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Abstract

The group of medium-chain fatty acids (MCFA) comprises monocarboxylic fatty acids containing
from 6 to 12 carbon atoms. These are: caproic (C6), caprylic (C8), capric (C10), and lauric (C12)
acids. They can be partly absorbed already through the stomach mucosa. Their triacylglycerols
(MCT) can be absorbed intact into intestinal epithelial enterocytes and then hydrolysed by micro-
somal lipases. Thus they are a readily available source of energy, capable of improving the intes-
tinal epithelial mucosal structure. They are also characterised by strong antibacterial activity due
to their ability to penetrate the semi-permeable membranes of bacteria and damage their internal
structures. Thanks to these properties, they could be a good supplement to weaned piglet feed.
They improve piglet performance and can be used as feed antibiotic replacers.
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Acids, mainly organic, have been used for many years for the preservation of
feed for pigs and other farm animals. In early experiments, propionic acid (1.5%)
was used for the preservation of wet corn used in diets for growing pigs (Young et
al., 1970). There were no problems with mould growth during storage, and pigs fed
experimental feed gained at a similar rate and achieved a feed efficiency equal to or
better than that of pigs fed dry corn. Also, Bayley et al. (1974) found that nitrogen
was better utilised in diets preserved with organic acids (propionic and acetic) than
in dried-corn feed. A higher level of free glucose, resulting from partial hydrolysis
of starch, was found in the acid-preserved corn. In contrast to results with older pigs,
supplements of propionic acid lowered the daily gains of piglets, though fumaric and
citric acids yielded better results (Giesting and Easter, 1985). In a later experiment,
no effects of these last two acids on the retention of amino acids were found in piglets
(Walz and Pallauf, 1997).
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The effects of organic acids frequently fed to pigs have recently been reviewed
by Suiryanrayna and Ramana (2015). Another organic acid with a positive effect on
piglet performance is butyric acid (Lu et al., 2008), a short-chain fatty acid with four
carbon atoms in the chain and a good source of energy for intestinal epithelial cells.
Piva et al. (2002) found that adding a butyrate supplement to piglet feed already
acidified with formic and lactic acids improved body weight gains by about 20%.

Several years ago, the European Union banned the use of antibiotic growth pro-
moters in farm animal feeding (Anadon, 2006); thus some replacers must be found,
especially for young animals. Various agents to prevent piglet gastrointestinal disor-
ders have been proposed, among them short-chain fatty acids, used for many years
as antimicrobial acidifiers (Partanen and Mroz, 1999). Medium-chain fatty acids
(MCFA) constitute another type of organic acid which could be considered for use as
antibiotic replacers (Decuypere and Dierick, 2003). They are characterised by strong
antibacterial activity (Skrivanova et al., 2009) and, in addition to this antimicrobial
effect, can also improve postweaning gut development (Loh et al., 2013).

In 2003 Decuypere and Dierick published a thorough overview of experiments
with MCFAs. The aim of the present review is to present new experiments on the
properties of MCFA and their triacylglycerols and to evaluate their effects on the
health and performance of pigs, especially of weaned piglets.

The effect of MCFAs on piglet performance

The group MCFA comprises monocarboxylic fatty acids containing from 6 to
12 carbon atoms. The ‘normal’ (i.e. with an even number of carbon atoms) acids
are caproic (C6), caprylic (C8), capric (C10), and lauric (C12) acids. Their system-
atic names are, respectively: hexanoic, octanoic, decanoic, and dodecanoic acids.
Because pure medium-chain fatty acids have an unpleasant smell (Oprean et al.,
2011), their triacylglycerols (MCT) are usually used in animal feeding. In the ani-
mal digestive tract MCT are preferentially hydrolysed by preduodenal lipases; thus
the resulting MCFA can be partly absorbed already through the stomach mucosa.
Moreover, MCT can be absorbed (intact) into intestinal epithelial enterocytes and
then hydrolysed in cells by microsomal lipases (Playoust and Isselbacher, 1964).
Portion of resulting MCFA entry into mitochondria is probably independent of the
carnitine acyltransferase system (Odle, 1997). Also their oxidation should be carni-
tine independent because they are activated within the mitochondrial matrix (Heo et
al., 2002). According to Loh et al. (2013), MCT have a lesser tendency to be stored as
body fat and their rapid transportation and oxidation is more similar to carbohydrates
than to other fats.

