9–16:1, c11–16:1, 
c9–17:1, c9–18:1, c11–18:1, c12–18:1, c13–18:1, c14–18:1, c15–18:1, c16–18:1, c9–20:1, c11–20:1; total atypical 
dienes, sum of t11, t15-, c9,t13-/c9, t14-, c9,t15-, c9, t12–18:1, c9,t12-, t11, c15-, c9, c15-, c12, c15–18:2; total 
CLA, sum of t7, c9-, c9, t11-, c11, t13-, t11, t13, t, t-18:2; total CLnA, sum of c9, t11, t15- and c9, t11, c15–18:3; 
total n-6 PUFA, sum of 18:2n-6, 20:2n-6, 20:3n-6, 20:4n-6; total n-3 PUFA, sum of 18:3n-3, 20:3n-3, 22:5n-3.
d For retail beef, c9, t14- and c9, t13–18 were combined.
e NR, Not reported.

TABLE 4.1  Fatty acid compositions of muscle (Longissimus thoracis) from Canadian 
retail beef (barley grain finished) and from steers fed extruded flaxseed and hay (25:75) 
as a total mixed ration (TMR) or sequentially (non-TMR) (Cont.)
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(25% and 75% of dietary dry matter, respectively) (Vahmani et al., 2017b). 
Interestingly, sequential feeding of flaxseed and hay (i.e., feeding flaxseed 
on its own followed by hay) further increased the amounts of vaccenic and 
rumenic acids in beef compared to feeding the diet as a total mixed ration. 
When feeding PUFA sources to ruminants it is important to not exceed 
5%–7% fat or oil in the diet, as this has a suppressive effect on fibre diges-
tion (Doreau and Chilliard, 1997). Intermittent feeding of a concentrated 
PUFA source (e.g., flaxseed), however, appears to inhibit or select against 
ruminal bacteria which carry out the final step in biohydrogenation (e.g., 
conversion of vaccenic acid to 18:0), resulting in the accumulation of vac-
cenic acid (the precursor of rumenic acid).

Although ruminant derived foods are natural sources of rumenic 
acid, there are concerns that the amounts might not be enough to pro-
vide health benefits (i.e., 0.6–3.2  g). In the retail survey, Canadian strip 
loin beef steak (Aldai et al., 2009) would have supplied 0.012 g of rumenic 
and 0.022 g of vaccenic acid per 114 g (4 oz) serving. Given the vaccenic 
to rumenic acid conversion via delta-9 desaturation in humans is ∼19% 
(Turpeinen et al.,  2002), the steak would have only provided 0.017 g of 
rumenic acid equivalents per 114 g serving. Strip loin steak often comes 
with subcutaneous fat attached, and subcutaneous fat from the same sur-
vey would have supplied 0.050 g rumenic acid equivalents per 114 g of fat. 
Thus, even if 100% subcutaneous fat is consumed, the amount of rumenic 
acid equivalents would be >10-fold less than the minimum thought to 
be of potential health benefit (0.60 g). Using the optimized feeding strat-
egy (e.g., sequential feeding of flaxseed and hay; Table 4.1), however, ru-
menic acid equivalents in 114 g of strip loin steak or back fat would be 
0.124 and 3.85 g, respectively. Thus some combination of meat and trim 
fat could meet minimal rumenic acid needs for health benefit (Vahmani 
et al., 2017b), and indeed, hamburger in this trial made from 80% sirloin 
(Gluteus medius) and 20% perirenal fat would have provided 0.662  g of 
rumenic acid equivalents per 114 g serving. Initial research has indicated 
PUFA biohydrogenation product enriched beef fat can improve insulin 
sensitivity without altering dyslipidemia in insulin resistant JCR:LA-cp 
rats (Diane et al., 2016), but more research, including clinical trials, is re-
quired to determine how effective ruminant derived foods enriched with 
rumenic and vaccenic acids are in combating of chronic diseases.

When trying to enhance the fatty acid profile of ruminant derived foods 
it is important to consider that when increasing the content of one or two 
fatty acids (i.e., vaccenic and rumenic acids), the composition of the whole 
food may change. For animal derived foods with enhance fatty acid pro-
files, therefore, the impact of fatty acid changes in whole diets needs to be 
considered, and crucially, there needs to be detailed human intervention 
studies before judgements concerning reduced chronic disease risk can be 
properly made (Givens, 2015). Indeed, increases in vaccenic and rumenic 
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acids when feeding extruded flaxseed in a hay-based diet (Table 4.1) led 
to increases in the content of several biohydrogenation products other 
than vaccenic and rumenic acids, and the health effects of many of these 
are only beginning to be understood. For example, Vahmani et al. (2015b) 
found t18:1 isomers with double bonds at carbons 6, 11, 12, 13, 14, 15, and 
16 undergo delta-9 desaturation in 3T3-L1 cells, but isomers with dou-
ble bonds at carbons 9 and 10 do not. In addition when culturing HepG2 
cells with t9 and t10-18:1, triacylglycerol and cholesterol synthesis was 
upregulated, but not for t18:1 isomers with double bonds from carbons 
11–15 (Vahmani et al., 2017a). In addition, although t10, c12-18:2 (a CLA 
isomer primarily found in synthetic supplements) can promote fatty acid 
mobilization, oxidation, and reductions in body fat, an ALA biohydroge-
nation product containing a t10 double bond (i.e., t10, c15-18:2) has not 
been found to have same anti-adipogenic activities in fat cells (Vahmani 
et al., 2016a). Several other minor dienoic biohydrogenation products in 
beef have also recently been identified as delta-9 desaturation products of 
t18:1 isomers, including c9, t12-, c9, t13-, c9, t14-, c9, t15- and c9, t16-18:2 
(Vahmani et al., 2016b), but health effects of most remain unstudied.

PUFA Biosynthesis and Metabolism in Ruminants
Ruminal biohydrogenation is the main factor limiting the content of 

PUFA in tissues of ruminant animals. When oils are infused postrumi-
nally (i.e., into the fourth stomach or abomasum), tissue contents of PUFA 
can be increased dramatically (Jenkins and Bridges,  2007; Kliem and 
Shingfield, 2016). Efforts to increase PUFA contents in ruminant derived 
foods have been mostly centred on developing ways to protect PUFA 
from biohydrogenation. Free fatty acids are required for biohydrogena-
tion, and lipase activity needed for their release can be inhibited by reduc-
ing rumen pH (Jenkins et al., 2008). Feeding highly fermentable diets (i.e., 
grain-based) can reduce rumen pH and PUFA biohydrogenation, but can 
also result in trans 10 shifted biohydrogenation pathways (Griinari and 
Bauman, 1999; Mapiye et al., 2012). As a consequence, PUFA contents of 
tissues may go up, but their biohydrogenation products may not improve 
the health value of whole foods. Methods to physically protect PUFA from 
biohydrogenation have also been investigated by feeding whole or pro-
cessed oilseeds, or by feeding calcium or other fatty acid salts or amides, 
but only limited success has been achieved (Jenkins and Bridges, 2007). 
The most promising technology to date to increase ruminal PUFA bypass, 
and availability for digestion has been feeding oils encapsulated in form-
aldehyde treated casein (Scott et al., 1971). The use of formaldehyde is, 
however, regulated in some jurisdictions (Doreau et  al.,  2011), and as a 
consequence, other alternatives, such as using plant extracts rich in poly-
phenol oxidase activity to emulsify PUFA are being explored (Gadeyne 
et al., 2015).
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As mentioned previously, the PUFA composition of ruminant derived 
foods is dependent on the diet, with finishing animals on grain-based di-
ets leading to greater deposition of LA and LCn-6 fatty acids, while fin-
ishing animals on pasture or feeding forage based diets results in greater 
deposition of ALA and LCn-3 fatty acids. For example, when Warren et al. 
(2008) fed steers a grass silage based diet, this resulted in deposition of 
43 mg ALA/100 g of loin steak and 59 mg LCn-3 (includes 35 mg DPA). 
This included a 5–6-fold increase in DHA compared to concentrate feed-
ing (i.e., an increase from ∼1 to 5 mg/100 g of muscle). The ability to in-
crease DHA, however, appears to be restricted to when animals are raised 
on pasture or fed forage based diets (Wood et al., 2008), as feeding other 
ALA sources, such as flaxseed can either lead to no change in DHA in 
cattle (Gruffat et al., 2013; Juarez et al., 2011), or in one instance decreased 
DHA in lambs (Bessa et al., 2007). The amount of LCn-3 in ruminant-de-
rived foods would not be considered excessive considering it is gener-
ally recommended that healthy people consume between 250 and 500 mg 
of combined EPA and DHA per day (Kitessa et  al.,  2014). In countries, 
such as Australia, however, where there is limited fish consumption, beef 
and lamb can contribute close to one third of LCn-3 fatty acid consumed, 
mainly in the form of DPA (Howe et al., 2006). Consequently, even small 
changes in LCn-3 fatty acids in ruminant derived food can substantially 
influence overall intakes, and developing ways to increase these have 
been a research priority. De Smet et al. (2004) reviewed how meat fatty 
acid composition is affected by degree of fatness and genetics, and found 
diet is the main effector of fatty acid composition. Breed, however, has 
been found to influence the LC-PUFA composition of meat independent 
of the confounding effect of overall fatness. For example, Choi et al. (2000) 
found a higher content of EPA in Welsh Black compared to Holstein Frie-
sian steers, and the deposition of n-3 fatty acids was increased with and 
without n-3 PUFA supplementation. In addition, increased contents of 
EPA and DPA have been found in Belgian Blue bulls (Raes et al., 2001) and 
Asturiana de los Valles bulls (Aldai et al., 2008) carrying homozygous for 
the gene responsible for double muscling.

When trying to change the PUFA content and composition of ruminant 
derived foods by diet, it is important to understand their underlying me-
tabolism. When liver slices from Normande cows were incubated with LA 
or ALA in free fatty acid form (i.e., not sequestered in phospholipid), rates 
of ALA uptake were higher than LA independent of animal diet (control 
vs. supplementation with extruded flaxseed and rapeseed). The rate of 
form β-oxidation was also greater in liver slices for ALA (50%) versus LA 
(27%), and ALA was not converted to LCn-3 fatty acids, but about 14% of 
LA was converted to arachidonic acid (20:4n-6). Both LA and ALA were 
also efficiently taken up by adipose tissue slices and mainly esterified to 
neutral lipids, with 9.5% of LA converted to 20:4n-6 and 1.5% of ALA to 
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20:5n-3. Trying to explain increases in DHA when animals graze on pas-
ture or when fed high proportions of forage with fatty acid compositions 
dominated by ALA remains a challenge. Most de novo fatty acid synthesis 
in ruminants occurs in adipose tissue, not the liver. However, mRNA ex-
pression of genes involved in LC-PUFA synthesis is greater in liver than 
muscle or adipose tissue (Cherfaoui et al., 2013). This corresponds with 
higher contents of LCn-3 fatty acids in liver, and points toward a central 
role for liver in LC-PUFA metabolism in cattle (da Costa et al., 2014). The 
mRNA expression of ELOVL5 was noted to be particularly low in muscle 
(Blonde d’Aquitaine, Limousin, and Angus bulls), but the presence of EPA 
and DPA in muscle raised the question of where these originate (i.e., possi-
bly the liver as in other species) (Cherfaoui et al., 2013; Gruffat et al., 2013). 
In Charolais steers, mRNA expression of ELOVL5 did not, however, ap-
pear to be as restricted in muscle (Cherfaoui et al., 2013), but muscle con-
tents of LCn-3 fatty acids were not remarkably different than in other 
breeds of bulls. In addition, in Charolais bulls, feeding grass versus maize 
silage (i.e., sources of ALA and LA, respectively) increased muscle con-
tent of ALA and all LCn-3 (EPA, DPA, and DHA), but mRNA expression 
of most genes involved in PUFA biosynthesis and peroxisomal oxidation 
(i.e., needed for conversion of 24:6n-3 to 22:6n-3) were unaffected. In addi-
tion, mRNA expression of genes involved in cellular uptake of LCn-3 fatty 
acids were also unaffected by diet, leading authors speculate that passive 
diffusion rather than direct transport of LCn-3 fatty acids into muscle 
cells may be occurring. Interestingly, several mutations in ELOVL genes 
have been found in Japanese Black cattle, and in the promotor region of 
ELOVL5 (Matsumoto et al., 2013). Clearly more research is necessary to 
unravel the key factors involved in LC-PUFA synthesis in ruminants, and 
how to control these to manipulate their contents.
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INTRODUCTION

Dietary fat is highly important for human health, the prevention of 
chronic diseases, and development (Roche,  1999). In particular, unsatu-
rated fatty acids (UFA) containing more than one double bond [polyun-
saturated fatty acids, (PUFA)] have been considered major component in 
cellular structures and to be nutritionally critical. Only a small proportion 
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of these fatty acids is changed into diverse PUFA consisting of more than 
20 carbons in humans (Venegas-Caleron et al., 2010) (Chapter 2). More-
over, 20-carbon PUFAs can be substrates for the synthesis of eicosanoids 
and other PUFA-derived mediators that modulate inflammatory and 
immune responses (Calder, 2013; Wolfe, 1982) (Chapter 8).

Desaturases catalyze the insertion of double bonds in fatty acids chain 
and are the main enzymes for the biosynthesis of monounsaturated fatty 
acids (MUFA) and PUFA (Nakamura and Nara, 2004). These enzymes are 
also known to play an important role in the regulation of physiological 
and pathogenic processes, such as immune and inflammatory responses, 
including asthma and arthritis (Calder, 2013; Wolfe, 1982), cardiovascular 
disease (Superko et al., 2014), diabetes (Fasano et al., 2015), and some can-
cers (Zheng et al., 2012).

This chapter describes the main functions of desaturases in animals in 
the context of PUFA biosynthesis (Chapter 2). Recent findings about desat-
urases from studies involving techniques, such as genomics and trans-
genic systems, are also discussed.

DESATURASES AND UNSATURATED FATTY ACIDS

Fatty acid desaturases are named according to the location of the dou-
ble bond, which is inserted into a fatty acid chain relative to the carboxylic 
acid group. These enzymes were first reported in cyanobacteria (Reddy 
et al., 1993) and have been found in many species of plants, algae, and 
fungi as well as animals.

Stearoyl-CoA Desaturases

∆9 desaturase, also known as stearoyl-CoA desaturase (SCD), 
catalyzes the insertion of a double bond at the 9th carbon from the 
carboxylic end in a fatty acid chain to convert 16 or 18 carbon satu-
rated fatty acids to MUFAs of the same length (Fig.  5.1). In animals, 
such as insects (Eigenheer et  al.,  2002), nematode worms (Watts and 
Browse, 2000, 2002), and vertebrates (Miyazaki et al., 2005, 2006; Ntambi 
et al., 2002) this reaction is dependent on NADH, chytochrome b5, and 
NADH-cytochrome b5 reductase activity for the synthesis of MUFA 
(Nakamura and Nara, 2004; Sampath and Ntambi, 2014). ∆9 desaturase 
in mammalians is also named stearoyl-CoA desaturase (SCD), which 
catalyzes the desaturation of saturated fatty acids, such as palmitic 
(16:0) or stearic acid (18:0) to generate palmitoleic acid (PA) (16:1n-7) or 
oleic acid (OA) (18:1n-9), respectively. SCD was first purified from rat 
liver (Strittmatter et al., 1974) and subsequently its gene was identified 
in murine cells (Ntambi et al., 1988). SCDs, including first SCD (Scd1), 
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incorporate one double bond in fatty acids of chain length greater than 
12 carbons (Nakamura and Nara, 2004) and are rate-limiting enzymes 
in the synthesis of MUFA from saturated fatty acids (Ntambi, 1999). The 
ratio of MUFA to saturated fatty acid (SFA) can modify the fluidity of 
cell membranes and hence the activities of integral membrane proteins 
(Ntambi, 1995).

Humans express two SCD isoforms, SCD1 and SCD5 (Sinner 
et al., 2012; Zhang et al., 1999), while mice express four; Scd1, Scd2, Scd3, 
and Scd4. Scd1 is the murine homologue of human SCD1, while SCD5 
is unique to primates (Miyazaki et al., 2006). Human SCD1 encodes 359 
amino acids and is located on human chromosome 10q24.31. SCD5, 
which is highly expressed in brain and pancreas, is located on chro-
mosome 4q21.22. The lengths of encoded protein differ considerably 
between primates; orangutan SCD5 involves 256 amino acids, chimpan-
zee SCD5 contains 199 amino acids, and human SCD5 has 132 amino 
acids (Wang et  al.,  2005). SCD proteins are composed of three histi-
dine boxes, which are assumed to act as catalytic domain chelating an 
iron (Guillou et  al.,  2010) and they are known to be integrated with 
NADH, cytochrome b5, as an electron donor, flavonprotein reductase, 
and molecular oxygen in the endoplasmic reticulum (Heinemann and 
Ozols, 2003).

Ntambi et  al. (1988) has shown that murine Scd1, containing 352 
amino acids, is expressed upon differentiation of 3T3-L1 preadipocytes 
(Ntambi et al., 1988). Moreover, the pattern of SCD expression is modified 
by dietary fat intake. Mice fed a diet containing unsaturated fatty acids 
express SCD only in adipose tissue, while mice fed a fat free diet express 
SCD in both liver and adipose tissue. Scd2 was reported expressed in 
3T3-L1 preadipocytes and this Scd2 amino acid sequence showed about 
87% identity with Scd1 (Kaestner et  al.,  1989). Scd3 is expressed only 
in mouse skin, especially in sebaceous glands. Scd3 shares approxi-
mately, 89% and 85% of its amino acid sequenced with Scd1 and Scd2, 
respectively (Zheng et  al.,  2001). Scd4 encoding 342 amino acids has 

FIGURE 5.1  Synthesis of monosunsaturated fatty acids. Palmitic acid (16:0) can be con-
verted to either 16:1n-7 by stearoyl-CoA desaturase (Scd) or to sapienic acid (16:1n-10) by ∆6 
desaturase. Sapienic acid is a major component of sebum which is unique to humans, while 
palmitoleic acid fulfills an equivalent role in mice. Stearic acid (18:0) can be converted to oleic 
acid (18:1n-9) by Scd activity.
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been shown to share approximately 70% sequence identity with Scd1, 
Scd2, and Scd3 amino acids and is expressed exclusively in murine heart 
(Miyazaki et al., 2003).

Several SCDs have been reported to be associated with human dis-
eases, such as obesity, atherosclerosis, and skin diseases (Flowers and 
Ntambi,  2008; Sampath and Ntambi,  2014). Scd1 null mice maintained 
on a low fat diet for 10  days developed severe loss of body weight, 
hypoglycemia, hypercholesterolemia, and a cholestasis-like phenotype 
involving endoplasmic reticulum stress and altered regulation of several 
transcription factors involved in lipid homeostasis in liver (Flowers and 
Ntambi,  2008; Ntambi et al.,  2002). Scd2 null mice show increased skin 
permeability, which was associated with repartitioning of linoleic acid 
from epidermal acylceramide species into phospholipids. Lipid synthe-
sis was changed in skin and liver development of Scd2 knockout mice. 
Scd2 was associated with the synthesis of MUFA in neonates, which is 
different from Scd1 roles in adult mice (Miyazaki et al., 2005). Scd1 and 2 
show specific temporal changes in expression during development. Scd1 
is induced after weaning, while Scd2 is highly expressed in liver between 
embryonic day 18.5 and 21 days of age. Neonatal Scd2 null mice exhibited 
lower liver and plasma triglyceride concentrations than wild-type mice, 
while there was no significant difference between knockout and wild-type 
mice in triglyceride concentration in adults (Miyazaki et  al.,  2005). The 
primary activity of Scd3 is to convert palmitic acid to PA rather than syn-
thesis of OA from stearic acid, which suggests that Scd3 may be regarded 
as a palmitoyl-CoA desaturase in contrast to other members of the Scd 
family (Miyazaki et al., 2006).

Individual Scd isoforms exhibit differential expression between tis-
sues such that the highest expression of Scd1 is in adipose tissue (Guillou 
et al.,  2010) and liver, although the level of expression is dependent on 
dietary fat intake (Ntambi et al., 1988). Scd2 expression is high in brain and 
neuronal tissues in mice (Kaestner et al., 1989) and it has been reported 
that Scd5 might be involved in growth and differentiation of neuronal 
cells in humans (Sinner et al., 2012). Scd3 was expressed in sebocytes, and 
in harderian and preputial glands, whereas Scd4 is specifically expressed 
in the heart (Zheng et al., 2001).

Desaturases Acting on Polyunsaturated Fatty Acids

∆12 and ∆15 Desaturases
Plants are able to synthesise PUFA from carbohydrate precursors via 

stearic acid and its subsequent conversion by the action of SCD, which 
inserts a double bond at the ∆9 position to form OA (see later). ∆12 and 
∆15 desaturases serve to add a double bond between methyl end and the 
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preexisting double bond between carbons 9 and 10 to form linoleic and 
alpha-linolenic acid, respectively (Nakamura and Nara,  2004). Prokary-
otic ∆12 and/or ∆15 desaturases were first cloned from Synechocystis sp., a 
cyanobacterium (Sakamoto et al., 1994) and the eukyaryotic ∆12 and ∆15 
desaturases from Saccharomyces kluyveri (Oura and Kajiwara, 2004). Phy-
logenic studies suggested that ∆12 desaturase is an ancestor gene of ∆15 
desaturase (Wang et al., 2013).

These enzymes are not found in mammals and hence their products 
are essential in the mammalian diet. However, cockroaches Periplaneta 
americana and the House cricket Acheta domesticus have been shown 
to express ∆12  and/or ∆15 desaturases (Borgeson et  al.,  1990; Cripps 
et al., 1990). The nematode worm Caenorhabditis elegans, also expresses 
two genes that encode enzymes with ∆12 desaturase (fat-2) activity, 
which acts on 6- and 18-carbon fatty acids to produce n-6 PUFA, and 
∆15 desaturase activity (fat-1), which acts on 18- and 20-carbon fatty 
acids to produce n-3 PUFA (Zhou et al., 2011). Figure 5.2 shows the inte-
gration of MUFA and PUFA synthesis. The preferred chain length of 
Fat genes is similar to other eukaryotes’ ∆12  and/or ∆15 desaturases 
(Meesapyodsuk et al., 2000). The structures of fat-1 and fat-2 have been 
shown to differ from plant ∆12 and ∆15 desaturases in that they contain 
three histidine motifs and without an N-terminal cytochrome b5 domain 
(Wang et al., 2013).

Mammalian Polyunsaturated Fatty Acid Desaturases

Mouse chromosome 19 and human chromosome 11 contain three fatty 
acid desaturase genes: FADS1, FADS2, and FADS3 (Marquardt et al., 2000). 
FADS1 and FADS2 encode ∆5 and ∆6 desaturases, respectively, while 
the role of the FADS3 product in long-chain polyunsaturated fatty acid 
(LCPUFA) synthesis is unclear. These FADS genes in humans are located 
on a different chromosome to SCD1, whereas in mice the fads genes are 
located on the same chromosome as Scd1. In humans, FADS are located 
at 11q12.2–11q13.1 and consist of 12 exons and 11 introns, however, all 
the three enzymes have common features of N-terminal cytochrome b5 
domain and three histidine boxes (Marquardt et al., 2000). In contrast SCD 
does not have a cytochrome b5 domain. Expression of fatty acid desaturase 
genes alternative splicing. For example, a splice variant of FADS2 (FADS2 
AT1), and seven alternative transcripts of FADS3 (FADS3 AT1-AT7) have 
been identified in various baboon tissues and in human neuroblastoma, 
SK-N-SH cells (Park et al., 2009b, 2010). Similar to SCD genes, the puta-
tive FADS2 AT1 contains only three histidine boxes without cytochrome 
b5 domain, suggesting that the role of FADS2 AT1 could be related to the 
desaturation of non-methylene interrupted PUFA (Park et al., 2010). How-
ever, alternative transcripts of FADS3 display more structural diversity 
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such that FADS3 AT1 and AT3 include a conserved N-terminal cyto-
chrome and three histidine domains, whereas FADS3 AT5 uniquely retains 
intron 5 (Park et al.,  2009b). FADS3 transcript variants are expressed in 
12 baboon neonate tissues including liver, kidney, retina, occipital lobes, 
hippocampus, lung, thymus, spleen, pancreas, skeletal muscle, ovary, and 
heart and in a tissue-dependent manner. These variants are expressed in 
human SK-N-SH neuroblastoma cells and their expression showed recip-
rocal increases and decreases according to the differentiation of those cells 

FIGURE 5.2  Integrated summary of monounsaturated and polyunsaturated fatty acid 
synthesis. In plants and animals stearic acid (SA, 18:0) synthesized from carbohydrate me-
tabolites is converted to oleic acid (OA, 18:1n-9) by stearoyl-CoA desaturase (Scd) activity. 
In plants, Caenorhabditis elegans and some insects, OA is converted sequentially to linoleic 
acid (LA, 18:2n-6) and then to alpha-linolenic acid (ALA, 18:3n-3) by ∆12 and ∆15 desatu-
rase activities, respectively. 18:2n-6 and 18:3n-3 are the primary PUFA synthesized by plants, 
although some species covert 18:3n-3 to stearidonic acid (18:4n-3). Conversion of 18:2n-6 
and 18:3n-3 to longer chain, more unsaturated PUFA in vertebrates involves sequential de-
saturation and carbon chain elongation reactions, which are illustrated briefly here. (These 
reactions are described in more detail in Chapter 2. The consensus view is that synthesis of 
the longest chain, most unsaturated PUFA involves translocation of 24 carbon internediates 
between the endoplamic reticulum and peroxisomes, and limited beta oxidation. There is 
some evidence that direct comversion of 22:4n-6 to 22:5n-6 and 22:5n-3 to 22:6n-6 can also 
occur, thus bypassing the synthesis of 24 carbon PUFA and beta oxidation. Furthermore, 
conversion of ALA to eicosatrienoic acid (ETA, 20:4n-3) and LA to DGLA (20:3n-3) has been 
reported in some cancer cells. DPA(22:5n-6) and DHA(22:6n-3) had been known to be pro-
duced via microsomal-peroxisomal coupled pathway, however, recent evidence showed that 
these pathway are synthesized by D4D.
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(Brenna et al., 2010; Park et al., 2009b). Three isoforms of FADS3 with 37kD, 
51kD, and 75kD were also found in rodent tissues, including lung, heart, 
kidney, liver, and skeletal muscle. These FADS3 isoforms were differently 
expressed depending on the tissues and species suggesting that they 
might have specific functions (Pedrono et al., 2010). However, the func-
tion of FADS3 in omega-3 and -6 fatty acid synthesis has not been reported 
(Marquardt et al., 2000), although FADS3 may catalyze ∆13-desaturation 
of trans-vaccenate (Rioux et al., 2013). In addition to FADS2 and FADS3, an 
alternative transcript of FADS1 was identified by using 5’- and 3’-RACE 
analysis. In silico analysis of the 5’/3’ RACE sequences showed the FADS1 
gene contains at least four 5’ untranslated regions (UTRs) and several 
3’UTR. Open reading frame (ORF) finder found FADS1 isoform (FADS1 
AT1) containing 360 amino acids and lacking the N-terminal cytochrome 
b5 domain, in addition to the major isoform of FADS1 consisting of 444 
amino acids (Park et al., 2012). Moreover, it was reported that FADS1 AT1 
regulates the desaturation of PUFA biosynthesis by potentiating FADS2 
∆6 and ∆8 desaturation activities distinct from the ∆5 desaturase activity 
of the major FADS1 isoform (Park et al., 2012). This finding was the first 
report that one gene’s function can be modulated by another gene’s splice 
variant in a gene cluster.

∆6 Desaturase
∆6 desaturase catalyzes the addition of a double bond that the ∆6 posi-

tion (Nakamura and Nara,  2004). This enzyme was cloned originally 
from Synechocystis (Reddy et al., 1993) and subsequently from Borage offi-
cinalis (Sayanova et al., 1997), C. elegans (Napier et al., 1998), mice (Cho 
et al., 1999b), rats (Aki et al., 1999), and humans (Cho et al., 1999b). The 
deduced amino acid sequence suggests that ∆6 desaturase includes a 
N-terminal cytochrome b5 domain, which is different from that of SCD. 
∆6 desaturases in animals include two membrane anchored domains and 
three histidine box motifs which are the unique feature of membrane-
bound desaturases.

This enzyme is a rate-limiting desaturase for the synthesis of PUFA (Lee 
et al., 2016). ∆6 desaturase in zebrafish also exhibits ∆5 desaturase activity 
(Hastings et  al.,  2001) (Chapter  3). However, mammalian ∆6 desaturase 
does not exhibit ∆5 desaturase activity. ∆6 desaturase has been reported to 
catalyze the conversion of 16:0 to 16:1n-10 and that this activity competes 
with conversion of α-linolenic acid and linoleic acid to longer chain PUFA. 
This activity is important for skin of animals, including humans, because 
16:1n-10 accounts for 25% of skin total fatty acids (Guillou et al., 2003; Park 
et al., 2016; Picardo et al., 2009). In addition, ∆6 desaturase of primates cata-
lyzes the ∆8 desaturation of eicosadienoic acid (20:2n-6) and eicosatrienoic 
acid (ETE, 20:3n-3) to dihomogammalinolenic acid (DGLA, 20:3n-6) and 
ETA (20:4n-3), respectively in Saccharomyces cerevisiae transformed cells 
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as well as MCF-7 breast cancer cells (Park et al., 2009a; Park et al., 2012). 
Fads2 deficient mice showed altered reproduction, skin, and intestine, 
which are characteristic of essential fatty acid deficiency. However, supple-
mentation of Fads2 null mice with arachidonic acid (ARA) showed par-
tial amelioration of these changes. In addition, Fads2 transgenic mice also 
showed tissue-dependent variation in LCPUFA contents. The proportions 
of docosahexaenoic acid (DHA) and ARA were lower while oleic acid and 
linoleic were increased in Fads2 deficient mice (Stoffel et al., 2008; Stroud 
et al., 2009).

The product of the FADS2 gene also possesses ∆4 desaturase activity 
in MCF-7 cells, which catalyzed the conversion of 22:4n-6 to DPAn-6, and 
22:5n-3 to DHA instead of ∆6 desaturation (Park et al., 2015). This is the 
first report using molecular biological evidence to show the specific gene 
containing ∆4 desaturation acitivity in mammals, suggesting that DPAn-6 
and DHA are synthesized by ∆4 desaturase and more studies associated 
with ∆4 desaturation in mammals are needed.

∆5 Desaturase
∆5 desaturase catalyzes the addition of the 5th carbon–carbon bond 

from the carboxylic end of PUFA and is encoded by the FADS1 gene. 
Because the predicted structure of ∆5 desaturase is similar to ∆6 desatu-
rase and that the FADSs1 and FAD2 genes lie closely together in mam-
mals, although in opposite orientations, it has been suggested that these 
gene arose by duplication (Lattka et al., 2012). Since fish express a FADS2 
product with both ∆6 and ∆5 desaturase activities (Lattka et al., 2012), it is 
possible that the FADS2 gene arose first.

∆5 desaturases catalyze the conversion of DGLA (20:3n-6) and ETA 
(eicosatetraenoic acid, 20:4n-3) to ARA (20:4n-6) and EPA (20:5n-3), respec-
tively (see Chapter 2). ∆5 desaturase was first found in a fungus, Mortierella 
alpine (Knutzon et al., 1998; Michaelson et al., 1998), and it has since been 
reported in a wide range of organisms (Castro et al., 2012; Cho et al., 1999a). 
∆5 desaturase has been shown to catalyze the synthesis of 5,11,14–20:3 and 
5,11,14,17–20:4 in MCF-7 breast cancer cells that lack ∆6 activity. Since these 
fatty acid lack the 8–9 double bond present in ARA and EPA, these novel 
PUFA may potentially act as substrates for unusual lipid mediators, which 
could contribute to the tumorigenic process (Park et al., 2011). Deletion of 
the Fads1 gene in mice prevented synthesis of ARA (Fan et al., 2012). Fur-
thermore, Fads1 knockout mice died within 12  weeks of birth, although 
ARA supplementation extended their life span. The reason for this dra-
matic reduction in life span is not known, but it may reflect the inability to 
synthesize the normal range of eicosanoids required for physiological pro-
cesses essential to life, including immunity and growth. If so, this suggests 
that ARA synthesized endogenously may be at least as important as that 
consumed preformed from the diet as a substrate for eicosanoid synthesis.
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Mammals do not express ∆12 and ∆15 desaturases and hence it is not 
possible to alter the ratio of omega-3 and omega-6 PUFA by changing the 
actives of these enzymes. However, by introducing fat-1 from C. elegans 
into mice enabled these animals to maintain a higher proportion of w-3 
fatty acids [ALA, EPA, w -3 DPA (22:5n-3), and DHA] with lower pro-
portions of the w-6 fatty acids LA, ARA, and w-6 DPA (22:5n-6) (Kang 
et  al.,  2004). Transgenic pigs containing hfat-1 gene, a humanized fat-1, 
were also engineered to yield high levels of w-3 fatty acids, such as ALA, 
EPA, w -3 DPA (22:5n-3), and DHA, increasing from approximately 2% to 
approximately 8% (Lai et al., 2006), suggesting that those animals may be 
nutritionally beneficial to produce pork rich in w-3 fatty acids.

