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Abstract
Fatty acids (FA) play a major role in relation to mucosal immune responses, epithelial barrier functions, oxidative stress, 
and inflammatory reactions. The dietary FA composition and the molecular structures (chain length and number of double 
bonds) influence digestion, absorption and metabolism, and the bioactivity of the FA. Piglets post-weaning having an 
immature intestine and not fully formed immune functions are very vulnerable to invading microorganisms. Manipulation 
of the milk FA composition via sow nutrition, or inclusion of dietary fat sources in the feed for newly weaned pigs, 
may be used as a strategic tool to enhance pig performance and their gut health and function pre- and post-weaning. 
Medium-chain fatty acids (MCFA) are absorbed directly into the portal blood and may contribute to immediate energy for 
the enterocytes. In addition, the MCFA, similarly to the short-chain fatty acids (SCFA), possess antibacterial effects and 
may thereby prevent overgrowth of pathogenic bacteria in the gastrointestinal tract. The essential FA, linoleic (LA) and 
α-linolenic (ALA) FA, form the building blocks for the long-chain polyunsaturated n-3 and n-6 FA. The conversion of ALA 
and LA into n-3 and n-6 eicosanoids, respectively, influences the molecular structures of metabolites and inflammatory 
reactions and other immune responses upon bacterial challenges. Dietary manipulation of the lactating sow influences the 
transfer of the n-3 and n-6 polyunsaturated fatty acids (PUFA) from the sow milk to the piglet and the incorporation of the 
FA into piglet enteric tissues and cell membranes, which exerts bioactivity of importance for immune responses and the 
epithelial barrier function. Especially, the n-3 PUFA present in fish oil seem to influence the gut health and function of pigs, 
and this is of importance during the transition periods such as post-weaning in which piglets are prone to inflammation. 
The proportion of unsaturated FA in the cell membranes influences the susceptibility to oxidative stress. Oxidative stress 
accompanies infectious diseases, and the development of lipid peroxides and other reactive oxygen products may be 
harmful to the epithelial barrier function. Fatty acid peroxides from the feed may also be absorbed with other lipid-solubles 
and thereby harm the intestinal function. Hence, antioxidative protection is important for the enteric cells. In conclusion, 
manipulation of the dietary FA composition can influence the gut health and function in pigs and may support a normal 
immune system and modulate resistance to infectious diseases during especially stressful phases of a pig’s life such as 
post-weaning.
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Introduction
The interest in lipids for swine nutrition has historically 
emphasized the effects of dietary fat on the performance 
during various stages of production. For reproducing swine, 
quite a number of studies were performed on the influence of 
dietary n-3 polyunsaturated fatty acids (PUFA) in relation to 
sperm quality of boars as reviewed in NRC (2012). For gilts and 
sows during late gestation and lactation, focus has been given 
to the influence of lipid supplementation on milk production, 
milk lipid content, and performance and livability of the piglets 
(Pettigrew, 1981; Verstegen et al., 1998). For growers, effort has 
been devoted to the digestibility and energy value of lipids 
(Jørgensen and Fernandez, 2000) and the manipulation of the 
pork nutritional quality, emphasizing the FA composition to 
meet with the human health recommendation (Jakobsen, 1999; 
Wood et al., 2004). In addition, the impact of dietary level, type, 
and rate of inclusion of oil has been studied with regard to the 
meat quality of finishing pigs (Lauridsen et al., 2000; Wisemann 
et al., 2000). More recently, the interest in maximizing the use 
of supplemental lipids for pigs has increased because of the 
ever-increasing energy costs. Nutritionists strive to increase 
the dietary energy density to meet the requirements of the 
high-performing contemporary pigs via dietary lipids, and 
the lipid supplement can be obtained from various sources. 
However, an efficient utilization of the supplied lipid by the pig 
requires a proper gut function for the digestion and absorption. 
Furthermore, there is a potential in enhancing the knowledge of 
the role of fatty acids (FA) in early nutrition of pigs in relation 
to their gut development. Preterm birth of pigs which occur due 
to the large litter size of hyperprolific sow lines compromises 
gut structure, function, and immunology (Sangild, 2006) and 

gut colonization (Kamal et  al., 2019). The first objective of the 
present review was, therefore, to emphasize how the digestion, 
absorption, and metabolism of lipids are influenced by the 
composition of the dietary FA and the digestive capacity by the 
piglet. The intestine must adapt to dramatic shifts in nutrient 
supplies and profiles during critical phases such as during 
transition from the prenatal to the postnatal environment, 
and from suckling to weaning, and the second objective of this 
review was to study how the fatty acid composition of sow milk 
and weaner feed influence the transfer of FA to the piglet.

Research and commercial interests in pig nutrition currently 
focus on the gastrointestinal functionality and optimal immune 
function and regulation of microbiota, especially emphasizing on 
the period post-weaning, in which high antibiotic consumption 
is used to prevent enteric diseases (DANMAP, 2017). However, 
little focus has been devoted to the impact of lipid nutrition, and 
specifically the role of dietary FA, on gut health and development 
of pigs. The term ‘Gut health of pigs’ has been addressed in the 
recent reviews (Celi et  al., 2017; Pluske et  al., 2018). A  general 
conclusion was that this term is defined not only by the lack 
of enteric diseases but also by the intestinal function in which 
key factors are diet, effective structure of the gastrointestinal 
barrier, the host interaction with the intestinal microbiota, 
effective digestion and absorption of feed, and effective 
maturation and development of innate and acquired immune 
functions. With this current understanding and interpretation 
of gut health in pigs, the aim is to provide a literature review of 
the current knowledge of lipid nutrition and the impact on gut 
health and function of pigs, specifically addressing how dietary 
FA can influence intestinal microbiota, immune function, and 
epithelium function of the piglet.

Lipid Digestion, Absorption, and 
Metabolism
Most of the dietary FA are bound to triglycerides (TG), which is 
quantitatively the most important lipid fraction of the pig diet 
contributing with more than 95% of the dietary fat. In addition, 
the dietary fat consists of phospholipid (PL), commonly present 
as lecithin, and minor contents of cholesterol, cholesteryl esters, 
and fat-soluble vitamins. However, the PL and cholesterol 
present in the digestive tract are derived not only from the diet 
but also from the bile. Further, it should be mentioned that 
short-chain fatty acids (SCFA, i.e., acetate, propionate, butyrate), 
which can be added as feed additives, are produced via microbial 
fermentation of nondigestible carbohydrates and digestible 
starch in the hindgut and contribute with energy supply for the 
host and the colonocytes (Sciascia et al., 2016). It should be noted 
that the absorbed energy is much higher from glucose than from 
SCFA (Bach Knudsen, 2011); however, the SCFA are a bioavailable 
energy source for the colonocytes (Bach Knudsen, 2005).

A proper gastrointestinal function is a prerequisite for the 
digestion and absorption and metabolism of FA in monogastrics 
as can be described elsewhere (Lauridsen, 2017). In brief, the 
digestion of dietary lipids begins with an emulsification in the 
stomach in which partial degradation of the TG is performed. 
The enzymes involved are lingual lipase, secreted from the 
salivary gland, and gastric lipase, secreted by the gastric mucosa. 
These enzymes are, however, incapable of hydrolyzing PL. Both 
enzymes hydrolyze the FA in the sn3-position of the TG molecule 
giving diacylglycerol and FA (e.g., non-ionized long-chain FA).

The major digestion of TG results from hydrolysis with 
pancreatic lipase. The lipid emulsion enters the small intestine 
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as fine lipid droplets, and the combined action of bile and 
pancreatic juice brings about a marked change in the chemical 
and physical form of the ingested lipid emulsion. Most of the 
digestion of TG is brought about by pancreatic lipase in the 
upper part of the small intestinal lumen, implying a general 
conservation of approximately 75% of the FA located in the 
sn2-position (Mu and Høy, 2004). The overall target of the lipid 
digestion is the formation of lipid emulsions, which can be 
further processed for uptake (absorption) by the enterocytes. 
Mixed micelles are formed upon the presence of bile to the lipid 
emulsion, facilitating the transport of the lipid components 
into the enterocytes. PL in the intestinal lumen will distribute 
between the mixed micelles and the TG droplets and by the 
action of pancreatic phospholipase A2 at the sn-2 position of the 
PL, yielding an FA and a lysophosphatidylcholine (lysoPC).

Fat-soluble vitamins, commonly supplemented to the feed 
in their ester forms, must be completely hydrolyzed within the 
intestinal lumen to their alcohol forms which can be taken up 
by enterocytes (Lauridsen, 2017). The hydrolysis requires the 
catalytic action of enzymes present in the pancreatic juice, and 
the enzyme, which appears to be mainly responsible for the 
hydrolysis of the ester bond of vitamin E and vitamin A, is the 
carboxylic ester hydrolase (CEH) (Lauridsen et al., 2001).

During normal gut function conditions of the pig, the 
digestion and absorption of TG are very efficient. However, stress 
related to the weaning of pigs from the sow and preterm birth 
may compromise the intestinal functional capacity for digestion, 
absorption, and metabolism of the dietary lipids. While the 
apparent digestibility of lipid by suckling piglets is high (96%; 
Cranwell and Moughan, 1989), it decreases after weaning from 
65% to 80% (Cera et al., 1988). The reason is probably due to the 
function of gastric lipase, which is responsible for 10% to 30% of 
the hydrolysis of the dietary TG. The enzyme plays an important 
role in the lipid digestion, particularly in neonates provided 
with milk lipid which is completely digested due to the gastric 
lipolysis. Compromised pancreatic function may also result in 
reduced pancreatic lipase production leading to maldigestion 
and malabsorption of lipids as demonstrated in a young porcine 
exocrine pancreatic insufficient model (Goncharova et al., 2014).

The uptake of the various lipid components by enterocytes, 
which is both passive and active, is reviewed in detail by Iqbal 
and Hussain (2009). To be absorbed into the enterocytes, the 
lipid fractions have to cross two barriers: the unstirred water 
layer and the brush border membrane. The solubility of FA and 
monoacyl-glycerides (MAG) in an aqueous medium is extremely 
low, and very few molecules will, therefore, gain access to the 
brush border membranes. However, the micellar solubilization 
of MAG and FA (together with TG- and PL-residues, lysoPC, 
lipid-soluble vitamins, free cholesterol, and bile acids) greatly 
enhances the number of molecules available for uptake by the 
enterocytes.

Digestion, absorption, and metabolism of dietary lipids are 
affected by the FA composition of the dietary-derived lipids, 
specifically the degree of saturation of the FA and the carbon 
chain length, as well as the position of the FA on the TG molecule. 
In general, unsaturated dietary lipids are more digestible in pigs 
than saturated lipids, which can be attributed to the feasibility 
by which lipase can get access to the TG as explained by 
Ravindran et al. (2016). Hence, saturated long-chain fatty acids 
(LCFA) may exert inhibitory effects and unsaturated LCFA may 
increase lipase activity, and hence influence the lipid digestion.

