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Review article

The comparative roles of polyunsaturated fatty acids in pig neonatal
development
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The present review focuses on the importance of polyunsaturated fatty acid (PUFA) provision for
the normal development of the pig neonate. The review describes first the selected fatty acid
composition of a range of porcine tissues including nervous tissues, muscle and adipose tissues,
reproductive organs and immune-responsive organs and/or cells. The importance of PUFA to the
functioning of the immune system of the neonate is considered briefly and is followed by an in-
depth consideration of the sources of PUFA for the neonatal pig. The effects of different
categories or specific types of fatty acid (i.e. non-essential, linalelimolenic, long-chaim-6

andn-3 PUFA) on various indices of pig neonatal growth are reviewed. The importane8 of
PUFA supply to the fetal and early neonatal pig is underlined and evidence is presented for more
attention to be given to the amounts available from maternal sources. Based on the material
reviewed, recommendations are made on the dietary intake of PUFA in the gestating pig.

Polyunsaturated fatty acids: Neonatal nutrition: Pig

Essential fatty acids are fatty acids which are required by an applied to the situation pertaining to the pig. Indeed, the
organism for the maintenance of normal growth and repro- pig has been used frequently as an experimental model to
duction, are not able to be synthesized by an organism andinvestigate the effects of fatty acids on human growth and
are therefore required in appropriate amounts in the diet. development (Bustaét al. 1966; Anon, 1984; Miller &
The pig has been shown to have a requirement for specificUllrey, 1987; Innis, 1992, 1993).

fatty acids within the diet, a requirement which has been  The newborn pig is subject to a range of life-threatening
said to be overlooked (Stitt & Johnson, 1990). The fact that situations imposed by its weakness and relative shortage of
conventional pig diets contain a predominance of saturatedbody energy reserves. In a recent review, piglet losses of
and monounsaturated fatty acids has been reflected to al3-175 % after farrowing were stated (Crawshaw, 1994).
large extent in the content of fatty acids within the tissues of The newborn pig has a very low amount of body lipid
the pig. However, numerous studies have revealed benefi-(Widdowson, 1950) which serves to reduce its chances of
cial effects on important aspects of animal and human healthsurvival if an initial food supply is not acquired. The
of consuming increased quantities of the8 polyunsatu- increased recognition of the role of PUFA in the mainte-
rated fatty acids (PUFA), in particular the long-chai8 nance of optimal development with respect to the pig has the
PUFA eicosapentaenoic acid and docosahexaenoic acidootential to improve the survival of the newborn pig and
(British Nutrition Foundation, 1992). Beneficial effects of thus the profitability of pig enterprises.

these fatty acids have been observed not only in a range of
animal and human disease states (Galli & Simopoulos,
1989) but also, and most importantly for the present
review, in the maintenance of optimal pre- and post-natal Table 1 shows the common or systematic names and
growth and development (Innis, 1991). The presence of high respective shorthand designations of a range of fatty acids.
levels of the long-chain PUFA in vital organs of the A fatty acid consists of a chain of C atoms, the length of
developing neonate emphasizes their importance. Know-which varies according to the particular fatty acid, with a
ledge gained from studies with human subjects can be methyl (CHs;) group at one end and a carboxyl (COOH)

Nomenclature of fatty acids

Abbreviation: PUFA, polyunsaturated fatty acids.
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Table 1. The common or systematic names of a range of fatty acids contain (53 and 68g/100g total fatty acids respectively).
and their associated shorthand notations Whilst soyabean oil contains an appreciable quantity of

a-linolenic acid, the level of this acid in sunflower oil is

Common or systematic name Shorthand notation et . e

— almost negligible. The fatty acid composition of rapeseed
MYIF'SF'_C acid 14:0 oil is characterized by a low level of saturated fatty acids, a
ﬁa mitic acid 16:0 high content of oleic and-linolenic acids and a relatively

almitoleic acid 16:1n-7 . . . .
Stearic acid 18:0 moderate content of linoleic acid (White, 1992). The fatty
Oleic acid 18:1n-9 acid compositions of two commercially available fish oils
Vaccenic acid 18:1n-7 are presented in Table 2. These oils contain similar quan-
L'_rll?r']%'l‘éﬁ‘icc'i ad igfgﬁg tities of saturated fatty acids in the range of 25—-30g/100 g
z_unolenic acid 18-3n-3 of tqtal fat.ty acids. They are not.able.not only .for the
Eicosanoic acid 20:0 relatively high content of palmitoleic acid (approximately
Eicosenoic acid 20:1n-9 109/1009) but for the high levels of the long-chair
Dihomo-y-linolenic acid 20:3n-6 PUFA present. Thus, the level of eicosapentaenoic acid in the
i'r‘;%f]?égi’i’é’gc%c'd 28:22:2 oils is approximately 19 g/100g total fatty acids. Whilst the
Eicosapentaenoic acid 20'5n-3, EPA level of docosapentaenoic acid is similar between the two oils,
Erucic acid 22:1n-9 the content of docosahexaenoic acid is higher in the EPAN oil
Docosatetraenoic acid 22:4n-6 (138 g/100 g) than in the BOOST oil {2g/100g).
Docosapentaenoic acid (n-6) 22:5n-6
Docosapentaenoic acid 22:5n-3, DPA
Docosahexaenoic acid 22:6n-3, DHA Distribution of polyunsaturated fatty acids in porcine
tissues

The content of long-chain PUFA in the tissues of a wide
group at the other. In the shorthand notation, the chain range of mammalian species has been the subject of an
length is given followed by a colon and the total number of extensive review by Salem (1989). Tables 3—9 show the
double bonds in the molecule. The position of the last principal fatty acid compositions of a wide range of organs,
double bond is denoted by (i.e. the number of C atoms  tissues and cell populations for both immature and mature
in the chain) minus the number of C atoms between the pigs. The tables show the principal essential fatty acids
double bond and the methyl group. Detailed information |inoleic acid andx-linolenic acid and their longer chain fatty
pertaining to the metabolic interrelationships between the acid metabolites including arachidonic acid, eicosapentaenoic
fatty acids is to be found in Galli & Simopoulos (1989) and acid and docosahexaenoic acid. The levels of eicosatrienoic
British Nutrition Foundation (1992). acid have been included because levels of this fatty acid have
been implicated in essential fatty acid deficiency (Innis,
1991). The levels of saturated and monounsaturated fatty
acids have not been included as these fatty acids are not
Table 2 shows the fatty acid compositions of a range of oils essential and have generally received sufficient consideration
and fats which are currently available for use as componentselsewhere. Fatty acids analysed were either from the total lipid
of the pig diet. Tallow (beef fat) and lard (pig fat) are or from individual lipid fractions, as indicated.
characterized by relatively high contents of oleic acid
(approximately 42 g/100 g of total fatty acids) and palmitic
acid (approximately 25 g/100 g) but negligible quantities of
the long-chain PUFA. Soyabean oil and sunflower oil are The PUFA compositions of brain and retina from porcine
notable for the high levels of linoleic acid which they tissues as determined by various authors are shown in

Fatty acid composition of selected oils and fats

Nerve tissues

Table 2. Fatty acid composition (g/100 g total fatty acids) of various oils and fats of animal or plant origin

Fatty acid Tallow* Lard* Soyabean oil* Sunflower oil* Rapeseed oiltF EPAN oil§ BOOST oil§
14:0 33 158 o o2 a 68
16:.0 258 24[8 110 68 50 174 156
16:1n-7 34 3a oa oa 03 108 104
18:0 216 123 40 41 14 43 23
18:1n-9 380 4501 234 186 5808 1309 1308
18:2n-6 22 909 532 6812 2109 40 34
18:3n-3 0B ol 78 08 1207 23 61
20:4n-6 04 o]} o 109 603
20:5n-3 1807 198
22:5n-3 2[4 25
22:6n-3 138 93

*Values from Chow (1992).

T As analysed by authors; oil supplied by The White Sea and Baltic Company Ltd, Hull, UK.
¥ Negligible level of erucic acid.

8 As analysed by authors; oil supplied by Seven Seas Ltd, Hull, UK.
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Table 3. The fatty acid composition of brain is characterized high levels of docosapentaenoitg) and docosahexaenoic
by low levels of linoleic andx-linolenic acid (Dhopeshwar-  acids in the phospholipid fraction. The levels of arachidonic
kar & Mead, 1973). However, the levels of the long-chain and docosahexaenoic acids were higher in the liver of the
PUFA arachidonic acid and docosahexaenoic acid are con-newborn and unsuckled piglet than in growing pigs. In the
siderably higher at 12 g/100g of fatty acids in the phos- liver of newborn pigs during the first week of life, the levels
pholipid fraction. In addition, appreciable levels of of linoleic acid and arachidonic acid increased whilst
docosatetraenoic acid are observable in the brain. Elevatedpalmitoleic and oleic acids decreased (Lodgeal 1978).
levels of these fatty acids have been observed in the As observed for the blood, the type of diet has a marked
phosphatidylethanolamine fraction. Some differences in effect on the fatty acid composition. Thus, in the liver, the
the long-chain PUFA composition of the different brain levels of the long-chaim-3 PUFA increased and arachido-
regions are apparent. The medulla contains less arachidoniqiic acid decreased as a result of feeding a soyabea# oil
acid than the cerebrum or cerebellum and the level of fish oil diet rather than a tallow diet.

docosahexaenoic acid appears to decrease from the cere- The lung and kidney contain relatively high contents of
brum to the cerebellum and to the medulla. The fatty acid arachidonic acid which, as for the heart and liver, are found
composition of the phosphatidylethanolamine fraction most prominently within the phosphatidylethanolamine
of the retina is characterized by an extremely high level of fraction. The pancreas and intestine contain approximately
docosahexaenoic acid (31g/100g) and a high level of 12g linoleic acid/100 g total fatty acids and lower amounts
arachidonic acid. The fatty acid compositions of other of arachidonic acid. Intestinal wall phospholipid in the
phospholipid fractions of porcine retina have been detailed newborn piglet contains a high level of arachidonic acid
by Fliesler & Anderson (1983). accompanied by docosahexaenoic acid.

Blood and blood components Muscle and adipose tissues

The fatty acid compositions of serum or plasma, platelets
and erythrocytes are shown in Table 4. In most cases, seru
or plasma is characterized by high levels (20-37 g/100
total fatty acids) of linoleic acid accompanied by much
lower levels (6—13 g/100 g) of arachidonic acid. The level of
linoleic acid was higher in the plasma from sows fed on a
soyabean oil diet as opposed to a tallow diet on account of
the high level of this fatty acid in soyabean oil (see Kruse

etal 1977). In sows fed on either a tallow or a lard diet, the total fatty acids, its level in the triacylglycerol fraction is

! . : ; nly approximately @ g/100g. A marked difference in
levels of eicosapentaenoic and docosahexaenoic acids wer ; 2. o ;
either negligible or very low. However, the inclusion of a ?atty acid composition arising from the type of oil added

fish oil diet markedly increased the levels of eicosapentae- o the diet was evident (Leskaniet al 1997). Thus, where

noic and docosahexaenoic acids whilst the levels of linoleic ? ;ﬁts a(i:?cri] t(‘:j‘c'ﬂr']”%ssi%ﬁgeo"’}nmﬂ'lsggr{;h |0:| (\;Veer:)? e?rln\élenﬁgs"-e
and arachidonic acids were correspondingly decreased. y P yiay b

Similar marked alterations in the levels of these fatty ﬁggllé?(':d gggi; :; :r:?;é?\rc;izf ddz)(/;org:;kei?geScl)?pe;nlgvgcl)scgga-
acids were observed in the serum of piglets being suckled - ! ' : .
by sows fed on lard or fish oil (Fritschet al. 1993). The hexaenoic acids than when a tallow diet was given. The

ety s composiion of pltelt phospholpid was char. (25,91 =Dl 61 ues more susceptie o Shanue
acterized by a high content of arachidonic acid and lower . : . L )

levels of the other PUFA. In erythrocytes, a relatively high grgg%)n, in accordance with the findings of others (Innis,
content of docosapentaenoic acittg) was recorded. In '
newborn piglets during the first week of life, the level of
linoleic acid was shown to increase whilst that of oleic acid

decreased (Lodget al. 1978).

