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INTRODUCTION 

The inclusion of specific fatty acids in sow diets is an area which until recently has received little 
attention. National Research Council (1998) requirements specify an inclusion of 0.1 % linoleic 
acid in the diet but comment that "this level of linoleic acid is usually present in diets based on 
commonly used cereal grains and protein supplements", which is in general true, and further that 
"pigs probably require essential fatty acids of the n-3 series" but that "practical diets also contain 
adequate amounts of these essential fatty acids". This contrasts with human nutrition 
(Simopoulos et al. 2000), where adequate intakes have been defined not only for both the parent 
essential fatty acids, linoleic acid and linolenic acid, but also for longer chain biosynthetic 
products such as eicosapentaenoic acjd and docosahexaenoic acid. Recommendations have also 
been made for docosahexaenoic acid intakes by pregnant mothers recognising the need to ensure 
an adequate supply for the developing foetus. These recommendations were driven by the role of 
essential fatty acids in infant nutrition, cardiovascular disease and mental health. Although these 
drivers are less relevant to the swine industry, the concept of a diet whose fatty acids are balanced 
to ensure optimal function merits examination and is therefore the objective of the present paper. 

FATTY ACID STRUCTURE AND METABOLISM 

The trivial names for the main members of the n-6 and n-3 families of essential fatty acids are 
given below together with the short hand nomenclature to be used in the paper: 

n-6 fatty acids 
18:2 n-6 Linoleic acid 

20:4 n-6 Arachidonic acid 

n-3 fatty acids 

18:3 n-3 

20:5 n-3 

22:6 n-3 

Linolenic acid 

Eicosapentaenoic acid 

Docosahexaenoic acid 

In Figure 1, the biosynthetic pathways for the long chain polyunsaturated fatty acids 
(PUP A) are outlined. Key observations about the pathways are: 
• the same desaturase and elongase enzymes are substrates for both series of fatty 

acids. 
• n-3 and n-6 fatty acids cannot be inter-converted. 

207 



• the rate limiting step in the pathway is the first desaturation step catalysed by delta 6 
desaturase. 

Figure 1. Biosynthetic pathway for long chain essential fatty acids (after Sprecher, 2000) 

18:2n-6 18:3n-3 

l delta 6-desaturation l 
l 8:3n-6 18 :4n-3 

l elongation l 
20:3n-6 20:4n-3 

l delta 5-desaturation l 
20:4n-6 20:5n-3 

l elongation l 
22 :4n-6 22:5n-3 

l elongation l 
24:4n-6 24 :5n-3 

l delta 6-desaturation l "delta 4-desaturation" 
24:5n-6 24:6n-3 

l oxidation l 
22:5n-6 22 :6n-3 

The pathway above differs from that in many textbooks in that "delta 4 desaturation" is achieved 
indirectly by elongation of the 22 carbon fatty acid to a 24 carbon acid followed by delta 6 
desaturation and subsequent chain shortening by beta-oxidation to the final 22 carbon product. 
This degradation by beta-oxidation takes place in the peroxisome of the cell rather than in the 
endoplasmic reticulum, the site of chain elongation and desaturation. Two important implications 
arise: first, because a common set of enzymes synthesise both long chain n-6 and n-3 fatty acids 
and the delta 6 desaturase is rate limiting, the ratio of l 8:2n-6 to l 8:3n-3 largely determines the 
biosynthetic products. Secondly, possible competition between 18 and 24 carbon fatty acids for 
desaturases and the physical separation of oxidation from elongation and desaturation helps to 
explain the limited synthesis of22:6 n-3 from 18:3 n-3 when compared to 20:5 n-3 (Rooke et al., 
2000; Kouba et al., 2003). Therefore, the rate ofbiosynthesis of 22:6 n-3 may not always be rapid 
enough in situations of high demand to meet requirements for 22:6 n-3. The entire Sprecher 
pathway is active in piglet liver at 14 days of age (Li et al., 2000). However, Li et al. (2000) 
could not detect synthesis of 22:6 n-3 from 20:5 n-3 in foetal piglet liver suggesting that the 
piglet in utero is entirely dependent upon a maternal supply of 22:6 n-3. 