Odle (1997) summarized the general contrast of the 
utilization of medium-chain triglycerides (MCTG) and long-
chain triglycerides (LCTG) and claimed that the differences in 

their digestion, absorption, and metabolism stem largely from 
the differences in physical chemistry. To recapitulate the major 
differences, the hydrolysis of MCTG is more rapid and complete 
than the hydrolysis of LCTG. MCFA exert less inhibitory effect 
on the pancreatic lipase, and medium-chain-2-monoacyl 
glycerides (MC-2-MAG) isomerize more rapidly than those of 
the long-chain length, thereby facilitating rapid and complete 
hydrolysis. Further, for LCTG to penetrate mucosal cells, the 
LCTG must be emulsified, then hydrolyzed within the gut 
lumen, and then the resulting LCFA and 2-MAG must be mixed 
with bile salts to form mixed micelles to be absorbed through 
the unstirred water layer and into the enterocyte. Overall, the 
discrepancy means that FA with a chain length of 12 carbon 
(C) or below will be absorbed via the portal blood, whereas FA 
with a chain length of 14 C or above are absorbed via the lymph. 
Hence, MCFA being saturated, and FA with 6 to 12 C, which occur 
naturally in the form of MCTG in milk fat and some vegetable 
fat sources, such as coconut and palm kernel oils, represent 
immediately available sources of energy. FA with more than 14 C 
and above are re-esterified to triglycerides within the enterocyte 
and delivered to the lymph. That is, with the increasing length 
of FA in the dietary fat, an increasing proportion of the FA can 
be absorbed into the lymph and less into the portal blood. In the 
case where only free fatty acids (FFA) are administered, more 
FA are transported via the portal system, whereas more FA are 
transported via the lymphatics when both FFA and MAG are 
administered (Mu and Høy, 2004). When lipids are given in the 
form of TG rather than FFA, less FA are transported via the portal 
vein (Mu and Høy, 2004). Milk TG contains a high proportion of 
C16:0 and over 70% of this FA is esterified to the sn-2 position. 
In comparison, the C16:0 in vegetable and nonmilk fats is 
predominantly esterified in the 1,3 positions, while mono- and 
polyunsaturated FA are usually esterified at the 2-position of the 
TG. Hence, hydrolysis of the TG milk by lipases results in the 
formation of 2-monopalmitin, whereas hydrolysis of vegetable 
fat sources produced unesterified C16:0 (Innis et al., 1997). When 
considering lipid sources for the development of milk formula 
for piglets, or special diets for premature or low-birth-weight 
piglets, the impact of TG structure can be considered in terms 
of lipid digestibility.

Digestibility of dietary lipids can be assessed by 
determination of the apparent or true digestibility in which 
the difference between ingested lipid in feed and excreted 
lipid in feces is assessed. This gives an estimate of the amount 
of digestible lipids originating from the diet because of the 
exclusion of endogenous losses of fat. The endogenous loss 
occurs due to loss of bile acids, desquamated cells, structural 
lipids from mucosa, and cholesterol and may vary not only 
with dry matter intake but also with source and level of dietary 
lipid (Kil et al., 2010). The apparent total tract lipid digestibility 
varies between 25% and 77% (Noblet and Van Milgen, 1994) 
and is limited to the true total tract digestibility rather than 
ileal digestibility, which ignored the microbial synthesis of FA 
in the gut. The level of endogenous fat was determined in a 
study using increasing levels of dietary fat for ileal-fistulated 
pigs (Jørgensen et  al., 1993), and it was concluded in their 
study that the digestibility of fat increased with increasing 
levels of fat and that only small differences between ileal 
and fecal digestibility of FA were present. Addition of lipid 
to diets can, furthermore, enhance protein digestibility due 
to the slowing of the passage rate in the intestine by lipid, 
which is in contrast to the effect of fiber (Kil et al., 2010). As 
recommended in NRC (2012), more lipid research is needed to 
determine the standardized ileal digestibility of lipid sources 
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in pigs, especially in nursery pigs (NRC, 2012). Due to changes 
in the intestinal microbiota as described below, exclusion of 
antibiotic growth promoters from diets for pigs may, in fact, 
influence the digestibility of lipid and lipid-soluble vitamins 
in broilers (Knarreborg et  al., 2002, 2004), which may in fact 
also apply for pigs.

While many studies on lipid digestibility have been 
conducted with growing pigs, fewer studies are available 
concerning pig during the weaning period (Christensen, 2005). 
Therefore, the bioavailability of various lipid sources was 
assessed by the determination of the apparent digestibility 
of pigs during the weaner and the grower period (Table  1; 
Christensen, 2005). The same pigs entered in total six 
consecutive balance periods, and in total 48 pigs from eight 
litters with an initial weaning weight at 28 d of age of 8.3 kg 
were used. The experiment used six different lipid sources 
at a level of 5%, and lipid in diets and feces was extracted 
after modification of Bligh and Dyer (1959) method before 
acid hydrolysis (Lauridsen et  al. 2005, 2007a). Surprisingly 
in this experiment, the digestibility of fat was higher in the 
pigs during the weaner phase than during the growing phase 
(Table 1). This result was in contrast to other studies showing 
that lipid digestibility is reduced during the first week post-
weaning but increases with age and gradually returns 
to a 90-% range by 4 to 6  wk post-weaning (Azain, 1993). 
Furthermore, when considering lipid digestibility, rapeseed oil 
and coconut oil were good alternatives to animal fat for the 
weaner pigs while palm oil fatty acid distillates (PFAD) and 
palm oil had similar lipid digestibility as animal fat, and fat 
blend and the vegetable oil mix (consisting of 50% palm oil 
mix and 50% palm oil) were not suitable (Lauridsen et al., 2005 
and Table 1). Dry matter digestibility was also affected, while 
no significant effects of dietary treatments were obtained 
on protein digestibility (Table  1) or the growth performance 
of the pigs in the digestibility trial (Christensen, 2005). More 
recently, a number of studies have been performed to evaluate 
the lipid digestibility and energy value of fat blends with 
varying proportions of FFA for young pigs (Liu et al., 2014; Kerr 
et al., 2016; Lindblom et al., 2017). Some of these studies have 
included not only measures of lipid digestibility and energy 
value of the dietary lipid sources but also the impact on gut 
health and function as will be addressed below.

In summary, the composition of FA as well as the positional 
distribution on the TG affect the digestion, absorption, and 
metabolism, and these factors exert impact for the transfer of 
the various FA to the piglets as described in the next section.

Transfer of FA to Piglets
Piglets’ digestibility of the lipid in sows colostrum and milk 
is >90% (Azain, 2001), and colostrum and milk are as such 
an efficient vehicle in the transfer of FA. Supply of lipids via 
colostrum and milk is an important energy source for the 
newborn piglet, as it should be remembered that 95% of the 
energy in the TG is attributed to the FA, while the glycerol part 
contains 5% energy. Lipid nutrition is important for porcine 
growth and development, and the FA are crucial components 
of biological membranes, are involved in cell signaling, and act 
as substrates for various enzymes. Irrespective of the genetic 
changes (e.g., development of hyperprolific sows), only minor 
changes in sow colostrum and milk content of macronutrients 
have appeared over the past 30 yr, and, for the total lipid 
content, an increase from 6.5% to 7.5% has been reported (from 
the 1980s to 2010s) (Zhang et  al., 2018). While many research 
studies were performed with the aim to enhance the total 
lipid content in colostrum and milk of sows to improve litter 
performance, more recent interest has been devoted to the 
colostrum and milk FA composition and more specific biological 
responses. The FA present in the sow’s colostrum and milk are 
commonly the LCFA (C14:0, C16:0, C16:1, C18:0, C18:1, C18:2). The 
mechanisms involved in the FA uptake by porcine mammary 
epithelial cells are still largely unknown (Zhang et  al., 2018); 
however, the sow milk FA composition is highly influenced by 
the dietary FA composition (Lauridsen and Danielsen, 2004). 
Therefore, it may be possible to transfer specific FA into sow 
milk and colostrum via dietary manipulation, for instance, the 
presence of MCFA (C8:0, C10:0, C12:0) and the long-chain PUFA 
(eicopentanoic acid [EPA] and docosahexanoic acid [DHA]) on 
the expense of some of the commonly present FA. In addition, 
the inclusion of dietary lipids in lactational diets influenced the 
FA profile of the tissues of the progeny during suckling, and the 
effect was in fact maintained on the FA composition during the 
post-weaning period (Lauridsen and Jensen, 2007). According to 
the metabolism of MCFA by the liver and the limited inclusion 
in chylomicrons, supplementing lactating sows with MCTG 
would be unlikely to markedly impact the milk MCFA content 
as a means of supplementing suckling pigs (Zentek et al., 2011). 
However, supplementation of coconut oil (8%) to lactational 
diets increased the proportion of C12:0 (with 0.5% to 1.3% unit 
increase) in adipose tissue of the piglets during suckling and 
post-weaning, whereas this MCFA was not detectable in the 
liver of the piglets (Lauridsen and Jensen, 2007). From the same 
animal experiment of this study, a tendency to improved litter 

Table 1.  Effect of supplemental lipid sources on apparent fecal digestibility (%) of dry matter, fat, and protein (N × 6.25) in weaned and in 
growing pigs1

Animal fat Palm oil mix Palm oil Vegetable oil mix Coconut oil/Fat blend2 Rapeseed oil SE

Weaners
Dry matter3 86.2b 87.9a 87.8a 87.2ab 87.5a 87.6a 0.4
Fat4 75.1bc 77.0ab 76.4b 72.8c 80.0a 80.2a 1.1
Protein3 84.2 85.3 85.0 84.6 85.0 84.3 0.7
Growers        
Dry matter3 81.2 82.0 81.7 81.2 80.2 82.2 0.5
Fat4 65.5bc 67.8b 64.0bc 59.1d 62.1c 73.5a 1.5
Protein3 76.9 77.5 76.7 75.9 75.1 76.5 1.2