Moreover, fat-1 gene transfer inhibited neuronal apoptosis in rat cortical 
neurons (Ge et al., 2002). The incidence of colitis-associated colon cancer 
and prostate cancer was also found to be lower in transgenic fat-1 mice com-
pared to wild type animals. Together these findings suggest that the ratio of 
omega-3 and omega-6 fatty acids is an important factor in neuronal func-
tion and the development of some cancers (Jia et al., 2008; Lu et al., 2008). 
Therefore, one possible application is gene therapy using desaturases in 
the treatment of neurodegenerative diseases and some cancers.
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INTRODUCTION

Mammals are able to synthesise de novo fatty acids up to C16 from 
malonyl-CoA in a cycle of four reactions that extend the length of the  
carbon chain by two carbons. These reactions are catalyzed by the cyto-
plasmaic homodimeric multifunctional enzyme fatty acid synthase. Fatty 
acid synthesis de novo starts with condensation of acetyl-CoA and malonyl- 
CoA form a four carbon beta-ketoacyl-CoA, which is then converted 
by beta-ketoreductase activity to a beta-hydroxyacyl-CoA, dehydrated 
to form an enoyl-CoA and finally reduced to a fatty acid CoA by enoyl 
reductase activity. In the next cycle, butyryl-CoA, instead of acetyl-CoA, 
is condensed with malonyl-CoA. However, mammals can synthesize 18 
carbon saturated and monounsaturated fatty acids de novo, and convert 
18 carbon essential polyunsaturated fatty acids (PUFA) to longer chain, 
more unsaturated species. Synthesis of fatty acids longer than 16 carbons 
requires the activity of fatty acid elongase complexes.
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FATTY ACID ELONGATION

Fatty acid elongase complexes are distinct in terms of location and 
structure from fatty acid synthase. Fatty acid elongase complexes are 
composed of single enzymes (Bernert and Sprecher, 1979) rather than a 
multifunctional enzyme, which is located in the cytoplasmic face of the 
endoplasmic reticulum with the hydroxyacyl-CoA dehydratase imbed-
ded within the membrane (Osei et al., 1989) rather than being a cytosolic 
enzyme. However, the individual enzymes within the fatty acid elongase 
complex may be associated physically (Kohlwein et al., 2001) and catalyze 
extension of long chain fatty acids by the same series of reactions as the 
fatty acid synthase complex (Fig. 6.1).

THE FUNCTIONS OF THE CONDENSING ENZYME

The first reaction that is catalyzed by the condensing enzyme is the rate-
limiting step in the pathway (Bernert and Sprecher, 1977) and also con-
fers substrate specificity. In humans and mice the condensation reaction 

FIGURE 6.1  The long-chain fatty acid elongation pathway in mammals. The first 
reaction is of 2C from malonyl-CoA by a condensation reaction catalyzed by an elongase  
(ELOVL) to form β-ketoacyl-CoA. This is converted by β-ketoreductase activity to a  
β-hydroxyacyl-CoA, dehydrated to form an enoyl-CoA and finally reduced to a fatty acid-CoA  
by enoyl reductase.
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is catalyzed by a family of enzymes known as ELOngation of Very Long 
chain fatty acids (ELOVL) (Denic and Weissman, 2007; Moon et al., 2001), 
which have distinct tissue distributions (Table 6.1) (Matsuzaka et al., 2002; 
Moon et  al.,  2001; Tvrdik et  al.,  1997,  2000; Zhang et  al.,  2001). ELOVL 
exhibit up to 30% sequence homology between mammals, yeast and nem-
atode worms (Leonard et al., 2004) and the catalytic domain responsible 
for formation of 3-keoacyl-CoA is fully conserved between humans, rats 
and mice (Denic and Weissman, 2007).

ELOVL proteins are characterized by 5–7 transmembrane domains 
(Monne et  al.,  1999; Tvrdik et  al.,  2000) and either lysine or arginine at 
the carboxyl terminus, which may function as endoplasmic reticulum 
retrieval signals (Beaudoin et  al.,  2000; Michelsen et  al.,  2005; Tvrdik 
et al., 2000; Zhang et al., 2001). Elongases exhibit distinct substrate speci-
ficities (Table 6.1) of which two, ELOVL2 and ELOVL5, catalyze the con-
version of PUFA to their longer chain metabolites. ELOVL2 and ELOVL5 
share 56% sequence identity, which suggest these enzymes may have 
arisen by gene duplication (Leonard et  al.,  2002) in a jawed vertebrate 
ancestor (Monroig et al., 2016). The main region of heterogeneity between 
the two genes is located in a sequence between the sixth and seventh 
membrane-spanning domains (Gregory et  al.,  2013). However, expres-
sion of human ELOVL2 in yeast showed that it is unable to elongate 18 
carbon fatty acids, but preferentially catalyzes the elongation of C20–C22 
fatty acids (Leonard et al.,  2002) to produce 24:4n-6 and 24:5n-3, which 
are substrates for the second reaction catalyzed by ∆6 deasturase in the 
PUFA synthesis pathway (Leonard et al., 2002; Wang et al., 2008). There 
is some evidence from kinetic studies that ELOVL2 may regulate flux 
through the PUFA synthesis pathway downstream of 22:5n-3 and 22:4n-6 
(Gregory et al., 2011). In contrast, the rat homologue of ELOVL5, rElO1, 

TABLE 6.1  Fatty Acid Substrate Specificity of Mammalian Elongases

Elongase Fatty acid substrate References

ELOVL1 C18:0–C26:0 and C20:1n—9 and C22:1n—9 
acyl-CoAs

Ohno et al. (2010)

ELOVL2 C20 and C22 PUFA Leonard et al. (2002)

ELOVL3 C16–C22 saturated and monounsaturated 
fatty acids

Ohno et al. (2010)

ELOVL4 >C26 saturated and monounsaturated fatty 
acids

Vasireddy et al. (2007)

ELOVL5 16:1n-7, 18:1n-9, 18:3n-6, 18:4n-3, 20:4n-6, 
20:5n-3

Leonard et al. (2000)

ELOVL6 C12–C16 saturated and monounsaturated 
fatty acids

Matsuzaka et al. (2002)

ELOVL7 C16–C22 saturated fatty acids Naganuma et al. (2011); 
Tamura et al. (2009)
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has been shown to elongate monounsaturated fatty acids and PUFA with 
chain lengths between 16 and 20 carbons (Inagaki et al., 2002). The chain 
length specificity of ELOVL5 for C18 PUFA has been confirmed in Elovl5  
-/- mice (Moon et al., 2009). Microsomes from wild type or Elovl5 -/- mice  
were incubated with radiolabeled malonyl-CoA and a range of fatty acids. 
Incorporation of radiolabel into 18:3n-6 and 18:4n-3 was substantially 
lower in Elovl5 -/- mice than controls, while labeling of 20:4n-6, 20:5n-3, 
22:4n-6, and 22:5n-6 was increased in mice lacking ELOVL5, indicating 
that elongation of C20 PUFA is independent of ELOVL5. In addition, the 
proportion of 18:n-3 was higher and that of 18:4n-3 and 22:6n-3 lower in 
the liver of null mice, compared to controls (Moon et al., 2009). Such dif-
ferences in substrate preference have been shown to be due to the pres-
ence of a cysteine residue at position of 217 in ELOVL2, while ELOVL5 
contains a tryptophan residue at the equivalent position (Gregory 
et al.,  2013). Consistent with their role in PUFA synthesis, ELOVL2 and 
ELOVL5 are highly expressed in liver and testis (Leonard et  al.,  2002; 
Tvrdik et al., 2000; Wang et al., 2005) and to a lesser extent in lung and 
white adipose tissue (Tvrdik et al., 2000; Wang et al., 2005). ELOVL2 null 
mice have lower concentrations of 22:6n-3 and 22:5n-6, accompanied by 
increased levels of the substrates 22:5n-3 and 22:4n-6 and their precursors 
(Pauter et al., 2014), indicating that ELOVL2 is important for synthesis of 
very long china PUFA. However, 22:5n-3n-3 and 22:6n-3 were not com-
pletely absent from liver phospholipids or triglyceride, or serum total lip-
ids. For example, the proportion of 22:6n-3 in liver triglyceride was only 
reduced by approximately 30%, although the reduction in liver phospho-
lipids and serum lipids was greater (90%) (Pauter et al., 2014). Others have 
reported incomplete ablation of 22:6n-3 in liver and testis from ELOVL2 
null mice (Zadravec et al., 2011). Furthermore, despite active conversion 
of 18:3n-3 to 22:5n-3, ELOVL2 is not expressed in human, mouse, or rat 
primary vascular smooth muscle cells, or in whole rat or mouse aortae 
(Irvine et al., 2015). Together these findings suggest that ELOVL2 may not 
be the sole ELOVL responsible for elongation of >C20 PUFA in mammals. 
If so, this suggests that the assertion that ELOVL2 is crucial for 22:6n-3 
synthesis (Gregory et al., 2013) may be over-stated. ELOVL2 has also been 
shown to be important for the synthesis of 28:5n-6 and 30:5n-6 in testis, 
which are required for sperm formation. ELOVL2 null mice exhibit com-
plete arrest of spermatogenesis accompanied by a dose-related reduc-
tion in 28:5n-6 and 30:5n-3 in testis such that concentrations of these fatty 
acids were wild type > heterozygous > homozygous such that these fatty 
acids were essentially absent from Elovl2 -/- mice (Zadravec et al., 2011). 
ELOVL2 is also involved in the regulation of fatty acid synthesis de novo. 
ELOVL2 null mice exhibit increased expression of the sterol response ele-
ment binding protein (SREBP)-1 in liver accompanied by upregulation of 
the target genes stearoyl-CoA desaturase-1 and fatty acid synthase (Pauter 
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et al.,  2014). However, there was no accumulation of triglyceride in the 
liver. Over expression of ELOVL2 in preadipocytes induced increased lev-
els of diacylglycerol acyltransferae-2 and fatty acid binding protein-4, but 
there was no change in the expression of fatty acid synthase (Kobayashi 
et  al.,  2007). Therefore, it appears that in addition to catalyzing PUFA 
chain elongation, ELOVL2 is also involved in the regulation of fatty acid 
synthesis de novo although the precise mechanism is not known.

In addition to its role in PUFA synthesis ELOVL5 is also involved in 
the regulation of genes which control cellular energy balance. Mice with 
diet-induced obesity and impaired glucose homeostasis exhibit reduced 
ELOVL5 activity (Tripathy et al., 2010). Restoration of hepatic ELOVL5 lev-
els using a adenovirus construct improved glucose homeostasis (Tripathy 
et al., 2010). This effect has been shown to involve increased phosphoryla-
tion of Akts-473 and PP2Acat-Y307 and decreased nuclear content of Fox01 
and lower expression of phosphoenolpyruvate carboxykinase and glu-
cose-6-phosphatase (Tripathy et al.,  2010). Further analysis showed these  
changes in the regulation of gluconeogenesis to be mediated by the Elovl5- 
catalyzed synthesis of 18:1n-7 via altered activity of the mTORC2-Akt-
Fox01 pathway (Tripathy and Jump, 2013). In addition, increased ELOVL5 
expression in obese mice prevented fatty liver (Tripathy et al., 2013).

REGULATION OF ELOVL2 AND 5 EXPRESSION

The regulation of ELOVL2 has yet to be characterized in detail. 
However, SREBP-1 has been implicated in the regulation of ELOVL2.  
Adenovirus over-expression of SREBP-1c in primary rat hepatocytes 
increased the expression of ELOVL2 (Wang et al., 2006). However, treat-
ment of these cells with the LXRα agonist T1317, glucose or insulin did 
not alter ELOVL2 expression. This inconsistency in the findings has not 
been explained. However, ELOVL2 expression has been shown to be 
independent of whether an animal is in the fed or fasted state, and is not 
modulated by dietary fatty acid intake (Wang et al., 2005). These findings 
suggest that ELOVL2 activity may be largely independent of nutritional 
inputs.

Gene expression studies in SREBP-1 transgenic mice (Horton et al., 2003) 
and assessment of promoter activity (Qin et  al.,  2009) have shown that 
ELOVL5 is regulated directly by SREBP-1c. Human the ELOVL5 gene con-
tains two SREBP-1 response elements, one located 10 kb upstream of the 
transcription start site and the other within intron 1, which are conserved 
in humans and mice (Shikama et al., 2015). These response elements were 
shown to regulate ELOVL5 transcription in luciferase reporter constructs 
and in SREBP-1 binding assays, and SREBP-1-induced transcription was 
abolished by mutation of these binding domains (Shikama et al., 2015). 
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A third SREBP-1 response element in the promoter region is only found 
in the human ELOVL5 (Qin et al., 2009) and was not active in luciferase 
reporter assays (Shikama et al.,  2015). Unlike ELOVL2 null mice, Elovl5 
-/- mice develop hepatic steatosis due to upregulation of SREBP-1c, ace-
tyl-CoA carboxylase, fatty acid synthase and ELOVL6 (Moon et al., 2009). 
This appears to be a consequence of reduction in the concentrations of 
20:4n-6 and 22:6n-3, which exert a repressive effect on SREBP-1c activity 
(Takeuchi et al., 2010; Yahagi et al., 1999). This suggests that ELOVL5 is 
important in the negative regulation of lipogenesis. In addition, liver X 
receptor-alpha (LXRα) is required for basal and ligand-mediated activa-
tion of ELOVL5 transcription, but may also regulate ELOVL5 expression 
via transcriptional control of SREBP-1c (Qin et al., 2009). Thus ELOVL5 is 
regulated by two transcription factors that involved centrally in the con-
trol of lipid metabolism. PPARα has also been shown to regulate ELOVL5 
transcription (Wang et al., 2005).

The effects of polymorphisms in ELOVL2 and 5 on their function are 
discussed in Chapter 11. The epigenetic regulation of ELOVL2 and 5 tran-
scription has not been described in detail and dietary fatty acids modify 
the DNA methylation status of specific CpG dinuleotides in the 5′-regu-
latory region in humans (Hoile et al., 2014). Several recent studies have 
reported reported that ELOVL2 DNA methylation is positively associ-
ated with chronological age in humans (Garagnani et al., 2012; Steegenga 
et  al.,  2014) and explained up to 85% of variation in age between indi-
viduals (Zbiec-Piekarska et al., 2015a). One possible application of these 
findings is establishment of age in forensic analysis (Bekaert et al., 2015; 
Zbiec-Piekarska et  al.,  2015b). Furthermore, it is possible that ELOVL2 
may become progressively transcriptionally repressed with increasing age 
due to higher DNA methylation. If so, because of its role in spermatogen-
esis (Zadravec et al., 2011), progressive increase in DNA methylation of 
ELOVL2 could contribute to decreasing male fertility with age.
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INTRODUCTION

The fatty acid composition of the maternal diet during pregnancy and 
lactation plays a critical role in the supply of essential fatty acids to the 
fetus and neonate to support their development and metabolism. The 
omega-3 long chain polyunsaturated fatty acids (n-3 LCPUFAs) play a 
particularly important role in both maternal and infant outcomes (Inn-
is, 2005; Makrides and Gibson, 2000, 2002). The most significant effect of 
the n-3 LCPUFA on pregnancy outcomes are their ability to extend gesta-
tion by ∼2 days, and thereby reduce the incidence of preterm birth, es-
pecially very preterm birth, by up to 40% (Carlson et al., 2013; Makrides 
et al., 2010). There is limited evidence, however, of beneficial effects of ma-
ternal n-3 LCPUFA on other maternal outcomes, including the incidence 
of gestational diabetes or postnatal depression.

In terms of the infant, the n-3 LCPUFAs, in particular docosahexaenoic 
acid (DHA, 22:6n-3), play a major role in supporting the optimal devel-
opment of the brain, nervous, and visual systems (Makrides and Gib-
son, 2002), and n-3 LCPUFA deficiency is associated with impaired neu-
rological outcomes, cognitive performance, and visual acuity in animal 
models (Neuringer et al.,  1986). However, while deficits in n-3 LCPUFA 
are clearly associated with poorer outcomes, there is little evidence to sug-
gest that increasing n-3 LCPUFA supply above required levels results in 
further improvements in neurodevelopmental outcomes or visual acuity 
(Gould et  al.,  2013). In addition to their role in brain development and 
function, the n-3 LCPUFAs also have other key physiological properties, 
including immunomodulation, antiadipogenic/antilipogenic, and insulin 
sensitizing effects, and this has led to suggestions that an increased sup-
ply of these fatty acids during fetal life and/or in early infancy could po-
tentially decrease the risk of allergic and metabolic diseases in the infants 
(Klemens et al., 2011). However, despite some encouraging evidence from  
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animal studies, and biological plausibility, there is insufficient evidence 
from human randomized controlled trials (RCTs) to support the sugges-
tion that increasing the supply of n-3 LCPUFA to an individual in whom 
levels are already sufficient either before birth or in early infancy has any 
additional benefits on these outcomes.

The purpose of this chapter is to provide an overview of our current 
understanding of the physiological effects of the n-3 LPCUFA, DHA, and 
eicosapentaenoic acid (EPA, 20:5n-3), during pregnancy and lactation, 
with a particular emphasis on metabolism and nutritional requirements.

PART 1: n-3 LCPUFA IN PREGNANCY

The fetus has a limited capacity to synthesize EPA and DHA, and there-
fore relies almost exclusively on EPA/DHA transferred across the placen-
ta from the maternal circulation. DHA is preferentially transported across 
the placenta in the last trimester of gestation (Innis, 2005) and during this 
period there is rapid accumulation of DHA in fetal tissues, particularly 
in the retinal membrane synapses and neural cortex tissues (Gibson and 
Makrides,  1998). Between 35 and 40  weeks of gestation, approximately 
42%–50% of the total DHA supply to the fetus accumulates in the adi-
pose tissue, while 23% is taken up by the fetal brain. The final 5 weeks 
of gestation represent the period of highest rates of accretion of all the 
major n-3 and omega-6 (n-6) PUFA/LCPUFA, and the rate of accretion 
increases progressively for DHA, arachidonic acid (AA), and linoleic acid 
(LA) (Kuipers et al., 2012). The estimated fetal accretion rate during the 
last trimester of pregnancy is 4  mg/kg/day for α-linolenic acid (ALA) 
and 43 mg/kg/day for DHA (Lapillonne and Jensen, 2009). Failure of an 
individual to accumulate sufficient DHA during this period, due to either 
an insufficient supply from the mother and/or preterm delivery, has long-
term implications for developmental outcomes. Growth-restricted and 
preterm infants are at highest risk of early DHA deficits.

ROLE OF n-3 LCPUFA IN MATERNAL AND INFANT 
OUTCOMES

Maternal/Pregnancy Outcomes

Despite some early evidence from small studies that n-3 LCPUFA sup-
plementation could have beneficial effects on postnatal depression and 
gestational diabetes, the results of subsequent, and appropriately pow-
ered, studies have been largely disappointing. This is highlighted by the 
results of the largest RCT of maternal n-3 LCPUFA supplementation, 
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chiefly as DHA, during pregnancy, the DHA to optimize mother infant 
outcome (DOMInO) trial (Makrides et al., 2010). In this trial, 2399 women 
were randomized to either a high dose n-3 LCPUFA supplement (800 mg 
DHA and 100 mg EPA/day) or placebo from <21 weeks gestation until 
delivery of their infant. However, while the intervention was associated 
with a significant increase in n-3 LCPUFA concentrations in the umbilical 
cord blood at delivery, there was no difference in the incidence of post-
partum depression between groups (Makrides et al., 2010). This same trial 
found no effect of n-3 LCPUFA supplementation on the incidence of either 
gestational diabetes or preeclampsia (Zhou et al., 2012). Thus, there is cur-
rently no compelling evidence that increasing the supply of DHA during 
pregnancy reduces the risk of either gestational diabetes or postpartum 
depression; however, further research is required to determine the effects 
of providing a higher dose of EPA.

The most consistent evidence to date in support of a role for n-3 LCP-
UFA in pregnancy relates to its role in prolonging gestation and reducing 
the incidence of early preterm birth (<34 weeks gestation). The potential 
role of n-3 LCPUFA in the length of gestation originated from the results 
of observational studies in the early 1980s, in which women from fish-
eating communities were observed to have longer durations of gestation 
and infants with higher birthweights than women who consumed little or 
no fish (Olsen et al., 1986; Olsen and Joensen, 1985). The effect of mater-
nal n-3 LCPUFA was subsequently tested and confirmed in RCTs (Olsen 
et  al.,  1992). The earlier trials almost without exception used very high 
doses of n-3 LCPUFA and mostly involved women thought to be at higher 
risk of preterm birth. The role of DHA in extending gestation length and 
increasing infant birth weight was supported by a Cochrane Systematic 
Review, published in 2006 (Makrides et  al.,  2006). From 2006 onward, 
systematic reviews have also included women with low-risk pregnancies 
and continued to support the role of n-3 LCPUFA, in particular DHA, in 
increasing the duration of gestation and reducing the risk of early preterm 
birth. The effectiveness of n-3 LCPUFA has been validated by the high lev-
el of concordance between the two largest randomized trials of omega-3 
supplementation in pregnancy, the DOMInO and Kansas University DHA 
outcome study (KUDOS) trials (Carlson et al., 2013; Makrides et al., 2010). 
The DOMInO trial showed that maternal n-3 LCPUFA supplementation 
in the second half of pregnancy increased the mean duration of gesta-
tion by ∼2 days, resulting in a 10% reduction in the incidence of preterm 
birth overall (<37 weeks) and a ∼40% reduction in the incidence of early 
preterm birth (<34 weeks), with the KUDOS trial producing similar re-
sults (Carlson et al., 2013; Makrides et al., 2010). The mechanisms through 
which n-3 LCPUFA mediate this effect remain unclear; however, it has 
been suggested that the antiinflammatory properties of the n-3 LCPUFA 
derivatives may play a significant role, though this is an area that requires 
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further research. It is also important to note, however, that maternal n-3 
LCPUFA supplementation was also associated with an increase in the 
number of women who required interventions due to extended gestation 
beyond term (Makrides et al., 2010), suggesting that not all women may 
benefit from supplementation, and this also requires further study. Fur-
ther research in this area is underway to investigate the optimal timing of 
supplementation to achieve the best outcomes.

n-3 LCPUFA DURING PREGNANCY AND INFANT/
CHILD OUTCOMES

Neurodevelopmental Outcomes

Studies into the long-term effects of perinatal n-3 LCPUFA exposure on 
subsequent health outcomes in an individual were initially focused largely 
on cognitive/neurodevelopmental outcomes, due to the established role 
of these fatty acids in the brain and nervous system. There is evidence that 
membrane lipid composition of the fetal brain is sensitive to changes in 
DHA supply from the mother, and this led to suggestions that increasing 
the supply of n-3 LCPUFA during critical periods of brain development 
could result in lasting improvements in brain function/cognitive perfor-
mance. However, despite evidence that overt n-3 LCPUFA deficiency dur-
ing development leads to impaired development of the brain and visual 
systems (Abedin et  al.,  1999; Levant et  al.,  2004; Moriguchi et  al.,  2000; 
Pawlosky et al., 1997), there is limited evidence that supplementing the 
mother with n-3 LCPUFA during pregnancy in populations in which there 
is no overt n-3 LCPUFA deficiency has any benefit on subsequent cogni-
tive performance of the child. This is highlighted in the most comprehen-
sive systematic review/meta-analysis of all available trials in this area, 
which includes data from 11 RCTs involving 5272 participants (Gould 
et al., 2013). Outcomes assessed included general cognitive functioning, 
language, problem solving, behavior, temperament, and motor devel-
opment (Gould et al., 2013). This view is supported by the results of the 
DOMInO study, which found no effect of high-dose maternal n-3 LCPUFA 
supplementation in the second half of pregnancy on neurodevelopmental 
outcomes in the children at 18 months of age (Makrides et al., 2010). Since 
DHA predominately accumulates in the hippocampus and frontal cortex 
of the brain, it has been suggested that more pronounced effects of pre-
natal n-3 LCPUFA supplementation would be seen if specific aspects of 
cognition, that is, higher order executive functions, which are regulated 
by these brain regions, were measured. However, a follow-up of 158 chil-
dren born to women in the DOMInO trial found no effect of maternal n-3 
LCPUFA supplementation in pregnancy on higher order cognitive tasks, 
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including attention, working memory, and inhibitory control at 2 years of 
age (Gould et al., 2014). Further follow-up of the larger cohort of DOMInO 
trial children at 4 years showed no effects of prenatal supplements on cog-
nition, language, or executive functioning assessed by a psychologist and 
no evidence of benefit to parent-rated behavior or executive functioning 
(Makrides et al., 2014). Other prenatal DHA trials published subsequent 
to the meta-analyses (Gould et al., 2013) have similarly shown no benefit 
of supplements on child cognition, motor or language scores at 3 months 
(Keenan et al., 2016), cognition or motor at 18 months (Mulder et al., 2014), 
cognition or behavior at 5 years (Ramakrishnan et al., 2016), attention at 
8.5 years (Catena et al., 2016), or cognition, motor, or language at 12 years 
(Meldrum et al., 2015). Thus, there is limited evidence that providing ad-
ditional DHA in utero results in enhanced cognitive performance in chil-
dren whose mothers are not overtly n-3 LCPUFA-deficient. However, a 
noteworthy limitation of these trials is that children who are born preterm, 
and are at risk of poorer developmental outcomes, are typically excluded 
from assessment.

Since DHA is the major constituent of the fetal brain, the majority of 
studies to date have focused chiefly on DHA, rather than EPA. However, 
while DHA is the major fatty acid in the brain, EPA is also present and 
is an important component of neuronal membranes and there are stud-
ies suggesting that the uptake of EPA by neurons of the brain and retina 
is increased substantially during the neuronal growth spurt (Clandinin 
et al., 1980; Janssen and Kiliaan, 2014). Despite this, there is limited infor-
mation on the role of EPA alone on brain development.

Visual Development

Interest in the potential for n-3 LCPUFA supplementation to improve 
the visual development of the child originated from the early studies of 
Neuringer et  al. (1986) in nonhuman primates, that elegantly demon-
strated that n-3 LCPUFA deficiency in the maternal diet during preg-
nancy and lactation led to permanent deficits in visual function of the 
offspring, which could not be corrected by supplying them with n-3 
LCPUFA after birth. While it is therefore clear that there is a requirement 
for an adequate supply of n-3 LCPUFA, in particular DHA, for optimal 
development of the visual system, there is limited evidence that increas-
ing the fetal n-3 LCPUFA supply above the required level leads to further 
improvements in visual function. Due to the significant variety of visual 
assessments and ages at assessment between studies, it has not been 
possible to combine studies with visual outcomes in a meta-analysis in 
any meaningful way, however a systematic evaluation of these studies  
reported that six of the eight assessments in five trials reported no differ-
ence between the supplemented and control groups in visual outcomes 
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(Gould et al., 2013). The largest of these studies, which used the most 
robust measure of visual function, found no effect of prenatal DHA sup-
plements on visual evoked potential at 4 months (Smithers et al., 2011). 
A more recently published trial also found no effect of DHA on visual 
acuity at 2 or 12 months (Mulder et al., 2014). There is therefore no con-
clusive evidence that maternal n-3 LCPUFA supplementation has any 
significant benefits for infant visual function, at least at a population 
level. However, again, the majority of trials only include infants born 
full-term in their outcome assessments.

Body Fat Mass and Metabolic Health

Findings from in vitro and experimental animal studies that n-3 LCP-
UFA, in particular DHA, had the capacity to inhibit both the hyperplas-
tic and hypertrophic expansion of fat depots, led to the hypothesis that 
exposing individuals to an increased supply of n-3 LCPUFA during the 
period of fat cell development (before birth and in early infancy) would 
reduce body fat mass in the child later in life (Al-Hasani and Joost, 2005; 
Hauner et al., 2009). However, this has only been tested in relatively few 
RCT, and the results to date have been largely negative. A systematic 
review of humans studies that had addressed this question identified 
five studies and four trials that had measured body max index (BMI) 
and/or body fat mass in children born to women involved in RCTs of 
maternal n-3 LCPUFA supplementation during pregnancy and/or lacta-
tion (Muhlhausler et al., 2010). This review identified a number of im-
portant limitations in the studies conducted to date, the most important 
being the high rates of attrition (>40%). Not surprisingly, the studies to 
date had produced mixed results, with one study reporting the maternal 
n-3 LCPUFA supplementation was associated with a reduction in BMI 
z-score in infants at 21 months, one reporting an increase in BMI z-score 
at 2.5 years and others finding no significant effects. Overall, however, 
the conclusion of this systematic review was that there was a lack of 
robust evidence to support a role of maternal n-3 LCPUFA supplementa-
tion in affecting body composition in the child. Since then, a follow-up 
of growth, body composition, and insulin sensitivity in >1500 children 
born to women in the DOMInO trial at 3 and 5 years of age, found no sig-
nificant effect of maternal n-3 LCPUFA supplementation on BMI z-score 
or body fat mass in the children (Muhlhausler et al., 2016). This study 
was well-powered and achieved a >90% follow-up rate, and therefore 
provides the strongest evidence to date that exposure to a higher n-3 
LCPUFA supply in utero does not affect body fat mass in childhood, 
either positively or negatively. Similarly, there are no studies to date in 
humans to suggest benefits of maternal n-3 LCPUFA supplementation 
on insulin sensitivity/risk of type 2 diabetes in the offspring.
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Allergy/Immune Outcomes

The extensive immunomodulatory properties of n-3 LCPUFA are well 
recognized (Calder and Yaqoob,  2009; Everts et  al.,  2000), however, the 
evidence involving n-3 LCPUFA supplementation in established disease 
has been unconvincing (Mihrshahi et al., 2004). A Cochrane review and 
meta-analysis conducted in 2002 concluded that there was little evidence 
to recommend that people with asthma supplement or modify their diet to 
increase intake of omega-3 fatty acids in order to improve their symptoms 
(Woods et al., 2002). However, the period of fetal immune system develop-
ment is more susceptible to influence and there are plausible mechanisms 
by which diets high in n-3 LCPUFA may modulate the development of 
immunoglobulin E (IgE)-mediated allergic disease. More recent evidence 
has emerged, which suggests that maternal n-3 LCPUFA supplementation 
during pregnancy may have long-term benefits for immune function and 
the risk of allergic disease in the offspring. Diets high in n-3 LCPUFA, 
particularly DHA, increase cell membrane n-3 LCPUFA and reduce pros-
taglandin-E synthesis and proinflammatory cytokine responses known to 
be associated with allergies (Calder, 2013). There is increasing evidence 
demonstrating modification of immune function and influence on perina-
tal immune programming at a number of different stages in this complex 
process (Beck et al., 2000; Denburg et al., 2005; Gottrand, 2008; Prescott 
and Dunstan, 2007). However, the exact mechanisms through which n-3 
LCPUFA act to alter neonatal immune responses remain unclear.

Despite the biological rationale for increased exposure to n-3 LCPUFA 
during immune system development to favor a reduction in the risk of al-
lergic disease, the data from clinical trials has not been entirely consistent 
(Best et al., 2016a). While some RCTs have demonstrated that maternal n-3 
LCPUFA supplementation is associated with improved immune/allergy 
outcomes, including a lower rate of sensitization to food allergens and a 
lower prevalence of allergic disease symptoms in the first year of life, there 
are limited RCTs in which the infants are followed up at older ages. Our 
DOMInO RCT that assessed children at 1, 3, and 6 years of age, suggests that 
early beneficial effects on sensitization observed in the first 12 months of life 
are not evident at 3 or 6 years (Best et al., 2016b; Palmer et al., 2012, 2013). 
Two recent reviews in this area, including a Cochrane Systematic Review 
and meta-analysis/systematic review of RCT and observational studies 
concluded that while there was evidence to support a beneficial effect of 
maternal n-3 LCPUFA supplementation on some aspects of allergic disease, 
further studies were required to enable a definite conclusion to be drawn as 
to whether maternal n-3 LCPUFA supplementation can reduce the risk of 
allergic disease in the child (Best et al., 2016a; Gunaratne et al., 2015).

While the separate contributions of EPA and DHA to the development 
of the immune system, and subsequent risk of allergic disease in the  
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infants, remains unclear, EPA has been shown to have an important role 
in immune system function in adults (Chapkin et al., 2009). Recent stud-
ies have suggested that the balance of omega-6 and omega-3 fats in the 
diet may be important for this process of immune development—with 
the AA-derived mediators tending to shift the T-cell populations towards 
T-helper Cells Type 2 Th2 (allergy mediators) and the EPA-derived me-
diators shifting the populations in the opposite direction (toward a less 
allergic phenotype).

DETERMINANTS OF FETAL DHA/EPA STATUS

While maternal DHA/EPA status is considered to be the single most 
important contributor to fetal DHA status, a number of studies have dem-
onstrated that maternal n-3 LCPUFA intake cannot fully account for cord 
blood DHA/EPA levels. Previous studies have suggested that maternal 
DHA concentrations account for ∼20%–30% of the variation in fetal DHA 
concentrations. This suggests that factors beyond maternal dietary DHA 
intake also play an important role in determining fetal DHA (and EPA) 
concentrations. Fig. 7.1 summarizes our current understanding of the de-
terminants of n-3 LCPUFA concentrations in the fetal circulation, each of 
which is discussed here.

FIGURE 7.1  Summary of maternal, placental, and fetal factors contributing to fetal 
Omega-3 long chain polyunsaturated fatty acids supply.
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Maternal Circulating Omega-3 Long Chain Polyunsaturated Fatty 
Acids Concentrations

During pregnancy and lactation, there is a higher metabolic require-
ment for n-3 LCPUFA than in nonpregnant women, because the mother 
must meet her own needs as well as meeting the requirements of the de-
veloping infant. The n-3 LCPUFA status of the mother (i.e., levels in the 
maternal circulation), which can be derived from either the maternal diet 
(preformed or synthesized from precursor fatty acids) or mobilized from 
adipose tissue stores, is the major determinant of fetal DHA/EPA supply. 
There is a significant correlation between maternal DHA concentrations 
and concentrations in cord blood (r = 0.48), but this is weaker for EPA than 
for DHA (Elias and Innis, 2001).