The fatty acid compositions of the lipid fractions extractable
Mrom the longissimus dorsi semitendinosusand vastus

9 Jateralis muscles have been recorded by various workers
and are shown in Table 6. In general, both the triacylgly-
cerol and phospholipid fractions are characterized by high
contents of linoleic acid. However, whereas the phospho-
lipid contains approximately 10 g of arachidonic acid/100g

The fatty acid compositions of adipose tissues taken from
various locations in the body are presented in Table 7.
Adipose tissue from pigs fed on standard commercial diets
is normally characterized by a predominance of oleic acid at
a level of approximately 43 g/100 g total fatty acids (Morgan
et al. 1992; Leskanich, 1995). Among the PUFA shown,
the highest percentages were exhibited by linoleic acid
The PUFA compositions of the heart, liver, lung, kidney, followed by «-linolenic acid. The fatty acid composition
pancreas and intestine in the pig at various stages ofof adipose tissues is markedly influenced by the fatty acid
development are presented in Table 5. The fatty acid composition of the diet. Thus, the feeding of a soyabean
compositions of the heart and liver are characterized by aoil + fish oil diet caused marked increases in the levels of
high content of arachidonic acid which is detected prin- linoleic, eicosapentaenoic, docosapentaenoic and docosa-
cipally in the phosphatidylethanolamine fraction of the hexaenoic acids in both the inner and outer backfats. The
phospholipids. Farnworth & Kramer (198P observed feeding of a fish-oil-based diet resulted in marked increases
that phosphatidylethanolamine was consistently the phos-in these fatty acids at the expense of linoleic acid. The fatty
pholipid class with the highest level of PUFA in fetal pig acid composition of the skin was similar to that of the
heart, liver, lung and kidney. The liver contained relatively adipose tissue.

Major internal organs
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Reproductive organs and fluid The wide-ranging effects of fatty acids on the function-
ing of the immune system have been reviewed recently
Calder, 1998; Miles & Calder, 1998). Several reports have
escribed the effects of the long-chairf3 PUFA on the
response in pigs to infectious disease challenge; these
reports have presented evidence of ameliorating effects of
fish-oil fatty acids on the pig’s immune responses. For
example, in a study by Fritschet al. (1993), sows were
fed on a diet containing 70 g/kg either lard or menhaden fish
oil from day 107 of gestation until 3 weeks post-partum. In
ized by relatively high contents of these fatty acids with the consequence, the serum, liver and immune-responsive tis-
additional presence of arachidonic and eicosapentaenoicfsrgﬁ ét-r\:\)//:alzzlli?6Ingglce):t:ztzih?gi?elcljjggn?;\?ig?remﬁ:ﬂr%%?]?%?)
acids. These results are in broad agreement with ear”ereicosapentaenoic acid at the expense of arachidonic acid
observations by Holman & Hofstetter (1965). (see Table 9). Experiments vitro showed that the basal
) release of prostaglandin E, thromboxane B and leukotriene
Immune-responsive organs and cells B from alveolar macrophages was 60—70% lower in the
The fatty acid compositions of spleen, thymus and lung piglets matern_ally—supplled with f|sh-0|lf§1tty amd;AIthough
alveolar macrophages are shown in Table 9. The data are"® Comparative measurements of disease incidence or
taken almost entirely from the comparative investigations mortality of the piglets were indicated, the possibility of
on the tissue fatty acid compositions in piglets being suckled beneficial effects on disease resistance was alluded to. In
by sows fed on a diet containing either a 70 g lard or 70 g fish @nother study (Murragt al. 1993), pigs were fed for 8d
oillkg diet (Fritscheet al. 1993). In general, linoleic acid ~ ©n €ither a basal diet, an6 fatty acid-enriched (maize oil)
was higher in the thymus than in the spleen or lung alveolar diét or ann-3 fatty acid-enriched (fish oil) diet containing
macrophages. Irrespective of diet, the levels of other PUFA 80, 180 and 180 dietary fat/kg respectively. On the ninth
were remarkably similar between the tissues although theday, the pigs were injected intravenously withi3 g
levels of docosapentaenoic aci#g) and docosahexaenoic endotoxin E. coli)/kg. As observed by others (see Fritsche
acid tended to be lower in the thymus than in the spleen or et @l 1993,b), the fatty acid composition of the blood was
macrophages. There were marked diet-related changes irpignificantly enriched im-3 fatty acids resulting from the
fatty acid composition. Thus, whereas in piglets whose inclusion of dietary fish oil. Furthermore, the responses of
mothers had been fed on a diet rich in lard, arachidonic the fish-oil-fed pigs and the pigs fed on the basal and maize-
acid was the dominant PUFA, in piglets supplied with fish oil diets were different. The pIa;ma levels of thromboxane
oil eicosapentaenoic acid predominated. The levels of Bz2and 6-ketoprostaglandinfwhich have been implicated

docosapentaenoicn{@) and docosahexaenoic acids were N the response to infectious disease were lowest in the fish-
also increased in piglets supplied with fish oil. oil group. Physiological indicators of infection were also

modifed by the fish-oil diet. Thus, whereas in the basal and
maize-oil groups there were decreases in arteriac@n-
centration, this was not affected in the fish-oil group. The
fish-oil group also exhibited a more normal arterial blood
The involvement of fatty acids in the immune response has pressure and pulmonary vascular resistance in response to
been reviewed by various authors (Gurr, 1983; Johnston,the endotoxin than the basal or maize-oil groups. These
1985). In both human subjects and laboratory animals, the workers, therefore, concluded thaB fatty acids attenuated
long-chainn-3 PUFA eicosapentaenoic acid and docosa- the response to sepsis. In a different study, it was demon-
hexaenoic acid have been associated with the partial allevia-strated that the severity of lung lesions in pigs incurred
tion of the symptoms arising from a number of autoimmune as a result of intratrachedWlycoplasma hyopneumoniae
diseases including rheumatoid arthritis and systemic lupusinoculation was inversely related to the ratie8 : n-6 fatty
erythematosus (British Nutrition Foundation, 1992). These acids in alveolar macrophage lipids (Turek al. 1996);
effects have been associated, in part, with a reduction in thethese findings were in overall agreement with previous work
formation of pro-inflammatory eicosanoids, most notably undertaken by the same group (Turek al 1994). In
leukotriene B. It may be questioned, therefore, whether the contrast to these observations, the feeding of fish oil to
effects of these fatty acids on chronic, autoimmune diseasesrabbits (D’Ambolaet al. 1991) and mice (Chargt al. 1992)
could also apply to the alleviation of acute, infectious appeared to reduce the effectiveness of the response to
diseases and more specifically to those infectious diseasedacterial challenge.

which are of relevance to the pig. Diseases caused by

Escherichia colbacteria in pigs are well known and account

for a high proportion of deaths and reduced growth rdes. Sources of polyunsaturated fatty acids for the

coli infestation has been shown to cause septicaemia in neonatal pig

neonatal piglets and diarrhoea in sucking and newly-weaned
piglets (Whittemore, 1993; Bertschinger, 1995). A compro-
mised health status is also more likely to occur in piglets of Non-essential fatty acids are readily obtained by the fetus
low birth weight (Whittemore, 1993). either by synthesis from appropriate precursors or by

Table 8 shows the fatty acid compositions of ovarian tissue,
testes, rete testis fluid and seminal plasma. Ovary and Graafia
follicle contain a relatively high content of arachidonic acid
together with the highest content of docosatetraenoic acid
(22:4n-6) seen in any of the tissues presented. Levels of
other long-chain PUFA are relatively low. The phospholipid
fraction from spermatozoa is characterized by high contents
of docosapentaenoic acid-6) and docosahexaenoic acid.
Rete testis fluid and seminal plasma fluid are also character-

Polyunsaturated fatty acids and the immune status of
the pig neonate

Lipid synthesigle novo

ssa.d Ansseniun abpriquied Aq auljuo paysiiqnd 512000665 L LL000S/ZL0L 0L/Bio 10p//:sdny


https://doi.org/10.1017/S0007114599000215

PUFA in pig neonatal development 95

absorption via the placenta. Lipogenic (i.e. lipid-forming) molecular mechanisms relating to the synthesis of fatty
activity has been demonstrated to ocd#& novoin both acids and principal lipid classes including triacylglycerols
porcine fetal adipose tissue (Kasseal 1981) and fetal pig and phospholipids have been reviewed elsewhere
liver (Mersmann, 1971). It appears that, before birth, the (Farnworth & Kramer, 1987).
lipogenic activity of the liver is greater than that of the
adipose tissue, whereas postnatally the adipose tissu
assumes the greater role (Mersmatml. 1973). However,
compared with other mammals, the potential for lipid
synthesis in the newborn pig is lower and is associated The placenta allows the transfer of nutrients from the
with a limited degree of free fatty acid mobilization. Free maternal plasma to the fetal plasma and the reverse transfer
fatty acids are released into the plasma from triacylglycerol of waste products of fetal metabolism. The anatomy of the
in adipose tissue stores. In the newborn unfed pig shortly porcine placenta is of the diffuse and epitheliochorial type
after birth there is only a twofold increase in plasma free (Flood, 1991). Early studies usirC-labelled fatty acids in
fatty acid release compared with a sixfold increase in unfed rats indicated the existence of ‘biomagnification’ of long-
lambs and human infants (Seerley, 1984). The low level of chain fatty acids of the-6 andn-3 series (Crawforat al.
free fatty acid mobilization is probably related to the fact 1976). Thus, levels of these fatty acids increased in ascend-
that the newborn, unsuckled pig contains only 10—30 g total ing order from maternal liver to placenta to fetal liver and
lipid/kg body weight (Manners & McCrea, 1963; Farnworth ultimately to fetal brain. Similar observations were made by
& Kramer, 1987) which, as Seerley (1984) points out, is Nobleet al. (1978&,b) in neonatal lambs. Interesting data on
probably in the form of structural fat and therefore not mechanisms controlling interrelated transfer and accumula-
available for mobilization. In contrast, by 4 weeks of age, tion of essential fatty acids in fetal tissues have been
the proportion of fat in the piglet fed on sow’s milk has risen obtained recently using an avian embryo model system
to 180g/kg of body weight (Manners & McCrea, 1963). (Noble & Speake, 1997). From the fact that porcine placenta
Unlike neonatal ruminants (Noble, 1979), the neonatal pig contains only a low amount of total lipid it would appear
contains no brown adipose tissue (Pond & Houpt, 1978). that provision of fatty acids to the fetus does not involve any
The relative contributions to lipid accretion in the fetal prior storage. Ramsagt al (1991) observed that maternal
pig of de novdipogenesis and preformed fatty acid taken up and fetal regions of the placenta contained 11 and 16 g lipid/
via the placenta have not been assessed fully. Howeverkg dry weight respectively and that the presence or absence
from a number of observations it appears tligt novo of 150 g tallow/kg in the sow diet had no significant effect
lipogenesis is the principal mechanism of fatty acid accre- on these levels.
tion but that the extent of this synthesis is low. Also, in The fact that the placenta is itself a fast-growing, highly
general the transfer of fatty acids across the placenta isvascular organ has prompted suggestions that it too places a
relatively low. The observations supporting these state- demand for PUFA. Thus, Crawfost al. (1989) noted that
ments are as follows: (1) the newborn pig is born with a the contents of arachidonic and docosahexaenoic acids in
very low quantity of body lipid (Manners & McCrea, 1963; human umbilical cord plasma phospholipid were signifi-
Filer et al. 1966); (2) efforts to increase the fat content of cantly higher in cases where placental weight was classed as
newborn piglets to improve survivability have not been high than where it was classed as low. A beneficial effect on
successful (Pettigrew, 1981); (3) the contents of triacylgly- birth weight was also implicated as placental weight and
cerol and free fatty acid in fetal porcine plasma are 35 and birth weight were positively related. Crawfoed al. (1989)
20 % of the respective maternal blood levels (Ramstzgl. hypothesized that a deficiency of essential fatty acids and
1991), thus, although the levels of triacylglycerol and free their long-chain metabolites could lead to sub-optimal blood
fatty acid increased significantly in maternal plasma as a flow conditions in the growing placenta, as supported by
result of consuming a diet containing 150 g tallow/kg, their their observations of vascular lesions and inflammation in
levels in the fetal plasma were not significantly affected; placentas associated with low-birth-weight babies. Findings
(4) the fatty acid composition of the fetus is relatively related to fetal pig growth which could be seen to support
refractory to changes in the fatty acid content of the this hypothesis have been recorded. Thus, Dyck & McKay
maternal blood (Farnworth & Kramer, 1989 (5) overall, (1986) studied the relationship between fetal pig weight and
there is a low rate of placental transfer of fatty acids (Thulin eleven factors related to fetal environment in over 900
et al. 1989). However, this apparent deficit in body lipid fetuses. It was found that the uterine weight of the area of
content at birth is largely rectified through the piglet's placental attachment accounted for most of the variation in
access to a rich lipid source in the form of colostrum. fetal weight, thereby underlining the importance of the
The low level of lipid synthesis exhibited by the pig fetus placenta in fetal pig growth.
does not appear to be related to a lack of substrate avail- Delivery of fatty acids to the placenta The transfer of
ability from maternal sources but rather to innate hormonal fatty acids across the placenta from the maternal to the fetal
control of lipogenesis (Kasset al. 1983).De novolipo- blood supply occurs with fatty acids in the free, unesterified
genesis and triacylglycerol synthesis in the porcine fetus areform (see review by Noble, 1979; Kuhn & Crawford, 1986).
enhanced by insulin (Kasset al. 1981) and are affected by  Such free acids may be present within the blood bound to
various hormones arising from the central nervous system, plasma proteins such as albumin (Brossatrdl. 1997) ora-
in particular the hypothalamus and pituitary glands (Martin fetoprotein (Innis, 1991). However, as most fatty acids in
et al. 1985) with growth hormone appearing to have an the maternal blood are esterified as triacylglycerols (Thulin
inhibitory effect on these processes (Kasstal. 1983). The et al. 1989), their transfer requires the liberation of the free