1A total of six balance periods were included in the study: For weaned pigs, balance periods were from days 30 to 35, days 37 to 42, days 44 to 
49. For growing pigs, the three balance periods were initiated when pigs weighed 51.7 kg, 67.0 kg, and 82.1 kg, respectively.
2Coconut oil was used for weaned pigs and fat blend for growing pigs.
3Unpublished data (Christensen, 2005).
4Lauridsen et al. (2005, 2007a). 
a,b,c,dMeans with different letters within a line are significantly different (P<0.05)
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weight gain was obtained when feeding the lactating sows with 
coconut oil rather than fish oil (Lauridsen and Danielsen, 2004). 
Furthermore, oral supplementation of coconut oil to low-weight 
piglets tended to increase body weight during the first week 
(Manzke et al., 2018), and in another experiment of this study oral 
supplementation of rice-bran oil to pigs increased the weaning 
weight (Manzke et al., 2018). Unpublished data (C.L., personal 
communication) showed that feeding sows with lipid sources at 
a level of 8% of octanoic acid (4%) in combination with fish oil 
(4%) increased the sow milk concentration of C8:0, which was 
present with 0.12%, whereas when other dietary treatments (8% 
of either coconut oil, fish oil, or sunflower oil) were provided, 
the relative proportion of C8:0 was 0.04%. Feeding coconut oil 
(8%) to sows increased the concentration of C12:0 (present with 
approximately 5%) and a slight influence on the concentration 
of C10:0, and the concentration of EPA and DHA was increased 
in sows’ milk when the fish oil treatment was provided. In 
addition, the dietary fatty acid composition positively affected 
the concentration of immunoglobulins in colostrum and milk, 
which may be attributed to the immunomodulatory effects 
of the FA (Quesnel and Farmer, 2019). In the same animal 
experiment, a low mortality of piglets suckling sows fed the 
4% octanoic acid plus 4% fish oil was found, and, in general, 
the performance was positively influenced by sow’s intake of 
MCFA and negatively with LCFA (Hansen et al., 2012). Likewise, 
comparison of the feeding of MCTG with LCTG to sows in the 
late gestation phase showed an increased survival rate of 
neonatal piglets (Azain, 1993; Jean and Chiang, 1999).  Survival 
rate was highest in piglets with a birth weight of less than 
900 g due to feeding of MCTG (Azain, 1993). As obtained in the 
study by Hansen et al. (2012), Lauridsen and Danielsen (2004) 
also obtained lower performance in terms of litter weight gain 
by the inclusion of fish oil (8%), compared with other dietary 
lipid treatments, and ascribed this to impaired milk production 
in sows fed the LCTG from fish oil. In a more recent study by 
Jin et al. (2017), however, the inclusion of soybean oil and fish 
oil (around 3% to 4%) in diets for sows during late gestation 
and lactation resulted in improved growth performance of 
nursing piglets by increasing milk fat input (when compared 
with no fat inclusion or palm oil). The authors concluded that 
fish oil consumption might benefit the piglets via increasing 
bioavailability of n-3 FA and immunoglobulins (IgG and IgM) 
secretion.

Not only in suckling pigs but also in weaned pigs, the 
difference in chain length of dietary FA seems to influence 
the performance of the piglets (Azain, 1993) as explained by 
the complexity in the digestion and absorption. This may be 
even more challenging upon weaning and especially during 
weaning of piglets at an early age or low weight. During the 
immediate post-weaning period, piglets may suffer from 
reduced activities of enzymes important for the digestion and 
hydrolysis of the FA from the dietary TG. As shown by Jensen 
et al. (1996), there was a dramatic reduction in lipase, colipase, 
and CEH in pancreatic tissue during the first 2 wk post-weaning 
(when pigs were weaned at 28 d of age). Little is known about 
the possibilities of influencing the lipid absorption capacity of 
piglets post-weaning via manipulation of the maternal diet. 
However, assessment of the lipid absorption capacity in terms 
of pancreatic enzyme activity, hormonal regulation, and bile 
salt concentration in piglets showed no effects of differences in 
dietary fat source (coconut oil, rapeseed oil, fish oil, or sunflower 
oil) but high differences in age of piglets (Lauridsen et al., 2007b). 
More studies have focused on dietary lipid manipulation for pigs 
post-weaning in order to enhance lipid bioavailability. Combined 

dietary supplementation of MCTG with different lipases can 
be a strategy to enhance lipid bioavailability. In weaned pigs, 
this combination improved the daily live weight gain (Dietrick 
et al., 2002), and, as concluded by subsequent reviews (Zentek 
et  al., 2011; Hanczakowska, 2017), the inclusion of MCTG and 
MCFA in pig nutrition seems to improve piglet performance. It 
should be noted, however, that free MCFA have a strong odor 
(i.e., an intense, goatish smell of nonesterified FFA), which may 
have a negative impact on the feed intake. This challenge may 
be overcome by using MCTG, potentially combined with lipases 
to enhance enzymatic release of MCFA in situ in foregut. Other 
dietary strategies for enhanced FA transfer could involve the 
addition of emulsifiers to the diets, whereby a bridge between 
water- and fat-soluble materials is formed, leading to improved 
fat utilization. The endogenous produced emulsifiers in the gut 
are primarily bile acids and salts, which can reduce the tension 
of the oil–water interface and also activate pancreatic lipase, 
while a long list of nutritional emulsifiers includes lecithins 
and mono-and diglycerides (Ravindran et  al., 2016). Crude 
lecithin is a complex mixture of various species of surface 
active phospholipids, consisting of hydrophobic and hydrophilic 
portions, and has gained interest to improve fat digestibility 
and energy efficiency in pigs and broilers (Upadaya et  al., 
2019); however, the obtained effects seem to depend on the 
physiological status of the pig, that is, young pigs or pigs with 
compromised gut function may obtain more benefits of natural 
lecithin provision than older or more mature pigs. With regard 
to the transfer of EPA and DHA, provision via seaweed or algae 
biomass may be a more sustainable dietary strategy than fish 
oil (Schmid et al., 2018) and more bioavailable if these LCFA are 
present in the form of PL rather than TG, such as in some marine 
sources (e.g., krill oil) (Schmid et al., 2018).

Although it can be concluded that inclusion of MCTG in 
early nutrition of piglets is an important energy supply and 
has been shown to improve pig performance, there is a great 
interest in long-chain PUFA, as these FA are incorporated into 
the cell membranes and thereby can have a major impact on 
the piglet’s gut health and function. The essential FA (linoleic 
acid [LA] and α-linolenic acid [ALA]) cannot be synthesized 
endogenously by the animals and must, therefore, be provided 
exogenously from dietary sources. The parent compounds of 
the n-6 and n-3 FA families are LA (C18:2n-6) and ALA (C18:3n-3) 
which are present at a rich amount in many plant oils. LA and 
ALA are the essential FA from which arachidonic acids, DHA, 
and EPA are formed by desaturation and chain elongation; 
however, the conversion efficiency is in fact considered 
limited (Lauridsen and Danielsen, 2004; Lauridsen, 2017). In a 
recent study, the transfer of FA from hemp oil provided sows 
to piglets was studied, and the maternal supply of especially 
ALA and stearidonic acids via the hemp oil, in fact, showed 
that piglets were able to convert these FA to longer-chained 
PUFA (C20:5n-3 and C22:5n-3) (Vodolazska and Lauridsen, 
2020). Well-documented effects of fish oil (characterized by 
the presence of the longer chained n-3 PUFA) in relation to the 
health and immunity of humans (Calder, 2017) have inspired 
to research in relation to pigs’ health and immunity. Thus, 
many studies have been performed on the effect of dietary 
sources of fish oil (Møller and Lauridsen, 2006; Lauridsen et al., 
2007c) for sows and piglets to enhance incorporation of EPA 
and DHA into membranal phospholipids and the effect on 
immune cell responses. In general, alteration of dietary PUFA 
intake substantially influences membrane structure through 
incorporation into cellular membrane phospholipids in many 
tissues, including the intestine of newborn piglets; an effect 
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that seems to be dose and time dependent (Hess et al., 2008). 
Lauridsen (2010) studied the comparison of tallow, sunflower, 
and fish oil at a 5-% inclusion to piglet diets from weaning (day 
28 of age) until euthanized at 56 d of age and found a significant 
increase in the concentration of C20:5 and C22:6n-3 in the 
intestinal epithelium and mucosa of pigs fed fish oil when 
compared with other dietary treatments.

Hence, via early nutrition, it is possible to transfer FA to the 
piglet pre- and post-weaning, and the efficiency in the transfer 
of the FA may be enhanced via different nutritional tools. While 
TG composed of SCFA and MCFA may benefit piglet growth due 
to their immediate uptake into the blood, the early nutrition 
with LCFA can affect intestinal tissues’ and cell membrane FA 
composition. Before describing the impact of the various FA for 
the host’s responses, the interplay between the gut microbiota 
and the FA present in the gut digesta is explained.

Intestinal Microbiota
Pigs are born sterile but quickly develop an established 
microbiota which is acquired from the oral–fecal transmission 
in their post-birth environment and via the milk and feed. After 
the initial colonization, the gut microbiota remains relatively 
stable until weaning. However, when the sow milk is no longer 
available, profound and marked microbial changes are reported, 
appearing during the first 7 to 14 d after weaning (Heo et  al., 
2013). One of the most important factors affecting the total 
population and diversity of the intestinal microbiota is the diet 
composition; however, little is known regarding the effect of 
dietary lipid on the microbiota composition in pigs. Comparing 
treatments using either a combination of bovine fat and milk fat 
globule membranes or vegetable fat in a study using pig as model 
for human infants, Huërou-Luron et al. (2018) showed increased 
Proteobacteria and Bacteroides while decreased Firmicutes phyla in 
fecal samples of piglets when milk fat rather than exclusively 
vegetable lipids was provided to the newborn piglets.

Most research in pig nutrition focusing on changes in the 
microbiota via dietary lipids has so far been attributed to the 
SCFA and MCFA, which are well-described to exhibit antibacterial 
effects and were initially used in the preservation of feed (e.g., 
protecting feed from microbial and fungal destruction or to 
increase the preservation effect of fermented feed; Woolford, 
1975). Several studies have been performed to study the effect 
of applying organic acids such as lactic-, formic-, and propionic 
acid to the diet to reduce the pH of the intestinal digesta in 
order to reduce pathogenic overgrowth and in that way to 
control post-weaning diarrhea in pigs (Metzler et  al., 2005; 
Vondruskova et al., 2010). When compared with the mature pig 
having a pH range of 2.0 to 3.0, the gastric pH in suckling and 
weaned piglets ranged between 2.6 and 5.0. It is important to 
maintain a low gastric pH not only to prevent the overgrowth 
of pathogens but also to optimize nutrient digestibility (Canibe 
et  al., 2001). Following dietary intake, organic acids are only 
recovered from the proximal part of the pig’s gastrointestinal 
tract (GIT; stomach and small intestine), but the antibacterial 
activities are important for limiting the risk of infection of 
Escherichia coli. The organic acids are capable of diffusing across 
the cell membrane of bacteria, and, once inside the bacteria, 
they will dissociate to produce protons and anions that disrupt 
the pH inside the bacterial cell. However, where more neutral pH 
conditions prevail, the acids will dissociate into potentially toxic 
anions and protons; the latter may compromise bacterial energy 
generation by disrupting the transmembrane proton gradient 

(Heo et  al., 2013). Elevated cell cytoplasmic pH has lethal 
consequences on the cell by affecting the integrity of purine 
bases and denaturing essential enzymes. Likewise, the MCFA are 
also characterized by having a strong antibacterial activity due 
to their ability to penetrate the semi-permeable membrane of 
bacteria and damage their internal structures (Hanczakowska, 
2017). An overview on the effect of caprylic (C8:0) and capric 
acids (C10:0) on gram-positive and gram-negative bacteria in in 
vitro studies is provided elsewhere (Zentek et al., 2011). Lastly, 
the combination of SCFA and MCFA has been studied for the 
antimicrobial activity and feeding a blend of organic acids and 
MCFA (0.2% to 0.4%) to E. coli-challenged piglets around weaning 
reduced the incidence of diarrhea (Lei et al., 2017).