While maternal dietary intake of n-3 LCPUFA, and to a lesser extent 
intake of the precursor short-chain n-3 PUFA (ALA), there are a number 
of other factors that have been shown to influence maternal n-3 LCPUFA 
status, and therefore fetal supply, during pregnancy. These include mater-
nal genotype (particularly for the fatty acid desaturases, FADS genes), and 
other factors that can influence fatty acid metabolism (particular disease 
states, gastric malabsorption, smoking) (Muhlhausler et al., 2014). Single 
nucleotide polymorphisms (SNPs) in the genes encoding the desaturase 
enzymes responsible for the conversion of short-chain n-3 and n-6 PUFA to 
their long-chain derivatives (FADS1 and 2) can modulate the relationship 
between dietary fat intake and circulating n-3 LCPUFA concentrations. 
However, in the largest study to date to assess the contribution of SNP 
variants to fatty acid status of red blood cells (RBC) in pregnant women, 
found that the genetically explained variability of RBC DHA amounts was 
only 0.51% (Koletzko et al., 2011), and this is therefore unlikely to make a 
significant contribution to fetal supply.

Furthermore, in the last trimester of pregnancy, the increased lipolytic 
activity in maternal adipose tissue results in release of fatty acids from 
maternal tissue stores. Since the fatty acid composition of the adipose tis-
sue is a marker of long-term fatty acid intake, the fatty acid composition of 
the maternal diet before pregnancy, independent of dietary composition 
during pregnancy, can contribute to differences in maternal n-3 LCPUFA 
status in late pregnancy, and, therefore, fetal concentrations.

Placental Metabolism
The placenta has a high-energy demand and it is likely that at least some 

of the fatty acids from the maternal circulation are used by the placenta as 
an energy source (Herrera and Amusquivar, 2000; Larque et al., 2011). The 
placenta is also likely to utilize some fatty acids in preference to others, 
which contributes to the lack of a linear relationship between maternal 
and fetal DHA/EPA concentrations.
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Placental n-3 LCPUFA Transfer
Aside from maternal n-3 LCPUFA status, placental n-3 LCPUFA trans-

fer capacity is perhaps the most important, but also least well understood, 
determinant of fetal n-3 LCPUFA supply. While the fundamental aspects of 
placental fatty acid metabolism and transport have been described, there 
are few studies that have examined the extent to which these vary between 
individuals and whether and to what it extent it is modified by other di-
etary/environmental factors (Innis, 2005; Larque et al., 2011). It has been 
suggested that variations between individual women in the efficiency of 
placental n-3 LCPUFA transport may explain, at least in part, why mater-
nal n-3 LCPUFA supplementation results in improved outcomes in some 
children, but not in others; however, this remains to be proven.

In general, the rate of transplacental transfer is related to the surface 
area available for exchange, the concentration gradient between the ma-
ternal and fetal circulations and the number of transporter proteins in-
serted per unit area of the trophoblast membrane. Placental transfer is 
also selective for certain fatty acids over others, with the LCPUFA being 
transferred in preference to saturated and monounsaturated fatty acids, 
and DHA being transferred in preference to LA. This is best illustrated 
by tracer studies, in which different 13C labeled fatty acids (13C-DHA, 13C-
LA, 13C-oleic acid, and 13C-palmitic acid) were administered to women 4 
or 12 h prior to caesarean section and then measured in the placenta, and 
which identified a significantly higher 13C-DHA incorporation into pla-
centa lipids as compared with the other fatty acids (Larque et al., 2011).

Delta 5 and 6 desaturase activities are not detectable in the human pla-
centa (Kuhn and Crawford, 1986), suggesting that the placenta does not 
have the capacity for DHA synthesis. Therefore, the ability of the placenta 
to extract DHA/EPA from the maternal circulation and deliver them to 
the fetus is a critical determinant of fetal DHA/EPA delivery. N-3 LCPU-
FA circulate in maternal plasma bound to lipoprotein triglycerides, and in 
a minor proportion in the form of free fatty acids (FFA). Despite the lack of 
a direct placental transfer of triglycerides, diffusion of fatty acids to the fe-
tus is ensured by means of lipoprotein receptors, lipoprotein lipase activ-
ity, and intracellular lipase activities in the placenta (Fig. 7.2; Herrera and 
Amusquivar, 2000). Maternal plasma FFA are also an important source of 
fetal n-3 LPCUFA, and their placental uptake occurs via a selective process 
of facilitated membrane translocation involving a plasma membrane fatty 
acid-binding protein. This mechanism, together with a selective cellular 
metabolism, determine the actual rate of placental transfer and its selectiv-
ity, and results in an enrichment of certain LCPUFA, including DHA, in 
the fetal circulation as compared to maternal. The concentrations of DHA 
in the cord blood increase across gestation, and several studies have re-
ported positive relationships between cord blood DHA and gestational 
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age at delivery (Innis, 2005; Larque et al., 2011; Muhlhausler et al., 2014). 
This appears to be due to the increased transfer of DHA across the placen-
ta as gestation progresses, in order to meet the increasing fetal demands.

In addition, variations in placental and fetal metabolism can influence 
the rate and extent to which fatty acids are converted or metabolized dur-
ing or after transport. Our group recently conducted a study, using the 
cord blood DHA concentrations measured in 1500 women in the DOMInO 
RCT, which attempted to identify the key predictors of fetal DHA in late 
gestation. We found no relationship between cord blood DHA and infant 
birth weight in this study, which, given the tight relationship between fe-
tal and placental weight, suggests that the size of the placenta is not a key 
determinant of DHA transfer (Muhlhausler et al., 2014). One possibility is 
that differences between individuals in the expression of fatty acid trans-
port proteins (FATP) within the placenta could influence the extent of pla-
cental DHA transfer. In support of this, Larque et al. (2006) demonstrated 
that placental FATP1 and FATP4 gene expressions were directly correlated 
with the percentage of DHA in the placental and maternal plasma phos-
pholipids. Furthermore, FATP4 expression was significantly correlated 
with the DHA in the PL of fetal blood (Larque et al., 2006). There is evi-
dence of aberrant expression of fatty acid binding proteins in pregnancies 
complicated by gestational diabetes and intrauterine growth restriction 
(Gil-Sanchez et al., 2011), but it is unclear to what extent this can vary in 
healthy pregnancies. There is at least some evidence from human studies 
that placental expression of fatty acid binding proteins (FABPs) can be in-
fluenced by the fatty acid content of the maternal diet (Larque et al., 2006), 
but very few studies have investigated the environmental and/or genetic 
factors, which regulate placental fatty acid transfer.

FIGURE 7.2  Summary of mechanisms involved in transplacental transfer of fatty acids 
from maternal to fetal circulation. LP, Lipoprotein; FFA, free fatty acids; TG, triglycerides; 
EL, endothelial lipase; FABP, fatty acid-binding protein; LPL, lipoprotein lipase.
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Biomagnification
The concept of biomagnification is a well-described phenomenon that 

describes the observation, first reported by Crawford et al. (1976), that 
DHA concentrations are higher in the fetal circulation compared to the 
maternal circulation. This is an important physiological process, since it 
ensures that the fetus is protected from maternal n-3 LCPUFA deficiency, 
at least until it reaches critical levels. The source of this biomagnification 
is not entirely understood, but is thought to be related to preferential 
transfer of n-3 LCPUFA from maternal to fetal circulation in late gesta-
tion. This, in turn, appears to be related to the fact that FABPs within the 
placenta preferentially bind n-3 LCPUFA, in particular DHA, compared 
to other fatty acids (Gil-Sanchez et al., 2011).

More recent studies have shown that the process of biomagnifica-
tion does not follow a linear relationship with maternal n-3 LCPUFA 
concentrations, but that there is an upper limit of maternal DHA con-
centrations beyond which there are no further increases in fetal DHA 
status, implying that placental DHA transfer becomes saturated at very 
high maternal n-3 LCPUFA levels concentrations. This means that in 
pregnant women with a very high DHA status, fetal/cord blood DHA 
concentrations are no longer higher than those in the maternal circu-
lation, and may even be lower (a process known as bioattenuation). 
The reason for this is unclear, but does suggest that n-3 LCPUFA ex-
cess, as well as deficiency, is maybe suboptimal for fetal development. 
Recent studies have suggested that bioattenuation occurs at maternal 
plasma/erythrocyte DHA concentrations in excess of >8/100 g (8%). 
In one study, it was reported that biomagnification occurs up to 8 g% 
DHA in maternal RBC and maternal RBC-DHA equilibrium is reached 
at ∼6 g%, which corresponds with an infant RBC-DHA of 7 g% at de-
livery (Luxwolda et al., 2012).

Fetal Synthesis
In addition to the supply of n-3 LCPUFA from the mother, the fe-

tus also has the capacity for DHA synthesis, particularly in the last 
trimester of gestation. This has been demonstrated in studies of pre-
term and very preterm infants, which have established that humans 
have the capacity to endogenously synthesize long-chain PUFA (DHA, 
EPA, and AA) from short-chain precursors (LA and ALA) (Carnielli 
et  al.,  1996). The capacity of the human fetus to synthesize LCPUFA 
has been confirmed by studies that have measured fetal/neonatal syn-
thesis directly using tracer techniques (Mayes et  al.,  2006; Pawlosky 
et al., 2006). While this process is likely to make a relatively minor con-
tribution to fetal DHA/EPA supply, it nevertheless may have a role. In 
addition, the FADS genotype of the fetus has been shown to be related 
to the cord blood fatty acid concentrations independent of the maternal  
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genotype (Lattka et al., 2013), suggesting that variations in the fetal, as 
well as maternal, capacity for DHA synthesis is an important determi-
nant of fetal DHA supply.

Fetal Metabolism
The majority of DHA/EPA supplied to the fetus is incorporated into 

fetal tissues, and it does not appear that any significant proportion of the 
n-3 LCPUFA is used as an energy source in late gestation. DHA is accumu-
lated at a particularly rapid rate into the fetal brain in late gestation, and 
fetal DHA requirements in the final trimester are estimated ∼43 mg/kg/
day (Lapillonne and Jensen, 2009).

Current Recommendations of DHA and EPA Intakes in 
Pregnant Women From National and International Health 
Agencies

The European Commission charged the research project PERILIP, joint-
ly with the Early Nutrition Programming Project, to develop recommen-
dations on dietary fat intake in pregnancy and lactation. This involved 
a comprehensive review of the existing literature and a meeting involv-
ing international experts in the field, including representatives of inter-
national scientific associations, in order to discuss and decide this. They 
concluded that pregnant and lactating women should aim to achieve an 
average dietary intake of at least 200 mg DHA/day (Koletzko et al., 2007). 
This can be achieved either through fish-oil supplements or consumption 
of at least two oily fish meals per week. The authors also indicated that it 
was important for pregnant and lactating women to note that the intake 
of the DHA precursor, ALA, was far less effective with regard to DHA de-
position in fetal brain than preformed DHA. While 200 mg DHA/day is 
considered the minimum acceptable intake, the international experts who 
authored the consensus statement noted that maternal supplements of up 
to 1 g/day DHA or 2.7 g/day n-3 long-chain PUFA had been used in RCTs 
without significant adverse effects.

It is also important to note that n-3 LCPUFA requirements in pregnan-
cy and whether a woman will require n-3 LCPUFA supplementation to 
achieve optimal maternal and neonatal outcomes is likely to vary sub-
stantially between individuals depending on their background diet, pre-
pregnancy habitual dietary intake and a range of other factors. Perhaps 
the most critical of these is the level of n-6 PUFA in the background diet. 
This has become particularly significant due to the massive increase in the 
levels of n-6 PUFA in modern western diets, compared to those of tradi-
tional diets, and the resulting imbalance between the level of n-6 PUFA 
and n-3 PUFA (ratio of ∼10–15:1 vs. 2:1) (Calder, 2012). This imbalance has 
important physiological/biological implications, because the n-6 PUFA 
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compete with n-3 LPCUFA for incorporation into cells and tissues, which 
is required in order for these fatty acids to mediate their biological effects 
(Lands, 2008; Lands et al., 1992). Consequently, higher intakes of n-6 PUFA 
in the background diet mean that higher levels of n-3 LCPUFA are needed 
to achieve the same n-3 LCPUFA level in tissues (n-3 LCPUFA status) and, 
therefore, the associated health benefits.

ROLE OF n-3 LCPUFA IN EARLY INFANCY

During lactation, the breast-fed infant relies exclusively on their moth-
er’s breast milk to obtain the n-3 LCPUFA supplies that are essential for 
optimal growth and development. A full-term breastfeed newborn can ac-
crete upon to 1.9 g of DHA/day in the first 6 months, and DHA deficien-
cy during this time can have profound and long-lasting effects on infant 
growth and neurodevelopmental outcomes (Cunnane et al., 2000). Both 
maternal dietary intake and PUFA reserves in adipose tissue influence the 
fat composition of the breast milk. As a result of storage of fatty acids 
consumed during pregnancy in maternal adipose stores, which are subse-
quently mobilized during breast feeding, maternal DHA and EPA intake 
during the last trimester of gestation is directly associated to their con-
centrations in the breast milk in the early postpartum period (Makrides 
et al., 2010). There is little influence of maternal ALA levels on breast milk 
DHA/EPA, because there is limited conversion of ALA into DHA by the 
mammary gland. In addition, it does not appear that the mammary gland 
has any mechanisms through which to maintain individual fatty acids 
constant with varying maternal intakes, as is the case for some other key 
nutrients (Innis, 2007).

The early infant formulas contained no added DHA. However, it was 
quickly determined that DHA was present at relatively high levels in 
breast milk, which suggested that it was important for infant development. 
Critically, the levels of DHA in the infant brain were found to be higher in 
breast fed compared to formula fed infants (Makrides et al., 1994). Some 
early studies also showed that the formula fed infants had less optimal 
indexes of visual function and neurodevelopmental status in compari-
son with infants who were breast fed (Makrides and Gibson, 2000). The 
finding of significant DHA, and to a lesser extent EPA, concentrations in 
breast milk ultimately led to recommendations that infant formulas con-
tain these fats.

There have since been a large number of studies that have investi-
gated the effect of providing infants with higher levels of DHA/EPA, by 
either supplementing the mother (to increase breast milk levels) or add-
ing additional n-3 LCPUFA to infant formulas, on a range of outcomes 
in the infant/child. However, while it is clear that an overt deficiency  
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of DHA/EPA during infancy is detrimental, there is limited evidence 
that providing additional DHA/EPA above the required levels provides 
additional benefits. There is currently no conclusive evidence that pro-
viding term infants with additional DHA/EPA during early infancy has 
substantial benefits for their long-term neurodevelopmental or visual 
function (Simmer et al., 2011). Similarly, there is no evidence that pro-
viding additional DHA/EPA to term infants has any significant effect 
on their growth or growth quality (Makrides et al., 2005) or on allergy/
immune outcomes (Gunaratne et al., 2015).

RELATIONSHIP BETWEEN MATERNAL 
INTAKES OF DHA/EPA IN PREGNANCY, 

BREAST MILK FATTY ACID CONCENTRATIONS, 
AND INFANT DHA/EPA STATUS

Human breast milk contains a high amount of fat, and this makes up 
∼50% of its energy. The vast majority (∼98%) of these fats are in the form 
of triglycerides, each of which contain three fatty acids whose composi-
tion depends on the composition of the maternal diet (Innis, 2007). Hu-
man milk fatty acids are derived from endogenous synthesis in the mam-
mary gland and uptake from maternal plasma. Both mammary gland fatty 
acid synthesis and the fatty acids available for uptake from the maternal 
plasma are influenced by maternal nutrition (Makrides et al., 1995). The 
importance of maternal fatty acids intakes for breast milk composition is 
highlighted by a large number of studies that have compared the fatty 
acid composition of breast milk from women in different countries and in 
response to maternal n-3 LCPUFA supplementation (Innis, 2007). These 
have consistently demonstrated that concentrations of most fatty acids in 
human milk, including the n-3 LCPUFA, vary widely in accordance with 
the fatty acid composition of the maternal diet (Table 7.1).

A seminal study conducted by Makrides et al. (1996) established that 
there was a linear relationship between maternal DHA intake and breast 
milk DHA concentrations across a wide range of DHA concentrations. In 
this trial, breastfeeding women were randomized to take identical capsules 
providing either 0 (placebo), 0.2, 0.4, 0.9, or 1.3 g DHA/day from day 5 to 
12 weeks postpartum. The breast milk DHA concentrations of the women 
in this study ranged from 0.2% to 1.7% of total fatty acids and increased in 
direct correlation with the level of supplementation (r2 = 0.89, P < .01). Ma-
ternal plasma (r2 = 0.71, P < .01) and erythrocyte (r2 = 0.77, P < .01) phos-
pholipid DHA levels increased and were also strongly associated with di-
etary dose of DHA. The results of this study demonstrated that the level 
of maternal DHA supplementation in the maternal diet has a strong, spe-
cific, and dose-dependent effect on breast milk DHA (r2 = 0.89, P < .01). It 
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also identified a positive relationship between the concentrations of DHA  
in maternal plasma and RBC phospholipids and the levels of DHA in the 
breast milk. Very similar results have been reported in a number of other 
studies, including a study by Jensen et al. (2000). This study demonstrated 
that the concentration of DHA and EPA in breast milk was directly related 
to maternal status (EPA: r2 = 0.30, P < .004; DHA: r2 = 0.66, P < .001). This 
same study identified a significant positive relationship between breast 
milk DHA and infant DHA status across a wide range of breast milk DHA 
concentrations. Thus, the supply of DHA and EPA to the breast fed infant 
is almost exclusively dependent on the n-3 LCPUFA status of the mother, 
which in turn is closely linked to maternal diet.

CHANGES IN FATTY ACID COMPOSITION OF HUMAN 
MILK ACROSS LACTATION

The fatty acid composition of human breast milk varies across lactation 
and is acutely sensitive to the current maternal diet, as well as to mobiliza-
tion of fatty acids from maternal fat stores (Makrides et al., 1995). Breast 
milk fatty acid concentrations change rapidly in response to shifts in the 
fatty acid composition of the maternal diet. This is clearly illustrated in 
a study conducted in the 1950s by Insull et al. (1959), in which lactating 
women were provided with 40% of dietary energy from lard, corn oil, 
or linseed oil. This study showed that the fatty acid composition of the 

TABLE 7.1  Breast milk composition in countries consuming modern western diets 
versus a traditional diet

Modern diet Traditional diet

Fatty acid
United States 
(n = 81)

Canada 
(n = 149)

United States 
(n = 35) Bolivia (n = 35)

18:2n-6 12.7 (8.1–21.7) 13.6 (7.2–26.2) 18.1 (12.8–24.1) 9.31 (3.86–14.8)

20:3n-6 NR 0.31 (0.14–0.60) 0.33 (0.23–0.43) 0.44 (0.29–0.59)

20:4n-6 0.47 (0.25–0.70) 0.36 (0.10–0.64) 0.56 (0.43–0.69) 0.96 (0.44–1.48)

18:3n-3 0.95 (0.54–1.70) 1.60 (0.68–3.18) 1.39 (0.61–2.17) 1.64 (0.60–2.68)

20:5n-3 0.02 (0.00–0.22) 0.08 (0.02–0.45) 0.06 (0.02–0.10) 1.17 (0.04–0.30)

22:5n-3 0.10 (0.05–0.41) 0.12 (0.04–0.52) 0.14 (0.11–0.17) 0.36 (0.53–1.06)

22:6n-3 0.23 (0.07–1.20) 0.21 (0.03–1.13) 0.13 (0.04–0.21) 0.62 (0.31–0.93)

Source: Data taken from: Innis, S.M., 2007. Human milk: maternal dietary lipids and infant development. Proc. 
Nutr. Soc. 66, 397–404.
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breast milk changed to reflect the composition of the fat type to which the 
women were assigned within 2–3 days of the women changing from their 
usual diet. Since this very early study, studies from around the world have 
confirmed that the fatty acid composition of the maternal diet is the single 
most important factor contributing to the variability in human milk fatty 
acids. In addition, this relationship is almost completely accounted for by 
the intakes of preformed n-3 LCPUFA, and increases in maternal intake of 
the precursor n-3 PUFA, ALA, does not result in increases in breast milk 
DHA concentrations (Francois et al., 2003).

Even in the absence of changes in diet composition, however, the con-
tent of n-3 LCPUFA in the breast milk changes across pregnancy and 
lactation. Longitudinal studies have demonstrated that maternal DHA 
status decreases progressively across the second and third trimesters of 
pregnancy and the first 6 months of lactation (Markhus et al., 2015), after 
which there is a slow recovery to prepregnancy levels by the end of the 
first year postpartum (van Houwelingen et al., 1999). Importantly, mater-
nal seafood consumption and/or intake of EPA/DHA supplements dur-
ing pregnancy is positively correlated with her n-3 LCPUFA status during 
lactation (Markhus et al., 2015), suggesting that supplementation during 
pregnancy may also be beneficial for the development of breast-fed in-
fants. For women with a low n-3 LCPUFA status at delivery, however, 
supplementation during the lactation period may be required to achieve 
adequate breast milk DHA concentrations.

CURRENT RECOMMENDATIONS OF DHA AND EPA 
INTAKES IN LACTATING WOMEN FROM NATIONAL 

AND INTERNATIONAL HEALTH AGENCIES

Current recommendations are that lactating women should consume at 
least 200 mg of DHA/day. This was based on clinical trials that showed 
that supplementation of lactating women with 200  mg  DHA/day in-
creased human milk DHA content by about 0.2% fatty acids to a level con-
sidered desirable for infant outcomes (Koletzko et al., 2007). More recent 
extrapolation from dietary and supplementation studies has suggested 
that intakes of ∼300 mg DHA/day are associated with a DHA content of 
0.3%–0.35% of total fatty acids, and that this level is likely to be required 
to achieve optimal outcomes for infants (Mulder et al., 2014).

As with the level of n-3 LCPUFA supplementation required to achieve 
optimal maternal and infant outcomes, the optimal level of n-3 LCPUFA 
(and of DHA and EPA, separately) in the diet of breast-feeding women 
to support the development of their infant remains unclear. Again, how-
ever, this is likely to vary considerably between women, and to be heavily 
dependent on the content of other fatty acids in the diet, in particular the  
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n-6 PUFA. Determining the optimal level of n-3 LCPUFA in breast milk 
and the level of n-3 LCPUFA intake/supplementation required to achieve 
this is a critical area for future research.

Preterm Infants: A Special Case

It is important to note that the earlier discussion on the impact of n-3 
LCPUFA supplementation in the neonatal period, describes the effects for 
the ∼90% of infants who are born at term and without significant perina-
tal complications. However, those infants born preterm, particularly those 
born before 34 weeks gestation, miss out on the period of rapid DHA/EPA 
accumulation in the final trimester of gestation, and are therefore born with 
lower n-3 LCPUFA stores in comparison to infants born at or close to term 
(Lapillonne and Jensen, 2009). In addition, the various enzymatic systems 
responsible for the digestion and metabolism of fatty acids are less mature 
in preterm compared to term infants. Consequently, preterm infants, partic-
ularly those born very preterm, have increased n-3 LCPUFA requirements 
than term born infants in the early postnatal period, and the amount of DHA 
in breast milk and standard infant formulas is generally thought to be insuf-
ficient to meet their requirements (Lapillonne et al., 2013; Lapillonne and 
Jensen, 2009). The visual development of formula fed preterm infants has 
shown improvements with DHA given at amount similar to that in breast 
milk (DHA 0.2%–0.3% of total fatty acids), which led to changes in clinical 
practice to ensure DHA was present in preterm infant formula (Schulzke 
et al., 2011). However, no consistent benefit on cognitive development has 
been shown (Smithers et al., 2008a). Of more current relevance are the two 
trials that were inlcusive of breast milk feeding and used DHA doses at the 
estimated in utero accretion rate (≍60 mg/kg/day) (Henriksen et al., 2008; 
Makrides et al., 2009). Both trials reported improvements in visual acuity 
(Smithers et  al.,  2008b), problem-solving ability (Henriksen et  al.,  2008), 
and neurodevelopment (Makrides et al., 2009) up to 18 months corrected 
age, with the latter outcomes more evident in girls and infants <1250  g 
(Makrides et al., 2009). However, by middle childhood (7–8 years of age) 
differences between groups were no longer evident (Almaas et  al.,  2015; 
Collins et al., 2015). It is possible that the dose tested was not high enough 
or administered for sufficient length of time, but the most likely explanation 
is that the effect of family and the environment exert a greater influency 
on cognitive outcomes and the early benefits of specfic interventions in the 
neonatal period diminish during the early school years.

Perhaps even more so than with pregnant and lactating women, there 
is no clear consensus as to the precise n-3 LCPUFA requirements of this 
infant population, and it is likely that this will vary considerably depend-
ing on the gestational age at birth and other comorbidities. This remains 
an important area for further research.
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INTRODUCTION

The immune system is vital to host defense against pathogenic organ-
isms like bacteria and viruses. The immune system also plays a central 
role in assuring tolerance to harmless microorganisms, to innocuous 
components of the foods than an individual eats, and to the tissues of 
the host. Any breakdown in these functions of defence or tolerance can 
lead to disease. The number of individual structures that the immune 
system regularly encounters is vast and its responses fall into four gen-
eral types: barrier function; recognition and deciphering; actions lead-
ing to elimination or tolerance; memory. To enable such a sophisticated 
array of responses to so many possible structures from the external and 
internal environments the immune system comprises many different 
cell types, each with their own specific role in the immune response. 
Many of these cell types exist as a large number of different subtypes, 
which display, often subtle, differences in function. Furthermore, there 
are many different cellular interactions that occur as part of the immune 
response and there are many different chemical mediators and effec-
tor molecules produced and secreted. Most cells of the immune system 
have a discrete array of interactions and secretions linked to the specific 
function of that cell type. The secreted products include proteins like 
antibacterial peptides, cytokines, chemokines, adhesion molecules, pro-
teases and antibodies; amino acid derivatives like histamine and nitric 
oxide; lipid-derived mediators like prostaglandins (PGs), leukotrienes 
(LTs), and platelet activating factor; and oxygen-derived mediators like 
superoxide and hydrogen peroxide. These are produced as a result of 
increased enzyme activity so that substrates can be made available and 
then metabolized or as a result of upregulated transcription (mRNA 
synthesis) and translation (protein synthesis). Such enhanced metab-
olism requires energy. The immune response also involves significant 
cellular proliferation; again this will involve much biosynthesis requir-
ing substrate (e.g., to form new cell membranes) and energy. Fatty acids 
in general, and polyunsaturated fatty acids (PUFAs) in particular, have 
key roles in supporting and regulating the immune response: fatty acids 
are important energy sources for cells of the immune system, they are 
vital structural and functional components of immune cell membranes, 
they are regulators of the immune response or structural components of 
regulators, and they are substrates for the synthesis of some of the most 
important immunoregulatory lipid mediators. This chapter provides an 
overview of the metabolism of PUFAs by cells of the immune system, as 
summarized in Fig. 8.1.
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USE OF (POLYUNSATURATED) FATTY ACIDS AS 
FUELS BY CELLS OF THE IMMUNE SYSTEM

Up until the early 1980s it was generally considered that glucose was the 
sole fuel substrate for cells of the immune system and that much of their 
metabolism was glycolytic and nonoxidative (Calder,  1995). However, 
Ardawi and Newsholme (1984) reported that rat lymph node lymphocytes 
oxidized oleic acid added to their incubation medium, although oxidation 
accounted for only a small proportion of oleic acid utilisation. Nevertheless, 
fatty acid oxidation was calculated to contribute to more than 30% of oxy-
gen consumption of isolated lymphocytes (Ardawi and Newsholme, 1984). 
Mitogenic stimulation of lymphocytes did not increase the rate of oxidation 
of oleic acid in short-term incubations (Ardawi and Newsholme, 1984). In 
similar in vitro experiments, Newsholme and Newsholme (1989) showed 
that murine peritoneal macrophages oxidized a small proportion of oleic 
acid from their incubation medium and that oleic acid oxidation could 
account for more than 20% of oxygen consumption in such incubations. 
Spolarics et al. (1991) calculated that for cultured rat Kupffer cells (these 
are specialized macrophages found in the liver) the oxidation of palmitic 
acid contributed about 30% of cellular ATP generated. These studies did 
not examine the ability of lymphocytes or macrophages to oxidize PUFAs. 
However, Yaqoob et al. (1994) identified that rat lymph node lymphocytes 
oxidized some of the linoleic acid (LA; 18:2n-6) and arachidonic acid (AA; 
20:4n-6) provided to them in short-term incubations, although the rates 
of oxidation were less than seen for palmitic and oleic acids. Yaqoob et al. 
(1994) confirmed that mitogenic stimulation of lymphocytes did not sig-
nificantly enhance the rate of oxidation of any of the fatty acids tested. In 
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FIGURE 8.1  Summary of the possible pathways of metabolism of polyunsaturated 
fatty acids (PUFAs) in cells of the immune system.



138	 8.  METABOLISM OF POLYUNSATURATED FATTY ACIDS

﻿ �﻿﻿

recent years there has been a significant interest in the role of fatty acid 
oxidation in determining immune cell phenotype. This has been studied 
for both macrophages and T lymphocytes (also called T-cells). This work 
has been summarized and discussed in several recent reviews (Chiaranunt 
et al., 2015; Lochner et al., 2015; Mills and O’Neill, 2016; Namgaladze and 
Brüne, 2016; Van den Bossche et al., 2017; Wang and Green, 2012).

Macrophages are classified into two phenotypes, M1 or classically acti-
vated macrophages and M2 or alternatively activated macrophages. M1 
macrophages are generated in response to stimulation with bacterial or 
viral products (e.g., lipopolysaccharide) through toll-like receptors in com-
bination with the presence of the cytokine interferon (IFN)-gamma. M2 
macrophages are generated in response to the cytokines interleukin (IL)-4 
and IL-13. In general, M1 macrophages are important for dealing with 
microbial infections, and they are considered to be more inflammatory, 
being potent producers of proinflammatory cytokines and nitric oxide. In 
contrast, M2 macrophages have roles in the regulation of inflammation 
(i.e., they are antiinflammatory), tissue repair and return to homeostasis. 
Interestingly, M1 and M2 macrophages differ in their metabolic signatures. 
The metabolism of M1 macrophages is dominated by a high rate of gly-
colysis producing energy largely nonoxidatively. M1 macrophages also 
show high rates of activity of the pentose phosphate pathway and of fatty 
acid biosynthesis and impaired activity of the Krebs cycle. In contrast, the 
metabolism of M2 macrophages is dominated by fatty acid oxidation and 
oxidative phosphorylation with high Krebs cycle activity. The data sug-
gest that when fatty acid oxidation becomes the dominant energy-gener-
ating pathway in the macrophage, an antiinflammatory phenotype results. 
Consistent with this conclusion, exposure of macrophages to the fatty acid 
oxidation inhibitor Etomoxir prevented polarisation to the M2 phenotype 
(Vats et al., 2006), although this finding is not reported by all studies.

The finding that enhanced fatty acid oxidation is intimately linked 
with a less inflammatory macrophage phenotype should not lead to the 
conclusion that simply exposing macrophages to fatty acids will be anti-
inflammatory. This is evident from in vitro studies with lauric and pal-
mitic acids, which each induce a range of proinflammatory macrophage 
responses (Lee et al., 2001; Maloney et al., 2009). Both these fatty acids acti-
vate inflammation through toll-like receptor 4, while palmitic acid pro-
motes generation of proinflammatory signaling molecules like ceramides 
and diacylglycerols and promotes endoplasmic reticulum stress, which 
is proinflammatory. Interestingly, some PUFAs, especially the long chain 
n-3 PUFA docosahexaenoic acid (DHA; 22:6n-6), are able to oppose the 
actions of lauric and palmitic acids resulting in less inflammation (Hwang 
et al., 2016; Lee et al., 2001). This removal of saturated fatty acid driven 
inflammation may allow macrophages to adopt a less inflammatory, fatty 
acid oxidation dominant, more M2-like phenotype.
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Interestingly, T-cell activation and differentiation to the different 
functional T-cell phenotypes show strong parallels with the macrophage 
M1 versus M2 pathway. The metabolism of naive T-cells is dominated 
by fatty acid oxidation. Following T-cell stimulation their metabolism 
switches to one dominated by glycolysis, the pentose-phosphate path-
way and metabolism of the amino acid glutamine. This metabolic profile 
is consistent with the large amount of biosynthesis that is required at this 
time prior to cell division. As activated T-lymphocytes begin to prolifer-
ate, they are driven toward different functional subsets depending on 
the availability of various extracellular signals including key cytokines 
like IFN-gamma, IL-2, and IL-4. These different T-cell subsets determine 
the nature of the immune response that is generated. For example, CD4+ 
T-cells differentiate into either T helper 1, T helper 2, or T helper 17 sub-
sets that mediate various aspects of the immune response depending 
on the initial activators or into induced regulatory T-cells that suppress 
uncontrolled immune responses. CD8+ T-cells differentiate into cyto-
toxic T lymphocytes that kill host cells infected with pathogens. After 
the pathogens are cleared, most differentiated T-cells undergo apoptosis. 
The antigen-specific T-cells that remain (these are memory T-cells) are 
responsible for enhanced immunity after re-exposure to the pathogen. 
Of these various T-cell subsets, the induced regulatory T-cells and mem-
ory T-cells rely on fatty acid oxidation as their energy source, whereas 
cytotoxic T-lymphocytes and most effector T-cells sustain high glycolytic 
activity.

Most studies investigating fatty acid oxidation by cells of the immune 
system have used palmitic or oleic acids. There are few studies investigat-
ing the oxidation of PUFAs by cells of the immune system and how that 
might affect cell phenotype and functionality, despite the large number 
of studies of the effects of PUFAs, especially n-3 PUFAs, on immune and 
inflammatory cell responses. It is possible that some of the reported impact 
of different fatty acids on immune and inflammatory cell responses could 
be due a switch in metabolism that exposure to those fatty acids induces.