In an experiment by Guillot et al. (1994), esterified caprylic and capric acids
were infused into a pig duodenum with severed pancreatic ducts. Despite a lack of
pancreatic enzymes, non-esterified acids appeared in the portal vein following infu-
sion. In the portal blood, 26% of the caprylic and 27% of the capric acids infused
as MCT were recovered. This suggests that alternative pathways exist, distinct from
those following hydrolytic activity of the pancreatic lipase. According to authors
perhaps the MCT were intracellularly hydrolysed in enterocytes though the residual
activity of gastric lipases could not be excluded. Such alternative pathways of hy-
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drolysis may be particularly important in the first weeks of life because, as Corring
et al. (1978) found, a marked increase in lipase activity appears only after the third
week of a piglet’s life.

Due to their lower molecular weight and smaller size, MCFA are more soluble in
water and biological liquids than long-chain fatty acids (LCFA). Whereas LCFA, the
products of long-chain triacylglycerol digestion, are reassimilated into long-chain
phospholipids and triacylglycerols, MCFA are absorbed directly into portal circula-
tion and transported to the liver for rapid oxidation (Odle, 1997). This can provide
the animal with readily available energy. According to Dicklin et al. (2006), the rate
of MCT hydrolysis also depends on the chain length of the acid in question. When
triacylglycerols of MCFA were given as separate substrates, lipase activity decreased
progressively as fatty-acid chain length increased from C4 to C10. As combined
substrates were used, tri-C6:0 was hydrolysed most rapidly, followed by C4, C8, and
C10. The hydrolysis of C6 was 7 times greater than that of C8; therefore hexanoate
may be preferentially utilised by piglets. Similar results were obtained in our experi-
ment on piglets comparing the effect of 0.2% dietary supplements of caprylic and
capric acids (Hanczakowska et al., 2011). Piglets receiving acids with shorter chain
lengths (caprylic) grew faster than those receiving both of these acids or capric acid
alone, though these differences were not statistically significant. All experimental
animals grew significantly faster than controls (Table 1).

Table 1. The effect of MCFA! or MCT? supplement on piglet body weight gains (BWG)

Supplement D;OS ¢ Expe(:jr:}l]lsental lorrfl%r{))\\]/ (e}nz;il)t Authors
MCFA-C8 0.3 1-84 18.7 Hanczakowska et al., 2011
MCFA-C10 0.3 1-84 13.0 Hanczakowska et al., 2011
MCFA-C8+C10 0.3 1-84 15.8 Hanczakowska et al., 2011
MCFA-C6+C8+C10+C12 0.2 1-42 2.8 Mohana Devi and Kim, 2014
MCFA-C6 + C10 0.3 28-58 1.8 Zentek et al., 2014
MCT 2.5 1-21 11.0 Decuypere and Dierick, 2003
MCT 1.2 28 0.4 Laietal., 2014
MCT 3.0 28 1.1 Laietal., 2014
MCT 4.8 28 2.0 Laietal., 2014
MCT 3.0 1-14 7.4 Yen et al., 2015

'MCFA — Medium Chain Fatty Acid.
MCT — Medium Chain Triacylglycerol.