€The role of the placenta in the provision of polyunsaturated
fatty acids
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acids by the enzyme lipoprotein lipas&Q 3.1.1.34). esterification was exhibited; other factors were purported to
Placental lipoprotein lipase activity has been reported to be be limiting, such as the fatty acid binding proteins. More
high in the pig (Ramsagt al. 1991) and there is evidence recently it has become apparent that fatty acid binding
from studies on guinea-pig placenta to suggest that theproteins are important in placental fatty acid uptake (Dutta-
enzyme’s activity may increase from early to late gestation Roy et al 1996). Furthermore, the long-chain PUFA are
with increasing fetal demand for fatty acids (Thomas & selectively or preferentially taken up by the placenta (Camp-
Lowy, 1987). Furthermore, it appears that this lipoprotein bell et al 1996; Dutta-Roy, 1997). Indeed, a similar
lipase is located only on the maternal side of the placenta, preference for fatty acids of increasing unsaturation is
presumably in order to prevent the reverse transfer of fatty known to exist for the fatty acid binding protein within the
acids from the fetal to the maternal circulation (Thomas intestinal enterocyte (British Nutrition Foundation, 1992).
et al. 1984). A preferential release of PUFA from maternal
adipose tissue stores has been suggested from the results of
several studies. This has implications for the supply of fatty
acids to the developing fetus either directly in the free fatty
acid form or following metabolic manipulation via the liver. The newborn piglet receives its nourishment from the first
A preferential release of eicosapentaenoic acid and milk or colostrum which persists for the first 3—4d of
arachidonic acid has been observed in hormonally stimu- lactation. The colostrum supplies the newborn piglet with
lated rat adipocytes (Hollenberg & Angel, 1963; Raclot & a range of nutrients as well as antibodies, the latter of which
Groscolas, 1993). Similarly, Gavino & Gavino (1992) are virtually absent from the blood due to the apparent
observed that cultured and stimulated preadipocytesinability of antibodies to cross the placenta (Pond & Houpt,
released mor@-6 andn-3 fatty acids than saturated fatty 1978). It is the consumption of colostrum and milk, with
acids. A preferential release of docosahexaenoic acid fromtheir high fat content, that is responsible for the marked
chick embryo adipose tissue has also been observedincrease in the fat content of the piglet after birth (Lee &
(Cerolini et al. 1996). Kauffman, 1974; Mersmann, 1974). In addition to fat, the
The form in which fatty acids are transported within the colostrum provides other nutrients including lactose, a range
blood and delivered to the placenta may also be important. of vitamins and various minerals (Braudé al. 1947). By
As a percentage of particle mass, triacylglycerols are pre- noting differences in piglet weight, Fraser & Rushen (1992)
sent in largest amounts in chylomicrons and VLDL. Chy- observed that, during the first hour after establishing suc-
lomicrons are formed in the intestinal wall and transport cessful suckling, newborn pigs consumed 75g colostrum
dietary fat whereas VLDL are formed in the liver and may and later (3rd to 4th hours) consumed it at approximately
contain fatty acids which have been ‘processed’ to some 20 g/h.
degree. However, in the placenta it appears that only Various changes in the blood and body composition and
triacylglycerol from VLDL and not chylomicrons is hydro- enzyme activities occur following birth in relation to the
lysed (McBride & Burton, 1964; Thomas & Lowy, 1987). consumption of colostrum and milk. Before sucking, the
This may be a mechanism both to protect the fetus from newborn pig is dependent on large carbohydrate (glycogen)
potentially injurious changes in dietary fatty acids and to stores in both the liver and muscle tissues (Mersmann, 1974)
facilitate the increased delivery of long-chain PUFA to the but after the start of sucking, carbohydrates are supplied by
fetus (Dutta-Royet al. 1996). In the pig, a marked increase the milk as reflected by an increase in the level of blood
in the level of VLDL in the plasma during the last 8 weeks glucose (Lodgest al. 1978). Similarly, increases in plasma
of pregnancy has been shown to occur (Wrighal. 1995). lipid levels have been observed contingent on the start of
An increase in the proportion of docosahexaenoic acid in sucking (Nobleet al. 1971). The accumulation of fat from
liver phospholipid has been shown to coincide with the fetal colostrum and milk by both muscle and subcutaneous
brain growth ‘spurt’ in the guinea-pig (Burdge & Postle, adipose tissue is enabled by the increasing activities of
1994) which would suggest that fatty acids destined for the lipoprotein lipase in these tissues from birth, with the
brain are accumulated and released from the liver. Recentactivity of this enzyme being much higher in the subcuta-
data on the avian embryo have underlined the existence of aneous adipose tissue than in the muscle (Lee & Kauffman,
specific relationship between the adipose tissue and the liverl974a,b). Lee & Kauffman (1974) showed that the accu-
for the delivery of long-chain PUFA (Noble & Speake, mulation of fatin the piglet during the first 4 weeks of life is
1997). entirely due to the deposition of fatty acids derived from
Preferential transfer of fatty acids across the placenta milk fat, the activities of lipogenic enzymes (malic enzyme
Early studies speculated that transfer rates across the placent(EC 1.1.1.40) and citrate cleavage enzynieC(4.1.3.8))
depended on differences in fatty acid concentration (Noble, being negligible during this period.
1979; Kuhn & Crawford, 1986) and that transfer involved, as  Sow colostrum has been shown generally to contain less
in intestinal fatty acid absorption, an intermediate (re)ester- fat (approximately 40 g/l) than post-colostrum milk (40—
ification step followed by lipolysis for the release of free fatty 80g/l) (Braudeet al. 1947; de Man & Bowland, 1963;
acids into the circulation (Coleman, 1986; Ramsyal. Frobish et al. 1967; Friend, 1974) although Schuld &
1991). It was also believed that this intermediate esterification Bowland (1968) observed no difference in the level of
could be one of the factors responsible for the low level of fat between colostrum and milk. This contrasts with the
fatty acid transfer across the porcine placenta. However, aftersituation in the ruminant in which a markedly higher fat
adding P“C]palmitic acid to placental tissue incubations, content has been recorded in colostrum than in late milk
Ramsay et al (1991) noted that only a low level of (Noble et al. 1970). Fat supplementation of the sow diet

Colostrum and milk as effective sources of
polyunsaturated fatty acids
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Table 10. Fatty acid composition (major fatty acids, g/100 g total fatty
acids) of colostrum, milk and backfat of sows fed on a standard diet
(from de Man & Bowland, 1963)

97

Table 11. Fatty acid composition (major fatty acids, g/100 g total fatty

acids) of the milk from sows fed on diets containing 70 g lard/kg, 70g
fish oil/kg or 35¢ lard + 354 fish oil/lkg (from Fritsche et al. 1993b)

Fatty acid Colostrum Milk Backfat
10:0 - 02 -
12:0 - 03 -
14:0 14 33 10
16:0 223 303 2301
16:1n-7 50 90 238
18:0 50 40 146
18:1n-9 410 353 443
18:2n-6 2009 130 132
18:3n-3 24 23 -
Unidentified 04 12 03

during late gestation and lactation has been shown tomura

increase both milk production and the fat content of colos-
trum and milk (Bowland, 1966; Pettigrew, 1981). The total
amount of lipid in sow’s milk does not appear to be affected
by differences in the level of unsaturation of the dietary
fat (cod-liver oil supplement. ‘control’: Taugbglet al.
1993; menhaden fish oil lard: Fritscheet al. 1993). The
overall composition of sow’s milk has been described in
detail (Braudeet al. 1947; Bowland, 1966; Milleret al.
1971).

The fatty acid composition of sow’s colostrum has been
shown to differ from that of mature milk in several impor-

Lard +

Fatty acid Lard fish oil Fish oil
14:0 29 34 34
16:0 268 259 25[6
16:1n-7 80 80 8l
18:0 46 418 50
18:1n-9 392 3204 320
18:2n-6 131 126 1113
18:3n-3 0B 0B 09
20:4n-6 o 0B (o]wf
20:5n-3 [0]1) 23 33
22:5n-3 04 10 13
22:6n-3 0l 214 3B
SFA 34 34 34

47 41 40
PUFA 17 20 22
Total n-6: total n-3 70 20 14

SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, poly-
unsaturated fatty acids.

Positional distribution of fatty acids in milk triacylgly-
cerols Milk fat is made up almost entirely of triacylgly-
cerol, which accounts for 98 % of the fat. The fatty acids
within the milk triacylglycerols of the sow are distributed on
the glycerol moiety (i.e. on positiosn-1, sn2 orsn-3) in a

tant respects (see Table 10). Most notably, the level of manner similar to that found in depot fat. Thus, most

linoleic acid in colostrum is considerably higher than that of
mature milk (Schuld & Bowland, 19é8Miller et al. 1971).
The levels of myristic, palmitic and palmitoleic acids are
correspondingly lower. Fritschet al. (1993) observed that
the level of totaln-3 polyunsaturates in sow colostrum was
similar to that in mature milk. This is in contrast to the
situation in man where the levels of long-chain metabolites
of linoleic and a-linolenic acids in colostrum have been
shown to be double the levels found in mature milk (Gibson
& Kneebone, 1981).