The general conclusion regarding the impact of dietary FA 
on the intestinal microbiota seems to be that especially SCFA 
(organic acids) and MCFA are described to have antimicrobial 
properties. Also, dietary strategies using these lipids to inhibit 
the growth of common pathogens like E. coli and Salmonella in 
digesta of pigs post-weaning may limit the risk of infectious 
diseases in the gut. Marine n-3 FA might also affect the bacterial 
diversity of colonic microbiota to create a less inflammatory 
environment for the colonic mucosa during human health and 
disease treatment (Calder, 2019). However, very little is known 
regarding the effect of n-3 LCFA or fish oil on porcine bacterial 
composition. Varying dietary n-6 to n-3 ratios for weaned pigs 
had no influence on fecal microbial counts (Upadhaya et  al., 
2019), and it would be of interest to know if the LCFA play a role 
for the mucosal bacterial composition in the upper part of the 
intestine, where lipid absorption takes place. Novel findings 
in mice indicated an interplay between gut microbiota and 
host energy metabolism via metabolites of LCFA in the ileum 
(Miyamoto et al., 2019).

Another area of interest is how enteric microbiota 
manipulation affects lipid digestibility and absorption and 
metabolism. The growth-promoting effect of antibiotic growth 
promoters has been partly correlated with the decreased 
activity of bile salt hydrolase (BSH) (Lin, 2014), which is an 
intestinal bacteria-produced enzyme catalyzing de-conjugation 
of conjugated bile acids in the intestine (Begley et  al., 2006). 
The conjugated bile acids are more efficient as biological 
detergents than unconjugated bile acids to emulsify and 
solubilize lipids for digestion. Hence, higher activity of BSH 
exerts a negative impact on host lipid digestion and utilization. 
Oral administration of low-dose antibiotics affected diversity 
and relative abundance of gut microbiota (Lin, 2014), and, as 
shown in broilers, also affected the digestibility of lipids and fat-
soluble vitamins (Engberg et al., 2000; Knarreborg et al., 2002). 
Removal of antibiotic growth promoters in the pig production 
seems to influence the microbiota composition, which may have 
consequences for the digestion and absorption and metabolism 
of the dietary lipids.

To summarize, SCFA and MCFA expose antibacterial activity 
in the gut and can be used as a dietary tool to limit the exposure 
of pathogens in the gut. Further, manipulation of the intestinal 
microbiota can influence digestion and absorption of the FA, 
and novel results seem to indicate the role of the intestinal 
microbiota in the metabolism of LCFA. In the next section, the 
impact of the FA for immune function in pigs is described.

Immune Function
The GIT is not only an important organ for digestion, absorption, 
and metabolism of dietary nutrients, but it is also the largest 
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immune organ of the body, compromising more than 70% of the 
body’s immune cells (Blikslager et al., 2007). The pigs encounter 
numerous pathogenic and nonpathogenic challenges post-
weaning, which results in activation of the gastrointestinal 
immune system. While a healthy GIT is considered to be in a 
constant state of “controlled” inflammation, intestinal infections 
caused by pathogenic bacteria such as E. coli and Salmonella may 
drastically amplify inflammatory responses. However, stress in 
connection with weaning may also induce inflammation (Gresse 
et al., 2017). During the activation of the GIT immune system, 
a number of pro-inflammatory cytokines are produced, and 
overproduction of these cytokines results in intestinal injury 
and dysfunction. FA play a critical role as immune modulators 
via their contributors as a major energy source, their important 
components in cell membranes, being metabolic substrates in 
many biochemical pathways, and in cell-signaling molecules.

A lot of research on other animal species is available 
regarding the ability of LCFA to improve immune function and 
health. Probably because of the focus obtained in human health, 
the most widely researched LCFA group is the n-6 and n-3 FA: 
The ratio of n-6 and n-3 FA appears to modulate the immune 
response, and, according to Simopoulos (2008), Western-like 
diets for humans with a ratio of 20:1 of n-6 to n-3 FA have 
been shown to increase the production of pro-inflammatory 
mediators, whereas diets with a ratio of approximately 1:1 are 
considered protective against inflammation (Simopoulos, 2008). 
In this context, it should be noted that a dietary intake of LA is 
recommended in pig nutrition but not that of ALA (NRC, 2012). 
However, pig diets are often based on corn or wheat and barley, 
making the natural content of LA high, and additional vegetable 
oils such as sunflower oil or soybean oil would probably result 
in diets giving an overall high ratio of n-6 to n-3. Focusing on 
prevention of enteric diseases in pigs and broilers, Lauridsen 
(2019) described the influence of early nutrition with dietary 
n-6 and n-3 FA to these animals on the synthesis of long-chain 

PUFA and eicosanoids developed from the metabolism of LA and 
ALA, including the mechanisms for inflammatory responses 
and oxidative stress. Table  2 gives a broader summary of 
the effect of early exposure of n-6 and n-3 LCFA on intestinal 
health and immunity of pigs. While the impact of dietary fish 
oil for immune function and health and disease in relation to 
humans is well described (Calder, 2017), the optimal n-6 and n-3 
FA ratio is still to be determined in pig nutrition. Reduction of 
the dietary n-6 to n-3 in the study by Huber et al. (2018) had a 
positive influence on parameters such as growth performance 
during the early nursery period and immunity (as measured by 
an attenuation of acute-phase protein production and reduction 
of hyper dermal IgG response) of weaned piglets upon challenge. 
However, the optimal ratio between n-6 and n-3 FA for response 
parameters related more specifically to pig gut immunity and 
health is not known.

Other dietary FA have been ascribed for their impact on 
gut immunity and should be mentioned. Conjugated linoleic 
acid (CLA) is a group of positional and geometric isomers 
of LA, and the effect of dietary CLA has been studied with 
regard to gene expression and lipid metabolism in growing 
and finishing pigs (Lauridsen et  al., 2005; Tous et  al., 2012). 
Moreover, supplementation of 2% CLA for sows from mid-
gestation reduced the intestinal inflammation and increased 
the concentration of immunoglobulins of piglets compared 
with piglets weaned from control sows after enterotoxigenic 
E. coli challenge of piglets (Patterson et al., 2008). Hence, in this 
study (Patterson et al. (2008) as well as in the study by Lauridsen 
and Jensen (2007), a carry-over effect was obtained, that is, the 
dietary FA treatment of sows influenced the suckling piglet via 
the sow milk FA composition, and the effect persisted in the 
form of enhanced immunity in the piglet post-weaning.

It should be pointed out that several studies have researched 
the role of SCFA on inflammatory reactions and immune 
parameters in the colon of piglets. However, as these studies are 
focusing mostly on human gut health, it is beyond the scope of 
this review to address this aspect further. A study by Xu et al. 
(2016) on early oral intervention with sodium butyrate showed 
a modulation of ileal inflammatory cytokine responses of the 
neonatal pigs, but with little impact on the bacterial community 
in the ileum and colon. Thus, dietary sodium butyrate may exert 
potential beneficial properties in gut health via modulation of 
the immune system in neonatal pigs.

To summarize, especially LC n-3 and n-6 PUFA have been 
researched in relation to the gut immune function of piglets, 
and in the next section, the link to the epithelial barrier function 
is described.

Intestinal Epithelium Function
Various intestinal disease conditions damage intestinal 
epithelium and consequently cause poor absorption of 
nutrients. In general, E. coli infection can decrease villus height 
(villus atrophy), increase in crypt depth (crypt elongation), and 
has detrimental effects on the villus height:crypt depth ratio, 
the villus area, and the villus volume, and may, in fact, destroy 
the villus. In addition, infection of intestinal epithelial cells with 
Enterotoxigenic Eschericia coli resulted in an impaired barrier 
function and aberrant tight-junction protein complexes (Muza-
Moons et al., 2004). During an infectious disease challenge, the 
mitochondrial reactive oxygen species (ROS) development may 
lead to oxidative stress (Lauridsen, 2019), and the oxidative 
stress can lead to disruption of the intestinal barrier function 

Table 2.  Effects of early exposure of n-6 and n-3 FAon intestinal 
health and immunity of piglets 

Studied responses References 

Increase in intestinal tissue and cell 
membrane n-6 and n-3 FA via dietary 
supplementation of n-6 and n-3 FA 

Hess et al. (2008)  
Lauridsen (2010)

Effect on pro-inflammatory eicosanoids 
(decrease with n-3 (fish oil) relative to n-6 
FA upon ex vivo stimulation of immune 
cells) 

Møller and 
Lauridsen (2006)  

Lauridsen et al. (2007c)

Decrease in cell-mediated immune 
response via n-3 (fish oil 
supplementation) upon LPS mediation

Møller and Lauridsen 
(2006)

Reduction in liver intestinal tocopherol 
content

Lauridsen et al. (2013)

Alteration in the expression of 
inflammatory COX-2 and TNF-α proteins

Walter et al. (2019)  
Zhang et al. (2019)

Alteration in the expression of genes 
related to lipid metabolism

Duran-Montgé et al. 
(2009)

Influence on antibodies (e.g., 
immunoglobulins) and other immune 
parameters (e.g., cytokine responses)

Bontempo 
et al. (2004)  

Swiatkiewicz et al. 
(2015) (review)  

Huber et al. (2018)  
Upadhaya et al. (2019)

Effect on bacterial diversity by fish oil Calder (2019) 
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(Shuting et al., 2018). This was shown in pigs where oxidative 
stress was induced via a challenge with diquat (Cao et  al., 
2018). Weaning in itself can also exert deleterious effects on 
the intestinal morphology in pigs (Gresse et al., 2017) and, for 
example, measure of pro-inflammatory cytokines coincidence 
with significant changes in intestinal morphology during the 
first week post-weaning of pigs (Hu et al., 2013). Reduced feed 
intake (which is often observed in pigs during the first days upon 
weaning) may, in fact, induce inflammation and changes in the 
intestinal epithelium. The process may be very fast; actually, 
Hampson (1986) demonstrated that the villus height rapidly 
decreased about 25% to 35% of the pre-weaning height within 
the first 24 h in pigs weaned at day 21 of age, and the reduction 
in villus height continued until about 5 d after weaning when 
villi were approximately only half of the initial height. Besides 
the high cell turnover in the intestinal epithelium, oxidative 
stress and lipid oxidation products can also disturb the barrier 
function of the epithelial monolayer. Fortunately, and even in 
overt inflammation, replacement of the intestinal epithelium 
is a process that occurs rapidly with cells proliferating in the 
crypts, maturing along the villus axis and being exfoliated 
from the villus tip with a turnover rate of 3 to 5 d (Potten et al., 
1997). Turnover of the intestinal epithelium is an important 
mechanism of innate defense, which is highly affected by the 
microbial colonization (Willing et  al., 2013). The rates of cell 
loss and proliferation are highly determined by the activation 
of the GI immune mechanisms associated with commensal 
bacteria. Thus, in addition to the digestive and absorptive 
function, inflammation may exert detrimental effect on the 
intestinal barrier function, that is, dampen the prevention of the 
penetration of luminal bacteria and dietary allergens into the 
mucosa (Blikslager et al., 2007).