Price et al. (2013) found a higher digestibility in piglets of the MCT mixture con-
taining mainly C8 and C10 than that of a long-chain fatty-acid triacylglycerol (LCT)
mixture containing mainly palmitic and oleic acids (C16:0 and C18:1, respectively).
On the other hand, piglets fed with LCT grew 22% faster than those fed MCT. This
difference was significant in the first week of the trial, but not in the second. Piglets
more readily consumed feed containing LCT; according to the authors, this could be
due to the organoleptic properties of or postabsorptive signals given by the MCT.
Circulating fatty acids and ketone concentrations may induce feelings of satiety and
thus reduce feed intake. Another possible reason for the reduced feed intake is the
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effect of MCT on ghrelin, a hormone produced by endocrine cells of the gastric
mucosa; its main function is to control feed intake (Nakazato et al., 2001). Ghrelin
may be acylated by MCFA and MCT which change its activity, but short-chain and
long-chain fatty acids had no such effect (Nishi et al., 2005).

Lai et al. (2014) found slightly but not significantly better body weight gains in
piglets after replacing a portion of the soybean oil in their diets with a mixture of
MCT containing mainly caprylic acid (48%) and similar amounts of caproic and
capric acids (about 25% each). Due to lower feed intake, the gain:feed ratio was
significantly improved. A supplement of MCT also significantly improved the ap-
parent digestibility of protein, which could be due to stimulation of cholecystokinin
secretion by MCT in the small intestine of piglets (Stubbs and Stabile, 1985). In turn,
cholecystokinin stimulates the secretion of pancreatic proteases, thus improving pro-
tein digestibility. Similar results (non-significant growth improvement and a signifi-
cantly better gain: feed ratio) were obtained by Yen et al. (2015) using a supplement
of MCTs with or without antibiotic (colistin sulphate). There was no interaction be-
tween these two supplements, which suggested different modes of action. Hong et
al. (2012), using a mixture containing half-and-half caproic and caprylic MCT, found
improved body weight gains in piglets when compared with a positive control (an
antibiotic) in the first two weeks of the experiment only. In a later phase, the differ-
ences levelled off. A similar mixture of caprylic and capric acids was used by Li et al.
(2015) to replace different amounts of soybean oil (from 14 to 28 g; the control was
35 g of soybean oil). Piglet performance was similar: all experimental groups grew
faster than controls during the first two weeks of the experiment, then the growth rate
levelled off and there was no significant difference over the course of the experiment
as a whole (days 1-28). According to the authors, this early improvement in perfor-
mance could have been due to the above-mentioned traits of MCFA: better solubility
in water and a shorter path of absorption and oxidation. Increasing the inclusion of
MCT resulted in a linear decrease in feed intake. Results of supplementing piglet
feed with MCFA or MCT obtained by different authors are summarised in Table 1.

In contrast to these generally positive results, Lee and Chiang (1994) found no
improvement in growth or lower mortality rate in piglets fed MCT mixture contain-
ing 65% caprylic and 25% capric acids twice at 14 and 26 h of age and observed to
weaning at 28 days of life. In any case, MCT had no adverse effect when given to
pigs, or to rabbits and rats. Moreover, their safe use in human consumption to levels
of 1 g/kg has been confirmed in several clinical trials (Traul et al., 2000).

The amount of MCT used is also important. In the early experiment of Allee et
al. (1972) higher dose (10%) of MCT lowered piglet performance when compared to
tallow, lard or coconut oil.

In the experiments described above, pure MCFA or MCT were used. In some
experiments, MCFA were used in combination with other acids or microbial prepara-
tions to find possible synergism in their effect on pig performance.

Hanczakowska et al. (2013) supplemented piglet feed preserved with organic
acids (propionic and fumaric) with caprylic and/or capric acids. Piglet body weight
gains were numerically improved by MCFA compared to a diet with acidifiers and
significantly compared to negative controls. There was no significant difference be-
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tween the negative controls and diets with organic acids only. This improvement was
probably due to the better digestibility of protein and fat in piglets fed with MCFA
(Table 2), which in turn could be the result of improvements in intestinal epithelial
mucosal structure.