POLYUNSATURATED FATTY ACID BIOSYNTHESIS 
BY CELLS OF THE IMMUNE SYSTEM

The ability of cells of the immune system to convert one PUFA to another 
has been studied in cell-culture systems usually involving exposure of 
the cells to a fairly high concentration of a single added PUFA, which in 
many studies was radioisotopically labeled. Chapkin et al. (1988a) dem-
onstrated that murine peritoneal macrophages could not convert LA to 
AA but instead produced the LA elongation product 20:2n-6. They con-
cluded that the high amounts of AA in the macrophage membrane must 
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be supplied from outside of the cell. In a follow-up study the same authors 
showed that di-homo-gamma linolenic acid (DGLA; 20:3n-6) could be 
converted to AA and to other n-6 PUFAs, including 22:4n-6, by murine 
peritoneal macrophages, suggesting some ∆5-desaturase and elongase 
activity (Chapkin et  al.,  1988b). Taking these two studies together sug-
gests that peritoneal macrophages lack ∆6-desaturase activity. It was also 
reported that gamma-linolenic acid (GLA; 18:3n-6) could be converted to 
DGLA by these cells (Chapkin and Coble,  1991), indicative of elongase 
activity. Likewise, Chilton-Lopez et al. (1996) demonstrated that GLA 
could be converted to DGLA by human blood neutrophils in vitro. In 
another study Chapkin and Miller (1990) reported that murine peritoneal 
macrophages could elongate AA to adrenic acid (22:4n-6) and eicosa-
pentaenoic acid (EPA; 20:5n-3) to docosapentaenoic acid (DPA; 22:5n-3), 
with the latter conversion being more active. No conversion of EPA to 
DHA was observed in that study. Calder et al. (1990) found that incubat-
ing murine peritoneal macrophages with EPA resulted in higher propor-
tions of both EPA and DPA in cellular phospholipids, consistent with the 
findings of Chapkin and Miller (1990). Incubation with DHA resulted 
in higher proportions of both DHA and EPA in cellular phospholipids 
(Calder et al., 1990), suggesting that the process of retroconversion occurs 
in murine macrophages. Incubation with alpha-linolenic acid (ALA; 
18:3n-3) did not result in increased EPA in the phospholipids, consistent 
with the absence of ∆6-desaturase activity in these cells. In similar experi-
ments, rat lymph node lymphocytes were incubated with different fatty 
acids. Incubation with ALA resulted in higher proportions of EPA, DPA, 
and even DHA in these cells (Calder et al., 1994), suggesting they have an 
intact PUFA metabolism pathway. Consistent with this, incubation with 
EPA increased both DPA and DHA as well as EPA. Incubation with DHA 
resulted in higher proportions of EPA and DPA as well as DHA, demon-
strating that lymphocytes also retroconvert.

ACTIVATION OF LYMPHOCYTES INDUCES CHANGES 
IN THEIR POLYUNSATURATED FATTY ACID 

CONTENT AND ACTIVATES POLYUNSATURATED 
FATTY ACID BIOSYNTHESIS

Anel et al. (1990a) determined the changes in the fatty acid composi-
tion of human peripheral blood mononuclear cells (PBMCs; these are a 
mix of about 85% lymphocytes, in which T-cells dominate, and about 
15% monocytes) and of purified T-cells upon mitogenic activation. After 
24 h of stimulation the proportions of oleic acid, DPA and DHA increased 
while the proportions of LA and AA decreased. The changes in fatty acid 
composition were associated with changes in membrane order (i.e., the 
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physical nature of the membrane). It is not clear if the changes in fatty acid 
composition reported reflect alterations in PUFA biosynthetic pathways, 
in phospholipid metabolism, or in PUFA turnover in phospholipids.

In follow-up experiments, Anel et  al. (1990b) studied the incorpora-
tion and metabolism of fatty acids by mitogen-activated human PBMCs. 
Addition of stearic acid, oleic acid, LA, ALA, or AA to the culture medium 
resulted in appearance of the elongation products of these fatty acids in 
the mitogen-activated PBMCs. Incubation with stearic acid resulted in an 
increased proportion of oleic acid in the cells indicating the presence of 
∆9-desaturase activity. PBMCs were incubated with radioactively labeled 
stearic acid, LA or ALA in order to track the metabolism of these fatty 
acids. Unstimulated cells showed little ∆9-desaturase and no ∆6-desatu-
rase activity. Mitogenic stimulation of the cells resulted in appearance 
of labeled fatty acids consistent with increased activity of ∆9-, ∆6-, and 
∆5-desaturases. LA was converted to DGLA and AA, while ALA was con-
verted to EPA and DPA, but not to DHA. These findings demonstrate that 
within the PBMC population some cell types, most likely T-cells, have an 
intact ∆6-desaturase, elongase, and ∆5-desaturase pathway for conversion 
of the two essential PUFAs to longer-chain, more unsaturated derivatives. 
The findings of the later study by Calder et al. (1994) described in the pre-
vious section are consistent with this conclusion.

Calder et al. (1994) also studied the effect of mitogenic activation on 
immune cell fatty acid composition using a preparation of rat lymph node 
cells which are almost entirely T-cells. Consistent with the report of Anel 
et al. (1990b) the fatty acid composition of the cell phospholipids was not 
altered in culture if the cells were not stimulated. However, 24 h of mito-
genic stimulation resulted in decreased proportions of stearic acid and LA 
and an increased proportion of oleic acid compared with the fresh cells. 
More marked changes occurred with 48 h of stimulation: the proportions 
of palmitic, stearic, linoleic, and arachidonic acids were reduced, and the 
proportion of oleic acid was markedly increased. The proportions of EPA 
and DHA were not significantly affected.

INCORPORATION OF EXOGENOUS 
POLYUNSATURATED FATTY ACIDS INTO CELLS OF 

THE IMMUNE SYSTEM

The fatty acid composition of immune tissues, such as the spleen, 
thymus, or lymph nodes, of immune cells from those tissues or from 
the blood, and of immune cell phospholipids has been reported many 
times. It is generally assumed that these measurements largely reflect 
the fatty acids in the membranes of the cells. This is believed to be of 
functional significance for two reasons (Fig.  8.2). First, the fatty acid 
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components of membrane phospholipids influence the physical nature 
of the membrane (often called membrane order or membrane fluid-
ity), which affects the environment and activity of membrane proteins. 
Second, membrane phospholipids are precursors for the biosynthesis 
of many important signaling molecules, including lysophospholipids, 
diacylglycerols, ceramides, endocannabinoids, and eicosanoids, the 
potency of which can be influenced the fatty acid makeup of the parent 
phospholipid. However, it is important to keep in mind that there are 
many different types of membrane (e.g., plasma, nuclear, mitochondrial, 
endoplasmic reticulum) and that different membranes adopt different 
fatty acid compositions. Furthermore, different membranes contain dif-
ferent relative amounts of different types of phospholipids (e.g., phos-
phatidylcholine, phosphatidyethanolamine, phosphatidylserine) and 
these have different fatty acid compositions. Thus, when the fatty acid 
composition of the entire immune cell or even of isolated immune cell 
phospholipids is measured this reflects quite a mixture of membranes 
and phospholipids.

The phospholipids of immune cells (such as lymph node or splenic 
lymphocytes or peritoneal macrophages) taken from rodents maintained 
on normal laboratory chow typically contain 5%–10% of fatty acids as 
LA and 15%–20% of fatty acids as AA and contain very little ALA, EPA, 
DPA, or DHA (Anel et  al.,  1990a; Calder et  al.,  1990,  1994). Incubating 
such cells with specific fatty acids in culture results in quite marked 
changes in fatty acid composition, typically with significant increases in 
the proportion of the fatty acid added to the culture medium as well as 

FIGURE 8.2  Summary of the mechanisms by which incorporation of polyunsaturated 
fatty acids (PUFAs) into immune cell membrane phospholipids can influence the func-
tional responses of those cells. 
DAG, diacylglycerol; PL, phospholipid.
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some further metabolism of that fatty acid (see earlier sections). Calder 
et  al. (1994) incubated rat lymph node lymphocytes with radioactively 
labeled AA. Incorporation was modest into unstimulated cells over 64 h 
but was increased 6-fold by mitogenic stimulation. Most of the AA was 
incorporated into cellular phospholipids and within the phospholipids 
the incorporation was phosphatidylethanolamine  >  phosphatidylcho-
line > phosphatidylserine + phosphatidylinositol.

Modifying the fatty acid composition of the diet of experimental ani-
mals leads to altered fatty acid composition of the immune cells, typi-
cally with increased appearance of the fatty acid(s) in which the diet has 
become enriched. Thus, it is possible to enrich immune cells in AA by 
feeding experimental animals a diet containing AA (Peterson et al., 1998; 
Whelan et  al.,  1993) or in EPA and DHA by feeding a diet containing 
these fatty acids (Brouard and Pascaud, 1990; Chapkin et al., 1988c, 1992; 
Hardardóttir and Kinsella,  1992; Kew et  al.,  2003a; Lokesh et  al.,  1986; 
Peterson et al., 1998; Surette et al., 1995; Wallace et al., 2000, 2001; Yaqoob 
et al., 1995). Incorporation of EPA and DHA into rodent immune cells is 
accompanied by a decrease in the content of AA (Kew et al., 2003a; Peterson 
et al., 1998; Wallace et al., 2000, 2001; Yaqoob et al., 1995). Fritsche (2007) 
collated much data from rodent feeding studies with n-3 PUFAs and dem-
onstrated that incorporation of both EPA and DHA into rodent lympho-
cytes and macrophages, and the corresponding reduction in the content 
of AA, occurs in a dose-dependent manner. However, there are marked 
subtleties to the changes in the PUFA composition of immune cells that 
are not revealed by measuring fatty acids in bulk phospholipids. This is 
clearly revealed by the study of Kew et al. (2003a) where EPA was shown 
to be incorporated into specific molecular species of phosphatidylcholine 
within spleen cells and to modify the amount of specific AA-containing 
phosphatidylcholine molecular species. For example including EPA in the 
mouse diet reduced the amount of stearic acid-AA phosphatidylcholine 
in spleen cells but did not affect the amounts of palmitic acid-AA or oleic 
acid-AA phosphatidylcholine. Furthermore, AA containing phosphati-
dylinositol molecular species in spleen cells were unaffected by inclusion 
of EPA or DHA in the diet.

The bulk phospholipids of immune cells (e.g., neutrophils, lympho-
cytes, monocytes) from the blood of humans consuming typical Western 
diets also contain about 10% of fatty acids as LA and about 15%–20% 
as AA, with about 0.5%–1% EPA and about 2%–3% DHA (Browning 
et al., 2012; Caughey et al., 1996; Endres et al., 1989; Faber et al., 2011; 
Gibney and Hunter, 1993; Healy et al., 2000; Kew et al., 2003b, 2004; Lee 
et al., 1985; Miles et al., 2004; Rees et al., 2006; Sperling et al., 1993; Thies 
et al., 2001; Yaqoob et al., 2000), although there are differences between 
phospholipid classes in terms of the content of these fatty acids (Sperling 
et al., 1993).

	 INCORPORATION OF EXOGENOUS POLYUNSATURATED FATTY ACIDS 	 143



144	 8.  METABOLISM OF POLYUNSATURATED FATTY ACIDS

﻿ �﻿﻿

The finding that fatty acid composition of human immune cells can 
be modified by altering oral intakes of certain fatty acids has been well 
described. For example, increased AA intake resulted in a higher propor-
tion of AA in PBMCs (Thies et al., 2001), while increased intake of GLA 
increased the DGLA content of PBMCs (Miles et al., 2004; Thies et al., 2001; 
Yaqoob et  al.,  2000) and neutrophils (Johnson et  al.,  1997). However, 
GLA did not increase AA in either PBMCs or neutrophils. Increasing the 
intake of ALA resulted in increased content of EPA in PBMCs (Caughey 
et al., 1996; Kelley et al., 1993; Kew et al., 2003b; Zhao et al., 2004) and neu-
trophils (Healy et al., 2000; Mantzioris et al., 1994). Likewise, increasing 
the intake of SDA resulted in increased content of EPA in PBMCs (Miles 
et  al.,  2004) and neutrophils (Surette et  al.,  2004). However, increasing 
intake of ALA or SDA did not increase the DHA content of human PBMCs 
or neutrophils.

Increasing intake of EPA and DHA from fish oil or from purer n-3 
preparations resulted in increased proportions of the respective n-3 
PUFAs in blood immune cells in humans (Browning et al., 2012; Caughey 
et al., 1996; Endres et al., 1989; Faber et al., 2011; Fisher et al., 1990; Gibney 
and Hunter, 1993; Healy et al., 2000; Kelley et al., 1999; Kew et al., 2003b, 
2004; Lee et  al.,  1985; Luostarinen and Saldeen, 1996; Miles et  al.,  2004; 
Mølvig et  al.,  1991; Rees et  al.,  2006; Sperling et  al.,  1993; Schmidt 
et al., 1996; Thies et al., 2001; Yaqoob et al., 2000). Typically, the increase 
in content of EPA and DHA occurs at the expense of n-6 PUFAs, espe-
cially AA. Time-course studies have indicated that the incorporation of 
EPA and DHA into human immune cells reaches its peak within a few 
weeks of commencing increased intake (Browning et  al.,  2012; Faber 
et  al.,  2011; Healy et  al.,  2000; Kew et  al.,  2004; Miles et  al.,  2004; Rees 
et  al.,  2006; Thies et  al.,  2001; Yaqoob et al.,  2000) (Fig.  8.3) and studies 
using multiple doses of n-3 PUFAs show that the incorporation of these 
fatty acids occurs in a manner that is highly correlated with the amount 
of the fatty acid consumed (Browning et al., 2012; Healy et al., 2000; Rees 
et al., 2006). In Fig. 8.4 data from a number of studies have been pooled 
together to reveal the nature of the dose-response incorporation of EPA 
and DHA into human PBMCs. It is clear that EPA incorporation displays 
a good linear dose-response relationship (Fig. 8.4), at least over the range 
of EPA intakes used. Reasons for the variation in response seen among 
different studies include duration of supplementation, the starting EPA 
content of the cells, the amount of DHA used, the background n-6 PUFA 
intake, differences between subjects studied (e.g., age), and differences 
in laboratory processing and analysis of samples. Although pooling data 
from a number of studies also reveals a linear dose response relationship 
for DHA incorporation, this relationship is less clear when lower doses 
of DHA have been used. The reason for this is most likely that when EPA 
and DHA are used in a combination in which EPA predominates, EPA is 
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readily incorporated into the cells so increasing its abundance and this 
limits the extent to which DHA can be incorporated.

The results of the studies described here clearly demonstrate effects of 
increased oral intake of GLA, AA, ALA, SDA, EPA, and DHA on the fatty 
acid composition of immune cells in both laboratory animals and humans. 
Where the increased intake of a particular fatty acid results in increased 
content of one of its metabolic products (e.g., increased content of AA after 
GLA administration or increased content of EPA after ALA or SDA admin-
istration) this probably mostly reflects production of the metabolic prod-
uct in the liver rather than in the immune cells themselves.

POLYUNSATURATED FATTY ACIDS AS SUBSTRATES 
FOR THE SYNTHESIS OF BIOACTIVE LIPID 

MEDIATORS BY CELLS OF THE IMMUNE SYSTEM

Cells of the immune system contain several enzymes capable of oxi-
datively modifying PUFAs to produce bioactive lipid mediators. These 
include the cyclooxygenase (COX), lipoxygenase (LOX), and cytochrome 
P450 enzymes. PUFAs may also be subject to nonenzymatic oxidative 
modification to produce lipid mediators. Although it is likely that all 
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FIGURE 8.3  Time-dependent changes in the eicosapentaenoic acid (EPA) content of 
human mononuclear cells when EPA intake is increased. Healthy human volunteers con-
sumed fish oil providing 2.1 g EPA and 1.1 g DHA per day for 1 week (Faber et al., 2011) or 
for 12 weeks (Yaqoob et al., 2000). Blood was sampled at several time points in each study 
and mononuclear cells prepared. Fatty acid composition of the cells was determined by gas 
chromatography. Mean values for EPA as a % of total fatty acids are shown. Source: Black 
squares represent data from Faber, J., Berkhout, M., Vos, A.P., Sijben, J.W., Calder, P.C., Garssen, J., 
van Helvoort, A., 2011. Supplementation with a fish oil-enriched, high-protein medical food leads to 
rapid incorporation of EPA into white blood cells and modulates immune responses within one week 
in healthy men and women. J. Nutr. 141, 964–970 and gray squares represent data from Yaqoob, P., 
Pala, H.S., Cortina-Borja, M., Newsholme, E.A., Calder, P.C., 2000. Encapsulated fish oil enriched in 
α-tocopherol alters plasma phospholipid and mononuclear cell fatty acid compositions but not mono-
nuclear cell functions. Eur. J. Clin. Invest. 30, 260–274.
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FIGURE 8.4  Collated data demonstrating the dose-dependent incorporation of eicosa-
pentaenoic acid (EPA) and docosahexaenoic acid (DHA) into human immune cells. Data 
are shown from studies providing supplemental EPA and/or DHA to human volunteers and 
which reported the fatty acid composition of the total lipid or of the bulk phospholipid of 
blood mononuclear cells or monocytes. Data are the increment in EPA or DHA content from 
study entry as % of total fatty acids. Data for EPA are for 19 doses used in 13 studies; for 
DHA, 18 doses used in 12 studies. Data from Rees et al. (2006) are for the young subjects only. 
Data from Browning et al. (2012) were recalculated as daily EPA and DHA intakes. Studies 
were of 1 week to 12 months duration. The linear correlation shown for each graph is the line 
of best fit through the data points but forced to go through the origin. Source for EPA data: 
From Browning, L.M., Walker, C.G., Mander, A.P., West, A.L., Madden, J., Gambell, J.M., Young, S., 
Wang, L., Jebb, S.A., Calder, P.C., 2012. Incorporation of eicosapentaenoic and docosahexaenoic acids 
into lipid pools when given as supplements providing doses equivalent to typical intakes of oily fish. 
Am. J. Clin. Nutr. 96, 748–758; Caughey, G.E., Mantzioris, E., Gibson, R.A., Cleland, L.G., James, 
M.J., 1996. The effect on human tumor necrosis factor a and interleukin 1b production of diets en-
riched in n-3 fatty acids from vegetable oil or fish oil. Am. J. Clin. Nutr. 63, 116–122; Endres, S., 
Ghorbani, R., Kelley, V.E., Georgilis, K., Lonnemann, G., van der Meer, J.M.W., Cannon, J.G., Rog-
ers, T.S., Klempner, M.S., Weber, P.C., Schaeffer, E.J. Wolff, S.M., Dinarello, C.A., 1989. The effect of 
dietary supplementation with n-3polyunsaturated fatty acids on the synthesis of interleukin-1 and 
tumornecrosis factor by mononuclear cells. N. Engl. J. Med. 320, 265–271; Faber, J., Berkhout, M., 
Vos, A.P., Sijben, J.W., Calder, P.C., Garssen, J., van Helvoort, A., 2011. Supplementation with a fish 
oil-enriched, high-protein medical food leads to rapid incorporation of EPA into white blood cells and 
modulates immune responses within one week in healthy men and women. J. Nutr. 141, 964–970; 
Fisher, M., Levine, P.H., Weiner, B.H., Johnson, M.H., Doyle, E.M., Ellis, P.A., Hoogasian, J.J., 1990. 
Dietary n-3 fatty acid supplementation reduces superoxide production and chemiluminescence in a 
monocyte-enriched preparation of leukocytes. Am. J. Clin. Nutr. 51, 804–808; Kew, S., Banerjee, T., 
Minihane, A.M., Finnegan, Y.E., Muggli, R., Albers, R., Williams, C.M., Calder, P.C., 2003b. Lack of 
effect of foods enriched with plant- or marine-derived n-3 fatty acids on human immune function. Am. 
J. Clin. Nutr. 77, 1287–1295; Lee, T.H., Hoover, R.L., Williams, J.D., Sperling, R.I., Ravalese, J., 
Spur, B.W., Robinson, D.R., Corey, E.J. Lewis, R.A., Austen, K.F., 1985. Effects of dietary enrichment 

(Continued)
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with eicosapentaenoic acid and docosahexaenoic acid on in vitro neutrophil and monocyte leukotriene 
generation and neutrophil function. N. Engl. J. Med. 312, 1217–1224; Miles, E.A., Banerjee, T., 
Dooper, M.W.B.W., M’Rabet, L., Graus, Y.M.F., Calder, P.C., 2004. The influence of different combi-
nations of γ-linolenic acid, stearidonic acid and EPA on immune function in healthy young male 
subjects. Br. J. Nutr. 91, 893–903; Mølvig, J., Pociot, F., Worsaae, H., Wogensen, L.D., Baek, L., 
Christensen, P., Mandrup-Poulsen, T., Andersen, K., Madsen, P., Dyerberg, J., 1991. Dietary supple-
mentation with omega 3 polyunsaturated fatty acids decreases mononuclear cell proliferation and in-
terleukin 1 beta content but not monokine secretion in healthy and insulin dependent diabetic indi-
viduals. Scand. J. Immunol. 34, 399–410; Rees, D., Miles, E.A., Banerjee, T., Wells, S.J., Roynette, 
C.E., Wahle, K.W.J.W., Calder, P.C., 2006. Dose-related effects of eicosapentaenoic acid on innate 
immune function in healthy humans: a comparison of young and older men. Am. J. Clin. Nutr. 83, 
331–342; Schmidt, E.B., Varming, K., Møller, J.M., Bü low Pedersen, I., Madsen, P., Dyerberg, J., 
1996. No effect of a very low dose of n-3 fatty acids on monocyte function in healthy humans. Scand. 
J. Clin. Lab. Invest. 56, 87–92; Thies, F., Nebe-von-Caron, G., Powell, J.R., Yaqoob, P., Newsholme, 
E.A., Calder, P.C., 2001. Dietary supplementation with γ-linolenic acid or fish oil decreases T lympho-
cyte proliferation in healthy older humans. J. Nutr. 131, 1918–1927; Yaqoob, P., Pala, H.S., Cortina-
Borja, M., Newsholme, E.A., Calder, P.C., 2000. Encapsulated fish oil enriched in α-tocopherol alters 
plasma phospholipid and mononuclear cell fatty acid compositions but not mononuclear cell func-
tions. Eur. J. Clin. Invest. 30, 260–274. Source for DHA data: From Browning, L.M., Walker, C.G., 
Mander, A.P., West, A.L., Madden, J., Gambell, J.M., Young, S., Wang, L., Jebb, S.A., Calder, P.C., 
2012. Incorporation of eicosapentaenoic and docosahexaenoic acids into lipid pools when given as 
supplements providing doses equivalent to typical intakes of oily fish. Am. J. Clin. Nutr. 96, 748–758; 
Caughey, G.E., Mantzioris, E., Gibson, R.A., Cleland, L.G., James, M.J., 1996. The effect on human 
tumor necrosis factor a and interleukin 1b production of diets enriched in n-3 fatty acids from vegeta-
ble oil or fish oil. Am. J. Clin. Nutr. 63, 116–122; Endres, S., Ghorbani, R., Kelley, V.E., Georgilis, K., 
Lonnemann, G., van der Meer, J.M.W., Cannon, J.G., Rogers, T.S., Klempner, M.S., Weber, P.C., 
Schaeffer, E.J. Wolff, S.M., Dinarello, C.A., 1989. The effect of dietary supplementation with n-3 
polyunsaturated fatty acids on the synthesis of interleukin-1 and tumornecrosis factor by mononucle-
ar cells. N. Engl. J. Med. 320, 265–271; Faber, J., Berkhout, M., Vos, A.P., Sijben, J.W., Calder, P.C., 
Garssen, J., van Helvoort, A., 2011. Supplementation with a fish oil-enriched, high-protein medical 
food leads to rapid incorporation of EPA into white blood cells and modulates immune responses 
within one week in healthy men and women. J. Nutr. 141, 964–970; Fisher, M., Levine, P.H., Weiner, 
B.H., Johnson, M.H., Doyle, E.M., Ellis, P.A., Hoogasian, J.J. 1990. Dietary n-3 fatty acid supplemen-
tation reduces superoxide production and chemiluminescence in a monocyte-enriched preparation of 
leukocytes. Am. J. Clin. Nutr. 51, 804–808; Kelley, D.S., Taylor, P.C., Nelson, G.J., Schmidt, P.C., 
Ferretti, A., Erickson, K.L., Yu, R., Chandra, R.K., 1999. Docosahexaenoic acid ingestion inhibits 
natural killer cell activity and production of inflammatory mediators in young healthy men. Lipids 34, 
317–324; Kew, S., Banerjee, T., Minihane, A.M., Finnegan, Y.E., Muggli, R., Albers, R., Williams, 
C.M., Calder, P.C., 2003b. Lack of effect of foods enriched with plant- or marine-derived n-3 fatty acids 
on human immune function. Am. J. Clin. Nutr. 77, 1287–1295; Lee, T.H., Hoover, R.L., Williams, 
J.D., Sperling, R.I., Ravalese, J., Spur, B.W., Robinson, D.R., Corey, E.J. Lewis, R.A., Austen, K.F., 
1985. Effects of dietary enrichment with eicosapentaenoic acid and docosahexaenoic acid on in vitro 
neutrophil and monocyte leukotriene generation and neutrophil function. N. Engl. J. Med. 312, 1217–
1224; Rees, D., Miles, E.A., Banerjee, T., Wells, S.J., Roynette, C.E., Wahle, K.W.J.W., Calder, P.C., 
2006. Dose-related effects of eicosapentaenoic acid on innate immune function in healthy humans: a 
comparison of young and older men. Am. J. Clin. Nutr. 83, 331–342; Schmidt, E.B., Varming, K., 
Møller, J.M., Bü low Pedersen, I., Madsen, P., Dyerberg, J., 1996. No effect of a very low dose of n-3 
fatty acids on monocyte function in healthy humans. Scand. J. Clin. Lab. Invest. 56, 87–92; Thies, F., 
Nebe-von-Caron, G., Powell, J.R.,Yaqoob, P., Newsholme, E.A., Calder, P.C., 2001. Dietary supple-
mentation with γ-linolenic acid or fish oil decreases T lymphocyte proliferation in healthy older hu-
mans. J. Nutr. 131, 1918–1927; Yaqoob, P., Pala, H.S., Cortina-Borja, M., Newsholme, E.A., Calder, 
P.C., 2000. Encapsulated fish oil enriched in α-tocopherol alters plasma phospholipid and mononucle-
ar cell fatty acid compositions but not mononuclear cell functions. Eur. J. Clin. Invest. 30, 260–274.
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PUFAs are substrates for such oxidative modifications and therefore give 
rise to bioactive metabolites, the processes involved and the activities of 
the metabolites produced are best described for AA.

Eicosanoids are oxidized derivatives of 20-carbon PUFAs. DGLA, AA, 
and EPA have each been shown to produce eicosanoids, as has mead acid 
(20:3n-9). Eicosanoids include PGs, thromboxanes (TXs), LTs, and lipoxins 
(LXs). The initial substrate for eicosanoid synthesis is a membrane phos-
pholipid. Because of its prevalence in the phospholipids of membranes of 
cells involved in eicosanoid synthesis, AA is usually the major substrate 
(Fig. 8.5). Prior to synthesis of eicosanoids, AA is released from the sn-2 
position of membrane phospholipids by the action of phospholipase A2 
enzymes, which are activated by various stimuli. AA may also be released 
from the sn-2 position of diacylglycerols by the sequential action of diacyl-
glycerol lipase (to produce a 2-AA-glycerol) and monoacylglycerol lipase. 
The free AA then acts as a substrate for COX, LOX, or cytochrome P450 
enzymes (Fig. 8.5). COX enzymes lead to PGs and TXs, LOX enzymes to LTs 
and LXs, and cytochrome P450 enzymes to hydroxyeicosatetraenoic and 
epoxyeicosatrienoic acids (Fig. 8.5). AA metabolism produces 2-series PGs 
and TXs and 4-series LTs and LXs. COX-1 is considered to be involved in 
cellular housekeeping functions, while COX-2 is induced by immune and 

FIGURE 8.5  Overview of the pathways of eicosanoid synthesis from arachidonic acid 
(AA). COX, Cyclooxygenase; CYT P450, cytochrome P450 enzymes; DHET, dihydroxyeico-
satrienoic acid; EET, epoxyeicosatrienoic acid; HETE, hydroxyeicosatetraenoic acid; HPETE, 
hydroperoxyeicosatetraenoic acid; LOX, lipoxygenase; LT, leukotriene; PG, prostaglandin; 
TX, thromboxane. Note that not all enzymes are named and that not all metabolites are 
shown.
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inflammatory stimuli. Eicosanoids are produced in a cell and stimulus spe-
cific manner (e.g., neutrophils and mast cells produce significant amounts 
of PGD2 while monocytes and macrophages produce significant amounts 
of PGE2) and act through binding to specific receptors, usually G protein-
coupled receptors (Calder et al.,  2013). 2-series PGs and the 4-series LTs 
are well characterized mediators and regulators of immune responses and 
inflammation (Kalinski, 2012; Kroetz and Zeldin, 2002; Lewis et al., 1990; 
Tilley et al., 2001). For example, PGE2 regulates T-cell, B-cell, and mono-
cyte/macrophage responses. In general, AA-derived eicosanoids promote 
inflammatory processes (Calder,  2015). As a result of this, many agents 
have been developed to control their production and action, including 
aspirin, nonsteroidal antiinflammatory drugs, and COX-2 inhibitors.

Using the same series of enzymatic reactions described for AA, DGLA, 
and EPA are also converted to eicosanoids. DGLA generates 1-series PGs 
through the COX pathways and 3-series LT-like compounds through the 
LOX pathways, while EPA generates 3-series PGs and 5-series LTs through 
the COX and LOX pathways, respectively. These eicosanoids have a 
slightly different structure from those produced from AA (they have a 
different number of double bonds in their structure) and this influences 
their biological activity and potency. In general, they are weaker in action, 
probably due to poorer interaction with the eicosanoid receptors (Wada 
et al., 2007), although this is not always the case (Tull et al., 2009).

In the last 15 years or so a new series of lipid mediators produced from 
the n-3 PUFAs EPA and DHA by several cell types, including macro-
phages and neutrophils, has been described (Bannenberg and Serhan, 2010; 
Serhan, 2017; Serhan and Chiang, 2013; Serhan et al., 2008). Because these 
mediators are able to dampen ongoing inflammatory processes in experi-
mental models (i.e., they can “resolve” inflammation) they are termed 
specialized proresolving mediators or SPMs. Much effort has gone into elu-
cidating the structures, actions, and mechanisms of action of SPMs. SPMs 
include E-series resolvins produced from EPA, and D-series resolvins, 
protectins, and maresins produced from DHA. The synthesis of resolvins, 
protectins, and maresins involves the COX and LOX pathways (Fig. 8.6), 
with different epimers being produced in the presence and absence of aspi-
rin. These pathways operate in a transcellular manner with the early steps 
occurring in one cell type and the latter in another. More recently it has been 
shown that analogous resolvin, protectin, and maresin-like compounds are 
produced from the n-3 PUFA DPA and from the n-6 PUFA osbond acid 
(22:5n-6) (Weylandt,  2016). SPMs produced from EPA are eicosanoids, 
while those produced from DHA, DPA, and osbond acid are docosanoids.

Eighteen-carbon PUFAs are also metabolized by COX and LOX. This is 
best described for LA, where the products are various epimers of 9- and 
13-hydroxyoctadecadienoic acid (HODE). These are frequently proinflam-
matory in nature (Vangaveti et al., 2016).
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SUMMARY, DISCUSSION, AND CONCLUSIONS

PUFAs are major constituents of the phospholipids and the membranes 
of cells involved in the immune response. Typically, AA comprises 15%–
20% of fatty acids present. The high PUFA content of immune cell phos-
pholipids is linked to maintenance of membrane order and to the function 
of membrane lipids and proteins. PUFAs are constituents of signaling mol-
ecules generated from cell membrane phospholipids and are substrates 
for the synthesis of oxidized derivatives that serve as mediators and regu-
lators of the immune and inflammatory responses. Because it is usually 
the most common PUFA in the membrane, AA is the dominant substrate 
for synthesis of such lipid mediators. The PUFA content of immune cell 
phospholipids and membranes can be modified by changing the supply of 
individual PUFAs. This has been well demonstrated in cell-culture experi-
ments, in animal feeding studies and in human trials using supplements. 
Increasing the supply of GLA results in more DGLA in immune cell phos-
pholipids. Increasing the supply of ALA, SDA, or EPA results in more EPA 
and DPA in immune cell phospholipids. Enrichment in DHA appears to 
require provision of preformed DHA. Cell-culture experiments demon-
strate that lymphocytes, macrophages, and neutrophils can interconvert 
some PUFAs and that this process is enhanced when the cells are activated 
through extracellular stimulation. PUFA elongation and ∆5-desaturation 
are well described and some experiments suggest that some immune cells 
express ∆6-desaturase activity, especially when activated. The changes in 

FIGURE 8.6  Overview of the conversion of eicosapentaenoic acid (EPA) and docosa-
hexaenoic acid (DHA) to specialized proresolving mediators. MaR, Maresin; PD, protectin 
D; RvD, resolvin D; RvE, resolvin E.
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PUFA composition of immune cells seen with dietary change in experi-
mental animals and humans probably reflect altered supply of PUFAs to 
the cells through the bloodstream rather than changes in PUFA metabo-
lism in the cells themselves. However, it is possible that immune cells 
modify PUFA metabolism as part of their normal response to stimulation 
and that this is linked to regulating changes in the membrane and in lipid 
mediator production. The best evidence for this comes from a series of cell-
culture studies conducted over 20 years ago (Anel et al., 1990a,b; Calder 
et al., 1994). Changes in the PUFA composition of membranes are linked to 
changes in immune function (Calder, 2008) and in inflammatory processes 
(Calder, 2015). In this regard, the n-3 PUFAs EPA and DHA appear to be 
very important, inducing changes in membrane function, cell signaling, 
gene expression, and lipid mediator production. EPA and DHA modulate 
the production of immune modulating and proinflammatory eicosanoids 
from AA and act as substrates for the generation of highly active SPMs 
(Calder, 2015). Many other PUFAs, including LA, DGLA, DPA, and osbond 
acid, are substrates for synthesis of bioactive lipid mediators. Incorporation 
of PUFAs into immune cells is likely to be cell-type, membrane-type, and 
phospholipid-type specific but this is not well studied. Fatty acids are used 
by cells of the immune system as energy sources but the extent to which 
PUFAs can fulfil this role is not well investigated. What is known is that 
the phenotype of immune cells (both macrophages and lymphocytes) that 
are dominated by glycolytic metabolism is different from the phenotype of 
immune cells that rely more on fatty acid oxidation. The extent to which 
alterations in the supply of PUFAs can modulate this phenotypic switch is 
poorly described and deserves more exploration.
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GENERAL INTRODUCTION

Lipids have many roles within the body, providing energy, as structural 
components of membranes and by acting as signalling molecules. All of 
these aspects are important for normal reproductive function. Details of 
polyunsaturated fatty acid (PUFA) biosynthesis and metabolism in mam-
mals are provided in Chapter  2. In brief, members of the n-6 family of 
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PUFAs are derived from linoleic acid (18:2 n-6, LA) by a process of desatu-
ration and elongation, while n-3 family members are similarly derived 
from α-linolenic acid (18:3n-3, ALA). The main enzymes involved in these 
processes are ∆6- and ∆5-desaturases (FADS2 and FADS1) and elongases 
(ELOVL2 and EVOLV5). The main sources of LA are vegetable oils, while 
ALA is present in green leafy vegetables, marine algae, seeds (e.g., linseed) 
and nuts and the longer chain n-3 PUFAs eicosapentaenoic acid (EPA) and 
docosahexaenoic acid (DHA) are found at high concentrations in fish oils. 
Although a significant proportion of the dietary PUFAs become saturated 
during digestion, the proportions of different PUFAs found in cell mem-
branes throughout the body do generally reflect the amounts consumed 
in the diet (Fischer, 1989; Sprecher, 2000; Wathes et al., 2007). This chapter 
begins with brief summaries of mechanisms of action of PUFAs, which 
may influence reproduction, considers why results are often inconclusive, 
and then uses three example systems to investigate aspects of metabolism 
in reproductive tissues. These are placental transfer, male fertility, and 
uterine prostaglandin (PG) synthesis.