FA, mainly MCFA and LCFA, influence the gut morphology 
and epithelial barrier functions via different mechanisms (Liu, 
2015). Inflammation often results in the repartitioning of the 
host’s energy to functions other than digestion. An immediate 
energy supply in the form of various oils supplemented 
to newborn piglets had no influence on gut morphology 
(Manzke et  al., 2018). The impact may be more pronounced 
in post-weaning pigs, as MCFA can be directly utilized by 
the enterocytes for energy production and thereby maintain 
the integrity of the intestinal tissue (Guillot et  al., 1993). 
Further, the feeding of MCTG to rats positively influenced 
the intestinal morphology, resulting in an augmentation of 
the mucosa, a higher phospholipid/protein ratio in jejunal 
mucosal villus lipids, longer intestinal villi, and shorter crypts, 
and increased activity of membrane-bound enzymes (Takase 
and Goda, 1990). Using a source of MCFA in the form of Cuphea 
seeds (which contain 70% C8:0 and 20% C10:0) with a lipase 
supplement in the diet for piglets, Dierick et al. (2003) obtained 
a significantly greater villus height and lesser crypt depth and 
a trend toward improved performance parameters. Benefits 
were also obtained for villus height when using capric acid, 
while no significant effect was obtained for caprylic acid in 
pigs (Hanczakowska, 2017).

Liu et  al. (2012) demonstrated in weaned pigs under an 
inflammatory condition (E. Coli lipopolysaccharide [LPS] 
challenge) that dietary fish oil improved the intestinal integrity 
by alleviating intestinal inflammatory LPS, which is sensed by 
cells of the immune system through the toll-like receptor 4 
(TLR4). Activation of the TLR4 by LPS will induce an inflammatory 
response of the immune cells. The long-chain n-3 PUFA highly 
present in fish oil can interfere with the TLR4 activation and 
thereby ameliorate this inflammatory signal (Childs et  al., 

2019), as also shown in the pig study using fish oil (Liu et al., 
2012). Fish oil supplementation to the pigs during inflammation 
was associated with inhibition of TLR4- and NOD2-signaling 
pathways (Liu et al., 2003, 2012).

Oxidation of dietary polyunsaturated FA may, on the other 
hand, impair the function of the intestinal epithelium. Fatty 
acid peroxides arising from the feed may be present during 
the digestion of lipid as a means to access the intestinal 
absorptive membrane. In addition, hydrolysis of the TG 
molecule provides the free form of PUFA which are more 
vulnerable to peroxidation than if esterified. Once the fatty 
acid hydroperoxides are formed, they may potentially damage 
absorptive membranes (Lauridsen et al., 1995), as the formed 
micelles are sufficiently small to enter the unstirred water 
layer (Moran, 2017), coalescing on the absorptive membranes. 
ROS and lipid peroxidation products are able to disrupt the 
tight-junction protein complex, the active cytoskeleton, and 
the adherent junctions (Degroote et  al., 2019). Blends of fat 
sources, especially those including high content of FFA, may 
enhance the risk of oxidative stress and inflammation and 
hence impair gut integrity (Zhu et  al., 2012). However, lipid 
composition of diets containing 10% soybean oil, choice white 
grease, palm oil, distillers’ corn oil with approximately 5% FFA, 
or distillers’ corn oil with approximately 10% FFA appeared 
to have inconsistent effects on gut integrity and measures 
of oxidative stress (Lindblom et  al., 2017). Dietary challenge 
of piglets during weaning with peroxidized oil did not affect 
the small intestinal histomorphology (Degroote et  al., 2019); 
however, the impact of dietary antioxidants in that study 
cannot be ignored, as malondialdehyde levels in plasma and 
liver of the piglets also remained unaffected. Feeding thermally 
peroxidized soybean oil to grower pigs had little impact on 
gut permeability measured as urinary lactulose:mannitol 
ratio (Overholt et  al., 2018). As reviewed recently, vitamins 
E and A  and trace elements provide via their antioxidative 
mechanisms significant protection from hydroperoxide abuse 
of membranes (Moran, 2017; Dalgaard et al., 2018; Lauridsen, 
2019). Hence, manipulation of dietary fatty acid composition 
should take into consideration the risk of oxidative processes 
of the cell membranes. The integration of α-tocopherol between 
the FA of the membranal PL (Lauridsen and Jensen, 2012) is of 
high structural importance for the intestinal barrier function.

Conclusion and Perspectives
The literature discussed in this review indicates that lipid 
nutrition encompasses a wide range of bioactive FA which 
may offer beneficial effects for pigs pre- and post-weaning. 
The antimicrobial lipids (SCFA and MCFA) have promising 
antibacterial activities and can supply immediate energy for 
the host. In contrast, digestion and absorption of the LCFA 
are more complex, but these FA exert via their incorporation 
into membranes’ bioactive effects of importance for the 
inflammatory reactions. Both antibacterial and immunological 
properties of the epithelium are important for its barrier 
function. Dietary n-3 PUFA and especially the LCFA present in 
fish oil can decrease acute and chronic inflammatory immune 
reactions of importance for enteric health and robustness. It 
can be concluded that during the challenging phases of gut 
development and function, such as in low-birth-weight pigs and 
in pigs suffering from weaning stress, the strategic use of FA 
could potentially optimize the growth, function, and health of 
the pig’s gut.



Copyedited by: RS

Lauridsen  |  9

Acknowledgment
This study was based on a presentation given at the Digestive 
Physiology of Pigs lecture at the ASAS Midwest Meeting in 
Omaha, NE, entitled ‘Lipid Nutrition and Gut Health of Pigs’. 

Conflict of interest statement
The author declares no conflict of interest.

Literature Cited
Azain,  M.  J. 1993. Effects of adding medium-chain 

triglycerides to sow diets during late gestation and early 
lactation on litter performance. J. Anim. Sci. 71:3011–3019. 
doi:10.2527/1993.71113011x

Azain,  M.  J. 2001. Fat in swine nutrition. In: Lewis,  A.  J., and 
L. L. Lee Southern, editors. Swine Nutrition. Boca Raton (FL): 
CRC Press; p. 95–105. 

Bach  Knudsen,  K.  E. 2005. Effect of dietary non-digestible 
carbohydrates on the rate of SCFA delivery to peripheral 
tissues. Food Ingred. J. Japan 211:1008–1017. 

Bach Knudsen, K. E. 2011. Effects of polymeric carbohydrates on 
growth and development in pigs. J. Anim. Sci. 89:1965–1980. 
doi:10.2527/jas.2010–3602

Begley,  M., C.  Hill, and C.  G.  Gahan. 2006. Bile-salt hydrolase 
activity in probiotics. Appl. Environ. Microbiol. 72:1729–1738. 
doi:10.1128/AEM.72.3

Bligh, E. G., and W.  J. Dyer. 1959. A rapid method of total lipid 
extraction and purification. Can. J.  Biochem. Physiol. 37:911–
917. doi:10.1139/o59-099

Blikslager,  A.  T., A.  J.  Moeser, J.  L.  Gookin, S.  L.  Jones, and 
J.  Odle. 2007. Restoration of barrier function in injured 
intestinal mucosa. Physiol. Rev. 87:545–564. doi:10.1152/
physrev.00012.2006

Bontempo,  V., D.  Sciannimanico, G.  Pastorelli, R.  Rossi, F.  Rosi, 
and C. Corino. 2004. Dietary conjugated linoleic acid positively 
affects immunologic variables in lactating sows and piglets. J. 
Nutr. 134:817–824. doi:10.1093/jn/134.4.817

Calder, P. C. 2017. Dietary fatty acids, lipid mediators, immunity, 
and inflammation. Chap.  24. In: Casimir,  C.  A., editor. Food 
lipids: chemistry, nutrition, and biotechnology. Boca Raton (FL): 
Taylor & Francis Group; p. 591–602.

Calder,  P.  C. 2019. Is increasing microbiota diversity a novel 
anti-inflammatory action of marine n-3 fatty acids? J. Nutr. 
149:1102–1104. doi:10.1093/jn/nxz043

Canibe,  N., S.  H.  Steien, M.  Overland, and B.  B.  Jensen. 2001. 
Effect of K-diformate in starter diets on acidity, microbiota, 
and the amount of organic acids in the digestive tract of 
piglets, and on gastric alterations. J. Anim. Sci. 79:2123–2133. 
doi:10.2527/2001.7982123x

Cao, S., H. Wu, C. Wang, Q. Zhang, L. Jiao, F. Lin, and C. H. Hu. 2018. 
Diquat-induced oxidative stress increases intestinal permeability, 
impairs mitochondrial function, and triggers mitophagy in 
piglets. J Anim. Sci. 96:1795–1805. doi:10.1093/jas/sky104

Celi, P., A.  J. Cowieson, F. Fru-Nji, R. E. Steinert, A-M. Kluenter, 
and V. Verlhac. 2017. Gastrointestinal functionality in animal 
nutrition and health: new opportunities for sustainable 
animal production. Anim. Feed Sci. Tech. 234:88–110. 
doi:10.1016/j.anifeedsci.2017.09.012

Cera,  K.  R., D.  C.  Mahan, and G.  A.  Reinhart. 1988. Weekly 
digestibilities of diets supplemented with corn oil, lard 
or tallow by weanling swine. J. Anim. Sci. 66:1430–1437. 
doi:10.2527/jas1988.6661430x

Childs, C. E., P. C. Calder, and E. A. Miles. 2019. Diet and immune 
functions. Nutrients 11:1933–1942. doi:10.3390/nu11081933

Christensen,  T.  B. 2005. Digestion and utilization of dietary fat in 
weaned piglets and growing pigs [master’s thesis]. Denmark: 
The Royal Veterinary and Agricultural University; p. 106.

Cranwell,  P.  D., and P.  J.  Moughan. 1989. Biological limitations 
imposed by the digestive system to the growth performance 
of weaned pigs. In: Barnett,  L., and D.  P.  Hennessy, editors. 
Manipulating pig production vol. II. Victoria (Australia): 
Australian Pig Science Association; p. 149.

Dalgaard, T. S., M. Briens, R. G. Engberg, and C. Lauridsen. 2018. 
The influence of selenium and selenoproteins on immune 
responses of poultry and pigs. Anim. Feed. Sci. Tech. 238:73–83. 
doi:10.1016/j.anifeedsci.2018.01.020

DANMAP. 2017. DANMAP. 2017 – Use of antimicrobial agents and 
occurrence of antimicrobial resistance in bacteria from food 
animals, food and humans in Denmark. National Veterinary 
Institute, Technical University of Denmark, National Food 
Institute, Technical University of Denmark. Available from 
https://www.danmap.org/-/media/arkiv/projekt-sites/
danmap/danmap-reports/danmap-2017/danmap2017.
pdf?la=en [Accessed October 2018].