Sow’s milk is characterized by a predominance of oleic
acid followed by palmitic, linoleic and palmitoleic acids.
The short-chain fatty acids butyric (4:0), caproic (6:0) and
caprylic (8:0) acids are not present in the milk under any
dietary conditions whilst capric (10:0) and lauric (12:0) are
present only in trace amounts (Witter & Rook, 1970). The
fatty acid composition of the milk is influenced extensively
by the fatty acid composition of the sow diet. Thus, feeding
maize oil resulted in higher levels of linoleic acid in the milk
(Miller et al. 1971) and feeding fish oil increased the levels
of the long-chaim-3 PUFA (Taugbgkt al. 1993; Fritsche
et al 1993,b). As shown in Table 11, the levels of saturated

fatty acids have been shown to be relatively resistant to

dietary alteration. Significant increases of the long-cinain

notably, palmitic acid is preferentially esterified to tme2
position of the glycerol moiety (Freemaet al. 1965;
Duncan & Garton, 1966). Then1 position is occupied
mostly by oleic, palmitic and stearic acids and the3
position by oleic and linoleic acids (Christie & Moore,
1970; Parodi, 1982). This distribution is similar to that
found in human milk (Goedhart & Bindels, 1994). Stinson
et al. (1967) observed that, in terms of the positional
distribution of fatty acids, the colostrum fat of the sow
resembled body fat more than milk fat. Also, no difference
in sow milk fatty acid positional distribution was observed
between milk from the first or the third week of lactation.
Only very limited information is available on the stereo-
specific distribution of the long-chain PUFA within the
triacylglycerols. However, it would be reasonable to
suppose that their distribution is similar to that observed in
human milk in which arachidonic and docosahexaenoic
acids are found primarily at then2 and -3 positions
(Martin et al. 1993; Goedhart & Bindels, 1994). Similarities
in fatty acid positional distribution in the milk from a wide

range of mammalian species have been observed (Parodi,

1982).
Phospholipid represents approximately 1% of the fat
component of milk. Its function appears to be in providing

PUFA in the milk brought about by the fish oil and mixed a structural framework with cholesterol and proteins for
lard—fish oil treatments occurred primarily at the expense of retaining the milk triacylglycerols in the aqueous surround-
oleic acid. Levels of linoleic and arachidonic acids in the ings (Innis, 1991). In sow milk, the major phospholipid

milk were not markedly affected by dietary alteration. The species is phosphatidylethanolamine (37 %) followed
lack of response by arachidonic acid within the milk even by sphingomyelin (35%) and phosphatidylcholine (22 %)
under widely fluctuating dietary levels of arachidonic acid whilst phosphatidylserine and phosphatidylinositol are pre-
or its precursor linoleic acid has been observed elsewheresent at a level of 3% each (Morrison, 1968). The distribu-
(Innis, 1991; British Nutrition Foundation, 1992). tion of the phospholipid species in the milks from a wide
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range of mammals has been shown to display a remarkablethe level of lipid but not by the type of lipid in the diet
uniformity (Morrison, 1968). Although the milk phospho- (Armandet al. 1990). Not only are lipases secreted from the
lipids account for some 50 % of the total6 andn-3 long- pancreas but ‘pre-duodenal’ sources of the enzyme have
chain PUFA, diet-induced changes in milk fatty acids been identified. Thus, in the neonatal pig, lipases have been
occur mostly in the triacylglycerols rather than in the shown to be secreted in the milk (milk lipase), the mouth
phospholipids (Innis, 1991). (lingual lipase) and the stomach (gastric lipase) with the
Temporal changes in lipid composition of sow’s milk hydrolytic activity not occurring until the acidic environ-
Various changes in the lipid composition of sow’s milk have ment of the stomach is encountered (Borgstro
been observed depending on the stage of lactation. The totaBrockman, 1984).
fat content has been observed to decrease by approximately
20% from early to late lactation (Braudet al. 1947)
although Milleret al. (1971) observed no significant change Fatty acids and reproductive performance
in total milk fat with stage of lactation. Perrin (1954)
observed that the milk fat content increased during the
initial 3 weeks then decreased over the remainder of the Several investigations have been undertaken on the general
lactation period. Furthermore, considerable day-to-day effects of dietary fat on the reproductive performance of
variation was noted. In the rat, milk triacylglycerol content pigs (Wiseman, 1984; Pettigrew & Moser, 1991). Overall,
tended to increase from early to late lactation, the extent of however, little attention has been paid to the constituent
the changes decreasing with up to four parities (Hugtral fatty acid composition of the fat being fed. Thus, the generic
1992). term ‘fat’ has been used most frequently and often without
In addition, some workers have observed changes in thereference to the kind of fat and much less to the dietary fatty
fatty acid content of milk during the course of lactation. acids being fed. Indicators of reproductive performance
Miller et al. (1971) observed a number of changes in fatty have included such measurements as number of piglets
acids in pigs fed on isoenergetic diets with or without 100 ml born alive or dead, number alive at 3 weeks or at weaning
maize oil/lkg. Thus, during lactation, myristic, palmitic and (Kruseet al. 1977) and birth and weaning weights (Petti-
palmitoleic acids were observed to increase in control sows grew & Moser, 1991; Fritschet al. 1993).
but not in the maize oil group. Oleic acid decreased during  Supplemental dietary fat fed to sows during late gestation
lactation in both diet groups. Notably, linoleic acid has been shown to increase the fat content of piglets only to
decreased in the control group from the beginning to a very limited extent and apparently of insufficient magni-
5 weeks of lactation, whereas, in the maize oil diet linoleic tude to have effects on reproductive variables. Thus, in a
acid decreased up to 2 weeks but increased thereafterreview of a number of investigations, Pettigrew & Moser
Stinsonet al. (1967) observed no difference in sow milk (1991) noted that fat supplementation during late pregnancy
fatty acid composition between milk from the first or the had no effect on pig birth weight or the rate of stillbirths.
third week of lactation under normal dietary conditions. However, beneficial effects on reproductive performance of
From the first to the third week of lactation in the sow, the feeding sows supplemental fat during lactation have been
levels of arachidonic and eicosapentaenoic acids tended toobserved, albeit to a moderate degree. Thus, litter weaning
decrease; these changes were reflected by similar reductionsveight was increased by supplemental dietary fat given to
in the plasma levels of these fatty acids (Fritsctteal. the sow during lactation, such increases being greatest for
1993%). The decrease in eicosapentaenoic acid occurredsows given 100—150 g added fat/kg diet (Pettigrew & Moser,
even when the level of this acid in the diet was elevated 1991). This is presumably related to the increased milk yield
by the inclusion of a high level of fish oil. Similarly, and milk fat content which has been observed in sows given
reductions imn-6 andn-3 PUFA levels in sow milk during  added dietary fat (Pettigrew, 1981). Although increased
lactation have been reported by Taugleglal (1993). In survival of piglets from birth to weaning has been observed

Non-essential fatty acids

rats, the levels oh-6 fatty acid metabolitesyflinolenic in piglets sucking sows given supplemental fat, the improve-
acid, dihomosy-linolenic acid and arachidonic acid) in ment was only found to be 3 percentage units (Pettigrew &
milk fat declined progressively (Huanet al. 1992). Moser, 1991). These authors noted that the improvement in

Digestion of sow milk fat The digestibility of the fat in survival was greater in situations where piglet survival rate
sow’s milk is high at over 95% (Frobisét al. 1967). The was between 70 and 80 % than where it was less than 70 %.
enzymic digestion of milk triacylglycerols is effected It was also noted that there was little difference in response
by lipases which principally hydrolyse the fatty acids at to vegetable and animal fats although the actual type of fat
the snl and sn3 positions thereby giving rise ten2 included was not stated in their review.
monoacylglycerols (Small, 1991; Innist al. 1995). As The feeding of cholesterol has been shown to have an
reviewed by Aumaitre (1972), the measuiadsitro lipase effect on the growth of the piglet. Thus, Schokneehgl.
activity in the gut of the newborn pig is very high and (1994) observed that pigs supplemented with dietary cho-
increases slightly with age. It was concluded that sufficient lesterol had an improved growth rate which was possibly
lipase activity exists to digest all incoming fats. In spite of due to a low endogenous synthesis of cholesterol.
the known resistance of the long-chain PUFA to lipase
hydrolysis (Bottinoet al. 1967), the extent of digestion of
fats rich in such acids has been shown to be high (over 95 %)
in neonatal piglets (Chiangt al. 1989). Furthermore, it  An essential role for linoleic acid has long been established
appears that the level of lipase activity may be affected by (Burr & Burr, 1930; Guarnieri & Johnson, 1970) with

Polyunsaturated fatty acids
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deficiency symptoms of reduced growth, scaly dermatitis, a-Linolenic acid
increased permeability of skin, fatty liver, kidney damage
and impaired reproduction (Holman, 1968, 1970; Rivers
& Frankel, 1981). Following the identification of the
essentiality of linoleic acid, an essential role fetinolenic
acid has been indicated although not without some degree o
scientific debate (Chapkin, 1992). The long-chain PUFA
including arachidonic acid, eicosapentaenoic acid and doc-
osahexaenoic acid have been classified as ‘conditionally
essential’ (British Nutrition Foundation, 1992), being
required to redress nutritional requirements occurring
under specific conditions. According to the British Nutri-
tion Foundation (1992), an example of such a situation is
premature human infant birth, where the infant has missed
out on the placental supply of long-chain PUFA at late
gestation when the brain is undergoing rapid development.
It is under such conditions that a supply of pre-formed
long-chain PUFA becomes critical to normal brain devel-
opment. At other times, the presence of sufficient amounts
of the precursor fatty acids linoleic ardlinolenic acid is
deemed to be sufficient for the formation of the longer
chain metabolites. However, in the literature there is a
need to define more clearly the circumstances in which
these fatty acids are essentj@r seand when they are
not.

Studies which have examined specific effecta-diiholenic

acid and its longer chain derivatives on pig reproductive
performance are few in number, resulting in calls for
fresearch in this area (Schuld & Bowland, 186&titt &
Johnson, 1990). Studies in both mice (Rivers & Davidson,
1974) and monkeys (Sincla@t al. 1974) have shown that
dietary deprivation o&-linolenic acid causes adverse meta-
bolic changes. After feeding mice on anlinolenic acid-
deficient diet based on safflower oil, Rivers & Davidson
(1974) observed that the fasting metabolic rate was
increased and that the offspring from adult mice fed on
the linolenate-deficient diet weighed 17 % less at weaning
than offspring from mice fed on control (linolenate-suffi-
cient) diets. This difference in weight was found to persist
after weaning onto a standard diet, suggesting that growth
was permanently impaired (see also Dickersbal 1967;
Widdowson, 1974). In monkeys fed on maize oil diets,
severe skin lesions were observed after approximately 2
years (Sinclairet al. 1974). That these lesions were caused
by a deficiency ofa-linolenic acid was confirmed by
subsequently feeding linseed oil which is high in linolenate
and which resolved the lesions. In spite of these and other
findings (see Tinoco, 1982) which indicate an essentiality of
a-linolenic acid, debate still exists as to the validity of this
claim (Chapkin, 1992).
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Linoleic acid