MECHANISMS OF ACTION

An individual cell may contain more than 1000 different lipid species 
(Wenk,  2010). Triacylglycerol is the primary form used for energy stor-
age, but PUFAs can be also be metabolized to supply energy. PUFAs are 
also incorporated into cell membrane phospholipids where they influ-
ence membrane properties, including fluidity, thickness, and formation 
of microdomains. One way that n-3 PUFAs in particular can affect cell 
signaling is by modifying the structure and composition of lipid rafts. 
These are localized regions in plasma membranes that are rich in choles-
terol, sphingolipids, and phospholipids: specific proteins localize to these 
regions, so promoting efficient signaling by clustering of relevant proteins 
(Pike, 2006). When n-3 PUFAs, in particular DHA, become incorporated 
into membrane phospholipids they cause lipid raft regions to merge, with 
an associated depletion of cholesterol and sphingolipids and partitioning 
of some proteins away from the raft (Turk and Chapkin, 2013; Williams 
et al., 2012).

PUFAs can regulate many cellular processes through mechanisms inde-
pendent of the lipid mediators. They act directly as ligands for a number of 
transcription factors, including PPARs and RXR (Nakamura et al., 2014). 
PPARs are a subfamily of nuclear receptors with three known subtypes α, 
β, and γ. These are expressed in a tissue-specific manner and play a key 
role in energy metabolism influencing beta-oxidation, ketogenesis, and 
glucose metabolism (Nakamura et  al.,  2014; Wahli and Michalik,  2012). 
PPARs also influence steroidogenesis (by regulating genes involved in 
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the biosynthesis and metabolism of cholesterol and fatty acids) and insu-
lin sensitivity (by regulating adipocyte size and spacing) (Michalik and 
Wahli,  2008; Nakamura et al.,  2014). Both n-3 and n-6 PUFAs and their 
metabolites can also activate PPARs to inhibit NFkB signaling to decrease 
cytokine production and these pathways may play important roles in 
regulating inflammation and homeostasis (Calder, 2015). These processes 
can all affect fertility, which is strongly influenced by both metabolic and 
inflammatory processes. RXR has a broad spectrum of activity by forming 
a heterodimeric partner with other nuclear receptors including PPARs, 
liver-X-receptor, retinoic acid receptor, thyroid hormone receptor, and 
vitamin D receptor. Many of these receptors play critical roles during 
development, metabolic disease, and cancer (Pérez et al., 2012).

A tiny proportion of the PUFAs consumed in the diet is metabolized 
into signaling molecules, in particular eicosanoids. These have impor-
tant regulatory functions, which control key reproductive processes, such 
as ovulation and parturition. Eicosanoids also influence many aspects 
of immunology and inflammation, also crucial in reproduction (Wathes 
et al., 2007).

PROBLEMS OF INTERPRETATION

Before considering PUFA metabolism with respect to reproduction 
it is helpful to consider briefly possible reasons for the frequent incon-
sistencies in the results reported. PUFA levels in tissues of the body 
generally reflect those in the current diet, but PUFAs are also stored in 
fat depots and membranes, from which they may later be mobilized. 
Release of prestored PUFAs can therefore influence the availability at 
much later time periods. Food sources contain mixtures of different 
PUFAs, making it hard to formulate a diet in which only one PUFA is 
increased or decreased, particularly as other aspects, such as protein 
and energy also need to be balanced between treatments. The ratio of 
n-3 to n-6 is important and there are also dose responses for individ-
ual PUFAs, which can alter their effects from stimulation to inhibition. 
Experiments performed in vitro can use pure oils or simple mixtures 
but these cannot accurately reflect the complex biology of the whole 
body. In most human studies a source of PUFA, for example fish oil cap-
sules, is often supplemented but individuals on the trial will continue to 
eat a range of other foodstuffs. For ruminant species (e.g., cattle, sheep) 
the diet requires a fodder component, such as grass or silage, in which 
PUFA levels may differ considerably. In ruminants the ingested food 
is also subjected to biohydrogenation by rumen microbes, which can 
have a major impact on the absorption level (Santos et al., 2008). Dietary 
PUFAs are also taken up in a tissue-specific manner. The reaction of a 
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particular cell type will depend not only on the relative proportions of 
different PUFAs and other lipids stored within it, but is also regulated 
by signals from the periphery.

Another consideration is the age and physiological state of the animal, 
which affects lipid metabolism in general and thus the balance of stor-
age and release. This is particularly pertinent during pregnancy and lac-
tation. Recent advances in genomics have shown further complications 
but also some solutions. On the one hand, studies on human populations 
are revealing genetic diversity in the enzymes which metabolize PUFAs, 
which can affect the outcomes measured (Moltó-Puigmartí et al.,  2014). 
On the other hand, the development of transgenic animals offers the pos-
sibility of modifying the relative concentrations of different PUFAs in the 
body without some of the problems mentioned earlier, as both treated and 
control animals can be fed the same diet. Unless the gene deletion is tar-
geted this will, however, still affect all body systems making it hard to 
judge if effects on reproduction are direct or indirect. A further particular 
problem relating to work on reproduction is that the main outcome of 
interest is often birth of a healthy offspring. The effects of dietary PUFAs 
on fertility are often quite subtle and many of the published experiments 
have not included enough animals to provide sufficient statistical power 
for reliability.

PLACENTAL TRANSFER

Placental Transport Mechanisms

PUFAs are essential to support fetal growth and LCPUFAs are of par-
ticular importance for the visual system and in cognitive development 
(Calder et al., 2010). The fetus must acquire sufficient of the essential fatty 
acids (EFA) LA and ALA indirectly from the maternal diet via placental 
exchange. The placenta lacks FADS1 and FADS2 used in the conversion of 
EFA into LCPUFAs and the fetus itself only has limited desaturase activ-
ity (Chambaz et al., 1985), so most LCPUFAs are also transferred to the 
fetus via the placenta. Kuipers et al. (2012) estimated that a typical human 
infant at normal term had accreted about 21 g LA, 7.5 g arachidonic acid 
(AA) and 3 g DHA. The mother adapts her own metabolism to meet this 
fetal demand. Fat depots are accumulated in the initial two thirds of gesta-
tion and mobilized through lipolysis toward the end of pregnancy, when 
most fetal growth occurs. The majority of studies have either investigated 
women directly or used rodent models to determine how this lipid trans-
fer is regulated.

Most PUFAs present in maternal plasma during pregnancy are associ-
ated with lipoprotein triglycerides, with a small proportion present in the 
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form of free fatty acids (FFA) (Herrera, 2002). Maternal triglycerides do 
not cross the placenta intact. They initially bind to lipoprotein receptors on 
placental trophoblast cells, which in women are bathed in maternal blood 
(Fig. 9.1). Human placental tissue expresses very low-density lipoprotein 
receptor in greater abundance than low-density lipoprotein receptor and 
an LDL receptor-related protein (Herrera, 2002). The bound triglycerides 
are then hydrolyzed by lipoprotein lipase and endothelial lipase, which 
are present on the syncytiotrophoblast to release nonesterified fatty acids 
(NEFA) into the trophoblast cells (Jones et  al.,  2014). Endothelial lipase 
also has a high phospholipase activity, suggesting that phospholipids 
may also supply fatty acids to the fetus (Larqué et  al.,  2011). Placental 
lipase activity increases during the third trimester to increase availabil-
ity of NEFA at this time (Dutta-Roy, 2000; Rodríguez-Cruz et al.,  2016). 
Although of lesser importance, uptake of maternal FFA by the placenta 
can also take place through facilitated membrane translocation involving 

FIGURE 9.1  Uptake of PUFAs by the human placenta. Most PUFAs in maternal plas-
ma are associated with lipoprotein triglycerides. These bind to lipoprotein receptors (LPR) 
on placental trophoblast cells and are then hydrolyzed by lipoprotein lipase (LPL) and en-
dothelial lipase (EL) to release nonesterified fatty acids (NEFA) into the cytotrophoblast.  
Uptake of NEFA can also be by passive diffusion or through facilitated translocation involv-
ing membrane-associated fatty acid binding proteins (FABP), fatty acid translocase (FAT/
CD36), and fatty acid transport proteins (FATP1-6/SLC27A1-6). PUFAs within trophoblast 
cells may be converted into eicosanoids or act as transcription regulators. PUFAs may be 
released from the syncytiotrophoblast into the fetal circulation as triglycerides associated 
with lipoproteins or as NEFAs, involving FAT, FATP, or passive diffusion. These are then 
transported to the fetal liver bound to carrier proteins, such as alpha-fetoprotein (AFP) and 
serum albumin.
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membrane-associated fatty acid binding/transport proteins. These 
include plasma membrane fatty-acid-binding protein (FABPpm), placen-
tal plasma membrane FABP (p-FABPpm), fatty acid translocase (FAT/
CD36), and fatty acid transport proteins (FATP1-6/SLC27A1-6) (Dutta-
Roy,  2000; Hanebutt et  al.,  2008). Multiple isoforms of FABP have now 
been identified of which FABP1, 3, 4, 5, and 7 are present in human and 
rodent placentae (Islam et al., 2014; Rodríguez-Cruz et al., 2016). Placentae 
from Fabp3 knockout mice showed reduced ability to transport both LA 
and ALA (Islam et  al.,  2014). Once within the placental cells, the fatty 
acids can bind to cytosolic FABPs. Using tracer studies in the pregnant rat, 
López-Luna et al. (2016) showed that rapid initial uptake of PUFAs by the 
placenta was due to triacylglycerol (TAG) but from 2 h onward an increas-
ing proportion of label was associated with phospholipids. Some PUFAs 
may also cross into the cytotrophoblast by passive diffusion.

Less is known about how PUFAs are subsequently moved out of the 
syncytiotrophoblast into the fetal circulation. Jones et al. (2014) suggested 
that this process involved either FAT, FATP, or passive diffusion. Following 
oral administration of 14C labeled fatty acids to pregnant rats, López-Luna 
et al. (2016) found that some PUFAs had already reached the fetal circula-
tion within 30 min, increasing steadily up to 8 h. The evidence indicated 
that a substantial proportion of the FA were released from the placenta 
in an esterified form in the TAG fraction associated with specific lipopro-
teins. Some were also released as NEFA, which were then transported to 
the fetal liver bound to carrier proteins, such as alpha-fetoprotein and 
serum albumin (Parmelee et al., 1978).

The end result is that LCPUFAs cross the placenta in a directional man-
ner and show a linear correlation between concentrations in maternal 
and fetal cord blood at term (Berghaus et al., 2000; Elias and Innis, 2001; 
Haggarty et al., 1997). There is, however, some selectivity with preferen-
tial transport of AA and DHA (Dutta-Roy, 2000). Expression of placental 
mRNA for FATP1 and FATP4 was correlated with the DHA percentage 
in placental phospholipids and cord blood and it was suggested that 
these enzymes facilitate placental transfer of DHA and EPA by incorpo-
rating them into placental phospholipids via esterification coupled influx 
(Haggarty et al., 1997; Larqué et al., 2011). Furthermore, López-Luna et al. 
(2016) found differential transport of radiolabeled DHA in the rat.

Placental LCPUFAs are also able to act in an autocrine manner to reg-
ulate their own uptake, transport, and metabolism (Jones et al.,  2014). 
There is evidence that this may be mediated, at least in part, through 
their ability to act as ligands for PPARs, with all three PPAR isoforms 
(α, β/δ, and γ) present in the placenta (Hewitt et al.,  2006). Treatment 
of mice with rosiglitazone, a PPARγ agonist, increased placental mRNA 
expression of Fabppm, Fat, Fatp1, and Fatp4 but decreased expression of 
Fatp2, Fatp3, and Fatp6 (Schaiff et al., 2007).
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Lipid Transfer in the Preimplantation Ruminant Conceptus

The discussion so far has focused on the human and rodent hemo-
chorial placentae. Lipid transfer differs in species with epitheliochorial 
placentae, such as ruminants, in which the fetal chorion does not have 
direct contact with maternal blood. The preimplantation ruminant con-
ceptus is reliant for nutrition on histotroph secreted by the endometrial 
glands, which contain a rich variety of nutrients including lipids (Bazer 
et al., 2011). These lipids are probably derived from droplets which accu-
mulate in endometrial epithelial cells under the influence of progesterone 
(Brinsfield and Hawk, 1973) and reach the lumen through export of exo-
somes, microvesicles, carrier proteins, and lipoproteins (Burns et al., 2014). 
Albumin, apolipoprotein-A1 (the main protein component of HDL), and 
FABPs are all present in luminal fluid and could act as lipid carriers 
(Forde et al., 2014; Koch et al., 2010). During conceptus elongation there 
was increased expression of an extensive number of genes involved in 
the uptake, metabolism, and biosynthesis of fatty acids and PGs (Ribeiro 
et  al.,  2016). The list included SLC27A2, SLC27A6, FADS1, FADS2, and 
the phospholipases PLA2G7 and PLA2G12A. Bioinformatic analysis sug-
gested that activation of PPARγ in the trophectoderm was playing a key 
coordinating role in this process by binding lipid ligands.

Although the main focus on the nutritional role of histotroph has been 
during the preimplantation period, there is increasing evidence that it con-
tinues to play an important role throughout gestation in a variety of species 
including some with hemochorial placentae (Enders and Carter, 2006). In 
ruminants there is, however, also lipid transfer by the more conventional 
hemotrophic route in the caruncles. Unlike the human or rat placenta, the 
sheep placenta is able to convert 18:2n-6 and 18:3n-3 to LCPUFAs (Noble 
et al., 1985). PUFA concentrations in fetal ovine blood were consistently 
lower than in maternal blood, but feeding an 18:2n-6-supplemented diet 
(Soypreme) in late gestation increased the concentrations of AA in fetal 
allantochorion, liver, and plasma (Elmes et al., 2004).

MALE FERTILITY

PUFAs in the Testis and Spermatozoa

The second example for the role of PUFAs in reproduction comes from 
a consideration of their importance in the development of normal gametes. 
The testes and spermatozoa of all mammals and birds investigated con-
tain large amounts of LCPUFAs. PUFAs constitute 30%–50% of the total 
FAs present in mammalian spermatozoa, mainly in membrane phospho-
lipids (Poulos et  al.,  1973). Spermatozoa, along with neurons and retinal 
photoreceptors, contain particularly high concentrations of DHA (Saether 
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et al., 2007). AA, docosapentaenoic acid (C22:4n-5) and docosatetranoic acid 
(22:4 n-6) are also abundant in sperm membranes, with some differences in 
relative proportions between species (Esmaeli et al., 2015; Fair et al., 2014; 
Jones et al., 1979; Surai et al., 1998). Altering the PUFA content of the diet gen-
erally results in concomitant changes in the n-6 and n-3 composition of sper-
matozoa as demonstrated in a variety of species, for example boar (Maldjian 
et al., 2005), ram (Fair et al., 2014), and cockerel (Cerolini et al., 2005).

Fatty acids accumulate in seminiferous tubules by a combination of 
passive diffusion and facilitated transport by FAT/CD36, which is highly 
expressed in Sertoli cells (Regueira et al., 2015). They are then passed to 
the developing spermatogonia, which progress through the stages of sper-
matogenesis to become spermatozoa. The release of sperm from the testis 
to the epididymis places a continual drain on the supply of PUFA, par-
ticularly in stud males used frequently for breeding. Once they have been 
released spermatozoa can also take up PUFAs bound to albumin from the 
surrounding fluid (Alvarez and Storey, 1995) (Fig. 9.2).

The proportions of different PUFAs incorporated into the sperm plasma 
membrane influences the membrane physiology (Stubbs and Smith, 1984; 
Van Tran et  al.,  2016). In order to achieve fertilization, the individual 

FIGURE 9.2  Role of PUFAs in male fertility. (A) Spermatogenesis requires a constant 
supply of PUFAs, particularly LCPUFAs, such as DHA and AA. These PUFAs become incor-
porated into the sperm membranes so as mature spermatozoa are released from the semi-
niferous tubules this drains the testis. Deletions of several enzymes used in the biosynthesis 
of LCPUFAs causes sterility. (B) The PUFAs in spermatozoa are essential for cell signaling, 
membrane fluidity, and as an energy supply. Their presence at high concentrations makes the 
spermatozoa particularly vulnerable to lipid peroxidation, so it is essential that the semen 
or extender used for sperm storage in vitro contain a sufficient supply of antioxidants. ROS, 
reactive oxygen species.



	 Male fertility	 165

﻿ �﻿﻿

sperm must exhibit appropriate motility, undergo the acrosome reaction 
and then fuse with the oocyte. The DHA content influences the flexibility 
of the tail (Connor et al., 1998), sperm motility (Aksoy et al., 2006) and the 
acrosome reaction (Roqueta-Rivera et al., 2011). A comparison of semen 
from different boars found differences in sperm total n-3 PUFA, DHA and 
the ratio of n-6:n-3 PUFA between boars with normal and low motility 
sperm (Am-in et al., 2011).

A number of studies, reviewed by Esmaeli et al. (2015), have compared 
the PUFA profiles of spermatozoa between normal men and those with 
different causes of infertility, providing further evidence that low levels 
of DHA and lower n-3:n-6 ratios are deleterious. The benefits of dietary 
supplementation with various PUFAs on sperm quality in both humans 
and livestock species remains, however, equivocal (Van Tran et al., 2017). 
In part this is likely due to the problems highlighted above, such as the 
precise content of the diet, the length of time it is fed, and the base level of 
PUFAs in the body at the start of the trial. The time factor is particularly 
pertinent for spermatozoa as spermatogenesis takes around 30–75 days in 
mammals, depending on species, with around a further 10 days required 
for sperm to transit through the epididymis (França et al., 2005). A study 
in rams suggested that supplementary n-3 PUFA needed to be fed during 
the early stages of spermatogenesis to be effective (Samadian et al., 2010). 
Yan et al. (2013) fed male rats diets with six different n-3:n-6 ratios rang-
ing from 0.13 to 2.85, achieved through altered proportions of soybean 
and flaxseed oils. These diets were fed to young, postpubertal animals 
for 60 days. The animals receiving the 1.52 ratio performed best in terms 
of testis development and sperm morphology. Their litter size following 
mating to females on normal commercial diets was also highest, averag-
ing 12.3 pups born in comparison to only 8.9 for the 0.13 ratio diet.

The requirements of specific PUFAs for normal spermatogenesis and 
sperm function was confirmed using various knockout mice. Ablation of 
FADS2 abolishes the initial enzymatic step in PUFA synthesis from LA 
or ALA. Both male and female Fads2−/− mice had normal viability and 
lifespan but were sterile with impairment of Sertoli cell polarity, a dis-
rupted blood-testis barrier and spermatogenesis arrested at late spermio-
genesis (Roqueta-Rivera et al., 2010; Stoffel et al., 2008). Normal fertility 
was restored by feeding a diet supplemented with DHA, whereas AA was 
less effective (Roqueta-Rivera et al., 2010). Hormone sensitive lipase (HSL) 
is a key enzyme involved in mobilization of fatty acids from intracellular 
stores. Mice deficient in HSL were oligospermic and had reduced testicu-
lar concentrations of LA and ALA, increased intermediaries 22:4n-6 and 
22:5n-3 and normal concentrations of 22:5n-6 (docosapentaenoic acid) and 
22:6n-3 (DHA) (Casado et al., 2013; Osuga et al., 2000). Expression of Scd-1, 
Fads1, and Fads2 was increased in the testes of these mice while Elovl2 was 
decreased. While these data indicate that PUFA biosynthesis was altered, 



166	 9.  POLYUNSATURATED FATTY BIOSYNTHESIS AND METABOLISM

﻿ �﻿﻿

these HSL deficient mice also have markedly altered cholesterol metabo-
lism, which may contribute to their infertility. Zadravec et al. (2011) con-
firmed that ELOVL2 was a key enzyme controlling the amounts of n-6 
LCPUFAs with 24–30 carbon atoms in testis. Spermatogenesis in testes 
of Elovl2 null mice (−/−) was arrested at the stage of primary spermato-
cytes, although Leydig and Sertoli cell morphology appeared normal. 
Heterozygotes (+/−) had impaired formation of spermatids producing 
spermatozoa with rounded, condensed heads and only 10% were fertile. 
In contrast to the Fads2 deficient mice, fertility of the Elovl2+/− males could 
not be restored by dietary supplementation with DHA, supporting a key 
role for LC n-6 as well as n-3 PUFAs in sperm maturation. Casado et al. 
(2016) also examined HSL deficiency in mouse testis and suggested that 
the changes in the phospholipid and sterol composition of lipid rafts in 
HSL−/− mice might contribute to their sterility.

Membrane fluidity also affects the sensitivity of spermatozoa to chilling 
and freezing, both important in assisted reproduction (Arav et al., 2000). 
A number of studies, reviewed by Van Tran et al. (2016), examined the 
effects of PUFAs on the characteristics of frozen-thawed sperm either by 
feeding animals different PUFA diets before semen collection or by alter-
ing the composition of the extender used during processing. Some, but 
by no means all, of the studies, which added more n-3 PUFA to extend-
ers reported some benefits, particularly if combined with α-tocopherol, a 
form of vitamin E, to provide enhanced antioxidant capacity.

PUFAs and Lipid Peroxidation

A further key issue for male fertility is that LCPUFAs are particularly 
vulnerable to attack by reactive oxygen species, which can initiate a dam-
aging lipid peroxidation cascade (Wathes et al., 2007). This can seriously 
compromise the functional integrity of spermatozoa with their high PUFA 
content (Alvarez and Storey, 1995; Jones et al., 1979). The cytoplasmic extru-
sion associated with sperm morphogenesis depletes these cells of their 
internal store of antioxidant enzymes. The fluids bathing spermatozoa 
during their passage through the male reproductive tract are therefore rich 
in highly specialized secreted forms of antioxidants (Agarwal et al., 2004). 
There is a negative correlation between products of lipid peroxidation in 
sperm suspensions with semen quality in both man and domestic animals 
(Gomez et al., 1998; Kasimanickam et al., 2006). Exposure of human sper-
matozoa to the PUFAs LA, AA, or DHA all triggered free radical genera-
tion, lipid peroxidation and DNA damage (Aitken et al., 2006). Feeding 
more dietary PUFA reduced both the antioxidant status and semen quality 
(concentration and volume) in chickens but adding vitamin E as an anti-
oxidant was able to reverse the negative impact of PUFA supplementa-
tion (Cerolini et al., 2005; Zanini et al., 2003). This means that the balance 
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between PUFAs and the availability of antioxidants in the testis and male 
reproductive tract will together influence the outcome in terms of fertility.

UTERINE ACTIVITY

The final aspect of PUFAs and reproduction included in this review 
relates to the uterus, with a focus on their key role in eicosanoid synthesis. 
This is crucial for many aspects of fertility as uterine-derived PGs regulate 
the length of the oestrous cycle, the receptiveness of the endometrium to 
the embryo, the timing and progression of labor, and the response of the 
uterus to infection (Wathes et al., 2007). Dietary changes, which alter circu-
lating PUFA concentrations, are reflected in the endometrium and there-
fore have the opportunity to alter the balance of eicosanoids produced 
(Bilby et al., 2006; Childs et al., 2008; Elmes et al., 2004).

Control of Eicosanoid Synthesis

The family of eicosanoids includes PGs, leukotrienes, thromboxanes, 
lipoxins, neuroprotectins, and resolvins which are all derived from 20 car-
bon PUFAs (Serhan et al., 2008; Sprecher, 2000; Wathes et al., 2007) (Fig. 9.3). 
These physiologically active compounds are produced in a tissue-specific 
manner according to the availability of precursor lipids and enzymes 
present. The actions of different PUFAs on PG synthesis have been studied 
in detail, revealing a system of extreme complexity. The n-6 and n-3 PUFA 
families each produce their own specific metabolites (Sprecher, 2000) but 
they compete with each other for both cellular membrane lipid incorpora-
tion and metabolic enzymes (Wathes et  al.,  2007). This competition can 
influence the amounts of different LCPUFAs produced from ALA and LA 
via the sequential actions of desaturases and elongases (FADS2, ELOVL5, 
and FADS1). Dietary supplementation with longer chain n-6 (GLA, AA) 
or n-3 (SDA, EPA, DHA) PUFAs can bypass these rate-limiting steps.

The initial step in PG synthesis is through release of stored PUFAs from 
membrane phospholipids via the action of phospholipase A2 or the coor-
dinate actions of phospholipase C and diglyceride lipase (Irvine,  1982). 
The enzymes PTGS1 and PTGS2 (also known as COX-1 and COX-2, for 
cyclooxygenase or “COX”) catalyze the metabolism of DGLA, AA, and 
EPA into 1-, 2-, and 3 series PGs, respectively. The 5-lipoxygenase (LOX) 
pathway generates 4-series leukotrienes (LTs) from AA and 5-series LTs 
from EPA. The 15-LOX and 5-LOX pathways catalyze AA sequentially to 
produce 4-series lipoxins (LXs), EPA to 5-series LXs, or DHA into neuro-
protectins, another family of lipid mediators. Both aspirin-dependent and 
-independent pathways generate E-series resolvins (RvEs) from EPA and 
D series resolvins (RvDs) from DHA (Serhan et al., 2008).
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The pattern of PUFA-derived mediators produced in any situation is 
tightly regulated and can be altered by a variety of mechanisms. PTGS1 
and PTGS2 have similar actions but are encoded by different genes 
that are regulated differentially in a cell-specific manner (Smith and 
Lagenbach, 2001). For both enzymes AA is the preferred substrate, so EPA 
metabolism to 3-series PGs is poor, and EPA also inhibits PTGS1 activity. 
Endometrial PG synthesis is therefore influenced by both PTGS expres-
sion and the expression of different PG synthases, which control the rela-
tive amounts of PGE and PGF (Cheng et al., 2013; Fortier et al., 2008). This 
is critical in terms of endometrial function as E and F series PGs have 
opposing effects with regard to luteolysis and inflammation (Herath 
et al., 2009). The n-3 PUFAs EPA and DHA are also known to have antiin-
flammatory properties (Miles and Calder, 2012). The incorporation of n-3 
LCPUFAs into cell membranes decreases the availability of AA, so reduc-
ing the production of proinflammatory eicosanoids. In addition, both EPA 
and DHA are precursors for resolvins that are actively antiinflammatory 
and inflammation-resolving.

Both n-3 and n-6 PUFAs utilize the same enzyme systems for their 
metabolism and PG production and they compete for both the enzymes 

FIGURE 9.3  The metabolic pathways for n-3 and n-6 PUFA metabolism in the synthe-
sis of eicosanoids. These lead to the production of lipid mediators with proinflammatory, 
antiinflammatory, and proresolution effects: LX, lipoxin; LT, leukotriene; PG, prostaglandin; 
RvE, resolvin; FADS2, ∆5-Desaturase; FADS1, ∆5-Desaturase; ALOX5, arachidonate 5 lipoxy-
genase; ALOX9, arachidonate 9 lipoxygenase, lipoxygenase; PTGS, cyclooxygenase.
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and membrane lipid incorporation. The metabolic pathways are, there-
fore, influenced by presence of the precursors and their metabolites. Our 
previous studies have shown that PUFAs influence endometrial PG pro-
duction by: (1) regulating PTGS expression (Cheng et al., 2005a; Sheldrick 
et al., 2007), (2) altering the proportions of 1-, 2-, and 3-series PGs (Cheng 
et al., 2005a), (3) changing the PGE:PGF ratios (Cheng et al., 2004), and (4) 
changing the responsiveness of uterine cells to a challenge with oxyto-
cin (OT) or bacterial lipopolysaccharide (Cheng et al., 2004). Furthermore, 
AA supplementation in cultured ovine uterine epithelial cells increased 
not only 2-series PG production but also 1- and 3-series PG production. 
As AA is not the precursor for 1- and 3-series PG production, this indi-
cated an induction of the enzymes for PG synthesis (Cheng et al., 2005a). 
Further study confirmed that AA supplementation indeed stimulated 
mRNA expression of both PTGS1 and PTGS2 whereas SDA and EPA 
decreased PTGS1 mRNA expression but did not change PTGS2 expres-
sion (Cheng et al., 2013). The effect of EPA on uterine PG production was 
moderate, but when it was combined with AA, the stimulatory effect of 
AA on PG production was attenuated by up to 80%. The ratio of PGE2 to 
PGF2α was not affected by AA or EPA alone, but was raised when these 
PUFAs were combined (Cheng et al., 2013). The ruminant uterine endo-
metrium lacks FADS2 activity so, when LA is supplemented in vitro, it 
is not metabolized further and LA accumulation inhibits PG production 
(Cheng et al., 2001, 2004, 2005a). It can be seen from this brief summary 
that the actual amounts of different PGs produced by endometrial cells at 
any one time can be influenced by the PUFA composition of the tissue at 
many different levels.

Luteolysis and Uterine Involution Postpartum

In most mammalian species pulsatile release of PGF2α from the endome-
trium is the key factor driving the onset of luteolysis: this process needs to 
be suppressed in early pregnancy to maintain the corpus luteum (Wathes 
and Lamming, 1995). It has been suggested that n-3 PUFA supplementa-
tion may be beneficial for embryo survival, particularly in cattle, by sup-
pressing luteolytic PGF2α production (Santos et al., 2008). This idea was 
supported by Zachut et al. (2011) who found that dairy cows fed a high 
n-3 PUFA diet containing flaxseed exhibited longer time intervals between 
receiving a single PGF2α injection to initiate luteolysis and the subsequent 
manifestation of oestrus behavior. Similarly, when ALA was fed to non-
pregnant sheep the length of the luteal phase was prolonged slightly, 
by about one day (Naddafy et  al.,  2005). Interpreting the physiological 
benefit is not, however, straightforward as uterine PG production (PGE2, 
PGF2α, and PGI2,) in ruminants is upregulated by conceptus-derived IFNτ 
(Lewis,  1989; Spencer et  al.,  2013; Ullbrich et  al.,  2012). IFNτ is the key 
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signaling molecule in ruminants for the maternal recognition of preg-
nancy. These PGs are now thought to comprise an essential component of 
the bidirectional signaling between the endometrium and embryo in early 
pregnancy. The upregulation of PGF2α does not, however, cause luteoly-
sis under these circumstances as the IFNτ also prevents upregulation of 
endometrial OT receptors, so the PGF2α is released steadily rather than in 
a pulsatile fashion (Wathes and Lamming, 1995).

Gulliver et al. (2012) reviewed 10 studies in which cows received vari-
ous PUFA supplements followed by an OT challenge during the luteal 
phase of the oestrous cycle to assess the release of the PGF metabolite 
15-keto-dihydro-PGF2 alpha (PGFM) into the peripheral circulation. Of 
these, three studies reported no treatment effect. In a further three the 
results differed according to either the progesterone profile or the day of 
the cycle. Petit et al. (2002) found that n-3 PUFAs increased the baseline 
for PGFM but reduced the response to OT. In contrast, Childs et al. (2008) 
found a dose-responsive rise in OT-stimulated PGFM release in beef heif-
ers supplemented with fish oil. There were two reports that PGFM release 
was lower with n-3 supplementation (fishmeal or linseed) and two that 
it was higher after sunflower seeds or Megalac (both high in n-6). These 
studies are supported by a more recent trial by Dirandeh et  al. (2015) 
and provide reasonable agreement that an increased intake of n-6 PUFA 
increases the amount of PGFM released, presumably by providing more 
AA as precursor. The response to n-3 PUFA was, however, much more 
variable. This may in part be due to the different supplements used, which 
included both linseed and fish oils. The timing of the challenge was also 
critical as the response was strongly influenced by how close the ani-
mal was to natural luteolysis (Childs et al., 2008; Robinson et al., 2002). 
Several studies have collected bovine endometrium following dietary 
intervention with n-3 or n-6 PUFA and found that animals had altered 
gene expression of a number of transcription factors, PG and steroid syn-
thetic enzymes, and receptors and immune regulators (Coyne et al., 2008; 
Dirandeh et al., 2015; Waters et al., 2012, 2014). Despite the variability in 
PGFM released this work supports the notion that the n-3 PUFA intake 
can undoubtedly influence the bovine endometrium, although the signifi-
cance for fertility remains uncertain.