Degroote, J., W. Wang, H. Vergauwen, S. De Smet, C. Van Ginneken, 
and J.  Michiels. 2019. Impact of a dietary challenge with 
peroxidized oil on the glutathione redox status and integrity 
of the small intestine in weaned piglets. Animal 13:1641–1650. 
doi:10.1017/S1751731118003166

Dierick,  N.  A., J.  A.  Decuypere, and I.  Degeyter. 2003. The 
combined use of whole Cuphea seeds containing medium 
chain fatty acids and an exogenous lipase in piglet 
nutrition. Arch. Tierernahr. 57:49–63. doi:10.1080/000394203 
1000086626

Duran-Montgé, P., P. K. Theil, C. Lauridsen, and E. Esteve-Garcia. 
2009. Dietary fat source affects metabolism of fatty acids in 
pigs as evaluated by altered expression of lipogenic genes 
in liver and adipose tissues. Animal 3:535–542. doi:10.1017/
S1751731108003686

Engberg,  R.  M., M.  S.  Hedemann, T.  D.  Leser, and B.  B.  Jensen. 
2000. Effect of zinc bacitracin and salinomycin on intestinal 
microflora and performance of broilers. Poult. Sci. 79:1311–
1319. doi:10.1093/ps/79.9.1311

Goncharova, K., S. G. Pierzynowski, D. Grujic, S. Kirko, K. Szwiec, 
J. Wang, T. Kovalenko, I. Osadchenko, G. Ushakova, H. Shmigel, 
et  al. 2014. A piglet with surgically induced exocrine 
pancreatic insufficiency as an animal model of newborns 
to study fat digestion. Br. J. Nutr. 112:2060–2067. doi:10.1017/
S0007114514003286

Gresse, R., F. Chaucheyras-Durand, M. A. Fleury, T. Van de Wiele, 
E.  Forano, and S.  Blanquet-Diot. 2017. Gut microbiota 
dysbiosis in postweaning piglets: understanding the 
keys to health. Trends Microbiol. 25:851–873. doi:10.1016/j.
tim.2017.05.004

Guillot,  E., P.  Vaugelade, P.  Lemarchal, and A.  Rérat. 1993. 
Intestinal absorption and liver uptake of medium-chain 
fatty acids in non-anaesthetized pigs. Br. J. Nutr. 69:431–442. 
doi:10.1079/bjn19930045

Hampson,  D.  J. 1986. Alterations in piglet small intestinal 
structure at weaning. Res. Vet. Sci. 40:32–40.

Hanczakowska,  E. 2017. The use of medium-chain fatty acids 
in piglet feeding – a review. Ann. Anim. Sci. 17:967–977. 
doi:10.1515/aoas-2016-0099

Hansen, A. V., C. Lauridsen, M. T. Sørensen, K. E. Bach Knudsen, 
and P.  K.  Theil. 2012. Effects of nutrient supply, plasma 
metabolites, and nutritional status of sows during transition 
on performance in the next lactation. J. Anim. Sci. 90:466–480. 
doi:10.2527/jas.2011-3984

Heo, J. M., F. O. Opapeju, J. R. Pluske, J. C. Kim, D. J. Hampson, and 
C.  M.  Nyachoti. 2013. Gastrointestinal health and function 
in weaned pigs: a review of feeding strategies to control 
post-weaning diarrhea without using in-feed antimicrobial 
compounds. J. Anim. Phys. Anim. Nutr. 97:207–237. doi:10.111
1/j.1439-0396.2012.01284

Hess, H. A., B. A. Corl, X. Lin, S. K. Jacobi, R. J. Harrell, A. T. Blikslager, 
and J.  Odle. 2008. Enrichment of intestinal mucosal 
phospholipids with arachidonic and eicosapentaenoic acids 

https://doi.org/10.2527/1993.71113011x
https://doi.org/10.2527/jas.2010–3602
https://doi.org/10.1128/AEM.72.3
https://doi.org/10.1139/o59-099
https://doi.org/10.1152/physrev.00012.2006
https://doi.org/10.1152/physrev.00012.2006
https://doi.org/10.1093/jn/134.4.817
https://doi.org/10.1093/jn/nxz043
https://doi.org/10.2527/2001.7982123x
https://doi.org/10.1093/jas/sky104
https://doi.org/10.1016/j.anifeedsci.2017.09.012
https://doi.org/10.2527/jas1988.6661430x
https://doi.org/10.3390/nu11081933
https://doi.org/10.1016/j.anifeedsci.2018.01.020
https://www.danmap.org/-/media/arkiv/projekt-sites/danmap/danmap-reports/danmap-2017/danmap2017.pdf?la=en
https://www.danmap.org/-/media/arkiv/projekt-sites/danmap/danmap-reports/danmap-2017/danmap2017.pdf?la=en
https://www.danmap.org/-/media/arkiv/projekt-sites/danmap/danmap-reports/danmap-2017/danmap2017.pdf?la=en
https://doi.org/10.1017/S1751731118003166
https://doi.org/10.1080/0003942031000086626
https://doi.org/10.1080/0003942031000086626
https://doi.org/10.1017/S1751731108003686
https://doi.org/10.1017/S1751731108003686
https://doi.org/10.1093/ps/79.9.1311
https://doi.org/10.1017/S0007114514003286
https://doi.org/10.1017/S0007114514003286
https://doi.org/10.1016/j.tim.2017.05.004
https://doi.org/10.1016/j.tim.2017.05.004
https://doi.org/10.1079/bjn19930045
https://doi.org/10.1515/aoas-2016-0099
https://doi.org/10.2527/jas.2011-3984
https://doi.org/10.1111/j.1439-0396.2012.01284
https://doi.org/10.1111/j.1439-0396.2012.01284


10  |  Journal of Animal Science, 2020, Vol. 98, No. 4

Copyedited by: RS

fed to suckling piglets is dose and time dependent. J. Nutr. 
138:2164–2171. doi:10.3945/jn.108.094136

Hu, C. H., K. Xiao, Z. S. Luan, and J. Song. 2013. Early weaning 
increases intestinal permeability, alters expression of 
cytokine and tight junction proteins, and activates mitogen-
activated protein kinases in pigs. J. Anim. Sci. 91:1094–1101. 
doi:10.2527/jas.2012-5796

Huber, L. A., S. Hooda, R. E. Fisher-Heffernan, N. A. Karrow, and 
C. F. M. de Lange. 2018. Effect of reducing the ratio of omega-
6-to-omega-3 fatty acids in diets of low protein quality on 
nursery pig growth performance and immune response. J. 
Anim. Sci. 96:4348–4359. doi:10.1093/jas/sky296

Huërou-Luron,  L., K. Bouzerzour, S.  Ferrat-Bernard, O. Menard, 
L. L. Normand, C. Perrier, C. L. Bourgot, J. Jardin, C. Bourlieu, 
T. Carton, et al. 2018. A mixture of milk and vegetable lipids 
in infant formular changes gut digestion, mucosal immunity 
and microbiota composition in neonatal piglets. Eur. J. Nutr. 
57:463–476. doi:10.1007/s00394-016-1329-3

Innis, S. M., R. A. Dyer, and E. L. Lien. 1997. Formula containing 
randomized fats with palmitic acid (16:0) in the 2-position 
increases 16:0 in the 2-position of plasma and chylomicron 
triglycerides in formula-fed piglets to levels approaching 
those of piglets fed sow’s milk. J. Nutr. 127:1362–1370. 
doi:10.1093/jn/127.7.1362

Iqbal,  J., and M.  M.  Hussain. 2009. Intestinal lipid absorption. 
Am. J. Physiol. Endocrinol. Metab. 296:E1183–E1194. doi:10.1152/
ajpendo.90899.2008

Jakobsen, K.1999. Dietary modification of animal fats: status and 
future perspectives. Fett/Lipid 101(12):475–483.

Jean, K. B., and S. H. Chiang. 1999. Increased survival of neonatal 
pigs by supplementing medium-chain triglycerides in late-
gestating sow diets. Anim. Feed Sci. Technol. 76:241–250.

Jensen,  M.  S., H.  Jørgensen, R.  M.  Engberg, and S.  K.  Jensen. 
1996. Exocrine pancreatic secretions in growing pigs fed 
diets containing fish oil, rapeseed oil or coconut oil. J. Nutr. 
126:2076–2082. doi:10.1093/jn/126.9.2076

Jin, C., Z. Fang, Y. Ling, L. Che, C. Wu, S. Xu, B. Feng, J.  Li, and 
D.  Wu. 2017. Influence of dietary fat source on sow and 
litter performance, colostrum and milk fatty acid profile in 
late gestation and lactation. Anim. Sci. J. 88(11):1768–1778. 
doi:10.1111/asj.12836

Jørgensen, H., and J. A. Fernandez. 2000. Chemical composition 
and energy value of different fat sources for growing 
pigs. Acta Agric. Scand. Sect. A.  Anim. Sci. 50:129–136. 
doi:10.1080/090647000750014250

Jørgensen, H., K. Jakobsen, and B. O. Eggum. 1993. Determination 
of endogenous fat and fatty acids at the terminal ileum and 
faeces of growing pigs. Acta Agri. Scand., Sect. A., Animal Science 
46:101–106. doi:10.1080/09064709309410151

Kamal, S. S., A. D. Andersen, L. Krych, C. Lauridsen, P. T. Sangild, 
T. Thymann, and D. S. Nielsen. 2019. Preterm birth has effects 
on gut colonization in piglets within the first 4 weeks of 
life. J. Pediatr. Gastroenterol. Nutr. 68:727–733. doi:10.1097/
MPG.0000000000002259

Kerr,  B.  J., W.  A.  Dozier, and G.  C.  Shurson. 2016. Lipid 
digestibility and energy content of distillers’ corn oil in 
swine and poultry. J. Anim. Sci. 94:2900–2908. doi:10.2527/jas. 
2016-0440

Kil, D. Y., T. E. Sauber, D. B.  Jones, and H. H. Stein. 2010. Effect 
of the form of dietary fat and the concentration of dietary 
neutral detergent fiber on ileal and total tract endogenous 
losses and apparent and true digestibility of fat by growing 
pigs. J. Anim. Sci. 88:2959–2967. doi:10.2527/jas.2009-2216

Knarreborg,  A., C.  Lauridsen, R.  M.  Engberg, and S.  K.  Jensen. 
2004. Dietary antibiotic growth promoters enhance the 
bioavailability of α-tocopheryl acetate in broilers through 
mediations of the lipid absorption processes. J. Nutr. 
134:1487–1492.

Knarreborg,  A., M.  A.  Simon, R.  M.  Engberg, B.  B.  Jensen, and 
G.  W.  Tannock. 2002. Effects of dietary fat source and 

subtherapeutic levels of antibiotic levels of antibiotic on 
bacterial community in the ileum of broiler chickens oat 
various ages. Appl. Environ. Microbiol. 68:59185924. doi:10.1128/
AEM.68.12.5924.2002

Lauridsen, C. 2010. Evaluation of the effect of increasing dietary 
vitamin E in combination with different fat sources on 
performance, humoral immune responses and antioxidant 
status of weaned pigs. Anim. Feed. Sci. Tech. 158(1–2):85–94. 
doi:10.1016/j.anifeedsci.2010.03.015

Lauridsen,  C. 2017. Digestion, absorption and metabolism of 
lipids, Chap. 22. In: Casimir, C. A., editor. Food lipids: chemistry, 
nutrition, and biotechnology. Boca Raton (FL): Taylor & Francis 
Group; p. 591–602.