MECHANISMS 

Inclusion of n-3 fatty acids in the diet of the sow may influence function by several inter-related 
mechanisms. These will be only briefly discussed because in most cases there are few detailed 
investigations which underpin production studies in the pig. 
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Fatty acid composition of specific cell types In the pig, in common with most mammals, the 
lipids of brain, retina and spermatozoa contain substantially higher proportions of 22:6 n-3 than 
other tissues (see review by Leskanitch and Noble, 1999). There is substantial deposition of 22:6 
n-3 in brain and retina during late pregnancy and experimental models have shown that a 
deficiency of dietary 22:6 n-3 leads to visual impairment (Neuringer et al., 1984) and changes in 
brain function (Innis 2000a) in the offspring. The underlying mechanism is probably that 22:6 n-3 
acyl side chains in cell membranes containing 22:6 n-3-rich lipids are highly flexible and able to 
convert rapidly from an extended to a looped conformation. This endows membranes containing 
22:6 n-3 with high levels of flexibility, compressibility and elasticity and this flexibility 
facilitates protein-protein as well as protein-lipid interactions. Practically, improving the n-3 
status of the brain of the foetal pig may improve neonatal vitality (see below) and increasing the 
22:6 n-3 content of spermatozoa has also been associated with improved sperm function and 
fertilisability (Penny et al., 2000; Rooke et al., 2001a). 

Lipid-derived biologically active compounds products such as the eicosanoids A principal 
function of 20:4 n-6 is as substrate for the synthesis of prostaglandins and other eicosanoid 
mediators whose major function is to modulate the intensity of the inflammatory reaction 
(Calder, 2002). Prostaglandins and other eicosanoids are synthesised by cycloxygenase and 
lipoxygenase from 20:4 n-6 after phospholipase A2-catalysed release from phospholipids. 
Prostaglandins produced from 20:4 n-6 include prostaglandins F2a and E2 which have particular 
importance as luteolytic and anti-luteolytic signals during the oestrous cycle and pregnancy 
(Ziecik, 2002). N-3 fatty acids, particularly 20:5 n-3 are also substrates for cycloxygenase and 
lipoxygenase but the products are prostaglandins of the 3 series which are generally considered to 
be less b·iologically active than 2 series prostaglandins. In addition, dietary 20:5 n-3 decreases the 
amounts of 20:4 n-6 in membranes, inhibits phospholipase A2-mediated release of 20:4 n-6 from 
phospholipids and competitively inhibits the activity of cycloxygenase and lipoxygenase. The net 
effect of 20:5 n-3 is therefore to reduce the extent of prostaglandin production from 20:4 n-6. The 
biological effects in any given tissue system will depend on the relative potency of tissue specific 
prostaglandins produced. This is of particular importance in luteolysis in the pig where 
prostaglandin F2a is luteolytic whilst prostaglandin E2 is luteotrophic and therefore any changes 
in the net luteolytic signal may depend on the relative potencies of 3 series prostaglandins. 

Increasing the n-3 fatty acid content of the diet in vitro and in vivo also suppresses production of 
the cytokine, tumour necrosis factor a (TNFa) which acts synergistically with prostaglandin F2a 
in causing functional luteolysis in the pig (Wuttke et al., 1998). Suppression ofTNFa production 
has also been reported when nursery pigs fed Menhaden fish oil were challenged with 
lipopolysaccharide (Gaines et al. 2003). Coupled with the decreased phagocytosis and 
lymphocyte proliferation observed by Thies et al. (1999) when growing pigs were fed Menhaden 
oil this acts as a reminder of the ability of n-3 fatty acids to suppress the immune response. 