Feeding dietary PUFA supplements to cows has also been considered 
as a possible means of reducing the impact of uterine infection after 
calving. In almost all dairy cows after calving the uterus becomes con-
taminated with bacteria, which can lead to metritis or endometritis if 
not cleared efficiently (Sheldon et al., 2009). Uterine involution is nor-
mally associated with an upregulation of endometrial PGF production 
for about 3–4 weeks after calving but this is maintained for longer when 
the uterus becomes infected (Bekana et  al.,  1996). Feeding fat sources 
rich in n-6 PUFA during late gestation and early lactation has generally 
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increased uterine PG secretion after calving (Filley et  al.,  2000; Grant 
et al., 2005; Santos et al., 2008), reduced the interval to uterine involution 
and decreased the incidence of puerperal metritis and clinical endome-
tritis (Dirandeh et al., 2013; Juchem et al., 2010). Mattos et al. (2004) fed a 
fish oil supplement from 3 weeks before until 3 weeks after calving and 
found that this reduced concentrations of plasma PGFM during the 60 h 
immediately after parturition. This might not, however, be beneficial as 
contractions at this time are important to clear the cell debris from the 
postpartum uterus.

PUFAs and Preterm Labor

Spontaneous preterm labor is a worldwide problem that affects about 
10% of all human pregnancies and is associated with 70% of neonatal 
deaths (Challis et al., 2002). An increased production of PGF2α and PGE2 
by the feto-placental unit (including amnion, chorion, and decidual endo-
metrium) is a key component of labor as these PGs are major contribu-
tors to cervical dilation, membrane rupture, and myometrial contraction 
(Challis et  al.,  2000). The levels of PTGS2 increase either just before or 
during labor and inhibitors of PG synthesis prolong gestation (Olson and 
Fazio, 2003). PUFAs may thus be able to influence the timing of parturition 
through alterations to PG synthesis as discussed earlier. The risk of pre-
term delivery can indeed be increased by high consumption of n-6 PUFAs. 
When sheep were fed a diet rich in n-6 PUFAs during late gestation this 
increased both their production of PGE2 and PGF2α and the risk of preterm 
labor (Cheng et al., 2005b; Elmes et al., 2004, 2005). Plasma concentrations 
of AA in women increase throughout pregnancy with the highest levels of 
both LA and AA being observed during labor (Ashby et al., 1997; Ogburn 
et al., 1980) and women who delivered prematurely were shown to have 
higher n-6 PUFA concentrations (Reece et al., 1997).

More emphasis has, however, focused on the role of n-3 PUFAs con-
sumed during pregnancy. Several studies in rats showed that high n-3 
PUFA diets increased both gestational length and birth weight (Leat 
and Northrop, 1981; Olsen et al., 1990; Waltman et al., 1977). This was, 
however, associated with a prolonged and difficult labor (Mathias 
et al., 1987). Various human populations with a high fish consumption 
were also reported to have longer pregnancies (Olsen et al., 1991) and 
two of seven trials on sows found increased gestation lengths when ani-
mals were fed linseed or fish oil (Tanghe and De Smet, 2013). Possible 
mechanisms suggested to explain these effects included a shift from 
synthesis of 2-series to the less biologically active 3-series PGs (Leaver 
et  al.,  1991), reduced expression of myometrial PTGS2 mRNA (Ma 
et al., 2000), decreased FADS1 activity resulting in lower circulating con-
centrations of AA (Stark et al., 2002), and direct effects on Ca2+ channels 
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and cell signaling in the myometrium (Allen and Harris, 2001). The lat-
ter suggestion was supported by an in vitro study showing that both 
AA and DHA reduced myometrial membrane OT receptor concentra-
tions (Kim et al., 2012).

Dietary supplementation of pregnant women with n-3 PUFAs derived 
from fish oil was therefore suggested as a potential strategy to reduce the 
risk of premature delivery. A large number of trials have now been pub-
lished but with mixed results. Olsen et al. (2000) gave a fish oil supple-
ment to women with a previous preterm delivery and found a reduced 
risk from 33% to 21% in comparison with a placebo group. Borod et al. 
(1999) provided women with DHA enriched eggs in the third trimes-
ter and found fewer low birth weight and preterm babies. Some studies 
reported that high fish oil intakes caused small increases in gestation 
length of between 1.6 and 6 days accompanied by a small increase in birth 
weight of about 47 g (Olsen et al., 1992; Horvath et al., 2007; Makrides 
et al., 2006; Smuts et al., 2003; Szajewska et al., 2006) but another showed 
no effect on either birth weight or gestation length (Helland et al., 2001). 
The weight change is probably partly, but not entirely, accounted for 
by the increased gestation length (Moltó-Puigmartí et al., 2014). In con-
trast, supplementation of seafood to an American population actually 
decreased birth weight and did not reduce the risk of preterm birth (Oken 
et al., 2004). These discrepancies are, perhaps, not surprising given the 
variability in both the starting populations and the content, dose, and 
duration of the dietary interventions used. A more recent study reported 
opposite direction correlations between maternal DHA and AA intake, 
gestation length and birth weight but these effects were dependent on 
maternal genotype classified according to a SNP in the FADS1/FADS2 
gene cluster (Moltó-Puigmartí et al., 2014). This SNP explained 28% of 
the variance of serum phospholipid AA and up to 12% of its precur-
sor acids, resulting in mothers with differing n-3 to n-6 ratios (Koletzko 
et  al.,  2008a). Allen and Harris (2001) suggested that there were also 
possible differences in the actions of DHA and EPA, which were pres-
ent in varying proportions in the different supplements used. Another 
comprehensive review concluded that results of n-3 PUFA supplementa-
tion were inconclusive, with more work required to establish both the 
mechanism of action and the efficacy in preventing prematurity (Lewin 
et al., 2005). A further important consideration is that the perinatal DHA 
status also appears to affect some key aspects of postnatal develop-
ment including visual function, risk of childhood asthma, adipose tis-
sue deposition, and insulin resistance (Demmelmair and Koletzko, 2015; 
Mennitti et al., 2015). Taking the requirements for visual and cognitive 
development into account, Koletzko et  al. (2008b) recommended an 
average daily intake of 200 mg DHA for pregnant women, an amount 
that should also reduce the risk of preterm birth.
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CONCLUSIONS

PUFAs have multiple actions within the body that are essential for 
fertility and fetal development. Evidence for specific functions is gener-
ally based on in vitro studies that often fail to translate into consistent 
in vivo effects. There are many potential reasons for this but a pervad-
ing difficulty is to achieve predictable changes in concentrations of indi-
vidual PUFAs and the ratios between them in particular tissues. Tissue 
contents do reflect dietary intake but are also influenced by metabolic 
status, genotype, and specific uptake mechanisms. Despite these reser-
vations there is some evidence that n-3 PUFAs can benefit aspects of 
fertility, in particular by improving semen quality and reducing the risk 
of preterm labor. Further validation is, however, required to ensure that 
the supposed benefits are of sufficient size and consistency to be cost 
effective in practice.
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INTRODUCTION

The polyunsaturated fatty acids (PUFA), comprising the omega-6 and 
omega-3 subgroups, have received considerable attention, largely owing 
to their important effects on human health. The omega-3 long chain 
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polyunsaturated fatty acids (LCPUFA), eicosapentaenoic acid (EPA, 20:5n-
3), and docosahexaenoic acid (DHA, 22:6n-3), in particular have a number 
of reported health benefits in humans, especially in relation to cardiovas-
cular (Calder, 2004) and inflammatory (Makrides et al., 2010; Proudman 
et  al.,  2013) conditions. This has led to recommendations from health 
agencies worldwide to increase dietary intake of these fatty acids (Flock 
et al., 2013). EPA and DHA are mainly derived preformed through con-
sumption of either fish or fish-oil supplements. However, they can also be 
synthesized de novo through conversion of the plant-derived shorter-chain 
omega-3 PUFA precursor, alpha-linolenic acid (ALA, 18:3n-3), although it 
is thought that the efficiency of this process in humans is generally very 
low (Burdge and Calder, 2005).

In addition to dietary intakes of omega-3 fats, omega-3 status is 
also heavily influenced by the level of intake of omega-6 PUFA. This is 
due to the competition between omega-6 and omega-3 PUFA for both 
enzymatic conversion of the short-chain precursors, linoleic acid (LA, 
18:2n-6), and ALA, to their respective long-chain derivatives, and for 
incorporation into cell membranes (Sprecher et al., 1995). This is signifi-
cant, since the incorporation of omega-3 LCPUFA into the cellular mem-
brane is a necessary step in the synthesis of downstream lipid mediators 
that give rise to the physiological, and ultimately health, effects of these 
fatty acids.

The purpose of this chapter is to build on the overview of PUFA metab-
olism presented in detail in Chapter 2, by describing the impact of vari-
ations in LA and ALA intakes on the metabolic pathway and LCPUFA 
synthesis.

PUFA METABOLISM

The PUFA synthesis pathway is described in detail in Chapter 2.

REGULATION OF PUFA METABOLISM

Regulation of Enzyme Expression

Animal studies have demonstrated that the rate of synthesis of long-
chain PUFA from LA and ALA is primarily regulated by the levels of 
substrate (i.e., LA and ALA), rather than changes in the expression of 
the regulatory desaturase and elongase enzymes. This is demonstrated 
by the results of a study by Tu et al. (2010), in which adult rats were 
fed either a high PUFA (0.6% energy as ALA, 6% energy as LA) or low 



	 Regulation of PUFA metabolism	 183

﻿ �﻿﻿

PUFA (0.03% energy as ALA, 0.4% energy as LA) reference diet or diets 
containing between 0.2% and 3% energy as ALA, with LA intake kept 
constant at 1% energy. This study showed that the concentrations of 
EPA and DPA in rodent tissues increased with increasing dietary ALA 
intake. However, while the hepatic expression of Fads2 and Elovl2 were 
significantly higher in rats fed the low PUFA compared to high PUFA 
reference diet, there were no differences in the expression of these 
genes in the livers of rats with increasing intakes of ALA within the 
normal physiological range of PUFA intakes (Tu et al., 2010) (Fig. 10.1A  
and B).

These results are consistent with those reported by others (Cho 
et al., 1999a,b), and suggest that while gene expression of the desaturase 
and elongase enzymes can be upregulated in response to dietary PUFA 
deficiency, within the normal physiological range of PUFA intakes it is 
primarily the level of substrate (in this case ALA), rather than changes in 
the expression of the regulatory enzymes, that determines the efficiency 
of PUFA LA conversion to AA and ALA conversion to EPA, DPA, and 
DHA, respectively.

FIGURE 10.1  (A) The upregulation of hepatic gene expression of the delta-6-desat-
urase (Fads2) and elongase 2 (Elovl2) on hepatic gene expression in rats fed a low-PUFA 
compared to a high PUFA diet. (B) The lack of any significant difference in the expres-
sion of the delta-6-desaturase (Fads2) with increasing ALA intakes between 0.2% and 3% 
energy (%en) in rats where the LA content of the diet was maintained at 1% energy. ALA, 
Alpha-linolenic acid; PUFA, polyunsaturated fatty acids. Source: Adapted from Tu, W.C., 
Cook-Johnson, R.J., James, M.J., Muhlhausler, B.S., Gibson, R.A., 2010. Omega-3 long chain fatty 
acid synthesis is regulated more by substrate levels than gene expression. Prostaglandins Leukot. 
Essent. Fatty Acids 83, 61–68.
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Impact of ALA and LA Intakes

The fact that the same regulatory enzymes are utilized for both 
omega-3 and omega-6 PUFA metabolism results in competition between 
LA and ALA for the desaturase and elongase enzymes required for their 
conversion to their downstream LCPUFA (Lands et  al.,  1990; Sprecher 
et al., 1995). While the desaturase enzymes have a higher affinity for ALA 
compared to LA, high levels of LA in the background diet (such as those 
in typical Western diets), can reduce the efficiency of endogenous synthe-
sis of omega-3 LCPUFA from ALA (Sprecher et al., 1995). William Lands 
was one of the first lipid researchers to evaluate the impact of altering 
dietary LA and ALA intakes in both rats and humans on tissue omega-3 
LCPUFA accumulation, and these experiments provided clear evidence of 
the powerful effect of the competition between these fatty acids on tissue 
fatty acid levels (Lands et al., 1992, 1990). The role of ALA, LA, and total 
PUFA intakes on EPA, DPA, and, finally, DHA concentrations in tissues 
are discussed in later sections.

Animal Studies

Animal studies have highlighted that levels of omega-3 LCPUFA in tis-
sues can be regulated by simply altering the balance of LA and ALA in 
the diet and that a dose-response relationship generally exists between 
dietary ALA intake and the omega-3 LCPUFA content of blood and tissues 
(Blank et al., 2002; Gibson et al., 2013; Tu et al., 2010). Total PUFA intake 
(i.e., the sum of omega-3 and omega-6 PUFA intakes) also has a significant 
influence on the relationship between PUFA intake and tissue LCPUFA 
accumulation.

The most comprehensive study to date to investigate the regulation 
of PUFA synthesis was conducted by Gibson et al. (2013), and involved 
assigning rats to one of 54 different diets containing differing levels of LA, 
ALA, and total PUFA. The results of this study provide an excellent illus-
tration of several key aspects of the PUFA metabolic pathway described 
in Chapter 2 including the impact of LA and ALA intakes, the ratio of 
LA to ALA in the diet, and the total dietary PUFA content. We will first 
concentrate the effects observed for EPA and DPA, because DHA exhib-
its a somewhat different pattern in comparison to the other omega-3 
LCPUFA. The authors found that, not surprisingly, the ALA content of 
the plasma phospholipids of the rats was directly related to ALA content 
of the diet. However, the extent of the incorporation was generally low. 
In addition, ALA incorporation decreased as the dietary LA:ALA ratio 
increased, and when this ratio exceeded 7:1, there was almost complete 
inhibition of ALA incorporation (Gibson et al., 2013). This finding dem-
onstrates that ALA incorporation, as well as conversion/metabolism, 
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is inhibited in the presence of excess dietary LA, due to competition 
between the fatty acids for uptake into the membrane.

In the case of EPA and DPA, the impact of the same increase in dietary 
ALA content differed significantly according to the LA:ALA ratio of the 
diet (Gibson et al., 2013). Thus, at low ratios (<0.8:1), the EPA and DPA con-
tent of plasma phospholipids increased in direct proportion to the increase 
in dietary ALA intake, although the slope of the increase was much lower 
when ALA intake was >3% energy (Fig.  10.2). Increasing the dietary 
LA:ALA ratio even modestly (to ∼2:1) resulted a reduction of 50%–60% in 
the accumulation of both EPA and DPA, and at LA:ALA ratios (>7:1) there 
was virtually no accumulation of EPA in plasma phospholipids (Fig. 10.2). 
These results provide a clear demonstration that high LA intakes signifi-
cantly inhibit the capacity of ALA both to be incorporated into tissue phos-
pholipids and, perhaps more importantly, be converted to its downstream 
omega-3 long-chain derivatives. The results of these investigations provide 
critical insights into the regulation of PUFA synthesis in vivo, and support 
for the PUFA metabolic pathway illustrated in Chapter 2.

Regulation of DHA Synthesis

As depicted in the PUFA metabolic pathway, the conversion of ALA 
to DHA requires additional steps in comparison to EPA and DPA, and 

FIGURE 10.2  Concentrations of (A) EPA and (B) DPA in plasma phospholipids of rats 
fed diets containing increasing amounts of ALA (as a percent of total dietary energy). The 
LA:ALA ratio was either a low (0.5–0.8, circular symbols), moderate (1.9–2.6, triangular sym-
bols), or high 7.4–11.3, square symbols). ALA, Alpha-linolenic acid; EPA, eicosapentaenoic acid. 
Data are mean ± SD (n = 5 rats per group). Source: Adapted from Gibson, R.A., Neumann, M.A., 
Lien, E.L., Boyd, K.A., Tu, W.C., 2013. Docosahexaenoic acid synthesis from alpha-linolenic acid is 
inhibited by diets high in polyunsaturated fatty acids. Prostaglandins Leukot Essent. Fatty Acids 88, 
139–146.
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this has implications for how DHA concentrations respond to increases 
in dietary ALA intakes. In rodent studies, while the EPA content of blood 
and tissues increases linearly with increasing ALA intake, DHA con-
tent plateaus at relatively low dietary ALA intakes (∼1% energy) (Tu 
et al., 2010). The rodent study by Gibson et al. (2013) discussed earlier 
also demonstrated that DHA accumulation into plasma phospholip-
ids was dependent on the level of both ALA and LA in the diet. Thus, 
at low ALA intakes DHA accumulation was linearly related to ALA 
intake; however, the level of ALA intake at which peak DHA accumula-
tion decreased as the LA:ALA ratio increased (1% energy ALA at low 
LA:ALA ratios, 0.75% energy ALA at moderate LA:ALA ratios, and 0.3% 
energy ALA at high LA:ALA ratios). In all cases, once this peak level 
of DHA accumulation was obtained, DHA accumulation into plasma 
phospholipids actually decreased with further increases in ALA intake 
(Fig. 10.3; Gibson et al., 2013).

Collectively, these findings clearly demonstrate that synthesis of DHA 
from ALA is highly sensitive to the fatty acid composition of the back-
ground diet, and rapidly blocked by even relatively modest increases in 
LA and/or total PUFA intakes. This is not unexpected if we review the 
PUFA metabolic pathway, and recall that the delta-6-desaturase is used 
once in the synthesis of EPA and DPA from ALA, but twice in the syn-
thesis of DHA, such that increasing the amount of ALA in the system 
effectively limits the availability of the desaturase enzyme for converting 
EPA through to DHA (Sprecher et al., 1995). It is also possible that the 
additional β-oxidation step required for DHA synthesis could be inhib-
ited at high LA/total PUFA intakes. This is supported by the results of 
a study by James et al. (2003) that bypassed the first delta-6-desaturase, 
by supplementing subjects with steradoic acid (SDA). The study showed 
that SDA supplementation was also not associated with an increase in 
plasma DHA, suggesting that other enzymes in the pathway besides the 
delta-6-desaturase are also rate-limiting to conversion (James et al., 2003).

Human Studies

There is evidence that the balance of ALA and LA in the diet also has a 
significant impact on omega-3 LCPUFA status in humans. In addition to 

FIGURE 10.3  Effect of increasing dietary ALA concentrations on DHA levels in plasma 
phospholipids of rats. Diets contained low (11.8% energy, circular symbols), medium (22.2 
en%, triangular symbols), and high (39.4 en%, square symbols) levels of total dietary fat. The 
data are shown for three different LA:ALA ratios: (A) low 0.5:1–0.8:1, (B) moderate 1.9:1–2.6:1, 
and (C) high 7.4:1–11.3:1. Data are mean ± SD (n = 5 rats per group). Source: Adapted from Gib-
son, R.A., Neumann, M.A., Lien, E.L., Boyd, K.A., Tu, W.C., 2013. Docosahexaenoic acid synthesis 
from alpha-linolenic acid is inhibited by diets high in polyunsaturated fatty acids. Prostaglandins 
Leukot. Essent. Fatty Acids 88, 139–146.
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work in animal models, Lands et al. (1990) conducted comparable studies 
in humans, and these demonstrated that increases in dietary LA intake 
were associated with reductions in omega-3 LCPUFA status, implying 
that excessive intakes of dietary omega-6 PUFA limit the ability of ALA 
and omega-3 LCPUFA consumed in the diet to increase omega-3 LCPUFA 
status. The findings from both human and animal studies that higher 
omega-6 PUFA intakes were associated with a poorer conversion of ALA 
to EPA, DPA, and DHA, led to the suggestion that lowering dietary LA 
intake could potentially improve omega-3 LCPUFA status without a need 
to increase omega-3 LCPUFA intake (Lands et al., 1990).

The Impact of Altering ALA and LA Intakes on Omega-3 
LCPUFA Status in Humans

While there are relatively few studies that have specifically examined 
the impact of altering dietary LA and/or ALA intakes, there is evidence 
of a role for both increased ALA and decreased LA intake in improv-
ing omega-3 LCPUFA status. In infants, feeding a formula containing 
a lower LA content increases the efficiency of cellular DHA incorpora-
tion, resulting in a higher DHA status (Clark et al., 1992). A systematic 
review of studies in human adults involving manipulations of the ALA 
and LA intakes in the diet and their effect on omega-3 status concluded 
that increasing ALA intake was quite effective at increasing EPA concen-
trations (most studies didn’t measure DPA), but that this needed to be 
done in conjunction with a reduction in the intake of omega-6 LA to less 
than 2.5% energy in order to also increase DHA concentrations (Wood 
et  al.,  2015). In this systematic review, nine studies increased dietary 
ALA while maintaining LA intake, and six of these reported a signifi-
cant increase in EPA content in plasma/erythrocyte phospholipids, with 
a median increase of 60% (range 30.3%–366%) (Finnegan et  al.,  2003; 
Goyens and Mensink, 2005; Goyens et al., 2006; Kontogianni et al., 2013; 
Li et  al.,  1999; Wallace et  al.,  2003). However, none reported increases 
in DHA status. In addition, six of the seven studies, which decreased 
LA while maintaining ALA intake, reported a significant increase in 
EPA status, with a median increase of 33% (range 3.5%–51.3%) (Goyens 
and Mensink, 2005; Goyens et al., 2006; Macintosh et al., 2013; Renaud 
et  al.,  1995; Taha et  al.,  2014; Wood et  al.,  2014). Three of these stud-
ies also reported increases in DHA (median 13.9%, range 7.9%–24.7%) 
(Macintosh et al., 2013; Renaud et al., 1995; Taha et al., 2014). Six of the 
seven studies that both increased ALA and decreased LA intake reported 
a significant increase in EPA (Finnegan et al., 2003; Hagfors et al., 2005; 
Hussein et  al.,  2005; Kontogianni et  al.,  2013; Macintosh et  al.,  2013; 
Mantzioris et al., 1994; Taha et al., 2014) and three reported increases in 
both EPA and DHA status (Hagfors et al., 2005; Macintosh et al., 2013; 
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Taha et al., 2014). These findings support the concept that reducing lev-
els of LA (and total PUFA), as well as increasing ALA are necessary in 
order to optimise the metabolic conversion of ALA in humans.

Oleic Acid Metabolism

In addition to ALA and LA, the oleic acid (18:1n-9) can also act as 
a substrate for the desaturase enzymes and can be converted to eico-
satrienoic acid (also known as mead acid). This occurs primarily when 
dietary intakes of ALA and LA are low and consequently elevated levels 
of mead acid have been historically be used as an index of essential fatty 
deficiency (Holman,  1960). However, more recent studies in rats have 
suggested that mead acid is also present at high levels in the absence 
of essential fatty acid deficiency (Choque et  al.,  2015), and can inhibit 
the synthesis of inflammatory mediators in animal models (Cleland 
et al., 1996; James et al., 1993). Thus, the traditional view of mead acid 
may require reevaluation.

Public Health Perspective

The impact of high intakes of LA on PUFA metabolism and, ultimately, 
the relationship between omega-3 intakes and omega-3 status has par-
ticular significance given the substantial increases in omega-6 PUFA 
intakes in Western countries worldwide over the past century (Blasbalg 
et al., 2011; Lands, 2008). As seen earlier, the high levels of LA intake have 
the potential to limit both the synthesis of omega-3 LCPUFA from ALA 
and the uptake of these long-chain fatty acids into tissue membranes. This 
is important, because these fatty acids need to be incorporated into tis-
sue membranes to be able to be released into the free fatty acid pool. It 
is these omega-3 and omega-6 free fatty acids that ultimately determine 
their bioactivity, because these are converted to downstream lipid media-
tors, collectively known as oxylipins, which have a broad range of actions 
on various physiological systems, most notably immune and inflamma-
tory pathways (Samuelsson et al., 1987; Serhan, 2006). Traditionally, it was 
considered that all omega-6 oxylipins were proinflammatory and/or pro-
thrombotic, while all omega-3 oxylipins had the opposite physiological 
effects, and that this accounted for the generally is somewhat too sim-
plistic. Nevertheless, it still appears that the omega-3-derived oxylipins 
are generally less potent inflammatory mediators than those oxylipins 
derived from omega-6 fatty acids, and indeed many omega-3-derived 
oxylipins have immune-resolving, antiinflammatory and/or neuroprotec-
tive effects. As a result, an excess of omega-6-derived oxylipins has been 
associated with increased inflammation, pain, and increased risk of aller-
gic and cardiometabolic diseases (Spiteller, 1998).
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SUMMARY AND CONCLUSION

This chapter has described our current understanding of PUFA 
metabolism, and highlighted the key aspects of this metabolic pathway. 
First, the omega-3 and omega-6 fats utilize the same set of desaturase 
and elongase enzymes in their synthetic pathway, and this leads to com-
petition between LA and ALA for conversion to their longer-chain fatty 
acid derivatives. Second, the synthesis of longer-chain fats appears to be 
driven more by substrate levels than altered expression of the desaturase 
and elongase enzymes. Third, the synthesis of DHA requires additional 
steps in comparison to that of the other omega-3 LCPUFA, specifically a 
second utilization of the delta-6-desaturase and a β-oxidation step. An 
understanding of this pathway can be used as a basis for explaining the 
previously somewhat confusing results of studies involving manipula-
tions of dietary fatty acid intake. Specifically, why a higher total PUFA 
intake limits both the incorporation of ALA into the membrane and the 
capacity for metabolic conversion of ALA to EPA, DPA, and DHA, a 
higher LA:ALA content in the diet is associated with a reduced effi-
ciency of omega-3 LCPUFA synthesis, and why DHA accumulation into 
tissues rapidly plateaus as ALA intakes increase, whereas accumulation 
of EPA and DPA increases linearly to much higher levels of ALA intake. 
While not as comprehensive in terms of the range of diets examined, 
and less tightly controlled than animal studies, the results of human 
studies involving manipulations of dietary ALA and LA are broadly 
in line with the findings from studies in rodents, pigs, and nonhuman 
primates, and suggest that lowering LA intakes has the capacity to 
substantially increase the efficiency of ALA conversion in both infants 
and adults.
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INTRODUCTION

Vegetarianism encompasses several dietary patterns including the 
complete exclusion of meat, fish, and dairy produce (veganism), exclusion 
of meat and fish with inclusion of dairy products and eggs (ovo-lacto-
vegetarianism), the exclusion of all meat except fish (pesco-vegetarianism),  
and only excluding meat from the diet. Vegetarian diets have been associ-
ated with specific health benefits (Chiu et al., 2014; Dinu et al., 2016; Glick-
Bauer and Yeh,  2014; Huang et  al.,  2016; Orlich et  al.,  2015; Sabate and 
Wien, 2015; Tonstad et al., 2013; Wang et al., 2015). However, exclusion of 
major food groups from the diet incurs a potential risk of marginal status 
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or deficiency of nutrients that are found predominately or exclusively in 
the excluded foods. For example, exclusion of meat and fish from the diet 
may lead to suboptimal intakes of vitamin B12 and of the longer-chain 
n-3 polyunsaturated fatty acids (LCPUFA), eicosapentaenoic acid (EPA, 
20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3). Lower EPA and DHA 
intakes and status have been associated with increased risk of cardiovas-
cular and inflammatory disease (Calder, 2015; Calder and Yaqoob, 2009; 
Harris and Von Schacky, 2004). Thus there is an apparent paradox between 
the health benefits associated with vegetarian diets and increased disease 
risk associated with low EPA and DHA intakes. One potential explana-
tion for the apparent health benefits of vegetarian diets despite low EPA 
and DHA intakes is that conversion of α-linolenic acid (ALA, 18:3n-3) to 
n-3 LCPUFA increases when intakes of preformed EPA and DHA are low. 
Moreover, the developing central nervous system requires adequate accu-
mulation of DHA for optimal function (Lauritzen et al., 2016). Thus there 
is a potential risk of low maternal DHA status leading to developmental 
deficits in children of vegetarian mothers. The purpose of this review is 
to examine the evidence of the effect of vegetarian diets on EPA and DHA 
status in adults and to assess whether EPA and DHA synthesis may be 
increased in individuals who consume a vegetarian diet.

EPA AND DHA STATUS IN VEGETARIANS 
AND VEGANS

Relatively few studies have assessed the effect of vegetarian diets on 
EPA and DHA status. These include studies in geographically diverse 
cohorts, in men, women, or both sexes combined, that differ in dietary 
classification, and have assessed the levels of these fatty acids in differ-
ent lipid compartments (plasma or serum phospholipids, total serum fatty 
acids, or erythrocyte membrane phospholipids). Nevertheless, despite 
such differences in study design, significant differences between vegetar-
ians, vegans, and omnivores have been reported consistently.

EPA and DHA Status in Vegetarian or Vegan Men

The majority of studies on n-3 LCPUFA status in vegetarians have been 
carried out on men. The findings of individual studies are detailed in 
Table  11.1. Huang et  al. (2013) compared vegetarian Chinese men with 
omnivores, mean age 40  years. Vegetarians were defined as excluding 
meat and fish, but consuming dairy products. The proportions of ALA 
(35%), EPA (63%), and DHA (63%) were lower in vegetarians than in omni-
vores. Yu et al. (2014) used the same definition to assess n-3 LCPUFA sta-
tus in male Chinese vegetarians. They found that compared to omnivores, 
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TABLE 11.1  Summary of Studies That Have Compared Omega-3 PUFA Status in Omnivores and Vegetarians

Study Subjects and nationality (n) ALA EPA DHA

MEN

Huang et al. 
(2013)

Chinese Plasma phospholipids (% total fatty acids; mean (SD))

Omnivores (128) 0.65 (3.21) 2.98 (2.5) 5.61 (1.36)

Vegetarians (103) 0.42 (0.28) 1.11 (1.77) 2.1 (1.04)

Difference between groups P = 0.017 P < 0.001 P < 0.001

Yu et al. 
(2014)

Chinese Plasma phospholipids (% total fatty acids; mean (SD))

Omnivores (106) 0.19 (0.12) 1.34 (1.13) 4.66 (1.45)

Vegetarians (89) 0.39 (0.29) 0.83 (1.2) 2.12 (0.85)

Difference between groups P < 0.0001 P = 0.003 P < 0.0001

Mann et al. 
(2006)

Australian Plasma phospholipids (% total fatty acids; mean (SD))

High meat eating (16) 0.2 (0.1) 1.1 (0.5) 3.4 (1.0)

Moderate meat eating (53) 0.2 (0.1) 1.0 (0.3) 3.3 (0.8)

Lacto-ovo-vegetarian (40) 0.3 (0.1) 0.7 (0.3) 2.2 (0.7)

Vegan (17) 0.3 (0.1) 0.6 (0.3) 2.0 (0.4)

Difference: meat eaters versus 
vegetarians

P < 0.01 P < 0.01 P < 0.01

(Continued)
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Study Subjects and nationality (n) ALA EPA DHA

Welch et al. 
(2010)

UK Plasma phospholipids (µmol/L; mean (SD))

Fish eaters (2257) 10.9 (5.7) 57.5 (43.2) 239.7 (106.2)

Meat eaters (359) 11.8 (7.0) 47.4 (30.3) 215.6 (96.4)

Vegetarians (25) 13.6 (10.1) 55.9 (45.3) 222.2 (138.4)

Vegans (5) 15.8 (9.7) 65.1 (45.5) 195.0 (58.8)

Difference between groups 
(ANOVA)

P < 0.001 P = 0.001 P < 0.001

Melchert 
et al. (1987)

German Total serum fatty acids (% total fatty acids; mean (SD))

Male nonvegetarians (37) 1.39 (0.29) ND 2.15 (0.53)

Male vegetarians (38) 1.62 (1.89) ND 1.2 (0.46)

Difference between groups P < 0.01 P < 0.001

WOMEN

Welch et al. 
(2010)

UK Plasma phospholipids (µmol/L; mean (SD))

Fish eaters (1891) 12.4 (6.1) 64.7 (43.4) 271.2 (113.1)

Meat eaters (309) 13.1 (7.3) 57.1 (38.4) 241.3 (109.6)

Vegetarians (51) 12.3 (4.8) 55.1 (52.5) 223.5 (137.8)

Vegans (5) 13.71 (8.1) 50.0 (29.4) 286.4 (211.7)

Difference between groups 
(ANOVA)

NS P < 0.001 P < 0.001

TABLE 11.1  Summary of Studies That Have Compared Omega-3 PUFA Status in Omnivores and Vegetarians (Cont.)
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Study Subjects and nationality (n) ALA EPA DHA

Li et al. (1999) Australian Serum phospholipids (% total fatty acids; mean (SD))

Omnivores (24) 0.23 (0.1) 0.95 (0.46) 3.51 (0.64)

Vegetarian (50) 0.24 (0.1) 0.6 (0.29) 2.8 (0.86)

Difference between groups NS P = 0.003 P < 0.0001

Reddy et al. 
(1994)

UK Plasma phospholipids (% total fatty acids; mean (SEM))

Caucasian omnivore women (24) ND 0.97 2.26 (0.19)

South Asian women (24) ND 0.36 1.2 (0.09)

Difference between groups (P) P < 0.001 P < 0.001

Melchert 
et al. (1987)

Female nonvegetarians (37) 1.1 (0.35) ND 2.36 (0.59)

Female vegetarians (38) 1.35 (0.81) ND 1.42 (0.47)

Difference between groups P < 0.01 P < 0.001

MEN PLUS WOMEN

Phinney et al. 
(1990)

North American Serum phospholipids (% total fatty acids; mean (SEM))

Omnivore (100) 0.21 (0.01) 0.59 (0.03) 3.59 (0.11)

Semi-vegetarian (16) 0.28 (0.03) 0.67 (0.08) 3.27 (0.37)

Vegetarian (25) 0.29 (0.02) 0.64 (0.05) 3.19 (0.29)

1 versus 2 or 3 
P = .0004

NS NS

Melchert 
et al. (1987)

Female nonvegetarians (37) 1.1 (0.35) ND 2.36 (0.59)

Female vegetarians (38) 1.35 (0.81) ND 1.42 (0.47)

Difference between groups P < 0.01 P < 0.001

(Continued)
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TABLE 11.1  Summary of Studies That Have Compared Omega-3 PUFA Status in Omnivores and Vegetarians (Cont.)