In a study by Kruseet al. (1977), an attempt was made to Long-chainn-6 andn-3 polyunsaturated fatty acids

determine the effects of increasing dietary linoleic acid on The long-chain PUFA arachidonic, eicosapentaenoic and
pig reproductive performance. Sows were fed on diets, over docosahexaenoic acids have more recently come to be
three successive pregnancies, containing levels of linoleicregarded as essential to fetal and neonatal development
acid of 14, 22 or 48 % of total dietary energy, which were  due to their critical role in the normal growth and develop-
supplied by 0, 20 and 40g soyabean oil/kg diet, respec- ment of the brain and retina (Innis, 1991; British Nutrition
tively. All the diets contained approximately 240g of Foundation, 1992). The brain requires significant quantities
soyabean meal/kg which contributed to the levels of linoleic of both arachidonic and docosahexaenoic acids at a period
acid observed in the diets. The levels of linoleic asad of rapid neonatal brain development known as the ‘brain
linolenic acid in sow plasma, colostrum and milk and piglet growth spurt’. A shortage in the supply of these fatty acids
plasma were increased with the increasing dietary soyabearor their precursors, namely linoleic ardlinolenic acids

oil supplied to the sows. The levels of eicosatrienoic acid has been shown to cause deleterious changes to the devel-
(20: 3-9) in the plasma of piglets and sows increased with oping brain manifesting in a reduced brain responsiveness
decreasing dietary supply of soyabean oil fatty acids. An and visual acuity (Neuringegt al. 1988; British Nutrition
increasing level of eicosatrienoic acid relative to arachido- Foundation, 1992; Carlsost al. 1993).

nic acid (triene:tetraene ratio) has been stated to be indica- Several studies have examined the effect of feeding fish
tive of essential fatty acid deficiency (Holmahal. 1979). oil containing the long-chain fatty acids, eicosapentaenoic
There was no effect of dietary linoleic acid supply to the and docosahexaenoic acids, on pig reproductive perfor-
sow on the survival rate or growth of the piglets. The authors mance. Fritscheet al. (1993) fed diets containing 70g
were able to show that even the basal diet was linoleate-lard or fish oil/kg or a mixture of 35 g each lard and fish oil
sufficient. However, this was to be expected given that the from day 107 of gestation until 3 weeks postpartum.
present-day linoleate requirement is 1g/kg diet (National Samples of milk and serum from the sows and piglet
Research Council, 1988, see p. 100) and that the dietserum were collected weekly from the day of farrowing.
supplied 59 linoleate/kg. In another study, the feeding of As a result of feeding fish oil, there were marked and highly

lard or maize oil either with or without 100 mgtocophery!l significant increases in the levels of eicosapentaenoic acid,
acetate/kg diet to sows throughout gestation and lactationdocosapentaenoic acith-8) and docosahexaenoic acid in
had no effect on reproductive performance (Madmal. the plasma and milk of the sows and consequently in the

1976). Similarly, Farnworth & Kramer (1988) observed that plasma of the piglets sucking those sows. There was no
the fetuses from sows fed on diets containing no added fat, effect of diet on the number of live pigs born per litter, piglet
50 g soyabean oil/kg or 50 g tallow/kg had no differences in birth weights or age-adjusted weaning weights. Similar
the size or total lipid contents of heart, liver, lung or kidney observations were made by Taugleslal. (1993) who fed

nor in overall carcass proximate composition. a daily supplement of 50 ml cod-liver oil to sows from day
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107 of gestation until the resulting piglets were weaned. No (1981). It is apparent from studies involving a wide range
noticeable effect on overall piglet mortality or piglet weight of animals including the pig (Holman, 1960; Holman &
gain was observed although it was noted that the health andPeifer, 1960; Tinoccet al. 1977; Wallet al. 1992) that
productivity record of all the animals was very high. This a deficiency in a particular essential fatty acid can be
may be attributed to the fact that the basal diet contained accelerated by the presence of high levels of non-essential
rapeseed meal and herring meal at the levels of 30 andand/or other essential fatty acids or other lipids (e.qg.
15 g/kg diet respectively. A disadvantage of the studies of saturated fatty acids, cholesterol).
both Fritscheet al. (1993) and Taugbgkt al. (1993) may
have been the relatively low number of sows used. The
addition of a unique fish oil containing a high level of
docosahexaenoic acid to pregnant sow diets was investi-A requirement for linoleic acid of 1 g/kg diet has been stated
gated to determine if any effects on resulting piglet beha- for pigs of all ages including sows in gestation and lactation;
vioural characteristics could be elicited (Blaetdal. 1997). this equates to B % of digestible energy intake per day
However, no such effects were found. In a different study, (National Research Council, 1988). However, the Agricul-
the feeding of a diet containing 50 g fishmeal/kg to a large tural Research Council (1981) recommended that higher
number of sows resulted in a prolonged gestation length, anlevels of linoleic acid should be given and be adjusted
increased litter birthweight and a reduced number of post- according to the age of the animal. Thus, for young pigs
natal deaths (Edwards & Pike, 1997). up to 30kg, 15g/kg diet (or 3% of digestible energy or
In other mammals besides the pig, a beneficial growth 38 % of total energy) should be linoleic acid but the level
effect of dietary long-chain polyunsaturates has been should be halved for pigs weighing from 30 to 90kg. The
observed. Thus, Yelet al. (1990) observed that weight Agricultural Research Council values are more in line with
gain was 5-10 % greater in rats sucking dams fed on fish oil that of approximately 2 % of total dietary energy as linoleic
as opposed to maize oil. In premature (human) infants, acid stated by Kruset al. (1977).
plasma arachidonic acid associated with the phosphatidyl- Recent studies using the piglet as a model for determining
choline fraction was found to correlate positively with the adequacy of fatty acids in human infant formulas have
growth rate in the first year (Carls@t al. 1993a). Crawford proposed requirements for linoleic acid for the newborn
et al. (1990) observed that there were positive and statisti- piglet based on the fatty acid composition of brain and retina
cally significant correlations between human birth weight or phospholipid as indicators of essential fatty acid status
head circumference and arachidonic acid or docosahexa{Innis, 1993). These and other results indicated much
enoic acid in the phosphatidylethanolamine fraction of higher requirements of 5-10% dietary energy as linoleic
tissue sections taken from the umbilical artery. There were acid in a ratio of 5:1, linoleica-linolenic acid. A similar
also significant negative correlations between weight or headratio of 6:1 has been stated as optimum for human intake
circumference and the eicosatrienoic : arachidonic acid ratio (British Nutrition Foundation, 1992).
(20:31-9/20:4-6) or the docosapentaenoic:docosatetra- The range of recommended linoleic acid intakes of
enoic acid ratio (22:%6/22:4-6) of the umbilical arterial 1-48 % total energy for man (Rivers & Frankel, 1981;
sections. However, various workers have found no effect of Galli & Simopoulos, 1989; Department of Health, 1991;
long-chain PUFA on neonatal growth weights. Thus, Innis, 1991, British Nutrition Foundation, 1992) is similar to
Arbuckle & Innis (1992) observed no difference in body that stated for the pig by the Agricultural Research Council
or cerebrum weight of piglets after feeding diets differing in  (1981) but clearly lower than that stated by Innis (1993).
n-3 PUFA from birth to 15d of age. In human infants, Recommendations for human intake of linoleate have
Clandinin et al. (1992) observed no differences in birth made distinctions in terms of age and reproductive status
weight, body length or head circumference between babiesand have used knowledge of the composition of human
given breast milk or infant formula with or without added breast milk as a standard of reference (British Nutrition
C20 and C22n-6 andn-3 PUFA. Carlsonet al. (1992) Foundation, 1992). Therefore, as stated by the British
observed that very-low-birth-weight infants supplemented Nutrition Foundation (1992), human infants, children and
with marine oil had lower normalized weight and length adults should consume a minimum of 3 % dietary energy as
during the first year of life than those fed on infant formula. linoleic acid which is at the low end of the range of linoleic
However, in a study using 194 infants, the addition of acid contents of 3—12% (mean 4 %) total energy content
docosahexaenoic acid and arachidonic acid to pretermrecorded in breast milk. A higher requirement of 10%
infant formula enhanced growth compared with control dietary energy as linoleic acid has been stated for premature
formula (Hanseret al. 1997). babies (Farrelét al. 1988). Higher requirements for linoleic
acid during pregnancy and lactation in the order &f @nd

e . . 5-7 % total energy respectively, have been stated (Mendy
Quantification of pig polyunsaturated fatty acid et al. 1986).

requirements

Linoleic acid

Recommendations on the intake of essential fatty acids for a-Linolenic acid

pigs have been restricted almost wholly to consideration of No recommendations fet-linolenic acid in pig diets can be
the intake of linoleic acid (Agricultural Research Council, found in frequently used nutritional guidelines by the
1981; National Research Council, 1988; Stitt & Johnson, Agricultural Research Council (1981) and the National
1990). Recommendations on the intake of arachidonic acid Research Council (1988) nor in a comprehensive text
have been made by the Agricultural Research Council pertaining to swine nutrition (Milleret al. 1991). Only
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nutritional guidelines concerning human intake af energy asa-linolenic acid resulted in a similar level of
linolenic acid or studies which have used the pig or other docosahexaenoic acid in the growing piglet synaptic plasma
mammals as a model for human (infant) nutrition membrane and retina as feedirig % dietary energy as C20
are available. Pudelkowiczet al (1968) showed that and C22n-3 PUFA. Thus, it would appear that sufficient
approximately @ % dietary energy intake as-linolenic levels of long-chain PUFA can be obtained either from
acid was required to support the normal growth of rat pups. feeding high levels of linoleic and-linolenic acids in an
Arbuckle et al. (1994) cite a number of studies in rats, appropriately balanced manner or from feeding compara-
chicks and human subjects suggesting that acquisition oftively low levels of the preformed long-chain fatty acids.
normal levels of docosahexaenoic acid in the brain required Human dietary recommendations have proposed a con-
a dietary intake otx-linolenic acid in the range@5—1 % sumption of @7 % energy in the form of eicosapentaenoic
energy. The minimum advised content of this fatty acid in acid+ docosahexaenoic acid with a toteb fatty acids : total

the human diet has been stated @s(Galli & Simopoulos, n-3 fatty acids ratio of 4 : 1 (Galli & Simopoulos, 1989). Itis
1989; Innis, 1991), @ (Department of Health, 1991)[4) of note that the ratio of these fatty acids in the milk of sows
(Bourreet al. 1989) and (B % total dietary energy (British  fed on a diet containing 70 g lard/kg is 22 : 1 (Fritsateal.

Nutrition Foundation, 1992). In human millg-linolenic 1993). Although recommending an increase for man in the
acid supplies approximately @% of the total energy  consumption of long-chain-3 PUFA, the British Nutrition
(British Nutrition Foundation, 1992). Foundation (1992) did not state a minimum amount of