Lauridsen,  C. 2019. From oxidative stress to inflammation: 
redox balance and immune system. Poult. Sci. 98:4240–4246. 
doi:10.3382/ps/pey407

Lauridsen, C., M. S. Hedemann, and S. K. Jensen. 2001. Hydrolysis 
of alpha-tocopherol and retinol esters by pancreatic carboxyl 
ester hydrolase is affected by their carboxylate moiety 
and the presence of bile acids. J. Nutr. Biochem. 12:219–224. 
doi:10.1016/S0955-2863(00)00156-X

Lauridsen,  C., T.  B.  Christensen, U.  Halekoh, and S.  K.  Jensen. 
2007a. Alternative fat sources to animal fat for pigs. Lipid Tech. 
19(7):156–159. doi:10.1002/lite.200700051

Lauridsen, C., T. B. Christensen, S. K. Jensen, and U. Halekoh. 2005. 
Apparent digestibility of feed containing alternative fat sources 
to animal fat in weaners and growers. In: Paterson, J.E., editor. 
Manipulating pig production X. Proc. Tenth Biennial Conference of 
the Australasian Pig Science Association (Inc.) (APSA). November 
27–30, 2005; Christchurch, New Zealand; 274 pp.

Lauridsen,  C., and V.  Danielsen. 2004. Lactational dietary 
fat levels and sources influence milk composition and 
performance of sows and their progeny. Livest. Prod. Sci. 
91:95–105. doi:10.1016/j.livprodsci.2004.07.014

Lauridsen, C., M. S. Hedemann, S. Pierzynowski, and S. K. Jensen. 
2007b. Dietary manipulation of the sow milk does not 
influence the lipid absorption capacity of the progeny. Livest. 
Sci. 108:167–170. doi:10.1016/j.livsci.2007.01.042

Lauridsen, C., K. Jakobsen, and T. K. Hansen. 1995. The influence 
of dietary ethoxyquin on the vitamin E status in broilers. 
Arch. Tierernahr. 47:245–254. doi:10.1080/17450399509381809

Lauridsen,  C., and S.  K.  Jensen. 2007. Lipid composition of 
lactational diets influences the fatty acid profile of the 
progeny before and after suckling. Animal 1:952–962. 
doi:10.1017/S175173110700033X

Lauridsen, C., and S. K. Jensen. 2012. α-Tocopherol incorporation 
in mitochondria and microsomes upon supranutritional 
vitamin E supplementation. Genes Nutr. 7:475–482. 
doi:10.1007/s12263-012-0286-6

Lauridsen,  C., S.  K.  Jensen, L.  H.  Skibsted, and G.  Bertelsen. 
2000. Influence of supranutritional vitamin E and copper 
on α-tocopherol deposition and susceptibility to lipid 
oxidation of porcine membranal fractions of M. Psoas major 
and M. Longissimus dorsi. Meat Sci. 54:377–384. doi:10.1016/
s0309-1740(99)00113-81

Lauridsen,  C., J.  Stagsted, and S.  K.  Jensen. 2007c. n-6 and n-3 
fatty acids ratio and vitamin E in porcine maternal diet 
influence the antioxidant status and immune cell eicosanoid 
response in the progeny. Prostaglandins Other Lipid Mediat. 
84:66–78. doi:10.1016/j.prostaglandins.2007.04.003

Lauridsen,  C., P.  K.  Theil, and S.  K.  Jensen. 2013. Composition 
of α-tocopherol and fatty acids in porcine tissues after 
dietary supplementation with vitamin E and different fat 
sources. Anim. Feed Sci. Tech. 179(1–4):93–102. doi:10.1016/j.
anifeedsci.2012.10.007

Lei, X.  J., J. W. Park, J. W. Baek, D. H. Kim, and I. H. Kim. 2017. 
Feeding the blend of organic acids and medium chain fatty 
acids reduces the diarrhea in piglets orally challenged with 
enterotoxigenic Escherichia coli K88. Anim. Feed Sci. Tech. 
224:46–51. doi:10.1016/j.anifeedsci.2016.11.016

https://doi.org/10.3945/jn.108.094136
https://doi.org/10.2527/jas.2012-5796
https://doi.org/10.1093/jas/sky296
https://doi.org/10.1007/s00394-016-1329-3
https://doi.org/10.1093/jn/127.7.1362
https://doi.org/10.1152/ajpendo.90899.2008
https://doi.org/10.1152/ajpendo.90899.2008
https://doi.org/10.1093/jn/126.9.2076
https://doi.org/10.1111/asj.12836
https://doi.org/10.1080/090647000750014250
https://doi.org/10.1080/09064709309410151
https://doi.org/10.1097/MPG.0000000000002259
https://doi.org/10.1097/MPG.0000000000002259
https://doi.org/10.2527/jas.2016-0440
https://doi.org/10.2527/jas.2016-0440
https://doi.org/10.2527/jas.2009-2216
https://doi.org/10.1128/AEM.68.12.5924.2002
https://doi.org/10.1128/AEM.68.12.5924.2002
https://doi.org/10.1016/j.anifeedsci.2010.03.015
https://doi.org/10.3382/ps/pey407
https://doi.org/10.1016/S0955-2863(00)00156-X
https://doi.org/10.1002/lite.200700051
https://doi.org/10.1016/j.livprodsci.2004.07.014
https://doi.org/10.1016/j.livsci.2007.01.042
https://doi.org/10.1080/17450399509381809
https://doi.org/10.1017/S175173110700033X
https://doi.org/10.1007/s12263-012-0286-6
https://doi.org/10.1016/s0309-1740(99)00113-81
https://doi.org/10.1016/s0309-1740(99)00113-81
https://doi.org/10.1016/j.prostaglandins.2007.04.003
https://doi.org/10.1016/j.anifeedsci.2012.10.007
https://doi.org/10.1016/j.anifeedsci.2012.10.007
https://doi.org/10.1016/j.anifeedsci.2016.11.016


Copyedited by: RS

Lauridsen  |  11

Lin,  J. 2014. Antibiotic growth promoters enhance animal 
production by targeting intestinal bile salt hydrolase and its 
producers. Front. Microbiol. 5:1–3. doi:10.3389/fmicb.00033

Lindblom, S. C., W. A. Dozier, G. C. Shurson, and B. J. Kerr. 2017. 
Digestibility of energy and lipids and oxidative stress in 
nursery pigs fed commercially available lipids. J. Anim. Sci. 
95:239–247. doi:10.2527/jas.2016.0915

Liu, Y. 2015. Fatty acids, inflammation and intestinal health in 
pigs. J. Anim. Sci. Biotech. 6:41–50. doi:10.1186/s40104-015-0040-1

Liu, Y., F. Chen, J. Odle, X. Lin, S. K.  Jacobi, H. Zhu, Z. Wu, and 
Y. Hou. 2012. Fish oil enhances intestinal integrity and inhibits 
TLR4 and NOD2 signaling pathways in weaned pigs after LPS 
challenge. J. Nutr. 142:2017–2024. doi:10.3945/jn.112.164947

Liu,  Y., F.  Chen, B.  J.  Kerr, T.  E.  Weber, L.  J.  Johnston, and 
G. C. Shurson. 2014. Influence of thermally oxidized vegetable 
oils and animal fats on growth performance, liver gene 
expression, and liver and serum cholesterol and triglycerides 
in young pigs. J. Anim. Sci. 92:2960–2970. doi:10.2527/
jas.2012–5709

Liu,  Y.  L., D.  F.  Li, L.  M.  Gong, G.  F.  Yi, A.  M.  Gaines, and 
J.  A.  Carroll. 2003. Effects of fish oil supplementation on 
the performance and the immunological, adrenal, and 
somatotropic responses of weaned pigs after an Escherichia 
coli lipopolysaccharide challenge. J. Anim. Sci. 81:2758–2765. 
doi:10.2527/2003.81112758x

Manzke, N. E., B. K. Gomes, E. G. Xavier, and G. J. M. M. de Lima. 
2018. Efficacy of energy supplementation on growth 
performance and immune response of suckling pigs. J. Anim. 
Sci. 96:4723–4730. doi:10.1093/jas/sky335

Metzler,  B., E.  Bauer, and R.  Mosenthin. 2005. Microflora 
management in the gastrointestinal tract of piglets. 
Asian-Australas. J.  Anim. Sci. 18:1353–1362. doi:10.5713/
ajas.2005.1353

Miyamoto, J., M. Igarashi1, K. Watanabe, S. Karaki, H. Mukouyama, 
S., Kishino, X. Li, A. Ichimura, J. Irie, Y. Sugimoto, et al. 2019. Gut 
microbiota confers host resistance to obesity by metabolizing 
dietary polyunsaturated fatty acids. Nature Comm. 10:4007. 
doi:10.1038/s41467-019-11978-0

Møller, S., and C. Lauridsen. 2006. Dietary fatty acid composition 
rather than vitamin E supplementation influence ex vivo 
cytokine and eicosanoid response of porcine alveolar 
macrophages. Cytokine 35:6–12. doi:10.1016/j.cyto.2006.07.001

Moran, E. T. Jr. 2017. Nutrients central to maintaining intestinal 
absorptive efficiency and barrier integrity with fowl. Poult. Sci. 
96:1348–1363. doi:10.3382/ps/pew337

Mu,  H., and C-E.  Høy. 2004. The digestion of dietary 
triacylglycerols. Progress in Lipid Res. 43:105–133. doi:10.1016/
s0163-7827(03)00050-x

Muza-Moons,  M.  M., E.  E.  Schneeberger, and G.  A.  Hecht. 
2004. Enteropathogenic Escherichia coli infection leads to 
appearance of aberrant tight junctions strands in the lateral 
membrane of intestinal epithelial cells. Cell Microbiol. 6:783–
793. doi:10.1111/j.1462-5822.2004.00404.x

Noblet,  J., and J.  Van  Milgen. 1994. Energy values of pig feeds: 
effect of pig body weight and energy evaluation system. J. 
Anim. Sci. 72:344–354. doi:10.2527/2004.8213_supplE229x

NRC. 2012. Nutrient requirements of swine. 11th ed. Washington 
(DC): National Academy Press.