Modification of gene expression There are well-documented effects of fatty acids on gene 
expression through interactions with nuclear receptors and transcription factors. This is a rapidly 
developing area of research and the number of factors regulated by fatty acids is increasing. Jump 
(2002) reviewed recent research on liver gene expression and listed four families of transcription 
factors (peroxisome proliferator activated receptor a (PPAR), liver X receptor a, sterol regulatory 
element binding proteins and hepatic nuclear factor-4u) which are targets for fatty acids or their 
metabolites and which affect the expression of genes directly related to lipid metabolism. In 
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addition, the effects of polyunsaturated fatty acids on immune function may be mediated by 
regulation of the activity of nuclear factor kappa~ (Calder, 2002). However, Ding et al. (2003) 
have recently concluded that mRNA transcripts in the pig were rather refractory to modification 
by dietary fatty acids, so clearly, how relevant studies on rat liver are to reproductive tissues in 
the pig must be open to question. 

DIETARY CONSIDERATIONS 

Status of sow diets 

Cereals contain only small amounts of n-3 acids (Table 1) and so pig diets formulated using 
cereals and common protein supplements normally have n-6 to n-3 ratios of greater than 10 to 1, 
which are considered in human nutrition to be imbalanced. Of the protein supplements listed only 
flaxseeds provide a supply of 18:3 n-3 for adjusting the n-6 to n-3 ratio. However, none of the 
feeds in Table 1 contain long chain PUF A. Therefore, to include long chain n-3 PUF A, 
particularly 22:6 n-3, in the diet, marine oils are the only readily available source. The amount 
and composition of the long chain n-3 fatty acids in marine oils vary (Table 2). Some oils, e.g. 
tuna, are considerably better sources of 22:6 n-3 than others, e.g. Menhaden, in which 20:5 n-3 is 
the predominant fatty acid. Given the highly polyunsaturated nature of the marine oils and hence 
their susceptibility to peroxidation, it is also notable that marine oils contain varying 
concentrations of the antioxidant, vitamin E. There are also a range of proprietary products 
available world-wide, predominantly based upon marine and / or flaxseed oils and varying in 
presentation ( degree of refinement, micro-encapsulation, protection from oxidation etc) as 
sources of n-3 fatty acids for addition to pig diets. 

Table 1. n-6 and n-3 fatty acid contents of common cereals and oils (% total fatty acids) 
Cereals Oils 

Barley Com Wheat Canola Soya Sunflower Flaxseed 
18:2 n-6 
18:3 n-3 
n-6 I n-3 

43.7 
0.4 

109 

50.5 
0.9 
50 

56.3 
3.7 

15 

19.7 
9.6 
2.1 

51.5 
7.3 
7.1 

63.2 
0.1 

630 

15.0 
53.1 

0.3 

Table 2. Long chain n-3 fatty acid (% total fatty acids) and vitamin E content (ppm) of marine 
oils (adapted from Young, 1986). 
Oil Anchovy Capelin Sand eel Mackerel 
20:5 17 8 9 7 
22:6 9 6 9 8 
Vit E 60 35 

N-3 FATTY ACIDS AND SOW PERFORMANCE 

Menhaden 
14 
8 

30 

Salmon 
8 

11 

Tuna 
7 

23 

There is a limited literature for assessment of responses to diets differing in fatty acid 
composition. In general, when vegetable oils and animal by-products such as lard have been 
evaluated no differences have been observed. Malm et al. (1976) fed lard or maize oil throughout 
pregnancy and lactation and found no differences in performance. Farnworth and Kramer (1988, 
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1989) fed sows tallow or soya-bean oil from day 57 of pregnancy and again although fatty acid 
composition of piglet carcasses differed, there were no differences in piglet weight or litter size. 
More recently Gerfault et al. (1999, 2000) fed diets containing copra oil, sunflower oil, lard or an 
isoenergetic diet based on starch to sows throughout pregnancy and lactation and followed the 
offspring to slaughter at 100 kg weight. Although fatty acid composition and the number of 
adipocytes / g adipose tissue differed in the offspring no differences in performance were 
observed. A common feature of the oils used in the above studies was the absence of long chain 
PUFA and so the ratio ofn-6 to n-3 PUFA would not have changed from values commonly 
observed in pig diets. It is against this background that the effects of n-3 PUF A on reproductive 
performance in the pig will be reviewed. 