Study Subjects and nationality (n) ALA EPA DHA

Sanders et al. 
(1978)

UK Plasma phosphatidylcholine (mg/g; mean (SEM))

Omnivores (12) ND 13.0 (0.9) 40 (2.5)

Vegans (12) ND 2.0 (0.2) 14 (1.7)

Lee et al. 
(2000)

Chinese Total serum fatty acids (% total fatty acids; mean (SD))

Omnivores (133) 0.8 (0.6) 1.3 (1.3) 3.4 (2.2)

Vegetarian (60) 1.7 (2.0) 0.2 (0.5) 1.7 (2.5)

Difference between groups P < 0.001 P < 0.001 P < 0.05

Kornsteiner 
et al. (2008)

Australian Erythrocyte phospholipids (% total fatty acids; mean (SD))

Omnivores (23) 0.37 (0.25) 0.35 (0.14) 1.81 (0.63)

Lacto-ovo-vegetarians (25) 0.24 (0.16) 0.27 (0.1) 1.28 (0.37)

Vegans (37) 0.28 (0.21) 0.16 (0.06) 0.87 (0.31)

Occasional meat eaters (13) 0.34 (0.17) 0.34 (0.14) 1.84 (0.68)

Difference between groups NS 1 versus 3 P < 0.001; 2 versus 
3 P < 0.001; 3 versus 4 

P < 0.01

1 versus 2 P < 0.05; 1 
versus 3 P < 0.01; 2 
versus 3 P < 0.001; 3 

versus4 P < 0.01

Rosell et al. 
(2005)

UK Total serum fatty acids (% total fatty acids; arithmetic mean (95% CI))

Meat eaters (196) 1.3 (1.2–1.41) 0.72 (0.65–0.8) 1.69 (1.59–1.79)

Vegetarians (231) 1.39 (1.3–1.48) 0.52 (0.48–0.57) 1.16 (1.07–1.24)

Vegans (232) 1.41 (1.32–1.5) 0.34 (0.31–0.37) 0.7 (0.61–0.79)

Difference between groups NS P < 0.001 all comparisons P < 0.001 all comparisons



	 EPA and DHA status in vegetarians and vegans	 199

﻿ �﻿﻿

vegetarians had higher proportions of ALA (105%), but lower proportions 
of EPA (38%) and DHA (55%). Mann et  al. (2006) compared Australian 
men who were high meat eaters (greater than 285  g per day), moder-
ate meat eaters (less than 260 g meat per day), ovo-lacto-vegetarian and 
vegan. The nonmeat eating groups had higher proportions of ALA (33%) 
and lower proportions of EPA (45%), 22:5n-3 (15%), and DHA (41%) in 
plasma phospholipids. Melchert et al. (1987) showed that the proportion 
of ALA in total serum fatty acids was 17% higher and the proportion of 
DHA was 44% lower in German male vegetarians than in omnivores.

EPA and DHA Status in Vegetarian or Vegan Women

Li et al. (1999) compared n-3 LCPUFA status in Australian women (aged 
20–45 years) who had not consumed red meat for at least 6 months and ate 
fish or chicken less than once per week (vegetarians) with women who ate 
red meat at least five times per week (omnivores). The proportions of ALA 
or DPAn-3 in plasma phospholipids did not differ significantly between 
groups. However, the proportions of EPA and DHA in plasma phospho-
lipids were lower (37% and 20%, respectively) in vegetarians compared to 
omnivores. Melchert et al. (1987) found that in German women the pro-
portion of ALA in total serum fatty acids was 23% higher in women and 
the proportion of DHA was 40% lower in German vegetarian women than 
in omnivores. In addition, Reddy et al. (1994) have shown that EPA and 
DHA were not detected in the diets of South Asian vegetarian women 
living in the UK. The proportion of EPA in plasma phospholipids was 
63% and DHA 47% lower in these women than in Caucasian omnivorous 
women.

EPA and DHA Status in Combined Groups of Male and Female 
Vegetarians or Vegans

Lee et al. (2000) reported a higher proportion of ALA (53%) and lower 
proportions of EPA (84%) and DHA (50%) in total serum lipids in a com-
bined cohort of Chinese vegetarian men and women compared to omni-
vores. Rosell et  al. (2005) found that the proportion of EPA in plasma 
phospholipids from UK men and women was lower in vegans compared 
to vegetarians (34%) and to omnivores (53%). Similarly, the proportion of 
DHA was lower in vegans compared to vegetarians (40%) and omnivores 
(59%). Others have also reported substantially lower concentrations of 
EPA (84%), DPAn-3 (27%) and DHA (65%) in plasma phospholipids from 
a group of UK vegan men and women compared to omnivores (Sanders 
et al., 1978). In a combined group of Australian men and women, the rank 
order of the proportion of ALA in erythrocytes was omnivores greater than 
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occasional meat eaters greater than vegans greater than ovo-lacto-vegetar-
ians (Kornsteiner et al., 2008). The rank order of the proportion of EPA in 
erythrocytes was omnivores greater than occasional meat eaters greater 
than ovo-lacto-vegetarians greater than vegans, while for DHA the rank 
order was omnivores similar to occasional meat eaters greater than ovo-
lacto-vegetarians greater than vegans. However, others did not find signifi-
cant differences in the proportions of EPA or DHA in serum phospholipids 
in a combined cohort of men and women who were either vegetarians 
(consumed meat or eggs less than once per month) or semivegetarians 
(consuming meat or eggs once per week or less), compared to omnivores 
(consumed meat or eggs at least twice per week), although the proportion 
of ALA was higher in the vegetarian groups (Phinney et al., 1990).

EPA and DHA Intakes in Vegetarians and Vegans

Few of the studies that investigated the effect of vegetarian diets on EPA 
and DHA status also assessed the dietary intakes of these fatty acids. In 
a combined cohort of Australian men and women, EPA plus DHA intake 
was 74  mg/day in vegetarians compared to 318  mg/day in omnivores 
(Kornsteiner et al., 2008). In Australian vegetarian men, EPA plus DHA 
intake was 10 mg/day compared to omnivores 100–190 mg/day (Mann 
et al., 2006). EPA plus DHA intake was 27 mg/day in UK men and 14 mg/
day in UK women compared to fish-eating omnivore men (320 mg/day) 
and women (260 mg/day) (Welch et al., 2010). Thus intakes of preformed 
EPA and DHA were approximately 70%–96% lower than the lowest recom-
mended intake [250 mg/day (European Food Standards Authority, 2010)]. 
Estimated intakes of EPA plus DHA in vegans have been reported to 
be 40 mg/day in Australian men and women (Kornsteiner et al., 2008), 
undetectable in Australian men (Mann et  al.,  2006), and 10  mg/day in 
UK men and 20  mg/day in UK women (Welch et  al.,  2010). Such esti-
mated intakes are from 84% to >99% lower than the lowest recommended 
intake. Moreover, the estimated intake of EPA plus DHA was 17  mg/
day in Scottish vegan mothers, approximately 93% lower than the low-
est dietary recommended intake, compared to 316 mg/day in omnivore 
mothers (Lakin et al., 1998). The findings of dietary analyses are consistent 
with lower EPA and DHA status in vegetarians and vegans and show that 
vegetarians and vegans do not meet recommended EPA and DHA intakes. 
One possible implication is that health benefits that have been associated 
with vegetarian diets (Key et al., 2006) may be offset by lower EPA plus 
DHA intakes.

20:3n-9 and 22:5n-6 are markers of essential fatty acid and DHA defi-
ciency, respectively. The concentration of 20:3n-9 did not to differ signifi-
cantly between vegetarians and omnivores (Sanders and Reddy,  1992). 
The concentration of 20:3n-9 has not been reported for vegans. The 
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concentration of 22:5n-6 has been shown to be higher in ovo-lacto-
vegetarians and vegans in some studies (Sanders et al., 1978), but not oth-
ers (Huang et al., 2013; Lakin et al., 1998). This suggests that some groups 
of vegetarians may be at risk of DHA deficiency.

CONVERSION OF ALA TO EPA AND DHA IN 
VEGETARIANS

All studies to date have reported EPA and DHA levels that were above 
detection limits, despite very low intakes. One possible explanation is that 
plasma EPA and DHA concentrations may, at least in part, reflect synthesis 
from ALA (Chapter 2). High ALA intake has been shown to be associated 
with increased plasma phospholipid EPA, but not DHA, concentration in 
men (reviewed in Burdge and Calder, 2006), and women are able to syn-
thesise both EPA and DHA from ALA (Burdge and Wootton, 2002) and 
maintain higher DHA status than men (Lohner et al., 2013). Thus it is pos-
sible that higher ALA intake may increase conversion and so compensate 
for low EPA and DHA intakes.

The proportions of ALA, EPA, DPAn-3, and DHA in studies that 
reported measurements of plasma phospholipids are summarized in 
Fig. 11.1. Comparisons of the mean level for all studies within each cat-
egory for each fatty acid showed that the proportion of DHA was sig-
nificantly lower (50%), but there was no difference in the proportions 
of ALA, EPA, or DPAn-3, in vegetarians compared with omnivores in 
men (Fig. 11.1A). These findings are consistent with the observation that 
men are able to convert ALA to EPA and DPAn-3, but not DHA (Burdge 
et al., 2002). If so, then it is possible that ALA intake in men was sufficient 
to maintain plasma EPA and DPAn-3, but not DHA, concentrations. There 
were too few studies in women to allow statistical analysis (Fig. 11.1B). 
However, there was a nonsignificant trend (P <  0.1) toward approxi-
mately 30% lower proportion of DHA in plasma from vegetarian women 
compared to omnivores. This suggests that greater conversion of ALA to 
DHA in women compared to men (Burdge and Wootton, 2002) is unable 
to compensate completely for low intakes of preformed EPA and DHA. 
There were no significant differences between vegetarians and omnivores 
in combined groups of men and women (Fig. 11.1C). This may reflect, at 
least in part, differences in capacity for conversion of ALA to longer-chain 
n-3 PUFA between sexes leading to masking of any differences in EPA and 
DHA status.

ALA intakes of vegetarians and vegans were not significantly different 
to omnivores (Kornsteiner et al., 2008; Mann et al., 2006; Welch et al., 2010). 
Thus it is possible that vegetarians may have increased their capacity 
for EPA and DHA synthesis in order to compensate for low intakes of  
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preformed n-3 LCPUFA. The ratios of individual n-3 LCPUFA have been 
used to estimate the activity of one or more reactions in the essential 
fatty acid conversion pathway. This approach has important limitations 
because the calculation does not take into account differential synthesis 
and turnover of individual phospholipid molecular species and to date 
this approach has not been validated directly. Nevertheless, it may have 
utility for comparing groups where data have been collected under com-
parable conditions. The ratio of EPA to ALA may reflect the combined 
activities of ∆6 and ∆5 desaturases, and elongase 5, while the ratio of DHA 
to EPA may reflect the combined activities of elongases 2 and 5, and ∆6 

FIGURE 11.1  The proportions of n-3 LCPUFA in plasma phospholipids. (A) Propor
tions in men, (B) in women, and (C) in men plus women. Symbols represent the mean  
reported by each study giving the proportion of each fatty acid; the bar represents the mean 
of all studies (Table 11.1). Statistical analysis was by students’ unpaired t test. O, Omnivores; 
V, vegetarians.
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desaturase (Chapter 2). In men, the ratio of EPA to ALA was lower in vege-
tarians than omnivores (Fig. 11.2A), which would be consistent with lower 
conversion of ALA to EPA, while there was no difference in the ratio of 
DHA to EPA between groups (Fig. 11.2A). There were too few studies of 
women to allow statistical analysis of these ratios. There were no differ-
ences in the ratio of EPA to ALA or DHA to EPA between vegetarians and 
omnivores in combined groups of men and women (Fig. 11.2B). Together 
these findings are in agreement of those of stable isotope tracer studies 
(Hussein et al., 2005) which have shown that increased ALA intake does 
not increase capacity for conversion to longer-chain n-3 PUFA and sup-
ports the argument of Salem and Kuratko (2011) that there is no evidence 
for up-regulation of ALA conversion in vegetarians.

CONCLUSIONS

Studies published to date show consistently that EPA and DHA  
status in vegetarians and vegans are lower than in omnivores. However, 
vegetarians and vegans do not appear to exhibit increased concentrations 
of fatty acids that are associated with essential fatty acid deficiency. The 
effects of low intakes of preformed EPA and DHA do not appear to be off-
set by increased conversion of ALA to n-3 LCPUFA. The current literature 
is relatively small, particularly with respect to studies of women. None 
of the reports published to date have provided a statement to indicate 

FIGURE 11.2  The ratio of EPA to ALA and of DHA to EPA for the data reported in 
Fig. 11.1. (A) Men; (B) men + women. Symbols represent the mean reported by each study; 
the bar represents the mean of all studies. Statistical analysis was by students’ unpaired t test. 
O, Omnivores; V, vegetarians.
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whether the number of subjects that have been studied was sufficient to 
provide an appropriate level of statistical power. Importantly, no study to 
date has investigated whether low EPA and DHA status in vegetarians or 
vegans is associated with adverse health outcomes.
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INTRODUCTION

There is a large body of evidence from prospective epidemiology and 
randomized controlled trials indicating that polyunsaturated fatty acid 
(PUFA) intake and status is an important determinant of cardio-metabolic 
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and cognitive health (Janssen and Kiliaan, 2014; Mozaffarian and Wu, 2011; 
Riserus et al., 2009). As a result, national and global authorities typically 
provide recommendations for total PUFA as a percent of dietary energy, 
linoleic acid (LA), and alpha linolenic acid (αLNA), which are the essen-
tial PUFAs, and for the marine n-3 PUFAs, eicosapentaenoic acid (EPA), 
and docosahexaenoic acid (DHA) (http://www.issfal.org/statements/
pufa-recommendations). These dietary recommendations are based on 
average population responses. It is well recognized that intake-tissue sta-
tus associations are highly heterogonous. The concentration of PUFAs in 
blood and tissue pools is not only dependent on dietary exposure but also 
on endogenous biosynthesis, and on the partitioning of fatty acid between 
the circulation and different tissues. In addition to concentrations, the 
impact of PUFAs on cell and tissue function, and therefore on the risk 
of disease, is dependent on their enzymatic and nonenzymatic oxida-
tion into an array of bioactive metabolites. Much of the variation in these 
metabolic processes is due to genetic variability in rate-limiting enzymes, 
which may influence both the structure, function, and tissue location of 
the resultant protein and also the levels of the protein produced. Family 
studies indicate that 40%–70% of red blood cell fatty acid status is inher-
ited (Lemaitre et al., 2008).

In the future, such knowledge of the influence of genotype on PUFA 
status and metabolism may be used to take a “personalized” preventive 
and therapeutic medicine approach with bespoke PUFA recommended 
intakes for individuals who are likely to be deficient and/or responsive, 
based on their genetic diagnostics.

DNA AND GENETIC VARIABILITY

The origin of the science of genetics dates back to the 1850s with 
Charles Darwin, who described his theories of natural selection in On the 
Origin of Species and the notion that individuals most genetically suited 
to their environment are likely to survive and reproduce. In the 1860s 
Gregor Johann Mendel published his work on pea plants and described 
the concepts of Mendelian inheritance. However, it was not until 1953 that 
Watson, Crick, and Franklin identified DNA as the molecule that carries 
genetic information and the unit of inheritance. In 2004, the full sequence 
of human DNA was described as containing 3 billion nucleotides (which 
consist of a base, sugar, and phosphate group; Lander, 2011). These nucle-
otides are arranged into 23 chromosome pairs, with one from each pair 
inherited from each biological parent. About 2% of the DNA encodes for 
proteins, with these regions termed genes, with a total of ∼22,000 genes 
in the human genome. The function of the remainder of the genome is 
poorly understood, and often referred to as “junk DNA” although future 

http://www.issfal.org/statements/pufa-recommendations
http://www.issfal.org/statements/pufa-recommendations
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research is likely to identify its essentiality in modulating DNA replication 
and repair, protein synthesis, and overall cell function.

Only identical twins have identical DNA. In the general population 
99.5% of the DNA is common between individuals with the remaining 
0.5% defining an individual’s phenotype (observable characteristics) and 
response to their environment. In 2015, output from the 1000 Genome 
Consortium, indicated that there are typically 88  million variants in a 
human genome (Auton et al., 2015). These variants influence the progres-
sion from health to disease and response to changes in lifestyle including 
altered food intake.

Genetic variation comes in many forms ranging from gross struc-
tural alterations affecting more than 1000 bases/nucleotides in the DNA 
sequence such as copy number variation, deletions, insertion, and inver-
sion, to single nucleotide polymorphisms (SNPs), where a single base 
in a nucleotide is changed. Structural variants are rare relative to SNPs 
and underlie monogenic disorders, whereby a mutation in a single gene 
causes the diseases. In contrast SNPs, which constitute >90% of all genetic 
variability, are common and therefore most relevant for public health and 
will be the form of genetic variation considered in this chapter.

In addition to targeted genotyping, whereby SNPs in key genes 
involved in PUFA synthesis and metabolism are considered, genome-
wide association studies (GWAS) have been used to identify functional 
gene variants (for a description of the principles of GWAS and GWAS 
conducted to date, please refer to the National Institute of Health, US 
on-line resources, https://www.genome.gov/20019523/, http://www.
ebi.ac.uk/gwas/). Rather than focus in on individual genes, in GWAS a 
tagging-SNPs approach is used to collect genetic information from across 
the genome and relate it to a particular trait, for example, PUFA concen-
trations. Publicly available SNP databases such as the site curated by the 
National Center for Biotechnology Information, United States (www.
ncbi.nlm.nih.gov/snp) are used to select SNPs of interest. Each SNP in 
the database has a unique reference SNP cluster ID (rs number) accession 
number which is typically cited in published papers.

PUFA BIOCONVERSION AND THE FATTY ACID 
DESATURASE (FADS) GENOTYPE

In addition to habitual dietary intake, the tissue status of the long chain 
(LC) PUFAs, AA, EPA, docosapentaenoic acid (DPA), and DHA is influ-
enced by the rate of bioconversion from LA and αLNA, which involves 
several desaturation and elongation steps (see Chapter 2). The key rate-
limiting enzymes in this pathway are the delta-5 (D5D) and delta-6 desat-
urases (D6D). The human desaturase complementary DNAs were first 

https://www.genome.gov/20019523/
http://www.ebi.ac.uk/gwas/
http://www.ebi.ac.uk/gwas/
http://www.ncbi.nlm.nih.gov/snp
http://www.ncbi.nlm.nih.gov/snp
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cloned in 1999 by Cho et al. (1999a,b) and were later identified as FADS-1 
and FADS-2 in the human genome (Marquardt et al., 2000), located in a 
cluster on chromosome 11 (11q12-13.1). D5D and D6D are found in many 
human tissues but the liver is the site at which they are most highly 
expressed (Cho et  al.,  1999a,b). n-6 LA and n-3 αLNA are metabolized 
by the same series of enzymes. EPA and DHA are produced at limited 
conversion rates of 0.2%–6% for EPA and <0.1% for DHA in human males 
and postmenopausal females, with higher rates evident in premenopausal 
females (thought to be an evolutionary adaptation to meet pregnancy 
demands; Burdge, 2006). As will be described, variation across the FADS 
gene region appears to be important in modulating LC PUFA status and 
has emerged as an important common genetic determinant of inflamma-
tory conditions, including cardiovascular diseases (CVD) and dementia. 
The basis of this association is the fact that AA, EPA, and DHA are the 
precursors for an array of pro- and antiinflammatory eicosanoids and pro-
resolving lipids (Fig. 12.1).

Dietary composition has also been shown to influence the relationship 
between the FADS genotype and PUFAs and cardiovascular health sta-
tus, as previously reviewed (O’Neill and Minihane, 2016). Although many 
SNPs in FADS1 and FADS2 have been described as influencing PUFA sta-
tus and associated health outcomes, the majority of these are in linkage 
disequilibrium and co-inherited. The actual functional SNP(s) have not 
yet been identified.

FIGURE 12.1  Long chain PUFA metabolites (Buczynski et al., 2009; Funk, 2001; Serhan 
et al., 2008; Stables and Gilroy, 2011). AA, Arachidonic acid; COX, cyclooxygenase; CYP450, 
cytochrome P450; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; HETE, hydroxye-
icosatetraenoic acid; HPETE, hydroperoxyeicosatetraenoic acids; LOX, lipoxygenase; LT, leu-
kotriene; PG, prostaglandin; Rv, resolvin; sEH, soluble epoxide hydrolase; TX, thromboxane. 
DiHET, DiHETE, DiHDPA, EpDPE, EpEET, and EpETE are CYP450/sEH-derived oxylipins.
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IMPACT OF FADS GENOTYPE ON PUFA STATUS

Using both a candidate gene and GWAS approach, numerous stud-
ies have reported associations between variations in FADS and desatu-
rase (product/precursor ratio of fatty acids) activity and fatty acid status 
in humans (examples outlined in Table 12.1). In 2006, using a candidate 
genotyping approach, Schaeffer et al. (2006) examined 18 SNPs and recon-
structed haplotypes (groups of SNPs) in the FADS1-2 cluster in 727 adults. 
A 5-locus FADS haplotype accounted for 27.7%, 5.2%, and 1.4% of the 
variation in AA, EPA, and DHA, respectively, in serum phospholipids. 
The minor alleles were associated with higher LA and αLNA and lower 
γ-linolenic acid, AA, EPA, and n-3 DPA concentrations, with no significant 
impact on DHA (Schaeffer et al., 2006).

Gieger et  al. (2008) carried out the first GWAS (n  =  284, 34–79-year-
old males) to report a significant association between the rs174548 SNP 
and D5D product substrate ratio (Gieger et al., 2008). Since then a num-
ber of larger GWAS have reported significant associations between vari-
ous FADS SNPs and PUFA status (Table 12.1). Using an elegant research 
approach, Ameur et  al. (2012) performed genome-wide analysis in five 
European populations and data from the 1000 Genomes Project, and com-
pared genomic data to that of early modern humans (archaic hominins) 
and distant primates, to examine the role of FADS genotype in human 
evolution (Ameur et  al.,  2012). The proportionally large human brain 
relative to body size is unique among primates. The human brain and 
central nervous system (CNS) is highly enriched in AA and DHA rela-
tive to other tissues. Therefore, in human evolution, a more efficient AA 
and DHA synthesis would be advantageous, in particular if dietary intake 
of LC PUFAs is limited. Two common FADS haplotype blocks (D and A, 
spanning FADS1 and the first part of FADS2) were identified, which are 
defined by 28 closely linked SNPs (Ameur et al., 2012). The FADS D hap-
lotype, unique to contemporary humans, was associated with lower levels 
of LA and αLNA and higher levels of EPA, gamma-linolenic acid (GLA), 
DHA, and AA. Individuals homozygous for haplotype D had 24% higher 
levels of DHA and 43% higher levels of AA, and higher liver expression of 
FADS1 than those homozygous for haplotype A. This data clearly demon-
strates the large size effect of FADS genotype on LC PUFA synthesis, and 
in vegan and vegetarians where intake is negligible, it is likely to be an 
important determinant of tissue EPA and DHA status.

However, as with other common genotypes, allele frequency varies 
between populations (Merino et  al.,  2011) and the penetrance of FADS, 
that is, its impact on PUFA status, is not homogenous, with factors such as 
habitual diet, health status, sex, and ethnicity likely to be important. Also 
the functional SNP(s) in the FADS1–2 region and the molecular basis for 
genotype-PUFA associations have not been fully identified. Wang et  al. 
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TABLE 12.1  Candidate Gene Studies and Genome-Wide Association Studies (Gwas): Associations Between Fads Snps, Fatty Acid Status, 
and Select Health Outcomes

Study Subjects
Age (Mean ± SD 
or range) Sex SNPs Outcomes

Results (impact on fatty 
acid status and other 
significant findings)

Schaeffer et al. 
(2006)

727 41.6 ± 12.3 years, 
20–64 years

Both rs99780, rs174544, 
rs174545, rs174546, 
rs174553, rs174556, 
rs174561, rs174568, 
rs174570, rs174583, 
rs174589, rs174602, 
rs174620, rs2072114, 
rs3834458, rs482548, 
rs526126, and rs968567

FA in serum 
phospholipids

SNPs showed strongest 
associations with AA 
(P < 1.0 × 10–13), also 
with LA, αLNA, EPA 
(P < 0.001)

Baylin et al. 
(2007)

1694 MI, 1694 
controls

58 ± 11 years Both rs3834458 PUFA in plasma 
and adipose 
tissue. Risk 
of MI

EPA, LA, and AA were 
significantly lower 
in adipose tissue 
and plasma with 
increasing copy 
number of variant 
alleles (P < 0.05 for 
all). No association 
with MI
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Study Subjects
Age (Mean ± SD 
or range) Sex SNPs Outcomes

Results (impact on fatty 
acid status and other 
significant findings)

Malerba et al. 
(2008)

658 59.7 ± 11.1 years Both rs174545, rs174556, 
rs174561, rs174570, 
rs174583, rs174589, 
rs174611, rs174627, 
rs498793, rs1000778, 
rs2524299, rs3834458, 
and rs17831757

FA in serum 
phospholipids 
and 
erythrocytes in 
CVD patients

SNPs strongly 
associated with 
AA (P < 1.0 × 10–4) 
in both serum 
and erythrocytes. 
Significant 
associations were also 
observed for LA and 
αLNA (P < 0.05)

Tanaka et al. 
(2009)

1210 + 1076 
(replication)

12–102 years Both GWAS FA in plasma and 
blood lipids

Associations between 
rs174537 and AA 
(P = 5.95 × 10−46), 
TC (P = 2.7 × 10−2), 
LDL-C (P = 1.1 × 10−2)

Ameur et al. 
(2012)

5652 genome-
wide, 960 
targeted 
resequencing

All ages Both GWAS FA in blood 
phospholipid

FADS haplotype 
associated with lower 
LA (P = 0.052) and 
αLNA (P = 0.024) 
and higher EPA 
(P = 1.1 × 10−12), GLA 
(P = 1.3 × 10−18), DHA 
(P = 8.3 × 10−5), and 
AA (P = 5.2 × 10−18)

(Continued)
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Study Subjects
Age (Mean ± SD 
or range) Sex SNPs Outcomes

Results (impact on fatty 
acid status and other 
significant findings)

Li et al. (2013) 505 CAD, 510 
controls

33–85 years Both rs174460, rs174537, 
rs174550, rs174611, and 
rs174616

Plasma FA D6D activity (AA/LA), 
was higher in CAD 
patients (P < 0.001). 
rs174537 minor allele 
associated with lower 
risk of CAD [OR 0.743, 
95% CI (0.624, 0.884), 
P = 0.001]. Carriers of 
the rs174460 minor 
allele were associated 
with a higher risk 
of CAD [OR 1.357, 
95% CI (1.106, 1.665), 
P = 0.003]

Roke et al. 
(2013)

878 20–29 years Both 19 SNPs in all subjects 
and 6 (rs174579, 
rs174593, rs174626, 
rs526126, rs968567, 
and rs17831757) were 
further analyzed

Plasma FA and 
hs-CRP

All 6 SNPs that were 
further analyzed 
significantly 
associated with AA 
levels and desaturase 
indices. Inverse 
association between 
FADS1 desaturase 
index and hs-CRP 
(P = 4.41 × 10−6)

TABLE 12.1  Candidate Gene Studies and Genome-Wide Association Studies (Gwas): Associations Between Fads Snps, Fatty Acid Status, 
and Select Health Outcomes (Cont.)
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Study Subjects
Age (Mean ± SD 
or range) Sex SNPs Outcomes

Results (impact on fatty 
acid status and other 
significant findings)

Guan et al. 
(2014)

8631 60.3 years Both GWAS Plasma n-6 PUFA 
composition

FADS cluster associated 
with LA, AA, GLA, 
DGLA, and adrenic 
acid

Mozaffarian 
et al. (2015)

8013 45.8 ± 3.4–
75.0 ± 5.1 years

Both GWAS Phospholipid 
trans FA

31 FADS SNPs 
associated with 
cis/trans-LA. No 
significant association 
with other TFAs

Li et al. (2016) 872 59.3 ± 10.8 years Both rs174450, rs174460, 
rs174537, and rs174616

Plasma FA 
and lipid 
composition 
T2D, CAD, 
both T2D 
and CAD, 
compared 
to healthy 
controls

T2D patients with 
rs174537 major allele 
were at risk of T2D 
and CAD (OR 1.763; 
95% CI 1.143–2.718; 
P = 0.010), with 
elevated plasma 
LDL-C, AA, and 
desaturase activity

αLNA, Alpha-linolenic acid; AA, arachidonic acid; CAD, coronary artery disease; CVD, cardiovascular disease; D5D, delta-5-desaturase; D6D, delta-6-desaturase; DGLA, 
dihomo-gamma-linolenic acid; DHA, docosahexaenoic acid; EDA, eicosadienoic acid; EPA, eicosapentaenoic acid; FA, fatty acids; FADS, fatty acid desaturase; GLA, 
gamma-linolenic acid; GWAS, genome wide association study; hs-CRP, high sensitivity C-reactive protein; LA, linoleic acid; LD, linkage disequilibrium; LDL-C, low density 
lipoprotein cholesterol; MI, myocardial infarction; PC, phosphatidylcholine; PUFAs, polyunsaturated fatty acids; SD, standard deviation; T2D, type 2 diabetes; TC, total 
cholesterol; TFA, trans fatty acid.
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(2015) examined FADS SNPs, the lipidomic profile, and FADS1–3 expres-
sion in liver samples (n = 154), and reported an associated with FADS1 
(but not FADS2 and 3) gene expression and protein levels, suggesting that 
the causal variant(s) may be located at FADS1. In addition, many of the 
highly linked SNPs were located in the transcription factor binding sites 
of the locus, which is consistent with the findings of Ameur et al. (2012) 
cited earlier and suggestive that FADS genotype mediates its effect by 
influencing transcription factor binding and activation of FADS1.

IMPACT OF FADS GENOTYPE ON CARDIOVASCULAR 
AND OTHER HEALTH OUTCOMES

Variation across the FADS gene region and resulting LC PUFA status 
modulation has been shown to influence inflammation and associated 
chronic diseases such as CVD and dementia. Although carriers of the 
major alleles benefit from increased EPA and DHA, the majority of stud-
ies suggest that FADS minor alleles (associated with decreased desatu-
rase activity) are associated with reduced inflammation, total cholesterol 
(TC), LDL-cholesterol (LDL-C), and coronary artery disease (CAD) risk 
(Aulchenko et  al.,  2009; Kwak et  al.,  2011; Martinelli et  al.,  2008). High 
levels of LA (relative to αLNA), which are typical in Western diets, in con-
junction with the presence of major alleles leads to increased conversion 
of LA to AA, which is a direct precursor of proinflammatory eicosanoids, 
such as prostaglandins and leukotrienes (Hester et al.,  2014) (Fig. 12.1). 
Table 12.1 lists a number of studies that have examined both PUFA sta-
tus and cardiovascular outcomes; however, other studies have also exam-
ined the impact of the FADS genotype on cardiovascular outcomes alone 
as previously reviewed by O’Neill and Minihane (2016). In the Verona 
Heart Study (2008), a CAD incidence of 84% versus 66% was evident in 
individuals with 6–7 versus 2–3 risk alleles, and a higher AA/LA ratio 
was an independent risk factor for CAD (Martinelli et al.,  2008), which 
may be attributable to the greater production of proinflammatory eico-
sanoids. In addition to associations between FADS rs174537 and desatu-
rase activity, Hester et al. (2014) also reported links between this SNP and 
the proinflammatory eicosanoids leukotriene B4 and 5-HETE (Fig. 12.1) in 
stimulated whole blood in adult females (Hester et al., 2014). In a recent 
finding, Vaittinen et al. (2016) reported significant associations between 
FADS SNPs (rs174547, rs174616) and adipose tissue inflammation follow-
ing surgery-induced weight loss. However, a few studies have reported 
contradictory results (Lu et al.,  2012; Qin et al.,  2011; Song et al.,  2013), 
which could be due to the ethnicity of the participants or differences in 
the n-6 to n-3 PUFA content of the habitual diet. For example, two studies 
in Chinese-Han populations reported the frequency of the rs174556 minor 
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allele to be significantly higher in cases of both CAD and acute coronary 
syndrome compared to control groups (Qin et al., 2011; Song et al., 2013).

Less is known about the complex relationship between the FADS gene 
cluster, PUFA metabolism and cognitive function. FADS SNPs have been 
shown to modulate the effect of habitual fatty acid intake on cognitive out-
comes in children (Lattka et al., 2012). As altered brain fatty acid status has 
been implicated in various cognitive disorders, Freemantle et al. investi-
gated associations between FADS SNPs (rs174546, rs174548, rs174549, and 
rs174555) and fatty acid composition in cortical brain tissue in 61 adult 
males (Freemantle et  al.,  2012). A significant association between the 
minor haplotype with estimated fatty acid desaturase activity was evi-
dent with no impact of genotype on the expression of FADS1 and FADS2. 
There was also a significant interaction between haplotype and age on 
LA and AA. Overall, the authors suggest that genetic variability in the 
FADS the gene cluster may affect FA composition in brain tissue but that 
this is unlikely due to an effect on local synthesis (Freemantle et al., 2012). 
Schuchardt et al. (2016) recently reported associations between 12 FADS 
SNPs and erythrocyte membrane LC-PUFAs in 111 patients with mild 
cognitive impairment. They found that minor allele carriers of several 
SNPs had higher LA and αLNA, and lower AA levels in erythrocyte mem-
branes compared to the major allele carriers. However, this study lacked 
a healthy control group and was therefore unable to investigate the influ-
ence of FADS genotypes or LC-PUFA status on cognitive performance 
(Schuchardt et al., 2016). There do not appear to be any GWAS reporting 
an association between FADS genotype and cognitive function. It is clear 
that further research is warranted in this area.