Odle, J. 1997. New insights into the utilization of medium-chain 
triglycerides by the neonate: observations from a piglet 
model. J. Nutr. 127:1061–1067. doi:10.1093/jn/127.6.1061

Overholt,  M.  F., A.  C.  Dilger, D.  D.  Boler, and B.  J.  Kerr. 2018. 
Influence of feeding thermally peroxidized soybean oil 
on growth performance, digestibility, and gut integrity in 
finishing pigs. J. Anim. Sci. 96:2789–2803. doi:10.1093/jas/
sky091

Patterson,  R., M.  L.  Connor, D.  O.  Krause, and C.  M.  Nyachoti. 
2008. Response of piglets weaned from sows fed diets 
supplemented with conjugated linoleic acid (CLA) to an 
Escherichia coli K88+ oral challenge. Animal 2(9):1303–1311.
doi:https://doi.org/10.1017/S1751731108002309

Pettigrew,  J.  E. 1981. Supplemental dietary fat for peripartal 
sows: a review. J. Anim. Sci. 51(1):107–117. doi:10.1523/
JNEUROSCI.01-01-00107.1981

Pluske,  J.  R., D.  L.  Turpin, and J.  C.  Kim. 2018. Gastrointestinal 
tract (gut) health in the young pig. Anim. Nutr. 4:187–196. 
doi:10.1016/j.aninu.2017.12.004

Potten, C. S., C. Booth, and D. M. Pritchard. 1997. The intestinal 
epithelial stem cell: the mucosal governor. Int. J. Exp. Pathol. 
78:219–243. doi:10.1046/j.1365-2613.1997.280362.x

Quesnel,  H., and C.  Farmer. 2019. Review: nutritional and 
endocrine control of colostrogenesis in swine. Animal 
13(S1):s26–s34. doi:10.1017/S1751731118003555

Ravindran,  V., P.  Tancharoenrat, F.  Zaefarian, and G.  Ravindran. 
2016. Fats in poultry nutrition: digestive physiology and factors 
influencing their utilization. Anim. Feed Sci. Tech. 213:1–21.

Sangild, P. T. 2006. Gut responses to enteral nutrition in 
preterm infants and animals. Exp. Bio. Med. 231:1695–1711. 
doi:10.1177/153537020623101106

Schmid, M., L. G. K. Kraft, L. M. van der Loos, G. T. Kraft, P. Virtue, 
P.  D.  Nichols, and C.  L.  Hurd. 2018. Southern Australian 
seaweeds: a promising resource for omega-3 fatty acids. Food 
Chem. 265:70–77. doi:10.1016/j.foodchem.2018.05.060

Sciascia, Q., G. Das, and C. C. Metges. 2016. Review: the pig as a 
model for humans: effects of nutritional factors on intestinal 
function and health. J. Anim. Sci. 94:441–452. doi:10.2527/
jas2015-9788

Shuting C., H. Wu, C. Wang, Q. Zhang, L. Jiao, F. Lin, and C. H. Hu. 
2018. Diquat-induced oxidative stress increases intestinal 
permeability, impairs mitochondrial function, and triggers 
mitophagy in piglets. J. Anim. Sci. 96:1795–1805. doi:10.1093/
jas/sky104

Simopoulos, A. P. 2008. The importance of the omega-6/omega-3 
fatty acid ration in cardiovascular disease and other chronic 
diseases. Exp. Biol. Med. 233:674–688. doi:10.3181/0711-MR-311

Swiatkiewicz,  S., A.  Arczewska-Wlosek, and D.  Jozefiak. 2015. 
The relationship between dietary fat sources and immune 
response in poultry and pigs: an updated review. Livest. Sci. 
180:237–246. doi:10.1016/j.livsci.2015.07.017

Takase,  S., and T.  Goda. 1990. Effects of medium-chain 
triglycerides on brush border membrane-bound enzyme 
activity in rat small intestine. J. Nutr. 120:969–976. doi:10.1093/
jn/120.9.969

Tous, N., P. K. Theil, C. Lauridsen, R. Lizardo, B. Vilà, and E. Esteve-
Garcia. 2012. Dietary conjugated linoleic acid modify gene 
expression in liver, muscles, and fat tissues of finishing pigs. 
J. Anim. Sci. 90 (Suppl 4):340–342. doi:10.2527/jas.53768

Upadhaya, S. D., H. M. Yun, K. Y. Lee, and I. H. Kim. 2019. Do varied 
dietary omega-6 to omega3 ratios affect the performance, 
nutrient digestibility, immune status and faecal microbiota of 
weaner pigs? Anim. Prod. Sci. 59:236–242. doi:10.1071/AN16431

Verstegen, M. W.A., P. J. Moughan, and J. W. Schrama. 1998. The 
lactating sow. Wageningen (The Netherlands): Wageningen 
Pers.

Vodolazska, D., and C. Lauridsen. 2020. Effects of dietary hemp 
seed oil to sows on fatty acid profiles, nutritional and immune 
status of piglets. J. Anim. Sci. Biotech. 11:28–46. doi:10.1186/
s40104-020-0429-3

Vondruskova,  H., R.  Slamova, M.  Trckova, Z.  Zraly, and 
I.  Pavlik. 2010. Alternatives to antibiotic growth promoters 
in prevention of diarrhoea in weaned piglets: a review. 
Veterinarni Medicina 55:199–224. doi:10.17221/2998-VETMED

Walter, K. R., X. Lin, S. K. Jacobi, T. Kaser, D. Esposito, and J. Odle. 
2019. Dietary arachidonate in milk replacer triggers dual 
benefits of PGE2 signalling in LPS-challenged piglet alveolar 
macrophages. J. Anim. Sci. Biotch. 10(13):1–15. doi:10.1186/
s40104-019-0321-1

Willing, B. P., G. Malik, and A. G. Van Kessel. 2013. Nutrition and 
gut health in swine. In: Chiba, L. I., editor. Sustainable swine 
Nutrition Ames (IA): John Wiley; p. 197–217. 

Wisemann, J., M. S. Redshaw, S. Jagger, C. R. Nute, and J. D. Wood. 
2000. Influence of type and dietary rate of inclusion of 

https://doi.org/10.3389/fmicb.00033
https://doi.org/10.2527/jas.2016.0915
https://doi.org/10.1186/s40104-015-0040-1
https://doi.org/10.3945/jn.112.164947
https://doi.org/10.2527/jas.2012–5709
https://doi.org/10.2527/jas.2012–5709
https://doi.org/10.2527/2003.81112758x
https://doi.org/10.1093/jas/sky335
https://doi.org/10.5713/ajas.2005.1353
https://doi.org/10.5713/ajas.2005.1353
https://doi.org/10.1038/s41467-019-11978-0
https://doi.org/10.1016/j.cyto.2006.07.001
https://doi.org/10.3382/ps/pew337
https://doi.org/10.1016/s0163-7827(03)00050-x
https://doi.org/10.1016/s0163-7827(03)00050-x
https://doi.org/10.1111/j.1462-5822.2004.00404.x
https://doi.org/10.2527/2004.8213_supplE229x
https://doi.org/10.1093/jn/127.6.1061
https://doi.org/10.1093/jas/sky091
https://doi.org/10.1093/jas/sky091
https://doi.org/10.1017/S1751731108002309﻿
https://doi.org/10.1523/JNEUROSCI.01-01-00107.1981
https://doi.org/10.1523/JNEUROSCI.01-01-00107.1981
https://doi.org/10.1016/j.aninu.2017.12.004
https://doi.org/10.1046/j.1365-2613.1997.280362.x
https://doi.org/10.1017/S1751731118003555
https://doi.org/10.1177/153537020623101106
https://doi.org/10.1016/j.foodchem.2018.05.060
https://doi.org/10.2527/jas2015-9788
https://doi.org/10.2527/jas2015-9788
https://doi.org/10.1093/jas/sky104
https://doi.org/10.1093/jas/sky104
https://doi.org/10.3181/0711-MR-311
https://doi.org/10.1016/j.livsci.2015.07.017
https://doi.org/10.1093/jn/120.9.969
https://doi.org/10.1093/jn/120.9.969
https://doi.org/10.2527/jas.53768
https://doi.org/10.1071/AN16431
https://doi.org/10.1186/s40104-020-0429-3
https://doi.org/10.1186/s40104-020-0429-3
https://doi.org/10.17221/2998-VETMED
https://doi.org/10.1186/s40104-019-0321-1
https://doi.org/10.1186/s40104-019-0321-1


12  |  Journal of Animal Science, 2020, Vol. 98, No. 4

Copyedited by: RS

oil on meat quality. Anim. Sci. 70:307–315. doi:10.1017/
S135772980005476X

Wood, J. D., R. I. Richardson, G. R. Nute, A. V. Fisher, M. M. Campo, 
E. Kasapidou, P. R. Sheard, and M. Enser. 2004. Effects of fatty 
acids on meat quality: a review. Meat Sci. 66:21–32. doi:10.1016/
S0309-1740(03)00022-6

Woolford, M. K. 1975. Microbial screening of the straight chain 
fatty acids (C1-C12) as potential silage additives. J. Sci. Food. 
Agric. 26:219–228. doi:10.1002/jsfa.2740260213

Xu, J. M., X. Chen, S. Q. Yu, Y. Su, and W. Y. Zhu. 2016. Effects of 
early intervention with sodium butyrate on gut microbiota 
and the expression of inflammatory cytokines in neonatal 
piglets. PLoS One. 11(9): e0162461. doi:10.1371/journal.
pone.0162461

Zentek,  J., S.  Buchheit-Renko, F.  Ferrara, W.  Vahjen, 
A.  G.  Van  Kessel, and R.  Pieper. 2011. Nutritional and 

physiological role of medium-chain triglycerides and 
medium-chain fatty acids in piglets. Anim. Health Res. Rev. 
12:83–93. doi:10.1017/S1466252311000089

Zhang,  S., F.  Chen, Y.  Zhang, Y.  Lv, J.  Heng, T.  Min, L.  Li, and 
W. Guan. 2018. Recent progress of porcine milk components 
and mammary gland function. J. Anim. Sci. Biotech. 9:77–90. 
doi:10.1186/s40104-018-0291-8

Zhang,  J., X.  Xu, H.  L.  Zhu, Y.  Wang, Y.  Q.  Hou, Y.  L.  Hou, and 
Y.  L.  Liu. 2019. Dietary fish oil supplementation alters 
liver gne expressions to protect against LPS-induced liver 
injury in weanling piglets. Innate Imm. 25(1):60–72. doi:10. 
1177/1753425918821420

Zhu, L. H., K. L. Zhao, X. L. Chen, and J. X. Xu. 2012. Impact of 
weaning and an antioxidant blend on intestinal barrier 
function and antioxidant status in pigs. J. Anim. Sci. 90:2581–
2589. doi:10.2527/jas.2012-4444

https://doi.org/10.1017/S135772980005476X
https://doi.org/10.1017/S135772980005476X
https://doi.org/10.1016/S0309-1740(03)00022-6
https://doi.org/10.1016/S0309-1740(03)00022-6
https://doi.org/10.1002/jsfa.2740260213
https://doi.org/10.1371/journal.pone.0162461
https://doi.org/10.1371/journal.pone.0162461
https://doi.org/10.1017/S1466252311000089
https://doi.org/10.1186/s40104-018-0291-8
https://doi.org/10. 1177/1753425918821420
https://doi.org/10. 1177/1753425918821420
https://doi.org/10.2527/jas.2012-4444