Recent studies using the piglet to assess the effects ofconsumption.
altering the fatty acid composition of human infant formulas
have provided recommendations @#linolenic acid intake.
Thus, Arbuckle & Innis (1992) observed that piglets
given 2% total dietary energy as-linolenic acid in a
linoleic : a-linolenic acid ratio of 4:1 had levels of doc- By taking into account the data presently available an
osahexaenoic acid in brain and retina similar to those of sow attempt can be made to estimate the fatty acid requirements
milk-fed piglets. These workers also noted thalinolenic for the pig for fatty acids of both the-6 andn-3 series (i.e.
acid was only 24 % as effective as C20 and @22 fatty linoleic, «-linolenic, arachidonic, eicosapentaenoic and
acids as a source of docosahexaenoic acid. That the optimatiocosahexaenoic acids) (see Table 12). The present estima-
dietary linoleic :-linolenic acid ratio for the formation of  tions have incorporated more recent findings on the role of
docosahexaenoic acid in the piglet is approximately 4: 1 is essential fatty acids in normal tissue growth obtained from
supported by the findings of Gibsat al. (1997). On the studies where the piglet was used as a model for the human
basis of a range of observations, Innis (1993) proposed thatinfant. The level of 8 % dietary energy for linoleic acid is
the requirement forx-linolenic acid in the sucking pig  mid-way within the range of 5-10 % energy as linoleic acid
should be regarded as[B3-20% dietary energy in a  proposed by Innis (1993) but is double that stated by the
linoleic : a-linolenic acid ratio of 5:1. However, subse- Agricultural Research Council (1981). Unlike the Agricul-
qguently (Arbuckleet al. 1994), the feeding of approximately tural Research Council (1981), we have not stated a recom-
2% dietary energy in the form of-linolenic acid was mendation for arachidonic acid, a sufficiency of which
claimed to significantly reduce the brain weight of the piglets. would probably be derived from the adequate quantity of
linoleic acid provided and its subsequent metabolism. The
recommendation fora-linolenic acid at B% dietary
energy is at the low end of the scale d862 % suggested
There is little or no mention of required levels of the long- by Innis (1993) but, in contrast to that of Innis, the estima-
chainn-6 andn-3 PUFA (i.e. arachidonic, eicosapentaenoic tion includes an allowance for eicosapentaenoic and doc-
and docosahexaenoic acids) in guidelines for pig diets. As osahexaenoic acids in the pig diet. The suggestionxfor
mentioned earlier, the fatty acid compositions of the brain linolenic acid is therefore close to those which have been
and retina have been used as reference points for judging thanade for man. The present estimation for eicosapentaenoic
suitability of fatty acid intakes (Innis, 1991). Furthermore, and docosahexaenoic acids is based on the data available for
whereas the triene:tetraene ratio has been used as an
indicator of essential fatty acid deficiency, the ratio docosa-
hexaenoic acid : docosapentaenoic anié) has been found Table 12. Proposed dietary polyunsaturated fatty acid requirements
to be a more appropriate measure of dietat§ adequacy for pigs
(Galli et al. 1974; Arbuckleet al. 1994). With respect to the Requirement
long-chainn-6 PUFA arachidonic acid, the Agricultural
Research Council (1981) recommended that it should be

Authors’ recommendations for pig polyunsaturated fatty
acid intakes

Long-chainn-6 andn-3 polyunsaturated fatty acids

% total

fed at the level of 2% digestible energy (or 10 g/kg diet or Fatty acid dietary energy il g/d

2[8 % total dietary energy) for pigs up to 30 kg live weight. Linoleic acid 80 45350 1153

From 30 to 90 kg, the level of feeding should be halved, as «:Linolenic acid 08 4535 115
Eicosapentaenoic + o 1134 29

for linoleic acid. Arbuckle & Innis (1992) showed that milk
formula containing @& % energy as C20 and C223 PUFA
was equa”y or more effective than sow’s milk in Supporting *Based on values from the National Research Council (1988) for pigs within the
) . s . . live-weight range 50—110 kg with an expected gross energy intake of 567 MJ
the dEDOSItIOH of docosahexaenoic acid in plglet brain and (13551 keal)/d and assuming a digestible energy/gross energy value of 078

retina. It was also observed that the feeding@f% dietary as stated by the Agricultural Research Council (1981).

docosahexaenoic acid
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normal healthy human adults. The linoleic acigdlinolenic of the British Society of Animal Sciencp. 111. Penicuik,
acid ratio presently advised is 10 : 1 which is higher than the _ Lothian, UK: British Society of Animal Science.

6:1 recommended for man (British Nutrition Foundation, BOJQS”‘E B & Brockman HL (editors) (1984)ipases Amster-
1992). Arbuckle & Innis (1992) observed normal brain and _ 9am: Elsevier. . .

fatty acid profiles in piglets when a formula with a linolea- BCtino NR, Vandenburg GA & Reiser R (1967) Resistance of

te :a-linolenate ratio of 26 : 1 but a totak6 : total n-3 fatty ggﬁ?;g;ﬁg%{g::énhgglr{)lf;:i?igirg;e; Zaggy_igg.s of marine oils to

amq rat|o.of 11:1 was fed. It woulq appear, therefore, that g, rre J-M, Dumont O, Piciotti M, Pascal G & Durand G (1989)
the inclusion of preformed long-cham3 PUFA enables the Polyunsaturated fatty acids of the n-3 series and nervous system
feeding of a higher linoleatex-linolenate ratio. The pre- development. InDietary w3 and w6 Fatty Acids - Biological
sently adviseda-linolenic acid: (eicosapentaenoic aeid Effects and Nutritional Essentialitypp. 159-175 [C Gallli and
docosahexaenoic acid) ratio of 4 : 1 is exactly that which has AP Simopoulos, editors]. New York, NY: Plenum Press.

been advised by Galli & Simopoulos (1989) in man. Due to Bowland JP (1966) Swine milk composition - a summarnysiine

the lack of sufficient information available, estimations based ~ in Biomedical Researclpp. 97—-107 [LK Bustad, RO McClellan

on different age categories of pig are not able to be made. and MP Burns, editors]. Richland, WA: Pacific Northwest

Laboratory.
Braude R, Coates ME, Henry KM, Kon SK, Rowland SJ,
Conclusion Thompson SY & Walker DM (1947) A study of the composition

L. . . . of sow’s milk. British Journal of Nutrition1, 64—77.

The lack of recognition of PUFA other than linoleic acid pyitish Nutrition Foundation (1992)nsaturated Fatty Acids -
could be seen to predispose to a sub-optimal reproductive Nutritional and Physiological Significanc&he Report of the
performance in pigs. Sow gestation and lactation diets British Nutrition Foundation’s Task Forcd_ondon: Chapman
presently in use are generally characterized by a high & Hall.

content of linoleic acid and a low content eflinolenic Brossard N, Croset M, Normand S, Pousin J, Lecerf J, Laville M,
acid and the long-chain-3 PUFA. Based on a number of ~ Tayot JL & Lagarde M (1997) Human plasma albumin trans-
studies, it can readily be suggested th&@ PUFA supple- ports [C-13]docosahexaenoic acid in two lipid forms to blood

: : : : - cells.Journal of Lipid ResearcB88, 1571-1582.
ment{it'on. of Sow gestation Or_ lactation d;]etsfc%uld ||mprove Burdge GC & Postle AD (1994) Hepatic phospholipid molecular
the S|tua_t|on W'.th reSp‘?Ct to: (1) growth of the placenta species in the guinea pig. Adaptations to pregnahgyids 29,
thereby improving nutrient supply to the fetus; (2) the  559_564.
accumulation of fatty acids necessary for the normal purr GO & Burr MM (1930) On the nature and role of the fatty
growth and development of the neonate, particularly at acids essential in nutritiodournal of Biological Chemistr@6,
critical phases of development; (3) the immune status of 587-621.
the neonate. Supplementation of the sow diet withfatty Bustad LK, McClellan RO & Burns MP (editors) (1966wine in
acids could be met by the relatively simple addition of Biomedical ResearclRichland, WA: Pacific Northwest Labora-
specific fish, vegetable or microbial oils or appropriate _tory. . . .
mixtures of the same to achieve a perceived optimum Calder PC (1998) Dietary fatty acids and the immune system.

. . Nutrition Reviews5, S70—-S83.
intake of these fatty acids. Campbell FM, Gordon MJ & Dutta-Roy AK (1996) Preferential

uptake of long chain polyunsaturated fatty acids by isolated
human placental membranégolecular and Cellular Biochem-
istry 155 77-83.

Agricultural Research Council (198The Nutrient Requirements  Carlson SE, Cooke RJ, Werkman SH & Tolley EA (1992) First

References

of Pigs Slough: Commonwealth Agricultural Bureaux. year growth of preterm infants fed standard compared to marine
Anon. (1984) The piglet as a model for perinatal fatty acid oil n-3 supplemented formuld.ipids 27, 901-907.
metabolism in manNutrition Reviewst2, 257—-258. Carlson SE, Werkman SH, Peeples JM, Cooke RJ & Tolley EA
Arbuckle LD & Innis SM (1992) Docosahexaenoic acid in devel- (1993) Arachidonic acid status correlates with first year growth
oping brain and retina of piglets fed high or lowlinolenate in preterm infants.Proceedings of the National Academy of
formula with and without fish oilLipids 27, 89—93. Sciences USAQ, 1073-1077.
Arbuckle LD, MacKinnon MJ & Innis SM (1994) Formula 18r2( Carlson SE, Werkman SH, Rhodes PG & Tolley EA (1993
6) and 18:3(-3) content and ratio influence long-chain poly- Visual-acuity development in healthy preterm infants: effect of
unsaturated fatty acids in the developing piglet liver and central ~ marine-oil supplementationAmerican Journal of Clinical
nervous systemlournal of Nutrition124, 289—-298. Nutrition 58, 35—-42.
Armand M, Borel P, Cara L, Senft M, Chautan M, Lafont H & Cerolini S, Speake BK, Maldjian A & Noble RC (1996) Prefer-
Lairon D (1990) Adaptation of lingual lipase to dietary fat in ential mobilisation of docosahexaenoic acid from adipose tissue
rats.Journal of Nutrition120, 1148—-1156. triacylglycerol in the chick embrydiochemical Society Trans-

Aumaitre A (1972) Development of enzyme activity in the actions24, 165S.
digestive tract of the suckling pig: nutrition significance and Chang HR, Dulloo AG, Vladoianu IR, Piguet PF, Arsenijevic D,
implications for weaningWorld Review of Animal Production Girardier L & Pechere JC (1992) Fish oil decreases natural
8, 54-68. resistance of mice to infection witBalmonella typhimurium
Bertschinger HU (1995) Pathogenesis of porcine post-weaning Metabolism41, 1-2.
Escherichia colidiarrhoea and of oedema diseaB&ys News Chapkin RS (1992) Reappraisal of the essential fatty acidzatty
and Information16, 85N—88N. Acids in Foods and Their Health Implicationpp. 429-436
Bland IM, Rooke JA, English P, Edwards SA & Noble RC (1997) [CK Chow, editor]. New York, NY: Marcel Dekker.
The effects on neonatal piglet behaviour and tissue composition Chiang S-H, Pettigrew JE, Clarke SD & Cornelius SG (1989)
of feeding sows a diet containing a high level of docosahexa-  Digestion and absorption of fish oil by neonatal piglétsurnal
enoic acid (DHA) in late gestation and lactation Aroceedings of Nutrition 119, 1741-1743.

ssa.d Ansseniun abpriquied Aq auljuo paysiiqnd 512000665 L LL000S/ZL0L 0L/Bio 10p//:sdny


https://doi.org/10.1017/S0007114599000215

PUFA in pig neonatal development

Chow CK (editor) (1992Fatty Acids in Foods and Their Health
Implications New York, NY: Marcel Dekker.

Christie WW & Moore JH (1970) A comparison of the structures
of triglycerides from various pig tissueBiochimica et Biophy-
sica Acta210, 46—-56.

Clandinin MT, Garg ML, Parrott A, Van Aerde J, Hervada A &
Lien E (1992) Addition of long-chain polyunsaturated fatty
acids to formula for very low birth weight infant&ipids 27,
896-900.

Coleman RA (1986) Placental metabolism and transport of lipid.
Federation Proceeding45, 2519-2523.

Crawford MA, Costeloe K, Doyle W, Leighfield MJ, Lennon EA &
Meadows N (1990) Potential diagnostic value of the umbilical
artery as a definition of neural fatty acid status of the fetus during
its growth: the umbilical artery as a diagnostic tdgilochemical
Society Transaction8, 761—766.

Crawford MA, Doyle W, Williams G & Drury PJ (1989) The role
of fats and EFAs for energy and cell structures in the growth of
fetus and neonate. Ifhe Role of Fats in Human Nutritip2nd
ed., pp. 81-115 [AJ Vergroesen and M Crawford, editors].
London: Academic Press.

Crawford MA, Hassam AG, Williams G & Whitehouse WL (1976)
Essential fatty acids and fetal brain growtlancetl, 452—-453.

Crawshaw R (1994) Feedfat for pigseed CompoundeAugust
issue, pp. 25-32.