IMPACT OF OTHER GENOTYPES ON PUFA STATUS

In addition to the desaturases, elongase 2 and 5 (ELOVL2 and 5) are 
involved in multiple steps in the biosynthesis of AA, EPA, and DHA (see 
Chapter 2). Less is known about the impact of variants in these loci (chro-
mosome 6) on PUFA status. In the Cohorts for Heart and Aging Research 
in Genomic Epidemiology consortium, GWAS variant alleles of ELOVL2 
were associated with higher EPA and DPA and lower DHA. This suggests 
decreased elongase 2 activity, which is critical in the elongation of DPA 
to DHA. In addition to observational analysis, the impact of ELOVL vari-
ants on response to EPA and DHA supplementation was examined in the 
MARINA trial. After the 1.8 g/d dose, minor allele carriers had approxi-
mately 30% and 9% higher proportions of EPA and DHA than noncarriers 
(Alsaleh et al., 2014).

Apolipoprotein E (apoE) is involved in numerous stages of lipopro-
tein metabolism including dietary lipid absorption and chylomicron 
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metabolism, the production of hepatic derived lipoproteins and the recep-
tor mediated removal of lipoprotein remnants by the liver and other tissues 
(Minihane, 2016). Furthermore, it is the almost exclusive lipid transporter 
in the CNS. Two missense (resulting in changes in the amino acid in the 
protein) SNPs in the APOE gene on chromosome 19 (rs429358 and rs7412) 
result in three apoE protein isoforms, apoE2, apoE3, and apoE4. APOE4 
carriers have been inconsistently shown to be at higher risk of CVD and 
Alzheimer’s disease, and APOE genotype has emerged as the strongest 
identified common genetic predictor of longevity (Minihane, 2016). In the 
Genetics of Healthy Ageing Study, the prevalence of the APOE4 allele was 
6.8% in nonagenarians (90–99 years old), compared to 12.7% in matched 
control (55–75 years old), with APOE4 carriers having a 50% lower chance 
of reaching age 90 compared to noncarriers (Beekman et al., 2013).

Numerous mechanisms have been proposed to explain this association 
with health outcomes, including an impact of APOE genotype on LC n-3 
PUFA status. Brain tissue is highly enriched in DHA, indicating its essenti-
ality to neuronal function. A number of human studies have reported that 
the cognitive benefits associated with DHA/fish intake were absent or 
lower in APOE4 carriers (Minihane, 2016). In the SATGENE intervention, 
in which adult males were supplemented with DHA (3.5 g/d) for 8 weeks, 
a 21% lower plasma phospholipid DHA enrichment was observed in 
overweight APOE3/E4 males relative to those with the common APOE3/
E3 genotype (Chouinard-Watkins et al., 2015). Higher oxidation of DHA 
has been reported in APOE4 carriers (Chouinard-Watkins et  al.,  2013), 
which may help explain the lower status. Therefore, although confirma-
tion is needed and mechanisms are as yet poorly understood, available 
literature indicates defective LC n-3 PUFA metabolism in APOE4 carriers 
(25% population) relative to noncarrier groups.

GENOTYPE (COX, LOX, CYP450, AND SO ON) AND 
THE PRODUCTION OF BIOACTIVE LIPIDS

AA, EPA, and DHA are converted into a wide array of bioactive lip-
ids including thromboxanes (TXA2), prostaglandins, leukotrienes, lipox-
ins, resolvins, protectins, and other CYP450 derived oxylipins (Fig. 12.1) 
(Buczynski et  al.,  2009; Funk,  2001; Serhan et  al.,  2008; Stables and 
Gilroy, 2011), which modulate inflammation and vascular function. Given 
that these compounds are several-fold more potent than their parent 
PUFAs, with AA metabolites tending to be more inflammatory than their 
EPA and DHA derived equivalents, in addition to PUFA status, the rate of 
biosynthesis of these bioactive lipids is likely to be an important determi-
nant of PUFA-health outcome associations. As indicated in Fig. 12.1, cyclo-
oxygenases (COX), lipoxygenases (LOX), cytochrome P450s (CYP450), and 
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soluble epoxide hydrolase (sEH) are the main enzyme groups involved 
in their synthesis. Although as yet relatively unknown, variants in these 
genes, which impact on enzyme concentration, structure, and function, 
are likely to determine tissue concentration of this compound group.

Variation in the PTGS2 gene, which encodes for COX-2, has been associ-
ated with cardiovascular health and cancer risk (Ross et al., 2014; Shahedi 
et al., 2006), likely in part due to differences in the production of PUFA 
derived inflammatory mediators. In a prospective analysis using data 
from six patient groups (n = 49,232), the minor allele of the rs20417 SNP 
was associated with a decreased risk of CVD outcome (Ross et al., 2014). 
In 117 healthy controls, carriers had significantly lower urinary levels of 
select TXA2 and prostacyclins (PGF1α) compared with noncarriers (Ross 
et al., 2014). Although evidence is currently limited, variation in 5-LOX 
and 12-LOX has been associated with myocardial infarction (Gammelmark 
et al.,  2016) and essential hypertension (Quintana et al.,  2006) and inci-
dence, although no associations between 1348 LOX5 SNPs and carotid 
intima-media thickness as well as incident coronary heart disease was 
observed in the MESA study (Tsai et  al.,  2016). Quintana et  al. (2006) 
reported that the 12-LOX R261Q polymorphism (which results in an 
amino acid arginine to glutamine change in the protein) was associated 
with urinary 12-(S)hydroxyeicosatetraenoic acid (12(S)-HETE).

CYP450 variants have been linked with health end-points (Gervasini 
et  al.,  2016; Yan et al.,  2013; Zordoky and El-Kadi,  2010) and the bioac-
tive lipid profile (Schwarz et al., 2005). A genetic variant in the CYP4F2 
gene, the main gene involved in 20-HETE synthesis, was associated with 
the risk for posttransplant diabetes mellitus (PTDM) in kidney recipients 
(Gervasini et  al.,  2016). In in vitro catalytic assays the CYP1A1.2 I462V 
variant affected the production of a number of EPA derived epoxide 
metabolites (Schwarz et al., 2005).

SUMMARY AND CONCLUSION

Animal products and oily fish are the richest dietary sources of AA 
and EPA/DHA respectively, and, in omnivores, intakes of these products 
are the major variable determining tissue status. Common gene variants 
are thought to account for at least half the variability in the concentra-
tion of these LC-PUFA, and are likely to make an even greater contribu-
tion in vegetarians and vegans where endogenous biosynthesis is the 
almost exclusive source. Although variation in the FADS locus have been 
confirmed as an important modulator of LC-PUFA status, the functional 
variants have not been identified and the impact of variables such as sex, 
ethnicity, and habitual diet on its penetrance is relatively unquantified. 
Although the size effect has not been fully established, and is likely to 
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be variable among population subgroups, the FADS genotype is likely to 
have health implications. For example, for EPA + DHA, differences in con-
centrations of up to 30% have been reported between FADS genotype/
haplotype groups (Ameur et al., 2012; Li et al., 2016) (Table 12.1), which 
influence the risk of CVDs (Albert et al., 2002).

Modest dietary intakes of EPA and DHA could overcome this genotype 
effect; supplementation of 300 mg EPA and DHA or 90 g of salmon per 
week has been shown to increase combined plasma EPA plus DHA by 
about 30% (Flock et al., 2013; Raatz et al., 2013).

In addition to determining PUFA status, common genotypes are likely 
to modulate the synthesis of a whole host of bioactive lipids, which medi-
ate the cell and tissue actions of the LC PUFAs. However, research to 
identify functional variants in rate limiting COX, LOX, CYP450, and sEH 
enzymes, which modulate PUFA metabolism, is in its relative infancy.

In an era of precision, preventive and therapeutic medicine, FADS and 
other genotypes could contribute to the future stratification and targeting 
of dietary PUFA recommendations, and in particular in subgroups with a 
genetic predisposition towards low LC PUFA status.
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INTRODUCTION

Polyunsaturated fatty acids (PUFA) can influence cell function through 
several well-established mechanisms including membrane fluidity, by act-
ing as substrates for the production of a large number of second messen-
gers and by the activation of transcription factors, primarily peroxisomal 
proliferator-activated receptors (PPARs). In addition, PUFA biosynthesis 
can be modified by hormones, dietary fat intake and by polymorphisms 
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in genes that encode the major enzymes that catalyse this pathway. There 
is emerging evidence that PUFA can alter cell function by modifying the 
epigenetic regulation of genes and, in addition, that PUFA biosynthesis 
is regulated by epigenetic processes. This chapter discusses the evidence 
for interactions between PUFA and the epigenome, in terms of the role of 
epigenetics in regulating PUFA biosynthesis and the effects of PUFA on 
epigenetic processes.

An Overview of Epigenetics

Epigenetics refers to a group of closely interrelated processes that regu-
late transcription; methylation at the 5′ position of cytosine bases in CpG 
dinucleotide pairs, covalent modifications of histones (including acetyla-
tion and methylation of lysine residues) and the activities of noncoding 
RNA species (Bird, 2002). Such processes, in particular DNA methylation, 
are central to the induction during embryogenesis and maintenance of 
cellular phenotype and for mediating, via imprinting, parental influ-
ence on growth and development (Bird, 2002). DNA methylation marks 
are induced by the activities of DNA methyltransferases (Dnmts) 3a and 
3b, and maintained by Dnmt 1. Both imprinted and cell-type specific epi-
genetic marks are retained throughout the life course. However, there 
is evidence that DNA methylation at some loci can retain plasticity and 
respond to environmental inputs (Szyf,  2007). Such plasticity has been 
associated with disease traits such as cancer (Lillycrop and Burdge, 2014) 
and with cellular response to environmental signals, for example T cell 
maturation in the Th1 or Th2 phenotypes (Leoni et al., 2015). One implica-
tion of epigenetic plasticity is that although variations in the epigenetic 
control of genes involved in nutrient metabolism may contribute to indi-
vidual differences in nutrient requirements, dietary choices may modify 
the epigenome and hence influence the levels of nutrient intakes that are 
needed for health (Burdge et al., 2012). Methylation of CpG loci is often 
associated with repression of transcription, whereas unmethylated CpG 
dinucleotides facilitate transcriptional activation, although there are 
exceptions (Hu et al., 2013). Covalent modifications of histones may vary 
more dynamically than DNA methylation marks. Changes in the acetyl or 
methyl status of individual lysine residences can alter the conformation of 
the associated chromatin. Acetylated lysines facilitate a potentially tran-
scriptionally active chromatin structure, whereas deactylation can induce 
a condensed transcriptionally inactive structure. Methylation of lysine 
residues may facilitate or repress transcription in a manner dependent on 
the residue histone and a number of methyl groups (mono-, di-, or tri-
methyl). Noncoding RNAs may modify gene activity via RNA interfer-
ence leading to degradation of specific RNA transcripts, modifying DNA 
methylation, repression of transposons, altering transcriptional activation 
and by regulating RNA polymerase II activity.
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The Effect of PUFA on Epigenetic Marks in Cultured Cells

Perhaps surprisingly, there have been relatively few studies of the 
effects of PUFA, or other fatty acid classes, on epigenetic processes in cul-
tured cells. Treatment of M17 neuroblastoma cells with docosahexaenoic 
acid (DHA) (10 µmol/L) for 48 h induced increased global H3K9 acety-
lation and decreased global dimethyl H3K4, dimethyl H3K9, dimethyl 
H3K27, dimethyl H3K36, and dimethyl H3K79 levels, which suggests a 
genome-wide increase in potentially transcriptionally active genes (Sadli 
et  al.,  2012). This was accompanied by decreased protein expression of 
histone deacetylases (HDACs) 1, 2, and 3, although the effect of DHA 
on HDAC activity was not tested. Unfortunately, this study did not test 
whether such effects were specific to DHA or whether they were depen-
dent on DHA concentration. Treatment of U937 leukemic cells with eicosa-
pentaenoic acid (EPA) (100 µmol/L) increased mRNA expression of the 
CCAAT/enhancer-binding proteins C/EBP-β and C/EBP-δ, PU.1 and 
c-Jun (Ceccarelli et al., 2011). This was accompanied by demethylation of a 
single CpG locus the C/EBP-δ promoter in all clones compared to untreated 
cells. In contrast, this locus was unmethylated in 2/7 clones showed cells 
treated with oleic acid. Furthermore, the same groups showed that treat-
ment of U937 cells with EPA also induced almost complete demethylation 
of the H-Ras intron 1 CpG island, which was accompanied by increased 
H-Ras protein expression compared to untreated cells or cells treated with 
oleic acid (Ceccarelli et al., 2014). To date there have not been any studies 
on the effects of n-6 PUFA on epigenetic processes in vitro; however, one 
study has shown that treatment with arachidonoylethanolamine reduced 
the expression of differentiation-associated markers in HaCaT keratino-
cytes (Paradisi et al., 2008) induced increased methylation of the keratin 10 
genes via a putative mechanism involving type-1 cannabinoid receptor-
mediated induction of DNA methyltransferase activity.

Together these findings show that treatment of cultured cells with 
PUFA can induce changes in the epigenetic processes in a manner and 
which exhibits specificity in terms of target epigenetic mark and the genes 
that are affected. Furthermore, epigenetic changes can also be induced by 
metabolites of PUFA.

The Effect of Dietary PUFA on Epigenetic Processes in 
Pregnant Animal Models and Their Offspring

The majority requirements of developing animals are met primar-
ily by the maternal diet and by adaptions to maternal metabolism 
(Burdge et al., 1994; Postle et al., 1995). Animals that are born at a relatively 
early stage of development, such as rodents, tend to accumulate fatty acids 
in adipose tissue and in specific organs such as the brain after birth (Sinclair 
and Crawford,  1972). In these species, lactation is the primary route of 
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fatty acids supply. Other species, including humans and guinea pigs, tend 
to develop substantial adipose tissue reserves (Tanner,  1989) and incor-
porate fatty acids into specific organs, for example the brain (Innis, 1991), 
before birth. In these animals, both placenta fatty acid transport and lacta-
tion play important roles in providing fatty acids during development. 
However, whether fatty acids are supplied primarily through lactation 
or by a combination of placental transfer and lactation, pregnant females 
undergo metabolic adaptations to facilitate supply of fatty acids either via 
the placenta or milk including hyperlipidaemia, insulin resistance in late 
gestation (Herrera et  al.,  2006) and changes in phospholipid and PUFA 
metabolism (Burdge et al., 1994; Postle et al., 1994). Thus the outcome of 
interventions with PUFA during pregnancy can be modified by maternal 
metabolism and the stage of development of the offspring and the species 
of animal, which in turn have implications for studies involving the effect 
of maternal PUFA on epigenetic processes in the offspring.

Feeding diets with different ratios of linoleic acid (LA) to α-linolenic 
acid (ALNA) during pregnancy and lactation has been shown to alter 
DNA methylation in the liver of the offspring at weaning. In one study, 
female mice were fed diets containing either a LA:ALNA ratio of 8:1 or 
of 55:1 for 30 days before pregnancy and throughout pregnancy followed 
by either the same diet as during pregnancy or an ALNA-supplemented 
(LA:ALNA, 0.3:1) (Niculescu et al., 2013). There was no significant effect 
of the diets fed during pregnancy on the mean methylation level of the 
Fads2 promoter and of intron 1 in the liver of the dams at the end of lacta-
tion (Niculescu et al., 2013). However, Fads2 promoter, but not intron 1, 
average methylation was approximately 2% higher in the liver of dams 
fed the ALNA-supplemented diet during lactation irrespective of the diet 
fed during pregnancy, which explained 6% of the variation in the level 
of the Fads2 transcript. Variation in the expression of Dnmts explained 
between 3% and 16% of the variation in Fads2 methylation. The ALNA 
supplemented diet was also associated with higher DHA concentration in 
maternal liver and serum. Similarly, the average methylation of the Fads2 
promoter was higher in offspring of dams fed the ALNA-supplemented 
diet than those fed the control or deficient diets throughout pregnancy 
and lactation (Niculescu et  al.,  2013). There was no difference in DHA 
concentration in the brain of the offspring between the maternal dietary 
groups. These findings suggest that differences in capacity of the dams to 
synthesise DHA from ALNA reflected small variations in the epigenetic 
regulation of Fads2. However, although the magnitude of differences in 
DHA synthesis was associated with higher status, this did not appear to 
affect DHA accumulation in the offspring. However, ALA supplementa-
tion during lactation increased neurogenesis in the dentate gyrus of the 
offspring, which was prevented in offspring of dams fed the diet with 
LA:ALNA ratio of 55:1 diet during pregnancy (Niculescu et al., 2011).
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In order to test whether the magnitude of induced changes in 
DNA  methylation was related to the amount or type of dietary fat, 
female rats were fed diets containing either 3.5%, 7%, or 21% (w/w) 
saturated and monounsaturated fatty acids (butter) or in EPA + DHA 
(fish oil) (Hoile et al., 2013). The offspring were fed 4% (w/w) soybean 
oil. The proportions of arachidonic acid (AA) and DHA in liver and 
plasma phospholipids of the adult offspring were associated inversely 
with the amount of fat in the maternal diet irrespective of the type of fat 
consumed. Fads2 mRNA expression in the liver of the adult offspring 
was also associated negatively with the amount of fat in the maternal 
diet intake. The methylation status of some CpG loci in the Fads2 pro-
moter was 20% higher in the offspring of dams fed 21% fat compared 
to those fed 3.5% fat. A second study by the same group tested the 
effects of feeding dams diets containing 7% and 21% (w/w) safflower 
oil, enriched in LA, or hydrogenated soybean oil, enriched in trans fatty 
acids (Kelsall et  al.,  2012). The proportion of AA, but not DHA, was 
lower in the aorta from the offspring of dams fed 21% fat compared to 
those of dams fed 7% fat irrespective of the fatty acid content of the diet. 
This was associated with a reciprocal change in the mRNA expression 
of Fads1 and Fads2. Maternal diet induced specific CpG locus-specific 
hypermethylation of the Fads2 promoter, whereas the level of DNA 
methylation of the Fads1 promoter was not altered. Mutation of one 
CpG locus at position −394 (relative to the transcription start site) that 
was hypermethylated in offspring aorta of dams fed 21% fat and which 
was located within an estrogen receptor response element reduced the 
transcription of the gene in a luciferase reporter vector. This suggests 
that, at least for this locus, altered methylation may be involved directly 
in changes in transcriptional activity.

Together these findings suggest that, at least in rodents, the amount 
of maternal dietary fat appears to exert a greater influence on the 
DNA methylome of the offspring than the fatty acid composition of the 
diet. Furthermore, maternal dietary fat induced changes in DNA methyla-
tion in the adult offspring. Unfortunately, the experimental designs did 
not allow investigation as to whether the loci that were altered in adults 
were also differentially methylated in neonatal or juvenile offspring. 
Answering this question has implications for understanding the long-
term impact of maternal diet on epigenetic processes in the offspring.

The Effect of Dietary PUFA on Epigenetic Processes in Adult 
Animal Models

Feeding adult, nonpregnant female rats a fish oil (FO)-enriched diet 
for 9 weeks induced reduced Fads2 mRNA expression, a lower propor-
tion of AA in hepatic phospholipids and increased methylation of specific 
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CpG loci in the Fads2 promoter compared to those fed soy bean oil (Hoile 
et al., 2013). These Fads2 loci were the same as those that were hypermeth-
ylated in the liver of the adult offspring of dams fed a higher FO diet 
(Hoile et al., 2013). However, these changes in DNA methylation were lost 
when the diet was switched from FO to soybean oil for a further 4 weeks. 
These findings imply that although dietary PUFA can alter epigenetic 
processes, the epigenome may revert to the state before the dietary inter-
vention when the dietary input is removed. One implication of these find-
ings is that dietary inputs during development appear to be persistent, 
whereas those during adulthood may be transient. This apparent differ-
ence has implications for strategies to modify epigenetic marks in adult-
hood that are associated with disease traits.

Dietary supplementation with FO, together with aerobic exercise, has 
been shown to reduce adiposity and improve cardio-metabolic health 
(Hill et  al.,  2007). To investigate the underlying mechanism, Fan et  al. 
(2011) investigated the effect of a mixed soybean oil and FO diet on the 
DNA methylation status CpG islands within the of the leptin, and pro-opi-
omelanocortin (POMC) genes in the adipose tissue or brain, respectively, 
form juvenile male and young pregnant female mice. As expected, the n-3 
PUFA diet reversed the effects of the obesogenic diet on the expression of 
these genes. However, there was no significant effect of the obesogenic 
diet, FO or the FO/soybean oil blend on the methylation status of leptin 
or POMC. These findings suggest that neither of these diets alter appe-
tite control through an epigenetic mechanism, although the DNA meth-
ylation status of POMC has been shown be modified by dietary energy 
(Plagemann et al., 2009). However, it is possible that the limited sequence 
covered by the analysis (leptin 295 bp; POMC 607 bp) may have missed 
altered CpG loci. In contrast, the same group showed more recently that 
feeding juvenile male mice an obesogenic diet induced hypermethylation 
of specific CpG loci in the leptin promoter in adipose tissue and that this 
was presented by addition of FO to the obesogenic diet (Shen et al., 2014). 
The reason for these conflicting results is not clear.

THE EFFECT OF PUFA INTAKE DURING HUMAN 
PREGNANCY ON THE EPIGENOME OF THE 

OFFSPRING

The relatively few studies of the effect of dietary supplementation with 
EPA and DHA during pregnancy on the DNA methylome of the offspring 
have produced inconsistent findings. Lee et al. (2013) investigated the effect 
of supplementation of the diet of pregnant women (18–22 weeks gestation) 
with DHA (400 mg DHA/d) or olive oil on the DNA methylation status of 
genes involved in immune function in umbilical cord blood. There were no 
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significant differences in the average methylation in any of the genes mea-
sured between groups, even when the groups were stratified for smoking 
and the results adjusted major confounders. However, average methyla-
tion of long-interspersed repetitive sequence (LINE)-1 was approximately 
1% higher in cord blood from pregnancies in which women smoked in the 
DHA group compared to placebo group, although this effect disappeared 
when adjusted for confounders. However, some concerns have been raised 
about the study protocol (Burdge, 2013). The methylation status of CpG 
loci in the insulin-like growth factor receptor-2 and H19 genes was also 
analysed in samples from this study (Lee et al., 2014). One CpG locus in the 
IGF2 promoter-3 had 0.9% higher methylation in the DHA supplemented 
group compared to the olive oil supplemented group. There were no sig-
nificant differences between groups in the methylation status of known 
differentially methylated regions in the IGF2 and H19 genes.

Amarasekera et  al. (2014) investigated the effect of supplementing 
the diet of pregnant atopic women either 1 g EPA plus 2.1 g DHA or an 
undisclosed placebo from the second trimester until delivery on the DNA 
methylome of umbilical cord CD4+ T cells using the Ilumina 450 k array. 
There were no significant differences between groups in any of the CpG 
loci or regions covered by the array and the effect sizes were consistently 
less than 5% difference. In contrast, Lind et  al. (2015) have shown that 
supplementing the diet of 9 month old infants with FO or sunflower oil 
(both 3.8 g/d) altered the methylation status of 43 CpG loci in peripheral 
blood leukocytes by more than 10%.

Overall, there appears to be no evidence to support an effect of mater-
nal supplementation with n-3 PUFA on the DNA methylation status of 
genes in umbilical blood cells. However, the possibility that the amount 
of PUFA supplement was too small to induce changes in the offspring 
remains after partitioning of EPA and DHA into various maternal, fetal, 
and placental lipid pools. To date there have not been any studies that 
have investigated whether there is a dose-dependent effect of the amount 
of supplement consumed by pregnant women and the status of the DNA 
methylome of their infants. The study by Lind et al. (2015) suggests that, at 
least in leukocytes, the DNA methylome of infants retains plasticity with 
respect to dietary PUFA intake and so may be amenable to modification 
by dietary intervention.

THE EFFECT OF PUFA INTAKE ON THE EPIGENOME 
OF CHILDREN AND ADULT HUMANS

Recent studies have reported the effects of increasing dietary fat 
intake on epigenetic marks in adult humans, including feeding young 
men either a diet in which 60% of energy was derived from fat, one-third 
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from each of the monounsatured fatty acids, PUFA (the fatty acid com-
position was not disclosed), and saturated fatty acids or a lower fat 
diet (35% of the energy from fat) for 5 days in a crossover study (Brons 
et  al.,  2009). 7909 CpG loci in 6508 genes were differentially methyl-
ated in skeletal muscle (Jacobsen et al., 2012). The median difference in 
methylation of hypermethylated CpG dinucleotides was 2%–3% (1979 
loci) and was associated with pathways related to cancer, reproductive 
system disease, and gastrointestinal disease. Eight loci differed by more 
than 10%. CpG loci that were hypomethylated had a median difference 
of 4%–5% (214 loci) and were associated with inflammatory disease, 
inflammatory response, and ophthalmic disease. Switching from the 
high fat to the lower fat diet reversed the methylation changes in all 
but 5% of the altered genes in which the level of methylation was sig-
nificantly altered in the opposite direction to that induced by the high 
fat diet. These findings are consistent with the observation in rats that 
the effect of dietary interventions on DNA methylation in adults may 
be transient and lost once the dietary input has been removed (Hoile 
et al., 2013).

Supplementation of the diet of patients with moderate renal disease 
with 4 g daily of EPA plus docosapentaenoic acid (DPA) plus DHA ethyl 
esters or olive oil for 8 weeks induced the level of methylation of individ-
ual CpG loci in the 5′ regulatory regions of genes involved in PUFA bio-
synthesis (Hoile et al., 2014). Olive oil and n-3 PUFA induced differential 
changes (≥10% difference in methylation) in specific CpG loci in FADS2 
and ELOVL5 contingent on sex, but not FADS1 or ELOVL2. The methyla-
tion status of the altered CpG loci was associated negatively with the level 
of their transcripts. These findings were replicated in healthy men and 
women. One implication of these findings is that even modest fatty acid 
supplementation can modify the DNA methylation of specific CpG loci 
in adult humans. Whether these effects persisted beyond the period of 
supplementation was not tested.

Lupu et  al. (2015) investigated the relationship between maternal 
FADS2 polymorphism rs174575 and DNA methylation status and PUFA 
concentrations and leukocyte DNA methylation levels in their 16-month-
old children. Maternal FADS2 DNA methylation accounted for 20% of the 
variation in ALNA concentration in the children irrespective of sex, and 
also accounted for 26% of the variation in AA concentration in boys, but 
was not associated with AA in girls. One CpG locus in mothers accounted 
for 5% of the variation in methylation at that CpG dinucleotide in their 
children, while stratification for sex showed that maternal DNA methyla-
tion accounted for 11% of the variation in girls, but was not related DNA 
methylation at that locus in boys. There were no sex differences in DNA 
methylation in the children.
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The Effect of Variations in DNA Methylation of Genes 
Involved in PUFA Synthesis on Health-related Outcomes

Studies in rodent models and in human subjects have shown that the 
DNA methylation status of their 5′-regulatory regions can modify the activ-
ity of the genes in the PUFA synthesis pathway a manner associated with 
variations in PUFA status (Hoile et al., 2013; Kelsall et al., 2012). Two stud-
ies have suggested that such epigenetic variation has health implications. 
Cui et al. (2016) have shown that the level of methylation of cg27386326 in 
the FADS gene cluster was associated negatively with the concentration 
of AA in prostate cancer tumour tissue. Since eicosanoids derived from 
AA have been implicated in prostate cancer (Locke et al., 2010; Tawadros 
et al., 2012), DNA methylation at the cg27386326 locus may have implica-
tions for risk or progression of the disease.

Haghighi et al. (2015) investigated the relationship between the meth-
ylation status of FADS1 and 2, and ELOVL5 in leukocytes and risk of 
depression or suicide. The findings showed individuals diagnosed with 
major depressive disorder (MDD) had lower methylation of a region 
upstream of the transcription start site of FADS2 and higher methyla-
tion of an upstream region of ELOVL5 compared to healthy controls. 
The precise regions that were analysed were not disclosed. Patients 
with MDD who had attempted suicide had lower levels of methyla-
tion in a downstream region of ELOVL5, but the higher methylation of 
an upstream region compared to those who has not attempted suicide. 
Low long chain n-3 PUFA status has been associated with increased risk 
of MDD and suicide (Hibbeln, 2009). However, the mechanism under-
lying the association between DNA methylation in leukocytes and 
depression is not known, although it is possible that it may represent 
a proxy measure of capacity for long chain n-3 PUFA synthesis in the 
liver or brain.

POSSIBLE MECHANISMS

The mechanism by which PUFA modify the epigenome is currently 
not known. There is substantial evidence that short chain fatty acids can 
inhibit HDAC activity (Davie, 2003). Variation in energy intake leading to 
changes in cellular NAD+/NADH may alter histone acetylation by modu-
lating the activities of the HDAC sirtuin (Imai et al., 2000). Such effects 
may be involved in epigenetic changes induced by high fat diets, but they 
are less likely to explain the impact of modest changes in fatty acid intake 
or the differential effects of different dietary lipids on specific epigenetic 
marks.
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Feeding pregnant and lactating mice a high-fat diet induced lower 
expression of a number of noncoding RNAs in the adult offspring 
(Zhang et  al.,  2009). Noncoding RNAs have been shown to modify 
DNA methylation by changing the activity of Dnmts 3a and 3b (Fabbri 
et al., 2007), and by altering chromatin structure by modulating methyl 
CpG binding protein-2 activity (Klein et al., 2007) and by altering the 
expression of the histone methyltransferase enhancer of Zeste homo-
log-2 (Varambally et  al.,  2008). Thus specific noncoding RNA species 
represent a putative mechanism by which PUFA could modify specific 
epigenetic regulatory processes. However, such mechanisms await 
empirical evidence.

It has been suggested that the level of DNA methylation is the prod-
uct of the equilibrium between methylation and demethylation reac-
tions (Szyf,  2007) (Fig.  13.1). Methylation of CpG dinucleotides by 
Dnmts is well described. However, less is known about DNA demeth-
ylation, although several candidate mechanisms have been proposed 
(Wu and Zhang, 2014). There is growing evidence for the involvement 
of ten-eleven translocation proteins (TET) in DNA demethylation, TET 

FIGURE 13.1  A model of a putative mechanism for induction of altered DNA meth-
ylation by PUFA. Methylation of CpG dinucleotides is mediated by DNA methyltransfer-
ases, which transfer a methyl group to the 5-posiiton of cytosine. Demethylation has been 
suggested to involve sequential oxidation of methylcytosine (MeC) to hydroxymethylcyto-
sine (hMeC), formylcytosine (fC), and crboxycytosine (CC) by the activities of ten-eleven 
translocase (TET) proteins. TET activity may be up-regulated by metabolism of PUFA to 
α-ketoglutarate and it has been suggested that sequence specificity could be mediated by the 
TET chromatin binding domain and/or via a PPAR. Removal of CC is via thymine glycosyl-
ase excision/repair.
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1, 2, and 3 demethylate 5-methylcytosine by sequential oxidation, via 
5-hydroymethylcytosine and 5-formylcytosine, to form 5-carboxylcyto-
sine, followed by base excision of formylcytosine or carboxylcytosine 
by thymine-DNA glycosylase (Wu and Zhang,  2014) (Fig.  13.1). TET 
activities are positively regulated by α-ketoglutaric acid (Kaelin and 
McKnight,  2013). This suggests that increased dietary fat may lead to 
up-regulation of DNA demethylation by increasing flux of acetyl-CoA 
derived from fatty acid β-oxidation to Kreb’s cycle leading to a rise in 
α-ketoglutaric acid concentration. Sequence specificity may be con-
ferred by specific TET DNA binding domains. TET1 and TET3, but not 
TET2, encode an N-terminal domain zinc finger cysteine-X-X-cysteine 
sequence, which interacts with chromatin (Long et al., 2013). The inter-
action of TET2 with DNA occurs via binding to the Inhibition of the Dvl 
and Axin complex (IDAX), which contains a zinc finger cysteine-X-X-
cysteine sequence (Ko et  al.,  2013). However, unlike other chromatin 
binding proteins, TET 1 and 3, and IDAX recognize both methylated 
and unmethylated CpG loci (Williams et al., 2011; Wu et al., 2011; Wu 
and Zhang,  2014; Xu et  al.,  2011,  2012; Zhang et  al.,  2010). Thus, one 
possible mechanism to explain how PUFA could induce sequence-spe-
cific changes in DNA methylation is by altering the relative activities 
of Dnmts and TET proteins. This mechanism could explain how fatty 
acids can induce directionally opposite changes in DNA methylation 
as well as targeting of individual loci. Sequence specificity may also 
be conferred by poly(ADP-ribosyl)ation (PARylation) of transcription 
factors. PARylation of PPAR® has been shown to recruit TET activity 
and induce demethylation of CpG loci that are proximal to the PPAR® 
response element, although this has yet to be tested using fatty acids 
(Fujiki et al., 2013).

CONCLUSIONS

There is increasing evidence that PUFA can modify DNA methylation, 
histone modifications, and noncoding RNAs. However, there are several 
important limitations to progress in this area. A number of studies have 
shown relatively small changes, in particular in DNA methylation, and 
it remains to be determined whether such effects are sufficient to alter 
transcription or the activity of metabolic pathways. In addition, it is not 
known whether epigenetic changes induced by PUFA in leukocytes reflect 
the effects of these fatty acids on less accessible tissues such as the liver or 
brain. Nevertheless, this field of research has potential to provide novel 
insights into the mechanisms by which PUFA influence development, 
metabolism, and risk of disease.
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