A potential difficulty in interpreting responses to n-3 fatty acids is the presence of confounding 
effects. For example, studies in which a supplement is added to diets without suitable control 
supplement will be confounded to some extent by the additional energy supplied by the fatty 
acids in the supplement. Secondly, when n-3 fatty acids are added to diets e.g. in the form of 
whole oilseeds, care must be taken to balance the energy and amino acids supplied by the oilseed. 
These constraints should be borne in mind when reading the relevant literature. 

Commonly only two diets, a lactation and a gestation diet are fed to breeding sows, and therefore 
opportunities for inclusion of n-3 fatty acids in the diet are restricted. This division, however, 
conveniently allows discussion of the potential beneficial effects of n-3 fatty acids under two 
headings: 

• Ovulation rate, oocyte quality and fertilisability and embryonic and early foetal losses 
• Foetal growth to term and effects on post-natal development 

Effects on ovulation rate, oocyte quality and fertilisability and embryonic and early foetal losses 

Most prenatal losses occur during the first month of pregnancy with a high proportion of losses 
occurring at the time of maternal recognition of pregnancy. Nutritional modification of the diet 
both before and after conception has produced positive effects with premating diet having the 
biggest effect. There is evidence that addition of n-3 PUF A to the diet of the sow prior to and 
during the peri-ovulatory period might increase conception rate and early foetal survival. Perez
Rigau et al. (1995) added 40 g/kg of either coconut oil (medium chain fatty acids), soya-bean oil 
(mainly 18:2 n-6) or Menhaden fish oil (20:5 n-3 and 22:6 n-3) to the diet of gilts from prior to 
service until slaughter between days 3 7 to 45 post-service. The same protocol was also followed 
using third parity sows. Overall, Menhaden oil improved the number of live foetuses ( 68 %, as a 
percentage of corpora lutea) compared to a starch-based isoenergetic control diet (63%) with the 
soya-bean and coconut oils having no effect. However, results were variable and responses were 
less marked in multiparous sows than in gilts. Recently, W ebel et al. (2003) added a supplement 
of n-3 fatty acids to the diet for 35d throughout lactation and until 7d post-weaning, thus covering 
the peri-conception period and observed a significant increase from 10.3 to 10.8 in the number of 
piglets born alive per litter. 
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Effects on foetal growth to term and effects on post-natal development 

Our own research was based upon the hypothesis that addition of long chain n-3 PUF A to the 
diet of the sow during critical stages of development might improve piglet viability. As noted 
earlier, typical diets fed to pregnant sows may not be optimally balanced in their fatty acid 
profile, certainly when current recommendations for human·nutrition are considered. Brain 
development in the piglet is quantitatively important in utero between days 60 and term. 
Therefore optimising the supply of long chain n-3 PUF A for brain development, may improve · 
piglet viability at birth. Our studies had two parts: a series of detailed studies, using relatively 
small numbers of multiparous sows to provide guidance on how to optimise fatty acid deposition 
in the tissues of new-born piglets and a commercial scale study to investigate the effect of long 
chain n-3 PUF A on piglet mortality. 

At the outset, there was evidence that transfer of fatty acids across the porcine placenta was 
limited in late pregnancy (Thulin et al., 1989, Ramsay et al., 1991), recently confirmed by Pere 
(2001) who reported that concentrations of free fatty acids in umbilical blood were three times 
lower than in maternal blood and extraction efficiency (umbilical arterio-venous difference) by 
the piglet was 7.8%. However, an initial experiment in which tuna orbital (30g/kg) or soya-bean 
oils were fed to the sow from day 90 of pregnancy (Rooke et al. 1998) showed that in response to 
tuna oil feeding, the concentrations of n-3 fatty acids, particularly 22:6 n-3, in piglet tissues at 
birth were increased with corresponding decreases in the n-6 acids, particularly 20:4 n-6. Thus, 
albeit with a low efficiency of transfer(~ 5%) from diet to fetal tissues, 22:6 n-3 contents of brain 
and retina could be increased by adding long chain n-3 PUF A to the maternal diet. Further 
experiments (Rooke et al., 2000, 2001 b,d) have shown that as measured by changes in piglet 
tissue fatty acids at birth, feeding marine oils from day 60 of pregnancy produced similar 
responses to feeding for all of pregnancy. 