D’Ambola JB, Aeberhard EE, Trang N, Gaffar S, Barrett CT &
Sherman MP (1991) Effect of dietarg-@) and 6-6) fatty acids
on in vivo pulmonary bacterial clearance by neonatal rabbits.
Journal of Nutrition121, 1262—1269.

de Man JM & Bowland JP (1963) Fatty acid composition of sow’s
colostrum, milk and body fat as determined by gas-liquid
chromatographyJournal of Dairy ResearcB0, 339-343.

Department of Health (199Dietary Reference Values for Food
Energy and Nutrients for the United KingdoReport on Health
and Social Subjectso. 41. London: H. M. Stationery Office.

Dickerson JWT, Dobbing J & McCance RA (1967) The effect of
undernutrition on the postnatal development of the brain and
cord in pigs.Proceedings of the Royal Society of LondBaries
B: Biological Science466, 396—407.

Dhopeshwarkar GA & Mead JF (1973) Uptake and transport of
fatty acids into the brain and the role of the blood—brain barrier
system Advances in Lipid Researcii, 109-142.

Duncan WRH & Garton GA (1966) The component fatty acids of
the colostral fat and milk fat of the sowlournal of Dairy
ResearctB83, 255-259.

Dutta-Roy AK (1997) Transfer of long-chain polyunsaturated fatty
acids across the human placerfaenatal and Neonatal Med-
icine 2, 101-107.

Dutta-Roy AK, Campbell FM, Taffesse S & Gordon MJ (1996)

103

Farnworth ER & Kramer JKG (1988) Fetal pig development in
sows fed diets containing different fatSanadian Journal of
Animal Sciencé&8, 249—-256.

Farnworth ER & Kramer JKG (1989 Changes in the lipid
composition of the internal organs of fetal pigs from sows fed
different dietary fatsCanadian Journal of Animal Scien@&9,
441-448.

Farnworth ER & Kramer JKG (19&f The effects of changing sow
dietary fatty acids on fetal plasma fatty acid patte@anadian
Journal of Animal Scienc69, 813-817.

Farrell PM, Gutcher G, Palta M & DeMets D (1988) Essential fatty
acid deficiency in premature infant®dmerican Journal of
Clinical Nutrition 48, 220—-229.

Filer LJ Jr, Owen GM & Fomon SJ (1966) Effect of age, sex and
diet on carcass composition of infant pigs.Swine in Biome-
dical Researchpp. 141-148 [LK Bustad, RO McClellan and
MP Burns, editors]. Richland, WA: Pacific Northwest Labora-
tory.

Fliesler SJ & Anderson RE (1983) Chemistry and metabolism of
lipids in the vertebrate retin@rogress in Lipid ResearcB2,
79-131.

Flood PF (1991) The development of the conceptus and its
relationship to the uterus. Reproduction in Domestic Animals
4th ed., pp. 315-360 [PT Cupps, editor]. San Diego, CA:
Academic Press.

Fraser D & Rushen J (1992) Colostrum intake by newborn piglets.
Canadian Journal of Animal Sciend®, 1-13.

Freeman CP, Jack EL & Smith LM (1965) Intramolecular fatty
acid distribution in the milk fat triglycerides of several species.
Journal of Dairy Sciencé8, 853—-858.

Friend DW (1974) Effect on the performance of pigs from birth to
market weight of adding fat to the lactation diet of their dams.
Journal of Animal Scienc89, 1073-1081.

Fritsche KL, Alexander DW, Cassity NA & Huang S-C (1293
Maternally-supplied fish oil alters piglet immune cell fatty acid
profile and eicosanoid productiohipids 28, 677—-682.

Fritsche KL, Huang S-C & Cassity NA (1988 Enrichment of
omega-3 fatty acids in suckling pigs by maternal dietary fish oil
supplementationJournal of Animal Sciencél, 1841-1847.

Frobish LT, Hays VW, Speer VC & Ewan RC (1967) Digestion of
sow milk fat and effect of diet form on fat utilizatiodournal of
Animal Science6, 1478 Abstr.

Galli D, Agradi E & Paoletti R (1974) Then{6) pentaener(-3)
hexaene fatty acid ratio as an index of linolenic acid deficiency.
Biochimica et Biophysica Acta69, 142—145.

Galli C & Simopoulos AP (1989ietary w3 andw6 Fatty Acids —
Biological Effects and Nutritional EssentialityNATO ASI
Series Series A,Life Sciencesp. 171. New York, NY: Plenum
Press.

Transport of long-chain polyunsaturated fatty acids across the Gavino VC & Gavino GR (1992) Adipose hormone sensitive lipase

human placenta: role of fatty acid binding proteins. 4n
Linolenic Acid: Metabolism and Its Roles in Nutrition and
Medicing pp. 42-53 [Y-S Huang and DE Mills, editors].
Champaign, IL: AOCS Press.

Dyck GW & McKay RM (1986) Intrauterine environmental factors
affecting fetal weight at mid-pregnancy in swin€anadian
Journal of Animal Sciencé6, 945-950.

Edwards SA & Pike | (1997) Effect of fishmeal on sow reproduc-
tive performance. InProceedings of the British Society of
Animal Sciencep. 55. Penicuik, Lothian, UK: British Society
of Animal Science.

Evans RW & Setchell BP (1979) Lipid changes in boar sperma-
tozoa during epididymal maturation with some observations on
the flow and composition of boar rete testis flulthurnal of
Reproduction and Fertilityp7, 189—196.

Farnworth ER & Kramer JKG (1987) Fat metabolism in growing
swine: a reviewCanadian Journal of Animal Scien6& 301—-318.

preferentially releases polyunsaturated fatty acids from trigly-
cerides Lipids 27, 950-954.

Gibson RA, Blank C, Neumann MA & Makrides M (1997)
Optimising brain phospholipid DHA levels in piglets by low-
ering the LA:ALA ratio. Prostaglandins, Leukotrienes and
Essential Fatty Acid§7, 198 Abstr.

Gibson RA & Kneebone GM (1981) Fatty acid composition of
human colostrum and mature breast miknerican Journal of
Clinical Nutrition 34, 252—-257.

Goedhart AC & Bindels JG (1994) The composition of human milk
as a model for the design of infant formulas: recent findings and
possible applicationsNutrition Research Reviews 1-23.

Guarnieri M & Johnson RM (1970) The essential fatty acids.
Advances in Lipid Resear@) 115-174.

Gurr MI (1983) The role of lipids in the regulation of the immune
system.Progress in Lipid Researck2, 257-287.

Hansen J, Schade D, Harris C, Merkel K, Adamkin D, Hall R,

ssa.d Ansseniun abpriquied Aq auljuo paysiiqnd 512000665 L LL000S/ZL0L 0L/Bio 10p//:sdny


https://doi.org/10.1017/S0007114599000215

104 C. O. Leskanich and R. C. Noble

Lim M, Moya F, Stevens D & Twist P (1997) Docosahexaenoic plasma lipids in pigsActa Agriculturae Scandinavica7, 289—

acid plus arachidonic acid enhance preterm infant growth. 296.

Prostaglandins, Leukotrienes and Essential Fatty Ack¥s Kuhn DC & Crawford M (1986) Placental essential fatty acid

196 Abstr. transport and prostaglandin synthesBrogress in Lipid
Hill EG (1966) Fatty acid composition of miniature swine tissue Researct25, 345-353.

lipids. In Swine in Biomedical Researclpp. 705-712 [LK Lee YB & Kauffman RG (1974) Cellular and enzymatic changes

Bustad, RO McClellan and MP Burns, editors]. Richland, with animal growth in porcine intramuscular adipose tissue.
WA: Pacific Northwest Laboratory. Journal of Animal Scienc88, 532—-537.

Hollenberg CH & Angel A (1963) Relation of fatty acid structure Lee YB & Kauffman RG (1978) Cellularity and lipogenic
to release and esterification of free fatty aciisierican Journal enzyme activities of porcine intramuscular adipose tissue.
of Physiology205, 909-912. Journal of Animal Scienc88, 538-544.

Holman RT (1960) The ratio of trienoic: tetraenoic acids in tissue Leskanich CO (1995) Manipulation of the fatty acid composition
lipids as a measure of essential fatty acid requirendenirnal of of porcine tissues with respect to the human diet. PhD Thesis,
Nutrition 70, 405-410. University of Glasgow.

Holman RT (1968) Essential fatty acid deficienByogress in the Leskanich CO, Matthews KR, Warkup CC, Noble RC &
Chemistry of Fats and Other Lipids 279-348. Hazzledine M (1997) The effect of dietary oil containing3)

Holman RT (1970) Biological activities of and requirements for fatty acids on the fatty acid, physicochemical, and organoleptic
polyunsaturated acid®rogress in the Chemistry of Fats and characteristics of pig meat and fdournal of Animal Science
Other Lipids9, 607—-682. 75, 673—683.

Holman RT & Hofstetter HH (1965) The fatty acid composition of Lodge GA, Sarkar NK & Kramer JKG (1978) Fat deposition and
the lipids from bovine and porcine reproductive tissuesirnal fatty acid composition in the neonatal pigournal of Animal
of the American Oil Chemists’ Societp, 540-544. Scienced7, 497-504.

Holman RT & Peifer JJ (1960) Acceleration of essential fatty acid McBride OW & Burton GJ (1964) Uptake of free fatty acids and
deficiency by dietary cholesteralournal of Nutrition70, 411— chylomicron glycerides by guinea pig mammary gland in
417. pregnancy and lactatiodournal of Lipid Research, 453—-458.

Holman RT, Smythe L & Johnson S (1979) Effect of sex and age Malm A, Pond WG, Walker EF Jr, Homan M, Aydin A &
on fatty acid composition of human serum lipidsmerican Kirtland D (1976) Effect of polyunsaturated fatty acids and
Journal of Clinical Nutrition32, 2390—2399. vitamin E level of the sow gestation diet on reproductive

Huang Y-S, Redden PR, Horrobin DF, Churchill S, Parker B, performance and on level of alpha tocopherol in colostrum,
Ward RP & Mills DE (1992) Effects of repeated gestation and milk, and dam and progeny blood seruduournal of Animal

lactation on milkn-6 fatty acid composition in rats fed on a diet Science42, 393-399.
rich in 18:21-6 or 18: 31-6. British Journal of Nutrition68, Manners MJ & McCrea MR (1963) Changes in the chemical
337-347. composition of sow-reared piglets during the first month of

Innis SM (1991) Essential fatty acids in growth and development. life. British Journal of Nutrition17, 495-513.

Progress in Lipid ResearcB0, 39—103. Martin J-C, Bougnoux P, Antoine J-M, Lanson M & Couet C

Innis SM (1992) n-3 Fatty acid requirements of the newborn.  (1993) Triacylglycerol structure of human colostrum and mature
Lipids 27, 879—885. milk. Lipids 28, 637—-643.