Table 2. Apparent digestibility of nutrients, % (based on 4 litters per group) (Hanczakowska et al., 2013)

Item | Control | (PF) | (PF+C,) | (PF+C, ) | (PF+C,+C,) SEM
Dry matter 80.2 81.8 81.3 81.4 81.7 0.24
Crudeprotein ~ 72.6Aa  733Aa  765ABb  785Bb  76.3 ABb 0.59
Crude fat 30.6a 339ab  31.03a 39.9b 393b 123
Crude fibre 205Aa  21.1Aa  353Bc 33.1Bbc  28.4 ABb 1.58
N-free extract ~ 90.7 91.3 90.9 90.8 91.4 0.30

Mean values in the same row with different letters differ significantly; P<0.01 (A, B); P<0.05 (a, b, ¢).
P — propionic acid, F — fumaric acid.
Acid doses: P—0.25%, F — 0.25%, MCFA — 0.2%. Piglet age 60 days.

In a similar experiment, Zentek et al. (2013), using fumaric and lactic acids with
a supplement of MCFA, found no significant improvement in piglet performance.

A mixture of organic acids and MCFA was used as a replacer for a standard
antibiotic supplement by Kuang et al. (2015). The control diet contained colistin
sulphate, enramycin, and zinc oxide (one of the growth promoters which regulate in-
testinal microflora and decrease the release of histamine, thus preventing postwean-
ing diarrhoea; however, it is toxic to pigs). The experimental supplement consisted
of calcium formate, calcium lactate, citric acid, and MCFA. Piglets receiving acids
were characterised by greater feed intake and body weight; greater apparent ileal di-
gestibility of a majority of amino acids, including methionine, lysine, and threonine;
and higher Ig-G concentration. Increased Lactobacillus content in the ileum was also
observed.

Mohana Devi and Kim (2014), in a six-week experiment on piglets, used supple-
ments of MCFA and/or the probiotic Enterococcus faecium. All experimental groups
were characterised by growth rates superior to controls, but this difference was sig-
nificant only between controls and groups receiving the probiotic. Hanczakowska et
al. (2016), using similar diets, found significantly improved body weight of piglets
at 70 days of age when capric acid was fed. A supplement of Enterococcus faecium
improved body weight gains only in the last period of the experiment, i.e. between
56 and 70 days of age.

There are two possible reasons for these positive activities of MCFA: changes in
intestinal microflora and improvement of intestinal mucosal structure.

Antibacterial activity of MCFA

The antimicrobial effect of organic acids is due mainly to their undissociated
state (Eklund, 1983). As most MCFA are in undissociated, fat-soluble form, they can
penetrate the semi-permeable membranes of bacteria and enter the cytoplasm. In-
side the cell they dissociate due to an alkaline pH; they lower pH, which suppresses
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cytoplasmic enzymes and nutrient transport systems, leading to cellular death. In
contrast to E. coli the lactobacilli, themselves acid producers, are acid resistant. In
low concentration acids may be even utilized as nutrients (Hsiao and Siebert, 1999).

The bacteriostatic effect of saturated fatty acids (SFA) has been known for many
years. In an experiment by Hassinen et al. (1951), the growth of bacterial cultures
was inhibited by C8 and C10 though not significantly inhibited by C4, C6, C16, or
C18 acids. According to Nieman (1954) C8—C14 acids are characterised by optimal
inhibitory activity. In an experiment by Hanczakowska et al. (2013), short-chain
fatty acids exerted a strong antibacterial effect on Clostridium perfringens in the
piglet digestive tract. A supplement of MCFA reduced this improvement to the level
of the control group. This may have been due to the high acidity of chyme. Marounek
et al. (2003) found strong antibacterial activity on the part of MCFA at a pH about
6 or higher.