Addition (17.5 g/kg) of 18:3 n-3 (from flaxseed oil) to the maternal diet throughout pregnancy 
was compared with 22:6 n-3 (and 20:5 n-3) from tuna orbital oil (Rooke et al., 2000) and showed 
(Table 3) that 18:3 n-3 was relatively ineffective in modifying piglet tissue long chain n-3 PUF A 
(particularly 22:6 n-3) composition in agreement with studies on deposition of n-3 fatty acids in 
growing pigs (Kouba et al. 2003). Estimates showed that 18:3 n-3 increased brain long chain n-3 
PUPA, 0.17-fold the value obtained with supplying pre-formed acids, similar to the value of 0.24 
reported by Arbuckle and Innis (1992) for formula-milk fed piglets. 
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Table 3. Changes in fatty acid composition (g/1 00g total fatty acids) in piglet tissues at birth in 
response to feeding the sow different oils (Rooke et al. 2000). 
Oil Maize Flaxseed Tuna 
Cord plasma 
18:3 n-3 0.4 0.6 0.5 
20:5 n-3 1.2a 1.7b 2.2c 
22:6 n-3 1.4a 1.7a 2.4b 
Liver 
18:3 n-3 0.2a 0.5b 0.2a 
20:5 n-3 0.5a 1.2b 2.SC 
22:6 n-3 4.9a 5.5a 8.2b 
Brain 
18:3 n-3 <0.1 0.1 <0.1 
20:5 n-3 <0.la <0.la 0.2b 
22:6 n-3 13.3a 13.4a 15.6b 
Means in same row with different superscript are significantly different. 

It is important that the correct amounts of n-3 fatty acids are fed as negative effects have been 
observed when high concentrations of dietary fish oils have been used (Innis, 2000b) including 
reduced brain weights in formula-fed piglets (Arbuckle et al., 1991) and reduced infant growth 
(Carlson et al., 1992, 1993). In the human, the depression in growth was more closely correlated 
with a depression in 20:4 n-6 status than with an increase in 22:6 n-3 status. Therefore, the 
optimum amount of dietary long chain n-3 PUFA was assessed (Rooke et al., 2001d) by feeding 
increasing amounts of fish oil from day 60 of pregnancy and piglet responses measured by 
changes in brain weight and fatty acid composition (Fig 2). The optimum inclusion of fish oil was 
10g oil/ kg diet which corresponded to 6g /sow/ day of20:5 n-3 and 22:6 n-3 together (total 
intake 2.5 kg/day) or 0.6 % DE intake. In summary these experiments suggested that to obtain 
optimum responses in piglet tissue at birth pre-formed long chain n-3 PUFA should be included 
in the maternal diet from at least day 60 of pregnancy and comprise 0.6% DE intake. 
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Fig 2. Effects of including 
increasing amounts of long 
chain n-3 PUF A (g salmon oil 
/kg diet) on brain weight (g / kg 
live-weight; _.) and brain 20:4 
n-6 (■) and 22:6 n-3 ( •) 
concentrations (g/kg total fatty 
acids). (Rooke et al., 200 Id). 

Although the numbers of sows used in the above experiments were too few to reliably assess 
piglet mortality some relevant measurements were made. For example (Fig 2) piglet brain weight 
was increased when marine oils were fed to the sow. A cross-fostering protocol was used to 
differentiate between pre- and post-natal effects of feeding n-3 fatty acids to the sow (Rooke et al. 
2001b, 2003). Piglets derived from sows fed marine oils during pregnancy exhibited more active 
udder seeking behaviour, were heavier at weaning (28 days) and one week post-weaning and had 
greater plasma immunoglobulin IgG concentrations at weaning. Taken together these results 
suggest greater colostrum intake may be an important factor. 