Innis SM (1993) The colostrum-deprived piglet as a model for Martin RJ, Kasser TR, Ramsay TG & Hausman GJ (1985)
study of infant lipid nutrition.Journal of Nutrition123 386— Regulation of adipose tissue developmémtutero. In New
390. Perspectives in Adipose Tissue: Structure, Function and Devel-

Innis SM, Dyer R, Quinlan P & Diersen-Schade D (1995) Palmitic  opmentpp. 303—317 [A Cryer and RLR Van, editors]. London:
acid is absorbed as2 monopalmitin from milk and formula Butterworths.
with rearranged triacylglycerols and results in increased plasma Mendy F, Lasserre M, Piganeau P, Speilman D & Jacotot B (1986)
triglyceride sn2 and cholesteryl ester palmitate in piglets. Facts about linoleic acid metabolism during PUFA rich diets in
Journal of Nutrition125, 73—81. humans. InLipid Metabolism and its Pathologyp. 213-223

Innis SM, Dyer R, Wadsworth L, Quinlan P & Diersen-Schade D [MS Halpern, editor]. New York, NY: Elsevier.
(1993) Dietary saturated, monounsaturated, n-6 and n-3 fatty Mersmann HJ (1971) Glycolytic and gluconeogenic enzyme levels
acids, and cholesterol influence platelet fatty acids in the in pre- and postnatal pigémerican Journal of Physiolog320,
exclusively formula-fed pigletLipids 28, 645—650. 1297-1302.
Irie M & Sakimoto M (1992) Fat characteristics of pigs fed fish oil Mersmann HJ (1974) Metabolic patterns in the neonatal swine.
containing eicosapentaenoic and docosahexaenoic acids. Journal of Animal Scienc&8, 1022-1030.
Journal of Animal ScienceéO, 470-477. Mersmann HJ, Underwood MC, Brown LJ & Houk JM (1973)
Johnson LA, Pursel VG & Gerrits RJ (1972) Total phospholipid Adipose tissue composition and lipogenic capacity in develop-
and phospholipid fatty acids of ejaculated and epididymal semen  ing swine.American Journal of Physiolog®24, 1130-1135.
and seminal vesicle fluids of boardurnal of Animal Science Miles EA & Calder PC (1998) Modulation of immune function by

35, 398-403. dietary fatty acids.Proceedings of the Nutrition Society,
Johnston PV (1985) Dietary fat, eicosanoids and immunity. 277-292.
Advances in Lipid Resear@i, 103-141. Miller ER & Ullrey DE (1987) The pig as a model for human

Kasser TR, Hausman GJ, Campion DR & Martin RJ (1983) nutrition. Annual Review of Nutritior7, 361-382.

Lipogenesis and pancreatic insulin release in fetal pigs. Miller ER, Ullrey DE & Lewis AJ (editors) (1991%wine Nutrition
Journal of Animal SciencB6, 579-583. Boston, MA: Butterworth-Heinemann.

Kasser TR, Martin RJ & Allen CE (1981) Effect of gestational Miller GM, Conrad JH, Harrington RB (1971) Effect of dietary
alloxan diabetes and fasting on fetal lipogenesis and lipid unsaturated fatty acids and stage of lactation on milk com-
deposition in pigsBiology of the Neonatd0, 105-112. position and adipose tissue in swideurnal of Animal Science

Kruse PE, Danielsen V, Nielsen HE & Christensen K (1977) The = 32, 79-83.
influence of different dietary levels of linoleic acid on repro- Morgan CA, Noble RC, Cocchi M & McCartney R (1992)
ductive performance and fatty acid composition of milk fat and Manipulation of the fatty acid composition of pig meat lipids

ssa.d Ansseniun abpriquied Aq auljuo paysiiqnd 512000665 L LL000S/ZL0L 0L/Bio 10p//:sdny


https://doi.org/10.1017/S0007114599000215

PUFA in pig neonatal development

by dietary meanslournal of the Science of Food and Agricul-
ture 58, 357—368.

Morrison WR (1968) The distribution of phospholipids in some
mammalian milksLipids 3, 101-103.

Murray MJ, Svingen BA, Yaksh TL & Holman RT (1993) Effects
of endotoxin on pigs prefed-3 vs.w-6 fatty acid-enriched diets.
American Journal of Physiolog865 E920-E927.

National Research Council (1988)trient Requirements of Swine
9th revised ed. Washington, DC: National Academy Press.

Neuringer M, Anderson GJ & Connor WE (1988) The essentiality
of n-3 fatty acids for the development and function of the retina
and brain Annual Review of Nutritio®, 517-541.

Noble RC (1979) Lipid metabolism in the neonatal ruminant.
Progress in Lipid Research8, 179-216.

Noble RC, Shand JH, Bell AW, Thompson GE & Moore JH
(1978) The transfer of free palmitic and linoleic acids across
the ovine placentd.ipids 13, 610—-615.

Noble RC, Shand JH, Drummond JT & Moore JH (1By8
‘Protected’ polyunsaturated fatty acid in the diet of the ewe
and the essential fatty acid status of the neonatal |aimixnal
of Nutrition 108 1868—-1876.

Noble RC & Speake BK (1997) Observations on fatty acid uptake
and utilization by the avian embrydrenatal and Neonatal
Medicine2, 92—-100.

Noble RC, Steele W & Moore JH (1970) The composition of ewe’s
milk fat during early and late lactationJournal of Dairy
Researct87, 297-301.

Noble RC, Steele W & Moore JH (1971) Diet and the fatty acids in
the plasma of lambs during the first eight days after blripids
6, 26—34.

Parodi PW (1982) Positional distribution of fatty acids in trigly-
cerides from milk of several species of mammalgids 17,
437-442.

Payne E (1978) Fatty acid composition of tissue phospholipids of
the foetal calf and neonatal, lamb, deer calf and piglet as

compared with the cow, sheep, deer and [Egtish Journal
of Nutrition 39, 45-52.

Perrin DR (1954) The composition of sow’s milk during the course
of lactation.Journal of Dairy Researc1, 55—62.

Pettigrew JE Jr (1981) Supplemental dietary fat for peripartal
sows: a reviewJournal of Animal Scienc3, 107-117.

Pettigrew JE & Moser RL (1991) Fat in swine nutrition. $wine
Nutrition, pp. 133—-145 [ER Miller, DE Ullrey and AJ Lewis,
editors]. Boston, MA: Butterworth-Heinemann.

Pond WG & Houpt KA (1978)The Biology of the Pigthaca, NY:
Cornell University Press.

Poulos A, Darin-Bennett A & White IG (1973) The phospholipid-

bound fatty acids and aldehydes of mammalian spermatozoa.

Comparative Biochemistry and Physiolog§B, 541-549.
Pudelkowicz C, Seufert J & Holman RT (1968) Requirements of
the female rat for linoleic and-linolenic acids.Journal of
Nutrition 94, 138—146.
Raclot T & Groscolas R (1993) Differential mobilization of white

105

Wong WW, Klein PD, Dudley M, Goddard-Finegold J &
Mersmann HJ (1994) Dietary cholesterol supplementation
improves growth and behavioral response of pigs selected for
genetically high and low serum cholester@urnal of Nutrition
125 305-314.

Schuld FW & Bowland JP (19&8 Dietary rapeseed meal for
swine reproductionCanadian Journal of Animal Scienets,
57-64.

Schuld FW & Bowland JP (1968 Composition of colostrum and
milk from sows receiving dietary rapeseed meal or soyabean
meal.Canadian Journal of Animal Scienek8, 65—69.

Seerley RW (1984) The use of fat in sow dietsHats in Animal
Nutrition, pp. 333-352 [J Wiseman, editor]. London: Butter-
worths.

Sinclair AJ, Fiennes RNT-W, Hay AWM, Watson G, Crawford MA
& Hart MG (1974) Linolenic acid deprivation in Capuchin
monkeys.Proceedings of the Nutrition Sociedg, 49A—50A.

Small DM (1991) The effects of glyceride structure on absorption
and metabolismAnnual Review of Nutritiol1, 413—-434.

Stinson CG, de Man JM & Bowland JP (1967) Glyceride structure
of sows’ milk and colostrum fatlournal of Dairy Sciencé0,
572-575.

Stitt PA & Johnson R (1990) Requirement of essential fatty acid
overlooked for swineFeedstuffs3 December, 13—14.

Taugbgl O, Framstad T & Saarem K (1993) Supplements of cod
liver oil to lactating sows. Influence on milk fatty acid com-
position and growth performance of pigletkurnal of Veter-
inary MedicineA 40, 437-443.

Thomas CR & Lowy C (1987) The interrelationships between
circulating maternal esterified and non-esterified fatty acids in
pregnant guinea pigs and their relative contributions to the fetal
circulation.Journal of Developmental Physiolo§y 203-214.

Thomas CR, Lowy C, St Hillaire RJ & Brunzell JD (1984) Studies
on the placental hydrolysis and transfer of lipids to the fetal
guinea pig. InFetal Nutrition, Metabolism, and Immunology -
The Role of the Placentgp. 135-146 [RK Miller and HA
Thiede, editors]. New York, NY: Plenum Press.

Thulin AJ, Allee GL, Harmon DL & Davis DL (1989) Utero-
placental transfer of octanoic, palmitic and linoleic acids during
late gestation in giltsJournal of Animal Sciencé7, 738—745.

Tinoco J (1982) Dietary requirements and functionscdinolenic
acid in animalsProgress in Lipid Researc®l, 1-45.

Tinoco J, Miljanich P & Medwadowski B (1977) Depletion of
docosahexaenoic acid in retinal lipids of rats fed a linolenic acid-
deficient, linoleic acid-containing dieBiochimica et Biophy-
sica Acta486, 575-578.

Turek JJ, Schoenlein 1A, Clark LK & Van Alstine WG
(1994) Dietary polyunsaturated fatty acid effects on immune cells
of the porcine lungJournal of Leukocyte Biology6, 599—-604.

Turek JJ, Schoenlein IA, Watkins BA, Van Alstine WG, Clark LK
& Knox K (1996) Dietary polyunsaturated fatty acids modulate
responses of pigs tdycoplasma hyopneumoniaefection.
Journal of Nutrition126, 1541—-1548.

adipose tissue fatty acids according to chain length, unsatura- Wall KM, Diersen-Schade D & Innis SM (1992) Nonessential fatty

tion, and positional isomerisndournal of Lipid Researcl34,
1515-1526.

Ramsay TG, Karousis J, White ME & Wolverton CK (1991) Fatty
acid metabolism by the porcine placentlurnal of Animal
Sciences9, 3645—3654.

Rivers JPW & Davidson BC (1974) Linolenic acid deprivation in
mice. Proceedings of the Nutrition SocieBB, 48A—49A.

Rivers JPW & Frankel TL (1981) Essential fatty acid deficiency.
British Medical Bulletin37, 59—-64.

Salem N Jr (1989) Omega-3 fatty acids: molecular and biochemical

aspects. IlNew Protective Roles for Selected Nutriepis 109—
228 [GA Spiller and J Scala, editors]. Chichester: Wiley.
Schoknecht PA, Ebner S, Pond WG, Zhang S, McWhinney V,

acids in formula fat blends influence essential fatty acid meta-
bolism and composition in plasma and organ lipid classes in
piglets.Lipids 27, 1024—1031.

White PJ (1992) Fatty acids in oilseeds (vegetable oilsfdtty
Acids in Foods and Their Health Implicationsp. 237-262 [CK
Chow, editor]. New York, NY: Marcel Dekker.

Whittemore C (1993The Science and Practice of Pig Production
Harlow, Essex: Longman.

Widdowson EM (1950) Chemical composition of newly born
mammalsNature 166, 626—628.

Widdowson EM (1974) Feeding the newborn: comparative
problems in man and animal®roceedings of the Nutrition
Society33, 97-102.

ssa.d Ansseniun abpriquied Aq auljuo paysiiqnd 512000665 L LL000S/ZL0L 0L/Bio 10p//:sdny


https://doi.org/10.1017/S0007114599000215

106 C. O. Leskanich and R. C. Noble
Wiseman J (editor) (1984fFats in Animal Nutrition London: composition of plasma very low density lipoprotein during
Butterworths. pregnancy and lactation in genetic lines of pigaimal Science

Witter RC & Rook JAF (1970) The influence of the amount and 61, 361—-368.
nature of dietary fat on milk fat composition in the sdBritish Yeh Y-Y, Winters BL & Yeh S-M (1990) Enrichment of{3) fatty
Journal of Nutrition24, 749—-760. acids of suckling rats by maternal dietary menhadenJoilrnal
Wright MM, Lean 1J, Herrera E & Dodds PF (1995) Changesinthe  of Nutrition 120, 436—443.

© Nutrition Society 1999

ssa.d Ansseniun abpriquied Aq auljuo paysiiqnd 512000665 L LL000S/ZL0L 0L/Bio 10p//:sdny


https://doi.org/10.1017/S0007114599000215