Intensive research on the antibacterial activity of MCFA began after the ban on
the use of feed antibiotics. Early experiments were performed in vitro. Marounek
et al. (2003) compared the antimicrobial activity of C2—C18 fatty acids in cultures
of two strains of Escherichia coli grown on glucose. Neither short-chain fatty acids
(C2-C6) nor fatty acids with long chains (C12—C18) influenced substrate utilisation.
Only caprylic acid, and, to a lesser degree, capric acid, showed significant antimi-
crobial activity. Also, in an experiment by Skrivanova et al. (2006), medium-chain
fatty acids proved to be more efficient antimicrobials than other, more polar organic
acids tested. Transmission electron microscopy (TEM) revealed that caprylic and
lauric acids damaged the cytoplasmic structure of bacteria; in some cases the separa-
tion of inner and outer membranes was apparent. Similar disruption of both the cell
membranes and the cytoplasm of Clostridium cells under the influence of lauric acid
were shown using TEM in an experiment by Shilling et al. (2013), who used virgin
coconut oil (VCO) and its most active individual fatty acids. Lauric acid was the
most inhibitory to Clostridium growth. Virgin coconut oil inhibited bacterial growth
only when cells were exposed to lipolysed coconut oil.

Batovska et al. (2009) examined the antibacterial activity of MCFA and their
I-monoglycerides against several Gram-positive bacteria. They found that the mono-
glycerides were more active than the fatty acids, with monolaurin being the most ac-
tive compound. Perhaps the glycerol moiety of monolaurin as a hydrophilic carrier
transfers lauric acid through the bacterial membrane, where it exhibits antibacterial
activity (Ruzin and Novick, 2000).

A synergistic relationship has been observed between monolaurin and mono-
caprin as well as between monolaurin and poorly active lauric acid. Also, Bergsson
et al. (2001) found that monocaprin, especially at low concentrations, is more active
than capric acid. Two-colour fluorescent and electron microscopy assays indicated
that bacteria were killed by disintegration of the cell membrane, leaving the bacterial
wall intact.

Dierick et al. (2003) used seeds of Cuphea, which earlier had been found to con-
tain high amounts of MCFA (Graham and Knapp, 1989), supplemented with lipase,
as a source of these acids in piglet nutrition. Enzymatically released MCFA (1.7 g
per kg of digesta) tended to decrease the number of coliforms in the proximal small
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intestine, but increase it in the distal. No differences were noted for the total anaero-
bic microbial load in the gut. As can be seen from the results of Lai et al. (2014),
lactic acid bacteria are the most sensitive to the antibacterial activity of MCT. There
was no significant difference in the number of coliforms even at the highest doses
of acids. Zentek et al. (2012) compared the effects of MCFA, uncoated and coated
with vegetable fat and lecithin and added to weaned piglet feed. They found a rapid
decrease in MCFA concentration along the gastrointestinal tract, regardless of en-
capsulation. An increase in the numbers of eubacteria, enterobacteriaceae, and two
species of Lactobacillus in gastric content was also found. Changes in microflora
under the influence of acids increased ammonia concentration in the distal small
intestine. Yen et al. (2015) compared the effects of MCT mixture (C6:C8:C10 in the
ratio 25:48:27) to those of an antibiotic (colistin sulphate). The MCT did not affect
the microbial counts in the small intestine and caecum contents in piglets, though the
coliform count in the colon decreased. The antibiotic decreased coliform counts in
the caecum and colon, but not in the small intestine.

In an experiment by Hanczakowska et al. (2016), amounts of bacterial DNA were
calculated in the jejunum and caecum (Table 3). Antimicrobial activity of MCFA
is well documented. Number of two species of bacteria dangerous and common in
piglet intestines i.e. Escherichia coli and Clostridium perfringens (Skrivanova et
al., 2006) was determined in this experiment. Marounek et al. (2003) found that ca-
prylic acid and to a lesser extent capric acid had a significant antimicrobial activity
against E. coli which is consistent with the results of this experiment. In compari-
son to the control group, dietary caprylic acid significantly lowered the numbers of
E. coli in both of these parts of the intestines, but the numbers of Clostridium were
significantly reduced only in the caecum. Inhibitory effect of MCFA against Clostrid-
ium was found also in the experiment of Sprong et al. (2001).