A larger scale trial was carried out under commercial conditions (Rooke et al. 200 le). Sows 
(approximately 100 / treatment) were fed diets balanced for energy and amino acids containing 
16.5 g salmon oil /kg essentially replacing vegetable oil throughout pregnancy and lactation. The 
increased gestation length when salmon oil was fed (Table 4) was similar to that noted by 
Edwards and Pike (1997) when a fishmeal containing n-3 fatty acids was fed to pregnant sows. 
The lower piglet birth-weight when salmon oil was fed did not result in adverse litter 
performance as weaning weights did not differ. However, pre-weaning mortality was reduced 
when salmon oil was fed. Fig. 3 shows this reduction was largely caused by a reduction in the 
numbers of piglets crushed by th~ sow. Edwards and Pike (1997) also found that feeding 50 g/kg 
fishmeal during pregnancy reduced mortality; the results with salmon oil suggest that it was the 
oil content of the fishmeal which was the causative factor reducing mortality. The reductions in 
mortality in Table 4 were independent of factors such as birth weight known to influence pre
weaning mortality. 

214 



Table 4. Effects of feeding long chain n-3 PUFA on reproductive performance 

Control Salmon oil 

Gestation length ( d) 115.4 115.9 

Total born I litter 11.8 11.6 

Piglet birth-weight (kg) 1.54 1.47* 

Litter birth-weight (kg) 18.0 17. 7P<O. l0 

Pre-weaning mortality(%) 11.7 10.2* 

Superscripts after value indicates whether value is significantly different from control. 
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Fig. 3 Causes of pre-weaning 
mortality in piglets whose dams 
were fed diets not containing 
(solid bars) or containing 
(hatched bars) salmon oil (17.5 
g/kg) throughout pregnancy 
(Rooke et al., 2001c). 

In a more recent study, Edwards et al. (2003) using a factorial design fed 22:6n-3 in the form of 
an algal 22:6n-3 supplement for the last 4 weeks of pregnancy and/ or a 4 week lactation. 
Feeding 22:6n-3 during gestation tended to reduce pre-weaning mortality and improved pre
weaning weight gains. Lactation feeding of 22:6n-3 also increased piglet weaning weights. 

The conclusions from the above research are that piglet survival and growth may benefit from 
including a source oflong chain PUFA in the diet of the sow. An issue that was not addressed, 
because of the poor synthesis of22:6n-3 from 18:3 n-3 was whether 18:3 n-3 derived from 
vegetable sources might give similar benefits. Recently, Baidoo et al. (2003) have described an 
experiment in which diets including 5% flaxseeds, a source of l 8:3n-3, and containing the same 
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energy and protein concentrations as a control diet were fed to sows throughout gestation and 
lactation. The main observations were that litter size did not differ between treatments but sows 
fed flaxseed weaned larger litters and piglet birth and weaning weights were greater when 
flaxseed was fed. An interpretation of the above data is that pre-weaning mortality was reduced 
when sows were fed flaxseed and that 18:3 n-3 may have been the causative factor. The data of 
Baidoo et al (2003) therefore suggest that it might not be essential to feed long chain n-3 fatty 
acids. However, there are two factors which might explain the differences between our results 
and those of Baidoo et al. (2003). There may be differences between genotypes in utilisation of 
long chain n-3 PUF A by the sow as genotypes of growing pigs differ in composition of, for -
example, muscle phospholipid fatty acids (Riette et al., 1999) when fed the same diet and in their 
response (change in fatty acid composition) to short-term changes in 18:3 n-3 intake (Cameron et 
al., 2000). More interestingly, a recent report by Bazinet et al. (2003) raises the issue of 
environment x nutrition interactions. These authors measured the proportion of dietary 18:2 n-6 
and 18:n-3 oxidised when piglets were reared in a segregated early weaning system (SEW) or a 
conventional rearing system (NSW). The striking feature about the study was that oxidation of 
18:2 n-6 (80%) and 18:3 n-3 (59%) was dramatically reduced in the SEW piglets. The 
implications of this study may be that a greater proportion of dietary 18:3 n-3 would be available 
for biosynthesis in SEW systems and therefore responses to 18:3 n-3 might be greater in SEW 
systems. 

In conclusion, there is increasing evidence for a positive role of n-3 fatty acids in sow 
nutrition. However, the optimum amount and type of fatty acid to be included in the diet both 
during ovulation and early pregnancy and also during the period of rapid foetal tissue deposition 
require further study especially in light of the above observations on nutrition x environment 
interactions. 
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