Table 3. Microbial counts in small intestine (jejunum) and caecum digesta, log, CFU/(1 g chyme)
(based on 12 piglets per group) (Hanczakowska et al., 2016)

Experimental Suppllerr.lental P-value
group (G) probiotic (P) SEM
c | e | co o | + G | P | e
Jejunum
E. coli 3.12b 2.05a 2.77ab 299b 230a 0.018 0.024 <0.001 0.23
Clostridium ~ 3.31 284 3.13 371B  248A 0208 <0.001 <0.001 0.17
perfringens
Caecum
E. coli 2.87b 2.18a 2.35ab  2.61 2.31 0.011  0.105 <0.001 0.16

Clostridium ~ 3.41b 244a 2.85ab 3.76B 2.04A 0.026 <0.001 0221 0.22
perfringens

Mean values in the same row with different letters differ significantly at P<0.01 (A, B); P<0.05 (a, b).
Acid doses: C8, C10 — 0.3%; Supplement probiotic: Cylactin — 0.35x109 CFU per kg feed. Piglet age 60
days.
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Effects of MCFA on intestinal epithelial mucosal structure

The mucosal epithelium of the small intestine is the main site of nutrient degrada-
tion and absorption (Cera et al., 1988). The mucosa’s functional surface area is in-
creased by villi and crypts. The epithelial cells near the villus tip are the most mature
and have the greatest digestive and absorptive capacity (Tang et al., 1999); therefore
piglet weight gain is correlated with villus height (Zijlstra et al., 1996).

This relationship was found by Dierick et al. (2003) in the above-mentioned ex-
periment with Cuphea seeds with a lipase supplement as a source of MCFA in diets
for piglets. The results indicated a trend towards improved performance parameters,
as well as significantly greater villus height and lesser crypt depth. In our earlier ex-
periment (Hanczakowska et al., 2011), both caprylic and capric acids, fed separately
or together, significantly improved piglet body weight gain and resulted in greater
villus height, but compared to the control group, the latter difference was significant
only in the case of capric acid.

Table 4. Mucosal epithelial structure of the ileum (based on 6 piglets per group) (Hanczakowska et al.

2011)

Ileum morphology Control C, C, Ce.cio SEM
Villus height (um) 233 A 267 AB 306 B 268 AB 7.86
Villus width (um) 116 114 120 116 225
Crypt depth (um) 280 a 304 ab 338b 280 a 0.02
Villus height/crypt depth 0.835 0.959 0.908 0.971 0.03

Mean values in the same row with different letters differ significantly: P<0.01 (A, B); P<0.05 (a, b).
MCFA 0.3%. Piglet age 60 days.

The effect of a mixture of short-chain organic acids (fumaric and lactic), alone or
supplemented with MCFA (caprylic and capric acids), on gut morphology and the lo-
cal intestinal immune system in weaned piglets was studied by Ferrara et al. (2016),
who found a trend (not significant) towards longer villi in the mid-jejunum of pig-
lets fed with the MCFA supplement. Short-chain organic acids slightly increased the
number of intra-epithelial lymphocytes in the jejunal epithelium; thus they might have
a beneficial effect on local immunity. MCFA had no effect on lymphocyte numbers.

Conclusions

Generally, medium-chain fatty acids and their triacylglycerols added to piglet
diets in moderate amount (MCFA 0.2—0.3%, MCT 1.2-4.8%) are a good source of
energy for cells of the intestinal epithelium. They improve piglet performance, due
mainly to the short pathway of their absorption and oxidation, as well as exerting an
antibacterial effect and improving intestinal epithelial structure.
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